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Phyto

Principles and resources for site
remediation and landscape design

Phyto presents the concepts of phytoremediation and phytotechnology in one comprehensive guide,
illustrating when plants can be considered for the uptake, removal or mitigation of on-site pollutants.
Current scientific case studies are covered, highlighting the advantages and limitations of plant-based
cleanup. Typical contaminant groups found in the built environment are explained, and plant lists for

mitigation of specific contaminants are included where applicable.

This is the first book to address the benefits of phytotechnologies from a design point of view, taking
complex scientific terms and translating the research into an easy-to-understand reference book for
those involved in creating planting solutions. Typically, phytotechnology planting techniques are currently
employed post-site contamination to help clean up already contaminated soil by taking advantage of
the positive effects that plants can have upon harmful toxins and chemicals. This book presents a new
concept to create projective planting designs with preventative phytotechnology abilities, ‘phytobuffering’

where future pollution may be expected for particular site programs.

Filled with tables, photographs and detailed drawings, Kennen and Kirkwood guide the reader through
the process of selecting plants for their aesthetic and environmental qualities, combined with their

contaminant-removal benefits.

KATE KENNEN is a landscape architect, and the founder and president of Offshoots, Inc., a Boston,
Massachusetts landscape architecture practice focused on productive planting techniques and
phytotechnology consulting. Offshoots has won numerous awards for projects integrating plantings
to clean up polluted sites. Having spent her childhood at her family’s garden centre in central
Massachusetts, Kate is well versed in the plants of the Northeast. She completed her undergraduate

studies in Landscape Architecture at Cornell University, and received her master’s degree in Landscape



Architecture with distinction from the Harvard Graduate School of Design. Kate also currently teaches in
the Landscape Architecture department at the Harvard University Graduate School of Design. Previous to

opening Offshoots, Kennen worked as an Associate at Design Workshop in Aspen, Colorado.

NIALL KIRKWOOD is a landscape architect, technologist and Professor at the Harvard University Graduate
School of Design, where he has taught since 1992. He teaches, carries out research and publishes on a
range of topics related to landscape architectural design, the built environment and the sustainable reuse
of land including urban regeneration, landfill reuse, environmental site technologies and international
site development. His publications include Manufactured Sites: Rethinking the Post-Industrial Landscape
(Routledge), Principles of Brownfield Regeneration (Island Press) also published in Korean and Chinese
translations, Weathering and Durability in Landscape Architecture (Wiley) and The Art of Landscape Detail
(Wiley). Professor Kirkwood is a Fellow of the American Society of Landscape Architects and in addition is
the Gerard O’Hare Visiting Professor, University of Ulster, Belfast, Northern Ireland, Distinguished Visiting

Professor, Korea University, Seoul and Visiting Professor, Tsinghua University, Beijing, China.

In two words: “Beyond comprehensive”. Phyto is by far the most comprehensive compilation of
phytotechnologies out there. It truly goes beyond by tying together this broad set of plant technologies for
cleaning the environment with the necessary form and functionality of landscape design. As an advocate
and trainer in phytotechnologies, | especially appreciate the illustrative graphics and easy-to-understand
descriptions that clearly convey the science, engineering, design, and planning to the technical and
artisan alike.

- David Tsao, Ph.D, BP Corporation North America, Inc.

Phyto is a fantastic resource, not just to landscape architects but also to engineers and scientists
as well. As phytoremediation developed, advancement efforts focused on the biochemical science of
the processes, and while the field was cognizant of ‘ancillary benefits’ valuation was not considered,
mostly due to lacking knowledge and resources. Phyto brings the social and physical science into a
common meeting place, and provides much needed discussion, fantastic visualizations and cross cultural
presentation of plant-based technologies that can be incorporated into our urban spaces to serve both
public health and the quality of life itself.

- Joel G. Burken, Missouri University of Science and Technology

This book closes a very important gap between phytotechnologies and practice. Through creative design,
the authors succeed in translating a comprehensive subject matter into accessible information. A special
merit is that the book predicts vegetation strategies becoming an anticipatory tool in the hands of the
landscape architect in advance of potential future contamination preventing human exposure to soil,
water and air contamination.

- Jaco Vangronsveld, Centre for Environmental Sciences of Hasselt University, Belgium
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Preface

Toxic trees, virus-bearing vines, plants from outer space that eat poisons for lunch, then snack
on young adults. B-movies from the 1950s vividly portrayed freakish vegetation to scare their
audiences. In the last reel, mankind destroys the mutant greenery through the ingenuity of the
scientist hero.... But recent eye-grabbing headlines — “Lead-eating mustard plants,” “Pint sized
plants pack a punch in fight against heavy metals,” and “Pollution-purging poplars” — seem to have
brought B-movies to life and unsettled our comfortable view of vegetation as benign and green.
However, these seemingly freakish plants are in fact our good friends.

(Kirkwood, 2002)

The excitement and expectations of the B-movie “toxic trees” and “virus-bearing vines” are vividly brought
to light in the developing field of phytotechnology, or ‘phyto’ for short. The more sensational aspects of
this vegetation are tempered by the scientific basis and practical uses of plants in confronting pollutants
in the contemporary environment. However, we can still continue to be entranced by both the processes
taking place inside the plants, roots and surrounding soils and the good work plants can carry out on

our behalf.

Phytotechnology applications have the capacity to play a significant role in transforming contaminated
urban land, providing a more sustainable choice for remediation when combined with short- and long-term
land planning. In some cases, plants can take up, break down or hold pollutants in place. However, the
science that lies behind phytotechnology has been found by the authors to be challenging to comprehend
for the non-specialist reader, and therefore difficult to implement. The ambition of this book is to bridge
the critical science and engineering associated with phytotechnology site applications and its creative

design use in the field.
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| Background

This publication is the first targeted towards the spatial design, form, structure and aesthetics of
this technology, rather than simply the science behind it. The authors’ intent is to translate current
research and field studies carried out by scientists into a format useful for the design practitioner in
addressing site pollutants. Chapters 1-3 of the book delve into the science and regulatory issues around
phytotechnology, including the nature of particular site contaminants and field case studies. Chapters
4-6 focus on projecting the potential environmental, spatial, cultural and aesthetic qualities of these

productive vegetation types matched to site programs and specific contaminants.

The content of the book utilizes diagrams to illustrate a basic understanding of how the science related
to phytotechnology functions, when it may work in site applications and when it does not. The great
majority of the background information has been collected from individuals, institutions or agencies who
have undertaken research or site installations. Detailed information on the relevant plant species for
potential contaminants commonly found on sites is included. Additional diagrams and charts illustrate
typical contaminants present on various types of programmatic sites (for example gas stations, road
corridors, railroad corridors). Innovative plant combinations involving treatment solutions for these site
programs provide practical design ideas where aesthetics and social functions have also been considered.
Preventative planting palettes for certain site programs, such as railway corridors, dry cleaners, parks
and urban homes are also created, thus allowing landscape design to propose vegetation strategies in
advance of future potential contamination. In this way phytotechnologies become projective, anticipatory
and a creative tool for the landscape architect and site owner to create landscape amenities for the

citizens and communities in which these sites occur.

The origins of this book lie in two areas. First, noting the increase in urban landscape reclamation projects
and environmental engineering practices, particularly on brownfield and contaminated land, there is an
increasing need for clear guidance for landscape site design applications of plant-based remediation, in
anticipation of further non-remediation-based planting installations. Second is the desire on the part of
the authors to build on the earlier scientific research work of pioneers in the phytotechnology field and
make their work and other current research work comprehensible and therefore usable to a larger range
of stakeholders and participants. The book is the outcome of continuous study over the last 15 years by
the authors, around the challenges, opportunities and techniques of phytotechnology and the activities of

plant selection, landscape design and monitoring to reclaim post-industrial land and landscapes.

Il Book structure

The structure of the book is as follows.

Chapter 1 provides an overview of phytotechnologies and their current application in the environment

and their anticipated future use. This includes coverage of the definition and evolution of the subject,



discussion of the legal framework in which they are used, review of their efficacy and finally an outline of

potential innovative applications.

Chapter 2 reviews the fundamentals of the scientific processes involved in phytotechnology remediation
and provides a summary of these processes. The activities of soil enhancement and plant cultivation are

also addressed.

Chapter 3 offers the reader a survey of the groupings of contaminants commonly addressed by
phytotechnology approaches and plant selection. These are related to the following chapter on planting

typologies and application to polluted sites.

Chapter 4 outlines the interrelationship of specific contaminants with specific planting types, illustrating

18 different phytotechnology planting typologies.

Chapter 5 applies the phytotechnology planting types developed in Chapter 4 to a range of 16 commonly

found land-use programs such as gas stations, road corridors, military sites and agricultural uses.

Chapter 6 is a listing of additional resources for those interested in following up on specific areas of the
phytotechnology field.

Through an understanding of new research on phytotechnology vegetation and the potential opportunities
and, conversely, limitations of their application, the reader will comprehend the range of topics that
engage with this emerging technology. These topics taken together constitute the core knowledge of
phytotechnology. The authors strongly support the notion that they will form a new core subject within the

study and practice of landscape architecture and land regeneration in the future.

Il Why the book is needed

This book is unique among publications on phytotechnology, as it links the scientific basis of the topic
with its application in the planning and design fields. This involves addressing the reality of contemporary
sites and their former and current programs, and the range of contaminants that are likely to be found.
The need to remediate particular chemicals in soils and groundwater using plants is connected with
neighborhood and community health and sustainability. In the authors’ estimation, there exists a
large gap between the publications and journals covering the scientific research, including laboratory
experiments and field testing, and its general understanding and subsequent application on current

brownfield sites.

One scientific journal, The International Journal of Phytoremediation, and several research-based

books listed in the bibliography which are edited collections of research papers have been published
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on the subject of phytotechnologies. However, all of these publications are presentations of research
and field studies, and the information presented is scientific, text-based and difficult to decipher by
the landscape design professional. Phyto is different from these publications. This book is first and
foremost a design-based guide utilizing simple charts and diagrams to clearly explain the science. Lists
of potentially applicable plant species are provided. Plants hardy and suited for the northeast US climate

are emphasized but the introduced design typologies and overall site strategies can be applied globally.

In addition five further issues for why this book is needed can be identified.

A Issue one: the contaminated environment

Major urban centers of population continue to lose industrial and manufacturing companies, and the
land that supported them is left vacant with the contaminants and former infrastructure. This has
created numerous abandoned, derelict and contaminated sites of varying sizes within communities,
many of them located next to community amenities such as playgrounds, schools, recreational fields,
daycares and senior centers. One of the central priorities of city planning initiatives is the urban
reclamation and regeneration of inner city land such as degraded river edges, railroad yards, ports,
harbors and piers that are central to the revitalization of city districts and neighborhoods. There is a
growing need for innovative, sustainable, low-cost methods to address the remaining contamination of

soils, groundwater, sediments and surface water over a wide range of site locations.

B Issue two: the productive use of contaminated land

With concerns for sustainable planning and quality of life entering public discourse and the diminishing
amount of available urban sites for development, there is a need to regenerate the middle-scale and
smaller sites found within the city fabric. Driving the cleanup of polluted sites is the desire for higher
and best use of the land, for economic development opportunities and community facilities. Of interest
to the landscape architect is how phytotechnology can inform more progressive and creative planning
and design work to achieve these productive uses, and conversely, to what extent new programs and
uses can direct the regeneration of these sites through phytotechnologies. In addition, the potential for
phytotechnologies to produce an economic product such as biomass for energy, paper or wood products

while also cleaning sites is of primary interest.

C Issue three: available information on phytotechnologies

Current information available on phytotechnology is very widely dispersed and varied, appearing in a
range of media including books, magazines, websites and technical manuals. Research presented may
be contradictory, and it is difficult to determine which research is the most current. In addition, test
projects and field applications have generally occurred on inaccessible places in remote locations out
of the public eye, such as Department of Defense sites or large-scale industrial or resource extraction
lands (Stoops, 2014). This easy-to-read handbook targeted at the design and landscape professions

summarizes the wealth of research and field case studies produced in recent years. It not only includes



case studies that have worked, but describes many misconceptions in the field where phytotechnologies

likely are not very effective.

D Issue four: design, performance and landscape architecture

There has been a changing mood in the development of landscape sites where functional ecologies,
community, public health, urban design and sustainable development concerns are a driving force in
addition to aesthetic factors. More recent projective design approaches have included the consideration
of what the landscape can ‘do’ in addition to the human programs layered on sites. Phytotechnologies
can enhance the landscape functionality of green corridors, vegetation patches, new woodlands,

hedgerows, urban agriculture and wetlands.

E Issue five: future projections of domestic site contamination

Homeowners have an increased awareness of site contamination issues in gardens, yards and surrounding
house properties through local reporting on the concerns of existing site urban fill, past pesticide use,
leaking oil tanks and lead poisoning of children through playing in the polluted soil of home gardens
and yards. Enough research now exists to apply phytotechnology concepts at a residential scale. This
strategy is based on the need to make communities more livable for residents and to provide safer
landscapes for all citizens — but particularly for children and seniors — and a healthier approach to

community resources such as playgrounds, schools, pocket parks and homes in the neighborhood.

IV Audience for the book

Phyto is conceived as a practical and easy-to-use handbook for college-level instruction and in continuing
education programs, and as a reference for design professionals and those in the horticultural and
construction industries. It also is envisioned as contributing to the advancement of discussion in the
design and planning fields about the way designers conceive and construct phyto landscape design work
in a variety of site conditions. The following are examples of who might read it and how the authors expect

it to be used.

A Landscape architecture and other design students

As a textbook or guide for planting design and site remediation for landscape architecture, landscape
planning, urban design and site design students in a plants or technology class or in a planning and

design studio.

B Landscape architects, other design and engineering practitioners

In the professional offices of landscape architecture, site engineering, environmental engineering and

ecological engineering consultants as a reference for planting design and remediation for urban sites.
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C Urban designers and planners

In the private, professional and municipal offices of planners, urban designers and municipal employees
to assist in the initial planning and research on sustainable cleanup alternatives for brownfield site

projects with polluted soils and groundwater.

D Horticultural industry

For plant growers, nurserymen and members of the horticultural community as a handbook of some

plant varieties able to be grown and available to the phytoremediation industry.

E Landscape construction companies

As a reference guide for landscape and engineering construction companies involved in the
implementation and maintenance of the landscape, from project, site supervision and procurement

managers to plant installation job captains and field workers.

F Organic land care associations

As a reference guide in order to instruct industry professionals and community planners, groups and

educators in a range of productive planting techniques for urban and ex-urban sites.

The subject of phytotechnology brings together the disciplines, professional worlds and knowledge of
landscape design, science, engineering, horticulture, site planning and cultural and social programs,
whether through initiatives such as land regeneration, urban gardens, energy creation, greening of local
neighborhoods, new recreational venues or local stormwater management action, and often including
intensive local community interest and involvement. Even as the “seemingly freakish plants” identified in
the opening quote appear to be independently and single-handedly tackling the polluted lands that dot
the current environment of communities, they are actually there as a result of a larger multidisciplinary
effort carried out by concerned teams of scientists, engineers, government officials, academic researchers
and independent research groups, design and planning professionals in private practice and community
volunteers. Community organizers, local planning offices, members of government agencies and non-
profit environmental groups are all critical players in the implementation of these technologies.

It is the authors’ intention firstly that this book should guide all of these players to an understanding
of the potential of phytoremediation-based design and of the promise of these “freakish plants” not
only to remediate sites but to act within a pre-emptive approach to address the future evolution of these
sites. Secondly, that residents and community members will be able to access and enjoy a new range of
landscape spaces and outdoor planted places that are indeed healthier, less polluted and full of lessons
about the power of natural processes of remediation. Through the art and science of phytotechnologies
and on an increasing range of design sites, landscape architecture will possess a swift and sure means of
touching the greater world and creating a more ecologically sustainable, resilient and responsive means

to shape the future constructed environment.



Foreword
Steve Rock

People have deliberately grown plants to alter their environment for at least millennia. The Roman roads
were lined with poplar trees both to provide shade and to keep the roads’ foundations dry by consuming

water along the edges, thus making the roads last longer.

The broadest definition of phytotechnologies includes any plantings that enhance the environmental goals
for the planet. The field has grown from narrow beginnings to widespread applications and has moved
from hopeful but ultimately unfounded expectations to a mature set of techniques and technologies that

are commonly accepted as a part of the environmental cleanup toolbox.

Even before the field was named, people have been using plants to enhance their work. In the 1930s
bioprospecting was used as a way to predict the presence of minerals subsurface. Prospectors,
particularly in newly opened lands of Siberia, discovered that they could search for plants that grew only
in areas rich in certain minerals. It was noted that some plants were reliable indicators of minerals and
that leaves and twigs could contain quantities of metals much higher than those in others of the same

type in other locations.

In the 1970s several research groups began systematically studying and classifying the relationship
between metals and plants, and found some plants growing in metal-rich soils to have extraordinary
properties. Three researchers in particular, Drs. R. R. Brooks, R. D. Reeves, and A. J. M. Baker and their
teams, crisscrossed the globe finding and cataloging plants that grew on metal-rich soils and took up
unusual quantities of those metals. Some plants were found to take up more metals than normal plants

and eventually were named as accumulators and hyperaccumulators.

Increasing general environmental awareness at the time spurred traditional agricultural research to study
the effects of environmental contaminants on food-production crops, particularly the uptake of potentially
harmful heavy metals. The practice of using biosolids from sewage sludge as fertilizer brought rural crop

plants into contact with all the industrial pollutants that were flushed down urban drains. It was found that
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some contaminants did move into some crop plants. One USDA researcher, Dr. Rufus Chaney, suggested
that while planting metals excluders might help to protect the food supply, it might also be possible to
clean soil by raising crops that extract and accumulate metal which could be harvested not for food but

for remediation.

Also in the 1970s the new field of bioremediation was exploring how to use microbes to attempt
environmental cleanup of degradable contaminants. Research began into whether and how much plants
enhanced the microbial degradation of pesticides and petroleum products. It was soon clear that planted
systems did remediate certain contaminants sooner, deeper, and in some cases more completely than

microbial systems alone.

Such fundamental research continued into the 1980s, attracting attention from university research teams,
government agencies, and private industry. The new-found national and international environmental
awareness of the time and the creation and passage of foundational environmental legislation such as
the Clean Water Act and the CERCLA (Superfund) led to increased funding into many possible remediation
strategies. Municipalities and corporations were under pressure to reduce the discharge of toxins into the
air and water, and onto the land. Cleaning of historical contamination became a new and large industry.
Consulting and contracting companies sprang up everywhere, industrial and commercial enterprises
started in-house remediation divisions, and government agencies were started or became larger. It is
no wonder that by the late 1980s some people were turning their thoughts to commercializing this new

process of using plants for remediation.

The earliest definitions of phytoremediation in the 1990s in publications and presentations refer to
environmental protection via metal uptake by plants. Terms and definitions quickly proliferated as firms
tried to distinguish and differentiate themselves and their processes. Phyto hyphen anything became a
way to classify increasingly specific uses of planted systems. Phyto-degradation, -extraction, -enhanced
bioremediation, etc. were used to describe and differentiate aspects of the field. Other terms like
rhizofiltration and hydraulic control were invented and used in specific circumstances. Phytotechnologies

to this day is an umbrella term that aims to encompass all uses of plants for environmental goals.

The 1990s were a time of proliferation of patents as well as companies and invented words. Some
patents were for inventions, some for techniques, and some for practices that had been widely used but

never patented.

One successful phyto-based patent was introduced when Edd Gatliff patented a TreeWell system that
in part uses a downhole sleeve and air tube to induce and enable tree roots to penetrate deeper than
they would naturally. The system allows trees to be targeted at a particular depth below ground surface
and to tap into contaminated groundwater while bypassing clean water-bearing layers. This innovation
combines several known and novel techniques and devices, and allows remediation to depths and in

places otherwise unobtainable.



Other patents were not so specific and had a chilling effect on the deployment of the some remediation
practices. The numbers of on-site applications and field experiments fell at the end of the decade, in part

due to legal concerns over patents and in part because expectations caught up with reality.

It was widely hoped that phytoremediation would solve the problem of widespread low-level contamination
of heavy metals in soil. Many heavy metals of concern, and particularly lead, persist in soils for many
decades from spills, dumping, or atmospheric deposition. Large areas of land have soil that poses a
risk to residents and workers but there are few tools that are economical, non-invasive, and effective.
Phytoremediation for metals (phytoextraction) was hoped to be all those things and quite literally a green

technology into the bargain.

There are some plants that will naturally accumulate some metals under some circumstances.
These natural accumulators are often small, grow slowly, and are difficult to cultivate outside of their
native and often narrow range. It was hoped and claimed that some plants that grew faster, larger,
and using standard agricultural equipment and practices could be induced to take up enough metal to
clean soil. Unfortunately, induced phytoextraction of metals has several flaws that have to date proved
insurmountable. These include the fact that the most widely used technique relies on chemically altering
the contaminant to become much more soluble than in its natural state. This more soluble metal is then
more likely to be taken up by the planted phytoextraction crop; the soluble metal is also more likely to be
washed away into surface water and groundwater, where it poses an even greater risk than when it was

bound into the soil, which is both morally and regulatorily unacceptable.

There were a number of highly publicized demonstration projects with optimistic reports and enticing
pictures. Phytoremediation entered the public lexicon via popular articles, usually featuring a picture of
a field of sunflowers. After a few careful experiments it was determined that indeed the plants could be
induced to take up quantities of metal that could lead to a respectable cleanup in a matter of years,
but that the need to prevent the escape of the mobilized metals would prevent the process from ever

becoming economically feasible.

First the industrial boosters repurposed their staff and resources. Then the contractors and consultants
changed their focus. Phytoextraction remains a popular academic topic of study in the search for the plant
that might naturally extract and accumulate enough contaminant to be an effective tool, or to find a safe
way to induce uptake. There have been some attempts at genetic modification. Currently, phytoextraction
of metals has not lived up to its early promise, and despite continued academic and public interest is not

a mainstream tool in the remediation toolkit.

However, at the same time that phytoextraction of metals was enjoying a lot of press, discussion, and also
some failures, other phytotechnologies to mitigate contaminated groundwater plumes and treat organic
pollutants such as petroleum and solvents were quietly maturing and taking their place in the toolkit. One

of the processes that plants do naturally and quite well is move water. This has been used widely and
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effectively in landfill covers to prevent precipitation penetration, and in subsurface applications to control
contaminated groundwater plumes, and in phytoforensics, where plants are used to track subsurface

contaminants.

It was soon shown that planted cover systems for landfills are generally as effective as conventional
covers in many parts of the US. Like all plant-based systems, the actual effectiveness will be a function
of location. A nationwide field study from 1999 to 2011 showed how to determine equivalency for
landfill cover systems. Now that there are hundreds of plant-based covers in place and enough more on
engineering firms’ drawing boards, such covers are no longer considered experimental or innovative and

regulatory approval is regularly given.

Planting trees not only to control water but also to enhance bioremediation of organics and light solvents
is also common enough to be included in many cleanup plans. Although most metals do not move easily
into plants, several other organic contaminants of interest are soluble enough to move or translocate into

plants, where they are often degraded, without the need for harvesting the plants.

This ability of plants in general and trees in particular to take soluble contaminants from groundwater
has allowed an interesting and potentially very useful technique called phytoforensics. Since 2000
Drs. Don Vroblesky, James Landmeyer, and Joel Burken have pioneered and refined the techniques needed
to remove tree cores and analyze the chemical content of the sap. Side-by-side studies have shown that
phytoforensics can reveal the origin and direction of groundwater contamination with as great accuracy

as and considerably less expense and disruption than conventional testing and monitoring-well drilling.

No discussion of phytotechnologies is complete without including wetlands. In use for cleaning
wastewater since at least the 1880s, wetland technology continues to be developed and improved.
Many large environmental firms have some capacity to size, specify, and install constructed wetlands to
treat industrial or municipal outflow. It is one of the most robust and frequently applied uses of planted
systems to achieve such diverse environmental goals as organics degradation, metals sequestration,

and wildlife habitat creation — often at the same time.

Since the first meetings to discuss these topics, like the “Beneficial Effects of Vegetation in Contaminated
Soil” meeting hosted by Kansas State University in 1992, to the now annual conferences of the International
Phytotechnology Society, researchers, consultants, regulators, and contractors meet and talk about the
what works and what does not. The field has undergone a tremendous shift from fringe idea, to highly
touted silver bullet, to the current state of reasonable expectations for successful application on a local

site-by-site basis.

Phytotechnologists, landscape architects, and site designers share an overlapping toolbox with plants,
soils, and water as the pieces to build the constructs we are called upon to create. Often a site will
employ both sets of professionals — one to clean the canvas and one to provide the finishing touches

once the site’s structures are complete. This book provides a means to bridge those task areas so



the means to remediate a site may be part of the final landscape site design. Each profession has a
specific and distinct vocabulary, as is appropriate for fields that come from widely different origins and
have individual project goals and deadlines. This book will help to overcome that language gap, for the
landscape architecture community and for any scientists and engineers who want to understand this

design discipline.

Planting any given vegetation is neither difficult nor complex, but planting for a particular outcome that
sometimes won't be realized until years or decades later requires experience, and patience. Practitioners
in both fields recognize the need for time on a plant scale, although the site owners and regulators

sometimes don’t share that view.

In conclusion, the future of phytotechnology and its application to a wide number of sites and over a
range of timescales is still evolving. Designers and scientists working in collaboration can help create
the correct environments to advance the range and type of plants to be used, as well as create phased

projects that can begin to demonstrate the value of phytotechnologies over time.

Ultimately, phytotechnology is about using specifically selected plants, installation techniques, and
creative design approaches to rethink the landscapes of the post-industrial age. It is less about simply
the beauty of plants, less about gratuitous site planning and design and the creation of individual design
ideas; rather, it is to focus through design on plant characteristics to sequester, take up or break down
contaminants in soils and groundwater. The purpose is to understand and include the margins of scientific
research and invention to employ broader boundaries, where plant-based remediation can be used for
improvement and renewal, and to plan beyond the short term for a longer vision for the contemporary

environments of cities, towns and communities.
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Abbreviations

Abbreviation | Icon for Name Description

contaminant

Al . Aluminum Inorganic metal(loid) associated with metals mining,
production and smelting.

As . Arsenic Inorganic metal(loid) commonly found in pesticides
and pressure-treated lumber and naturally
occurring in high concentrations in some soils and
groundwater.

B . Boron Inorganic metal(loid) commonly associated with
glass manufacturing, pesticide use and leather
tanning.

BOD Biochemical Oxygen Demand Biochemical oxygen demand or BOD is the amount
of dissolved oxygen needed in a body of water to
break down organic material present. It is used to
gauge the organic quality of the water.

BTEX . Benzene, Toluene, Ethyl Volatile organic compounds (VOCs) found in

benzene, and Xylene petroleum products.

Cd . Cadmium Inorganic metal commonly contaminating agricultural
fields and derived from soil amendments and mining
and smelting activities.

Ce . Cesium Inorganic radionuclide associated with nuclear
energy production and military activities.

CERCLA Comprehensive Environmental Commonly known as ‘Superfund’, this was a

Response, Compensation and Federal US Law enacted in 1980 that established

Liability Act a trust fund used by the government to clean up
contaminated sites on the National Priorities List
(NPL).

Co . Cobalt Inorganic metal commonly used as a colorant in
glass and ceramic production, as well as alloy and
aircraft manufacturing.

CO Carbon monoxide Toxic gas created by automobiles and the incomplete
combustion of hydrocarbon fuels; component of air
pollution.

CO, Carbon dioxide Component of air pollution, greenhouse gas.

Cr . Chromium Inorganic metal commonly associated with the
electroplating, automotive and tannery industries as
well as the production of pressure-treated lumber.
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Abbreviation | Icon for Name Description

contaminant

Cu . Copper Inorganic metal commonly used in metals, pipe and
wire production, pesticides and fungicides.

DDT, DDE . Dichlorodiphenyltrichloroethane, | Highly toxic persistent organic compound used as a

Dichlorodiphenyldichloroethylene | pesticide and banned in the US since 1972. DDE is
a common toxic breakdown product of DDT.
EDTA Ethylene Diamine Tetra-acetic Chemical added (chelant) to make pollutants more
Acid bioavailable to plants for uptake.

EG Ethylene Glycol Organic compound commonly used in de-icing fluids.

EPA Environmental Protection Agency | Federal government regulatory agency in the United
States responsible for enforcing laws pertaining to
the natural environment and regulating the cleanup
of contaminated sites.

Carbon tet Carbon tetrachloride Organic chlorinated solvent compound denser

Halon 104 than water. Used as a refrigerant, fire suppressant,

Freon 1 industrial degreaser and in the cleaning industry.

DNAPL Dense Non-Aqueous Phase Oily type of pollution that lies beneath water.

Liquid

DRO . Diesel Range Organics Organic compounds typically found in diesel fuel.

F . Fluorine Inorganic metal associated with phosphate fertilizer
production as well as smelting, coal-fired power
plants and mining.

Fe . Iron Inorganic metal widely found and usually not
considered a contaminant except when in high
concentrations in water.

GRO . Gasoline Range Organics Organic compounds typically found in gasoline.

Hg . Mercury Inorganic metal associated with coal-burning power
plants, metals and paint manufacturing.

HMX . 1,3,5,7-tetranitro-1,3,5,7- Explosive organic compound, commonly associated

tetrazocane with military uses.

LNAPL Light Non-Aqueous Phase Liquid | Oily type of pollution that floats on water.

Log K,,, Octanol-Water Partition A dimensionless constant which provides a measure

Coefficient of how an organic compound will partition between
an organic phase and water.

LSP Licensed Site Professional An engineer, environmental scientist, or geoscientist
licensed by the State, who is qualified to assess
contamination and conduct cleanups.

LUST(s) Leaking Underground Storage Tanks found below ground that are typically leaking

Tank(s) fuel. Common on former and current industrial sites
and old gas stations.

Mn . Manganese Inorganic metal, widely found and usually not
considered a contaminant except when in high
concentrations in water.

Mo . Molybdenum Inorganic metal most often associated with mining
operations.

MTBE . Methyl Tertiary Butyl Ether Organic compound that is an additive to gasoline.
Can exist in both liquid and gas phases.

N Nitrogen Essential inorganic nutrient needed for plant growth
that can become an environmental pollutant from
agricultural activities and wastewater.

NASA The National Aeronautics and The agency of the United States government that is

Space Administration

responsible for the nation’s civilian space program
and for aeronautics and aerospace research.




Abbreviation | Icon for Name Description

contaminant

Ni . Nickel Inorganic metal commonly generated from mining
and battery-production operations.

NO,/NO,, Nitrogen oxides Component of air pollution (smog and acid rain)
created by fossil fuel combustion and automobile
engines.

NPL National Priorities List List of national priorities among the known releases
or threatened releases of hazardous substances,
pollutants or contaminants throughout the United
States. The NPL is intended primarily to guide the
EPA in determining which sites warrant further
investigation (US EPA, 2014).

O, Ozone Component of air pollution created by reactions
between VOCs and nitrogen oxides as they are
exposed to sunlight.

P Phosphorus Essential inorganic nutrient needed for plant growth
associated with agricultural activities and roadways.

PAHs . Polycyclic Aromatic Class of petroleum organic hydrocarbons that

Hydrocarbons contain difficult-to-break-down benzene ring
structures. Associated with fuel spills, coal
processing or petroleum manufacturing.

Pb . Lead Persistent inorganic metal causing widespread
contamination in urban areas. Formerly added to
paint and gasoline until the 1970s.

PCE/Perc Perchloroethylene, Organic chlorinated solvent compound denser than

Tetrachloroethene water. Commonly associated with dry-cleaning or
metal-working facilities.

PCBs . Polychlorinated Biphenyls A class of persistent organic pollutants banned in
the US since 1979 that do not break down easily.
Associated with many types of manufacturing or
industrial processes.

PG Propylene glycol Organic compound commonly used in de-icing fluids.

Phyto Phytotechnologies Abbreviation for phytotechnologies.

PM (2.5) Particulate matter (small) Small liquid and solid particles found in the air. Very
harmful to human respiratory systems.

PM (10) Particulate matter (large) Larger liquid and solid particles found in the air.

POPs . Persistent Organic Pollutant(s) A group of 24 toxic organic contaminants that do not
break down in the environment and exist for a very
long time.

RAO Response Action Outcome A classification given to a site to designate the level
to which significant risks or substantial hazards have
been mitigated at the conclusion of remedial action.

RDX . Cyclo-Trimethylene-Trinitramine, Explosive organic compound commonly associated

1,3,5-Trinitroperhydro-1,3,5- with military uses.
Triazine

Se . Selenium Inorganic metal(loid) naturally occurring in high
concentrations in some soils and groundwater.

S0,/S0, Sulfur oxides Component of air pollution (smog and acid rain)
created by fossil fuel combustion and automobile
engines.

Sr . Strontium Inorganic radionuclide associated with nuclear
energy production and military activities.

T/3H . Tritium Inorganic radioactive isotope of hydrogen associated

with military activities.
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TCE

Trichloroethylene

Organic chlorinated solvent compound, denser than
water. Commonly associated with dry-cleaning or
metal-working facilities.

TNT

Trinitrotoluene

Explosive organic compound commonly associated
with military bases and some mining activities.

TPH

Total Petroleum Hydrocarbons

A combined measure of all the organic hydrocarbon
compounds (can be hundreds) found in a petroleum
sample at a given site.

TSS

Total Suspended Solids

A measurement of the amount of particles
suspended in water. As TSS increases, a water body
begins to lose its ability to support a diversity of
aquatic life.

Uranium

Inorganic radionuclide associated with nuclear
energy production and nuclear energy.

VvC

Vinyl chloride, chloroethene

Organic chlorinated solvent compound used to
produce PVC (polymer polyvinyl chloride), a type of
popular plastic.

VOoC

Volatile Organic Compounds

Synthetic organic chemical capable of becoming
vapor at relatively low temperatures.

Zinc

Inorganic metal commonly associated with mining,
smelting and industrial operations.
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1. Phytotechnology and the
contemporary environment:
an overview

In this chapter, the key background issues and design topics surrounding plant-based remediation
are introduced and an overview of the potential use of phytotechnologies in site design work is
given. Chapter 1 also includes the current definition of the term phytotechnologies, and outlines the
opportunities and constraints of vegetation-based remediation. Previous and current research on the
subject is described and an outline of the legal framework in which phytotechnologies are used is
provided. Finally, potential innovative applications are summarized as well as projected areas of future
scientific and field research.

I What is phytotechnology?

The authors have proposed a broader definition of phytotechnology than is currently available, so as to

engage and integrate this work with contemporary site design practices:

Phytotechnology is the use of vegetation to remediate, contain or prevent contaminants
in soils, sediments and groundwater, and/or add nutrients, porosity and organic matter.
Itis also a set of planning, engineering and design tools and cultural practices that can assist
landscape architects, site designers, engineers and environmental planners in working on

current and future individual sites, the urban fabric and regional landscapes.

Definition by Kirkwood and Kennen as an expansion of previous definitions (Rock, 2000;
ITRC, 2009)

The major focus of phytotechnology in this book is on the plant-based remediation of soils and groundwater.
Planted systems for stormwater and wastewater treatment are already commonly integrated in landscape
design practice, therefore the book will only briefly address these topics. This work will also touch on air
pollution as it relates to the natural ability of plants to bioaccumulate or degrade airborne pollutants or

render them less harmful. Phytotechnology implements on-site scientific and engineering solutions to



PHYTOTECHNOLOGY AND THE CONTEMPORARY ENVIRONMENT

Living plants alter the chemical
composition of the soil matrix in which
they are growing

Trees, shrubs, grasses and groundcovers
remediate or contain pollutants

Zone of
contamination

Thick plant roots stabilize and hold
contaminants in soil

Figure 1.1 Phytotechnologies

contaminants found predominantly in soils and groundwater, via introduced vegetation that is targeted to

be self-sustaining and integrated in the site design.

Following the above definition, the background to the term phytotechnology, and in particular its evolution
over recent years, is worth describing. Confusion can result from a slight difference between the terms
‘phytoremediation,” which is more traditionally used in scientific papers, and ‘phytotechnology, which
is seen more in recent literature. Instances are not uncommon where the two terms have been used

interchangeably, leading to further confusion about the subject.

Il The difference between phytotechnologies and phytoremediation

The term phytoremediation, or remediation by plants, simply describes the degradation and/or removal
of a particular contaminant on a polluted site by a specific plant or group of plants. However, in addition
to the degradation and/or removal of contaminants, phytotechnology also includes techniques such
as the stabilization of pollutants within the surrounding soil or root structure of a plant and the pre-

emptive installation of plant-based approaches so as to treat a pollutant or mitigate an ecological



problem before it actually occurs. Stabilization utilizing plants does not actually remediate or break
down the pollutants but renders them immobile in the soil, thus allowing no further contact to take place
between the occupants of the site and subsurface contamination. In addition, the term phytotechnology
may also include prophylactic advance plantings on a site that can help prevent contamination that
could arise in the future from site activities. Where phytoremediation is typically known to focus on
upland plantings for soil and groundwater cleanup, phytotechnology includes all plant-based pollution-
remediation and prevention systems, including constructed wetlands, bioswales, green roofs, green walls
and planted landfill caps. Taking an even broader view, parks, community gardens and greenways often
have phytotechnology components designed into these landscapes, such as protective riparian buffers
and vegetated filter strips, where introduced vegetation addresses a range of environmental constraints

and pollution control.

Phytotechnologies are based on ecological principles and consider the natural systems as an integral
component of human and societal interventions. It is this that makes the use of phytotechnologies
integral with evolving landscape architectural design practices. For the remainder of the book the term
phytotechnology will be used to describe the comprehensive application of plants on contaminated land

and its relationship to the field of landscape architecture and site design.

Il Why do we need phytotechnologies?

Recently ‘greenfield development’ or building on formerly undeveloped or agricultural land has tended to
overshadow the reclamation, regeneration and reuse of polluted brownfields. In particular, sites that by
virtue of past industrial uses are today contaminated, environmentally disturbed, ecologically threadbare

and perceived as economically and socially dysfunctional need remediation to become habitable again.

A The brownfield problem and the need for cost-effective solutions

The class of site known as ‘brownfield’ is universal and gaining more attention. The term is not only
found across every part of the country, but in almost every nation and across each continent. The sites
are often the most contentious type, politically, ecologically, culturally, economically and aesthetically.
They include those with leaking or obsolete underground oil storage tanks, such as gas stations, former
industrial sites and former manufactured-gas plants. They also include landfills in varying stages of
use from active to closure, railroad corridors, burial grounds and Department of Defense (DOD)
military lands. Twenty percent of all real estate transfers in the United States are brownfield sites (Sattler
et al., 2010), with the current value of these lands in 2010 in the range of US$2 trillion. The US
Environmental Protection Agency (US EPA) estimates there are approximately 450,000-600,000
identified sites located across the country, although this number has been considered unrealistically low
(US Accounting Office, 1992). More than 16% of global land areas, equivalent to about 52 million
hectares, are impacted by soil pollution worldwide (Anjum, 2013). All these sites, whether large or

small, nationally or internationally, need a wider range of cost-effective solutions to clean up or mitigate



the risks from soils, groundwater, sediments and existing infrastructure of canals, pools, lagoons and
buildings found there.

Remediation technologies are, however, very costly, preventing cleanup of contaminated brownfield
sites. The majority of traditional remediation approaches are expensive and energy intensive in their
approach to quickly correcting an environmental problem that was decades in the making. Among the
remediation methods that are under review by regulatory agencies are phytotechnologies, used either
singly or in combination with other industry methods such as removing or capping of polluted soils, and
mechanical pumping and treatment of groundwater plumes. The cost-effectiveness of phytotechnologies
versus traditional remediation-industry approaches is often a significant advantage and the long-term
energy required is often less, since phytotechnologies typically do not require mechanical pumping
systems, utility power or much supporting infrastructure and equipment. Plant-based cleanup methods
can be as little as 3% of the cost of traditional cleanup costs. Examples provided by author David
Glass in his reports (Glass, 1999) demonstrate that phytotechnologies are significantly cheaper than the
remediation-industry standard methods. For example, pump-and-treat for groundwater, or incineration
of polluted soils, are cheaper by a factor of up to one to thirty; and more specialized methods such as
thermal desorption, by a factor of one to ten; soil washing, by a factor of one to four; and bioremediation,
by a factor of one to two. These figures, however, do not take into account differences based on individual
existing site conditions, location and externalities caused by pollutant types and intensity, climate and
human factors, such as the needs for ongoing monitoring, maintenance and site security.

The above-mentioned extent of contaminated sites is based on those already discovered, inventoried
and being addressed in some fashion in either the short or long term. There still remains the larger
number of landscapes and sites that are in private ownership and currently occupied by industry and
manufacturing and that can still produce site pollutants or will be occupied in the future with all the
potential for further site contamination. The scale of industrial activities and the number of individual
sites may be never ending, with attendant levels of pollution. The potential for plant-based remediation
to contribute to the larger cleanup work will increasingly include the design professional, by providing

a new set of tools for site regeneration and a source of continual new project work.

B The limitations of conventional remediation practice

Conventional industry remediation practices, such as the ‘pump-and-treat’ (cleaning polluted
groundwater through extraction, filtration and recharge methods) and ‘dig-and-haul’ (where polluted
soils, as the name suggests, are dug up and shipped off site), are not only expensive but are single-
outcome technologies and have limited site-design potential beyond treatment. Additionally, these
traditional remediation approaches are often extremely invasive and disruptive and, by destroying the

microenvironment, even leave the soil infertile and unsuitable for agricultural and horticultural uses.

C The build-up of everyday pollutants

The pollution potential of ubiquitous everyday landscapes and installations such as roadways, septic

systems and lawn-care applications has recently come to the forefront as a concern. The build-up



of contaminants not only affects the surrounding natural resources of an area but also puts a major
strain on the local and, in some cases, regional ecosystems. This is due either to prior ignorance of the
persistent effects of contamination in the environment, by lack of long-term vision, or to carelessness on
the part of local and municipal governments in first legislating for and then administering the overview
of environmental regulations. There is a critical need to prevent daily releases of small amounts of

pollutants from these widespread land uses.

IV Opportunities and constraints

In phytotechnology the natural properties and mechanisms of living plants are used to accomplish defined
environmental outcomes, especially the reduction of chemicals in soils and groundwater. The diversity of
available plants also gives versatility to the application of phytotechnology across a range of landscape
locations and types. However, many site conditions and pollution situations render phytotechnologies ‘not
viable’ for implementation. A review of the opportunities and constraints for using these technologies is

provided below.

A Opportunities
The advantages of the application of phytotechnologies are as follows.

¢ Plant-based systems are natural, passive, solar energy-driven methods of addressing the cleanup and
regeneration of several types of pollution-impacted landscapes.

* The process leaves the soil intact, even improved, unlike other, more invasive methods of site
remediation used by the industry, such as removal and disposal, soil washing and thermal desorption.

* Phytotechnologies have the potential to treat a wide range of organic contaminants in the soil and
groundwater in low to moderately contaminated sites. However, there are also many cases where
phytotechnologies are not applicable. Very specific plant and soil interactions must be considered and
monitored for their effectiveness, as detailed in Chapters 2 and 3.

* The use of phytotechnology in a variety of landscape-restoration and environmental installations
is attractive to scientists, engineers and designers. These include hybrid technologies combining
chemical, physical and other biological processes with plant-based methods.

* Vegetation-based remediation, when applicable, has been found to be less expensive in comparison
with other, more conventional, industry-based technologies and approaches.

* Dublic acceptance is considered high, particularly if the site is located close to or within residential
neighborhoods, as phytotechnology is a natural, low-energy, visually and aesthetically pleasing
remediation technology.

* The application of phytotechnologies can be integrated into other vegetation and landform design
strategies and programs proposed for the site. The expansion of the range of natural cleanup
technologies at the disposal of the landscape architect during the planning and design of post-

industrial sites can be a starting point for design.



* Dollution prevention: Plantings can prevent the spread of future pollution releases and the further
environmental degradation of urban land and waterways.
* Indicator species: Vegetal indicators of ecosystem health can be integrated into monitoring and

assessment strategies for sites.

1 Ancillary potential benefits

Ancillary potential benefits from phytotechnology applications include such factors as

community use, educational use and habitat creation.

e Community use: The involvement of stakeholders and adjoining neighborhoods can offer
opportunities to engage local communities with phytotechnology installations and to provide
an additional amenity in areas where green space is limited. This can lead to informal policing
and security for the site as well as greater community involvement in the planning and design
stages.

* Educational use: Closely related to community use is the potential role for phytotechnology
installations in providing an outdoor classroom experience for local students at all levels. In
addition, they can be a living-experiment setting for non-students and students alike that can
educate residents about the dangers of post-industrial land, polluted soils and groundwater
and the natural techniques that are available to provide remedies for the contamination.

* Habitat creation: The introduction of vegetation as a natural remediation technique increases
the amount and variety of habitat on a formerly polluted and abandoned site. If this is carefully
considered during the design process, phytotechnology applications can increase the canopy
cover, nesting sites and potential food available to wildlife without exposing animals to toxicity.

* Biomass production: Remediation plantings may also be harvested and utilized for the
production of biomass and energy sources, creating an economic product that may have the
potential to offset remediation costs.

* Climate change: Long-term phyto sites can assist in creating microclimates, mitigating
climate change and controlling environmental disease.

* Benefit to agricultural systems: New installations of plants on marginalized land can support

nutrient cycles, crop pollination and long-term improvement of soils.

B Constraints
The disadvantages of the application of phytotechnologies include the following.

* Many contaminants cannot be remediated with phytotechnologies, or soil/climate conditions are not
favorable for their application. In addition, some soils may be too toxic or infertile for any plants to
be grown. Contaminant and plant interaction details are provided in Chapter 3.

e The process is limited to relatively shallow contamination sites and is dependent on the adaptability
and climate zone of the plants that can be used.

* In some cases, plants may need to be harvested and disposed of as a waste to remove a pollutant; this

can be costly and energy intensive.



Contaminants stored by plants could potentially be released through either transpiration or
uncontrolled incineration of harvested plant materials. In addition, when pollutants are taken into
plant stems and leaves, a risk of exposure may be created. Humans, animals or insects could consume
or be exposed to plants that have stored pollutants, although this is typically not a significant risk
factor.

Once plantings are installed, ongoing maintenance operations may be costly and must take account
of adequate drainage, watering, testing and protection for the introduced planting.

Monitoring may be required and soil- and groundwater-testing practices may be costly or
inaccurate.

The elongated timescale of the phytotechnology installation may preclude its use in short-term site-
regeneration projects. Many phytotechnologies take at least 5 years or more to reach maturity and
some could be designed as legacy projects, with lifespans of 50 years or more. They require a long-
term commitment to management and maintenance by the site owner, as the process is dependent
on a plant’s ability to grow and thrive in an environment that is not always ideal for normal plant
growth.

Natural systems are variable, and weather, browsing by animals, disease and insect infestations can be
devastating or produce unanticipated results.

Suitable plant stock may not be available from local growers or may require installation during

specific seasons of the year.

N MORE CERTAIN LESS CERTAIN

Dig and haul
Incineration
Low temperature thermal

Soil washing

cost

Air sparging and bioventing
Bioslurry reactors
Composting

Landfarming

Phytotechnologies

Natural attenuation

AN
7

TIME

Compared to other remediation options, phytotechnologies can provide a significant cost savings when
feasible, but requires longer treatment time frames. In addition, there is some degree of performance
uncertainty in all plant-based systems.

Source: Graphic redrawn from original provided by (Reynolds, 2011)

Figure 1.2 Phytotechnologies Cost Benefits vs Treatment Time
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¢ A lack of understanding of the science, and implementation without the participation of experienced
researchers, engineers and scientists, can lead to many improperly designed and implemented projects.

* In more temperate climates the systems may become inactive or much less active in the winter
months, and they may not be usable at all in more extreme environments such as are found in Alaska
or the Arctic region.

* Current legal, regulatory and economic conditions surrounding remediation using plants may be
difficult to navigate. Regulators may not be aware of potential phytotechnology opportunities, and

extensive precedent research and explanation may be required.

The current state of phytotechnologies

A Market share

In the remediation industry, phytotechnologies still account for less than 1% of the market share of
remediation techniques carried out (Pilon-Smits, 2005). The lagging use of phytotechnologies is a result

of several factors, including

* an inadequate amount of core and applied research and field testing, mostly due to a lack of research
funding sources, which have been dwindling in the US since 2001

¢ consequently diminishing support from federal, state and local regulators

¢ lack of a proven track record, due to variability in field experiments and lack of metrics of success for
novel technologies that do not map well to the traditional metrics of assessment and monitoring for
older technologies

e general uncertainty inherent in natural and biological systems

* insufficient available information on systems that do work, preventing their integration into
engineering and design practices

e typically, within environmental engineering firms responsible for the design of remediation
systems, a lack of staff versed in agronomics or plants, and greater reliability placed in traditional
engineering practices, since plant-based systems are not their area of expertise and indeed may be
more uncertain

* typically, greater monitoring costs and a longer time frame for remediation.

B Perceptions

In addition, there is some dissent both in the sciences and in the field of landscape architecture that
either criticizes phytotechnologies as ineffective and not worthy of the community’s attention and
resources or, alternately, hypes phytotechnologies as the Ssilver bullet’ for pollutants. The truth lies
somewhere in the middle, as some good opportunities certainly exist where phytotechnologies can be
applied and there are also many cases where they are not feasible and should be avoided. Typically,
misinterpretations arise when old or outdated studies are referenced and utilized, which commonly

happens when web-based research is re-referenced over and over again and is not updated for years on



end. In addition, many practitioners are not aware of the highly specific plant and soil-based interactions
required in phytotechnologies, and applicability and success are extremely site and contaminant specific.
Field studies where the environmental conditions, plant and toxins were mismatched and the goal
was not reached can harm the reputation of the entire field (US EPA, 2002). Additionally, short-term
projects and lab and greenhouse studies may produce successful results that do not effectively translate
into field applications, where weather patterns, pests, competition and poor project management are
common failure modes that are absent in greenhouse or laboratory studies. Longer time frames than are
the norm in conventional methods are often needed for plant treatments to reach performance metrics
and remediation goals, but these are not available, due to academic schedules or grant-funding rules. For
all these reasons, misinformation surrounding plant applications and the capability of site remedies can

quickly spread and generate unjustified preconceptions about phyto.

C History

As described in the Foreword to this book, the field of phytotechnologies in the US was generally
named and formally established in the 1980s. In the 1990s a large number of phytotechnology
greenhouse and lab experiments were published, leading to a belief in the applicability of plant-
based cleanup approaches to a broad range of pollutants in groundwater and soils and site contexts.
In addition, a number of plants found to ‘hyperaccumulate’ metals were discovered during the same
time period, and speculation arose that these plants could potentially be used for the remediation of
metals-contaminated sites. Unfortunately, this generated a lot of excitement and, in a ‘boom and bust’
scenario, advocates of the science overestimated and oversold the technology (White and Newman,
2011). Its performance was mixed, however, and failures in the field outnumbered successes because
implementation in the field occurred before the science had been substantiated in the laboratory (White
and Newman, 2011). Uptake and remediation of lead by sunflowers, for example, was hailed as an
exemplar without the biology and mechanisms being fully understood. When actually applied on
real-world sites, it was found that this previously ‘hyped’ technology was unsuccessful at field scale.
Interestingly, sunflowers for lead remediation continued to appear in landscape architecture renderings
as a phytoremediation application well past 2010, even though they essentially failed in field trials in
the late 1990s.

As has been documented by Dr. Alan Baker and Dr. Charles Reynolds, among others, this led in the
late 1990s to what was termed an “unmasking phase,” where the unjustified claims led to a crash of the
phytotechnology field both in credibility and in funding (Reynolds, 2013). This is commonly termed
the “Trough of Disillusionment” that follows the “Peak of Expectations” for new technologies (Burken,
2014). Since then, a very slow but steady flow of scientific research work has been carried out, with
growing acceptance by a more cautious and prudent remediation industry and regulatory authorities.
Although the concept of phytotechnology is simple, research is slow, complicated and does not map
well to the need for quick site remediation. Nonetheless, in many cases phytoremediation still may
be the most suitable alternative, compared to the very abrupt, disruptive and expensive process of soil

removal and physical extraction of contaminants.
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In the early 1990s, the phytotechnology field was just beginning and there was a huge surge in interest
that led to overspeculation and ‘hype’. Failures in on-site projects outnumbered successes since
implementation in the field occurred before the science was substantiated in the laboratory (White and
Newman, 2011). The field of phytotechnologies is slowly rebuilding its reputation based on projects
rooted in science rather than speculation. Source of Graph: Redrawn from (Reynolds, 2012) (Baker, 2013)

Figure 1.3 Perceived History of Phytotechnologies

D Research funding

For the field of phytotechnology to advance, research funding must be available so that academic
institutions can apply for grants to conduct experiments and field trials. In the 1990s, environmental
research funding was prevalent. The US EPA was actively funding and participating in phytoremediation
projects, and large government departments such as the Department of Energy, Department of
Defense, US Army and the US Department of Agriculture (USDA) were sponsoring projects to further
phytoremediation research. However, the failed field trials conducted in the late 1990s tarnished the
reputation of the phytoremediation field and, with the onset of the Bush administration in 2001,
remediation of government-contaminated land was no longer a political priority; government-sponsored
environmental research funding in the US started dwindling. In 2005, the Bush administration
started cutting the EPAs budget by about 4% per year (Schnoor, 2007). Two important research-
funding programs administered by the EPA (the Ecosystem Services Research program and Science
To Achieve Results grant funding) have been reduced by millions of dollars in recent years (Schnoor,
2007). The US EPA Hazardous Substances Research Center was eliminated entirely (Burken, 2014).
Unfortunately, even under more recent administrations, the EPA’s budget has continued to be cut,
due to the economic recession and congressional calls for spending cuts (Davenport, 2013). Since

2004, the funding for the EPA’s Office of Research and Development has declined by 28.5%, and the
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Two important research funding programs administered by the EPA, the research budget for Ecosystems
and Science To Achieve Results (STAR) grant funding have been reduced by millions of dollars since
2004 (Schnoor, 2007). This has contributed to a difficult financial environment for phytotechnology
scientists looking to fund research work.

Figure 1.4 Environmental Protection Agency’s Research Budget

Ecosystem Services Research program has declined by 58% (AIBS, 2013). The current research funding
climate for phytotechnologies at the publication date of this book is poor. Funding exists for plant-
based biofuels and nano-particles research, so many of the former institutions focused on phyto research
have now shifted to those areas or other funded areas of interest. Many formerly active researchers
from the1990s are no longer actively conducting research in the phyto field. With the engagement of
landscape architects and other professions, hopefully, interest in the field will reemerge and government

agencies again will reprioritize appropriate funding for this important area of science.

E Current research

The current state of phytotechnologies research and application includes laboratory, field testing and
small-scale site experiments carried out by several US and international institutions and industries. In
addition, some US government departments such as the US Geological Survey (USGS), US Military
and National Aeronautics and Space Administration (NASA) continue to conduct field trials. A list of
sample projects follows in Chapter 3.

The development of phytotechnologies has been aided by growing interest in the subject from a
variety of sources, including those planners and engineers focused on sustainable development, city
greening and community urban agriculture. There still remain, however, a number of outstanding issues

to be overcome.
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With the reuse of polluted sites on the rise, and redevelopment a critical component in sustainably
moving forward, the potential of utilizing plants to cleanse soil on site is more economically and
environmentally attractive than removing contaminated soils off site. Developers, municipalities and
site planners are actively looking for alternatives to traditional remediation; however, they do not always
have the resources to understand when phytotechnologies might be an option for them. To this end,
the International Phytotechnology Society (IPS), a non-profit worldwide professional society with
members in Europe, Africa, India, Asia and North America, is leading the development of the core
scientific research with guidance from the US EPA. In this way the earlier mistakes of the late 1990s

and the ‘unmasking period’ can be avoided.

Legal and regulatory framework
A Remediation projects

Contaminants that may be found on sites are well documented and their properties understood and
exposures regulated. The legal and cleanup process in the US is rigorous and the strict legal framework
for remediation work must be adhered to in the redevelopment of brownfield sites. Within a regulatory
framework there initially arise a number of key questions regarding the use of phytotechnologies as a

remediation method.

e What regulatory program is the site designer working with?
e Who are the stakeholders and professionals involved?

e What is the implementation process?

e Where does any waste or biomass produced go?

e What are the overall risk and long-term project goals?

Irrespective of the federal, state or local cleanup program that covers the project site, the extent of effort,
the requirements of management and bureaucracy and the final result of remediation should all be
the same. The program will depend on whether the project is involved with permitting a discharge or
cleaning up a site of pollutants and whether there is a single contaminant or a ‘cockrail” of contaminants
in a range of media such as soils, sediments and groundwater. A number of the cleanup programs arise

from the following:

 Federal Comprehensive Environmental Response, Compensation and Liability Act (CERCLA)
1980, commonly known as ‘Superfund’

¢ Federal Resource Conservation and Recovery Act (RCRA) 1976

¢ Federal Toxic Substances Control Act 1976

* State Resource Conservation and Recovery Act (RCRA)

¢ State Site Cleanup

e State Solid Waste



Landscape and redevelopment sites may involve a single entity or a number of these programs in an
overlapping fashion. The major difference between the programs is that the federal ones are generally
larger, more complex and therefore slower, according to the site conditions. The state programs are
smaller, simpler and faster, involving semi-privatized Licensed Site Professionals programs to move
project cleanups along in a timely manner, while the federal programs contain specialized programs for
leaking underground storage tanks (LUSTs), brownfields, landfills and RCRA Corrective Action, which
can produce another layer of complexity and management.

Cleanup of site contamination using phytotechnologies is generally ‘risk based’, that is, site specific
and chemical specific using risk-management techniques based on the future end-uses for the site.
The goal is for the site to pose ‘no significant risk of harm’ to health, safety, public welfare and the
environment. Such cleanup can be accomplished by meeting generic cleanup standards and employing
a site-specific risk-assessment method tied to end-use, usually referred to as Risk-Based Corrective
Action. For example, whether the site will become a park, as opposed to housing, or will remain a light
industrial complex will determine the levels of cleanup required.

The stakeholders involved in this work include the following:

* regulators

* other government entities such as planning boards

* the principal responsible parties for the pollution

¢ development agencies or developers for the site

* landscape architects and site designers and engineers
* future owners and occupants of the site, if known

* adjacent site owners, stakeholders and occupants
The cleanup process works using phytotechnology in five phases.

* Dhase 1: Preliminary assessment of Site (Phase 1 Site Assessment)
* Phase 2: Comprehensive site assessment (Phase 2 Site Assessment)
* Phase 3: Assessment and remedial alternatives*

¢ Dhase 4: Implementation of phytotechnology remediation

* Phase 5: Operation and maintenance of phytotechnology installation

* Note: In this phase an assessment of alternative remediation methods and techniques is carried

out. The assumption is that phytotechnology will be selected as one of the appropriate remedies
on the site, and may often be used in a treatment train with other remediation methods. For
example, hot spots may first be excavated and removed or chemicals may be injected to encourage
contaminant breakdown before the phytotechnology planting is installed. Often, during this phase
phytotechnologies may be found not to be applicable on a site. The selection of the remedy is based

on the following:

¢ overall protection of human health and the environment
* long-term reliability and effectiveness

* the ability to be carried out on site

15
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* cost
e actainment of risk-based goals, such as reduction of toxicity, mobility or volume of contamination

* compliance with all federal and state applicable or relevant and appropriate requirements.

Stated more simply, will phytotechnology meet the remedial goals, is it technically reasonable, is the
cost reasonable, does it fit with reuse plans and timetables and will it do the job and provide certainty?
When the remediation project is completed, a ‘Response Action Outcome’ or a ‘letter of no further
action’ is issued, or a site delisting from the National Priorities List (NPL) can take place for a CERCLA
site, documenting that cleanup requirements have been met.

Impediments to the use of phytotechnologies on a range of sites include: regulatory uncertainty and
delays; liability risk in relation to the general public; stigma; and perception of risk by local stakeholders
and adjacent landowners attached to sites with phytotechnology remediation approaches and proposals.
Among the issues raised by their use are the use of species within the same genera and monocultures,
genetically engineered cultivars, ownership, storage, distribution and risk of commercial exploitation.

In particular, the following issues have arisen.

¢ Bioaccumulation: When certain contaminants are present on a site, the opportunity exists for the
accumulation of contaminants in the biomass of plants and the potential for toxicity and food-chain
transfer. The bioaccumulation of pollutants can create a perception of risk to adjacent communities
and stakeholders, particularly in residential neighborhoods. This perception may not be based on
scientific data that may be currently available; rather, it may be based on values related to deeply held
convictions within the community.

* Contaminated biomass collection: Stakeholders are often significantly concerned about the possible
accumulation of contaminants in the biomass of the plants and the future disposal of contaminated
biomass off site through landfilling or incineration. Close control of site operations may be required,
including the collection of biomass from off the ground, such as leaf litter, fallen bark and branches,
and the complete harvesting of plants on a defined schedule.

* Waste disposal: What becomes of the waste generated during remediation, such as vegetation harvested
and disposed of as part of the removal process? There are three types of waste: solid, remediation and
hazardous; two of these, remediation and hazardous, are relevant to phytotechnologies. In many cases,
plants may completely degrade contaminants and they need not be harvested from sites. However, in
some cases plant material that has absorbed inorganic contaminants such as metals into roots, shoots
and leaves may be classified as hazardous waste for the purposes of disposal. Remediation waste covers
those materials from a phytotechnology installation that are not hazardous but still exceed reportable

concentrations and come from a listed site.

B Pollution-prevention projects

Phytotechnologies have always been considered a tool for site remediation; however, it has been seen
that phytotechnologies can be also utilized as a preventative measure rather than solely as a remediation
or post-remediation tool. An example of this is the early use of phyto-buffering, where plants are grown

to contain anticipated spills or plumes that might occur below ground at some time in the future. This



moves the application of phytotechnologies away from the laws and regulatory frameworks surrounding
remediation activities and the control of waste, and towards a horticultural and planning-related set of
concerns.

Preventative phytotechnology planting strategies fall under the normal set of planning and local
engineering regulations regarding site works, as would any other type of landscape installation. This is
similar to the introduction and use of bioswales on a site as a landscape element to divert, capture and
cleanse stormwater runoff in a parking lot. The design and installation of phytotechnology buffers can

be based on anticipated pollution events.

VIl Designer checklist for phytotechnology

A detailed phytotechnology project checklist and decision tree has been developed by Dr. David Tsao and
the Interstate Technology and Regulatory Council in the free document, PHYTO 3 (available for download
at: www.itrcweb.org). This document details a logical, step-by-step process and series of questions to ask
so as to determine if phytotechnologies may be a viable approach on a particular property. The authors
refer you to this reference for a detailed project guidance document (ITRC, 2009). However, in order to
give the landscape architect every chance of success in executing a phytotechnology installation, a listing

of the main items that a practitioner should know before starting follows below.

A Preplanning phase

1 Defining a phytotechnology project vision’
Establish a project vision for demonstration, experimental or full-installation sites, to include
short-term issues relating to the cleanup or longer-term sustainable goals for the land and its

surrounding environments.

2 Site selection

While sites are selected by virtue of their previous or future uses, local knowledge about sites
from local municipalities and the community can help to determine priority issues in terms of

suitable access points, circulation and adjacency concerns.

3 Data collection to be carried out prior to phytotechnology design

* Soil sampling and environmental testing
* Subgrade and groundwater conditions

* Existing vegetation and wildlife

¢ Microclimate and weather

* Existing utilities and water supply

* Site boundaries for access and security

* Storage of equipment for maintenance and testing
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4 Economic values

Identify loan and grant programs (if available) to assist in both testing and remediation

activities.

5 Partnerships with local stakeholders

Consider organization and outreach for educational enrichment, maintenance and public

acceptance.

6 Phytoremediation education

Expose clients and stakeholders to the considerable applications of technology, capital and
labor at work in the transformation of polluted sites through phytotechnologies. This could
involve on-site documentation of remediation and redevelopment processes; interviews and
tours with engineers involved in a cleanup; development of individual and group media
and arts projects; creation of an interactive technology curriculum that can be used by other
communities facing severe environmental threats; and establishment of a project website that
gathers the resources and research developed through the project and makes them available to
other communities, educators, municipal leaders and environmental professionals nationally

and internationally.

B Phytoremediation design and protocol phase

1 On-site remediation

Develop protocols regarding access, security protection, environmental engineering-site practices,
supply of plant stock, irrigation/water supply, installation techniques, monitoring and tabulation
of results, documentation of site installation and ongoing maintenance. This should be done
in conjunction with an experienced phytotechnology expert and may involve several different
types of engineers and scientific consultants, including agronomists and hydrologists, biologists,

chemists, micro-horticulturalists, foresters, ecologists and civil and environmental engineers.

2 Environmental opportunities

¢ Consider habitat creation
e Animal shelters/microclimate

¢ Other productive landscape or biomass opportunities

C Implementation phase

1 Establishment of installation protocols
Once the landscape architect has agreed on a solution for the phytotechnology application
an installation protocol needs to be developed. Close work with soils specialists, agronomists,

forestry practitioners and maintenance operators will be required.
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D Post-implementation phase

1 Maintenance and ongoing operations

e Security of installation area

Graphics and warning signage for installation area

Regular weeding, watering and management of area

* Ongoing monitoring and repeating as required
2 Publication of results: best practice workbook or manual
3 Disposal of vegetation material (if required)

4 Reoccupation of phytotechnology site area

Innovative applications
A Integration into daily design practice

As has been mentioned above, phytotechnology planting techniques are currently employed pos site
contamination, to help clean up and remove already contaminated soil or groundwater for some form of
reuse or reclamation. Where future pollution may be expected from particular site programs such as gas
stations or industrial manufacturing sites, there is potential for planting approaches such as vegetation
buffers with preventative phytotechnology abilities. Current phytotechnology plantings are typically of
one plant species (monocultures) installed in a field application. Plant combinations can be considered
to both treat toxins and create aesthetic and functional compositions. The overall goal is to expand
awareness of phytotechnology so that it is not only employed to remediate contaminants that already
exist, but proactively used in everyday landscapes. The creation of productive landscapes is the ultimate
objective, with plantings that not only have aesthetic functions but also enhance environmental and

human health conditions.

B Biomass production

Cultivation of short-rotation willow and poplar coppice was introduced after the oil crisis of the 1970s,
with the intention of replacing fossil fuels with new energy sources. Extensive research to identify fast-
growing species that could be grown intensively for use in energy production suggested that willows
grown in coppice systems were the most suitable. Nutrient utilization and stand management were
seen to be more cost efficient for willow than for other woody species, and short-rotation willow
coppice proved to be a sustainable way of producing fuels that were carbon dioxide neutral, since
burning of the biomass would release into the atmosphere the carbon dioxide that the plants had
taken from the air. Willows in short-rotation coppice systems are currently grown, consisting mainly
of different clones and hybrids that have been specifically bred for this purpose. In the initial phase,

approximately 15,000 cuttings per hectare are planted in double rows, to facilitate future weeding,
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PHYTOTECHNOLOGY AND THE CONTEMPORARY ENVIRONMENT

Willow (Salix) biomass crops resprouting in the spring after being harvested the Field of four-year-old willow biomass crops just prior to being
previous winter. This willow is about a month old above ground on a four-year-old harvested in the late fall (Volk, SUNY ESF, 2014).
root system (Volk, SUNY ESF, 2014).

Four-year-old willow biomass crops being harvested with a New Holland forage
harvester and coppice header. This system cuts and chips the willow biomass in
asingle pass (Volk, SUNY ESF, 2014).

Figure 1.5 Willow Biomass/Coppice Planting and Harvesting

fertilization and harvesting. The willows are harvested every three to five years, during winter when
the soil is frozen, using specially designed machines. After harvest, the plants coppice vigorously,
and replanting is therefore not necessary. The estimated economic lifespan of a short-rotation willow
coppice stand is 20 to 25 years.

In recent years other fast-growing species have been used for biomass ethanol production, including
grasses such as Miscanthus and Panicum as well as corn. Poplars may also be cultivated for energy
production, including for production of wood pellets. Additional uses for poplars include cardboard
and hardwood production.

Recently, many phytotechnology sites have been proposed where willows, poplars or other biomass-
production species are simultaneously cleaning soils or groundwater while producing these economic
products. This is often an attractive proposition, since utilizing marginal land frees up quality agricultural

land that might otherwise have been used for this purpose.

C Economic development

Phytotechnology installations provide opportunities for workforce development in a specialized

market. More recently, workers in the general construction industry have retrained in the remediation



and reclamation work that is connected to post-industrial sites. Funding for this was provided by the
US EPA Brownfield Program, and more opportunities and higher compensation are available to workers

in the large number of brownfield lands.

D Carbon sequestration

Poplars are among the fastest-growing tree species in North America and are a central tree used in
phytotechnology. They are capable of accumulating enormous amounts of wood and biomass in a
relatively short period of time. With selection of appropriate varieties and proper care in site projects,
poplars sequester enormous amounts of carbon dioxide in a short period of time. Research on this topic
includes screening and selecting poplar clones for growth, and understanding processes of below-ground
carbon movement and storage. A future hope is to establish a basis on which poplar trees and other plant
species used in phytotechnology projects can be credited for the amount of carbon their plantations are

accumulating and to document the chain of custody for a variety of products made from poplars.

E Plant sentinels

In some cases, phytotechnology plants may have potential to serve as detectors for environmental
contaminants via aerial and satellite photography with remote sensing. When plants take up certain
contaminants, changes in their chemical structure can occur that may have the potential to be read

through sensing equipment.

F Phytoforensics

As plants collect water and nutrients from the subsurface, they also collect pollutant molecules and
atoms. Developed from the work of Dr. Don Vroblesky of USGS and Dr. Joel Burken of Missouri S&T,
phytoforensics uses existing on-site plants — most commonly trees — to identify and delineate subsurface
contaminants. This primary sampling method inserts a thin probe (increment borer) horizontally into
the trunk to collect cores of trunk tissues (i.e. xylem) that can be analyzed in the laboratory for the
presence of pollutants in the tree. The amount of contaminants in the tree correlates to the amount of
contaminants to which the roots are exposed. Tree cores that show elevated contamination can point to
hot spots below the surface of the ground and provide clues as to the original source of contamination
and current spatial extent of pollution. Tapping into available trees in an area that is suspected to be
contaminated can help engineers to better and more rapidly delineate contaminants in the subsurface.
Traditional groundwater sampling requires the use of heavy equipment to drill into the ground and
the creation of sampling wells to draw water from the site. Individual wells can take days to install
and months to sample. Phytoforensics is fast and inexpensive (compared to traditional well-testing
techniques) and can quickly provide field information about the underlying conditions (Burken, 2013).

The process may involve either coring trunks of trees to gather small samples or inserting sampling
devices into the trees in the field. A thin filament called a solid-phase microextraction fiber, or SPME,

can detect traces of chemicals at minute levels, right at the tree, down to parts per trillion for many
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Core samples of trees are taken with a standard arborist’s tree coring device and brought back to the lab in vials for analysis. The
samples are analyzed to determine if contaminants are present in the tree (Burken, 2014).

Figure 1.6 Phytoforensics Sampling Tools

compounds (Shechan et al., 2012). Field portable analysis is beneficial, providing results for the level
of contamination in the tree in real time. The use of field gas chromatography mass-spectrometers
(GC-MS) has proven to be effective (Limmer et al., 2014), but the instrumentation is expensive to
operate. Novel methods to provide similar analysis at less cost are under development.

In Sedalia, MO, for example, well drilling and testing for the solvents trichloroethylene (TCE) and
perchloroethylene (PCE) near an abandoned section of railroad took 12 years and placed 40 traditional
engineering sampling wells. Working with the environmental consulting firm Foth Engineering, Burken
and a team of students spent one day at the site and took 114 tree samples. Their work more accurately
determined the extent and locations of contamination, for a fraction of the cost (Burken et al., 2009).
In Rolla, MO, Burken’s students have used phytoforensics to determine the extent of contamination
from the Busy Bee Laundry, which is adjacent to Schuman Park and just two blocks from Missouri
S&T and the building where the phytoforensic research was initiated. By testing trees in Schuman Park,
the Missouri S&T team determined that solvents from the dry-cleaning operation had seeped into the
groundwater of the park, but not at levels hazardous to human health. The USGS is working with the
city of Rolla and with funding from the National Science Foundation to remediate the area by planting
additional trees to extract the contaminants from the groundwater. The project is expected to remove
the contaminants at increased rates and decrease any potential release into Frisco Lake. By deploying
a new technique whereby a probe is left in the plant and a small measuring device is brought to the
tree, concentrations of pollutants were able to be easily assessed in the trees over a period of years. This
project validates the concept of monitoring phytotechnologies through novel plant sampling, versus
traditional, expensive groundwater sampling.

Recently, funding from the US Army’s Leonard Wood Institute helped to develop new approaches to
current phytoforensics methods in order to analyze more water-soluble and nonvolatile compounds. The
current methods detect molecules as gases, but explosives constitute a different contaminant type that
requires detection as liquid. A method for collecting aqueous samples was developed to aid the military
in detecting areas where explosives may have leaked or been spilled on military bases. The method
is also being used for perchlorate and several other nonvolatile compounds not previously tested in
phytoforensic methods. Through these new efforts and findings, researchers can now detect the presence

of trace amounts of explosives, in addition to chlorinated solvents, petroleum, and other organic volatiles.
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Recent breakthroughs in the field have included directional analysis of the plume from the
coring of a single tree (Limmer, 2013), advances in solid-phase sampler development (Shetty,
2014), real-time/in-field GC-MS analysis and long-term monitoring advances (Limmer, 2014). In
addition to detecting the presence of individual contaminants from the soils and groundwater, trees
can also be used to detect the timing of contaminant releases into the ground through analysis of the
differential concentration of some elements in the growth rings of the tree, termed dendrochemistry
(Balouet, 2012). Phytoforensics has been accepted by the USGS as a reliable testing and monitoring
technology, and a technology transfer document for more information is available and listed in
Chapter 6.

In the future, it may become commonplace to use the existing trees on a site to determine the location
of contaminant plumes below the surface and then to monitor the efficacy of phytotechnologies.
Monitoring of phytotechnology impacts may have great benefit in gaining acceptance from regulators
and site owners who need proof of efficacy in order to validate claims of remediation and pollutant
removal rates. Advanced methods in phytoforensics and phytomonitoring mean that contaminants can
be detected more rapidly and treated at far lower costs, using a method that offers multiple ecological

benefits along with pollutant attenuation.

Conclusions

In conclusion, the major barrier to utilizing phytotechnologies in the field remains the lack of complete

knowledge about: the process; accepted metrics of monitoring and success; molecular genetics; and

biochemical mechanisms of adaptive tolerance in plants to organic and inorganic contaminants. This

requires both laboratory and field tests to continue to address contaminant types matched with plant

species and to follow remedial treatments over prolonged periods. Research in phytotechnologies

has enhanced our understanding in the fields of plant and soil sciences; however, more effective and

commercially feasible techniques are still required.

To advance the field, the following needs to happen:

clearly distinguish those sites, phytotechnology processes and techniques that have been studied the
most, and identify those with the best opportunities for potential success

improve communication and cooperation with the private commercial sector responsible for
implementing, maintaining and monitoring these technologies

exploit new economic opportunities such as the production of bioenergy and bio-fortified crops; long-
term remediation activities also provide economic gain

secure more funding for phytotechnology research for the coming years and exert pressure on federal
and private sources to ensure that the primary and applied research activities will continue to be

developed, building on the work of previous years.

Large remediation operations usually come in association with significant commercial or urban

development projects. Developers and regulators are to be encouraged, along with the design and
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planning professions, in certain situations to consider phytotechnologies as a viable alternative in site
remediation, regeneration and reuse. Commercial soil remediation occurs in relation to: the growth of
urban areas or significant infrastructure, where low levels of contamination must be reached; change
of soil use; or toxic spills, where urgent solutions are needed to maintain socio-political acceptance.
In these cases, conventional remediation options are often the best, due to their rapidity, despite their
high initial cost and often detrimental ecological and property impacts. The desire for rapidity makes it
difficult for phytotechnologies to compete. Therefore, phytotechnologies are often relegated to projects
with low economic value and the following profile: (a) a long-term period is possible; (b) current use of the
soil does not imply risks to humans or the environment. These kinds of projects are usually restricted to
marginal areas without short-term economic value, such as former mining areas, landfills, DOD lands or

post-industrial sites.

For the landscape architect the main lesson here is to understand clearly what the use of these
installations can achieve and what it cannot, and to realize that all phytotechnology projects have to
be pollutant specific and plant specific. Science-based efforts will avoid repetition of the ‘overselling’
period where planted installations failed to carry out the specific task of remediation. Projects must also
be monitored appropriately to show impacts and results accurately. In addition, the landscape architect
has to become familiar with the current research and literature on the subject. In fact, each project
site can be considered a unique condition with regard to soils, groundwater and location (climate and
context), yet employ standard approaches to design and vegetation that are based on site typologies
and an understanding of the history of the site. In this respect they appear to be similar to conventional
landscape project sites, yet the true conditions underlying the site — pollutants and their type, location,
intensity and state — make these contemporary landscapes both unique and important to confront and

address.

Following this introduction to phytotechnology and the contemporary environment, let us now move on to
review in Chapter 2 the fundamentals of how plants carry out the remediation of soils and groundwater,

and the precise nature of their interaction with organic and inorganic contaminants.
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2. Fundamentals

| Introduction

For phytotechnology systems to be successful, it is imperative for the reader to gain an understanding
of the fundamental science supporting these installations. There are many contaminated sites where
phytotechnologies will not be applicable, and other opportunities that hold more promise. This chapter
will cover the basic science behind plant-based remediation systems to help provide an understanding
of where plants may be useful in remediation. A clear understanding of the fundamentals, including
mechanisms, basic contaminant types and general planting considerations, is important in the conception,

design and implementation of these productive landscapes.

Il A short overview of plant functions

This section will review basic plant functions that contribute to remediation mechanisms. For a plant to
grow, it needs several basic resources including energy (sunlight), nutrients and water. In the processing
of these resources, contaminants can get taken up, transformed or broken down. Three transformations

in plant growth are essential to consider.

A Energy transfer

Leaves transform energy from the sun via photosynthesis to generate plant biomass. About 20-40% of
total photosynthetic products produced by the plant are sugars that are transported down to the root
zone and are leached out into the soil through the roots (Campbell and Greaves, 1990). The sugars,
oxygen and other root exudates released around the root zone (organic acids, amino acids and enzymes,
to name a few) both can help to transform contaminants and also attract many microorganisms to
live there (Lugtenberg and Dekkers, 1999). The presence of these root exudates causes the soil to be

populated with 100 to 1000 times more living microorganisms around plant root zones than in the soil
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alone (Reynolds et al., 1999). The microbes create a protective barrier around the root zone and play
a large part in breaking down potentially harmful substances such as pathogens. This high microbe-
populated area with a symbiotic relationship to the plant is called the “rhizosphere” (Lugtenberg and
Kamilova, 2009). The rhizosphere creates a rich environment for contaminants to potentially be

modified, by either the plant itself or the microbes.

B Nutrient transfer

In exchange for the free provision of sugars and phytochemicals from the plant, the microbes help
the plant to obtain nutrients. There are 13 essential nutrients required by plants. Many of these are
in forms not available to the plants, and microbes can unlock them into forms for uptake. This is
similar to digestion in humans, where microbes process food and nutrients internally in our stomachs;
however, in plants much of this occurs externally in the root zone. Rather than internal digestion,

plants have something akin to external stomachs, processing many nutrients they need outside the plant

Around 20%—-40% of the energy generated
in photosynthesis is tranferred to the roots as
sugars, acids and enzymes (root exudates)

Root exudates create a beneficial
environment for microbe growth
in the soil
. ~
\ Z : R 100-1000 times more microbes
! = live in the root zone of plants

than in bare soil
Figure 2.1a Plant Function: Energy Transfer (Down)
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Soil microbes assist plants in
nutrient transformations and
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Figure 2.1b Plant Function: Nutrient Transfer (Up)

(Rog, 2013). Once the nutrients are made available by soil biology, enzymes, acids and other exudates
released by the plant, transport pathways exist for the plant to take up the needed nutrients. Pollutants
in soils can sometimes have a similar chemical structure to the resources a plant requires, and can be

inadvertently taken up by plants in the process (ITRC, 2009).

C Water transfer

Plants act as pumps, extracting water from the soil, moving it through the stems and leaves, using it in
photosynthesis and transpiring extra water to the air through the leaves. It is estimated that only 10%
of the water taken up by plants is used by the plant and the rest is evapotranspired into the air. Plants
move an incredible amount of water; each year, plants in North America move more water than all the
rivers in North America combined (Burken, 2011). In fact, 75% of water vapor over land worldwide
is a result of plant transpiration (Von Caemmerer and Baker, 2007). As the plants take up water, they
create a hydraulic pull towards the plant. In phytotechnologies, plants may take up polluted water,
potentially degrading or extracting and storing away pollutants during the process. This pull of water

can also potentially slow the migration of contaminants in water below the surface.
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Water not used in plant growth is
evapotranspired into the atmosphere

Plants act as solar-powered water
pumps to take up water from the
ground

Figure 2.1c Plant Function: Water Transfer (Up)

Il Contaminant location: within soil, water (groundwater, stormwater or wastewater)
or air?

Pollutants can be encountered in many different site locations and may act differently when either found
in soil, dissolved in water or found in air. This book is primarily dedicated to covering the basics of plant-
based remediation and pollution prevention of soils and groundwater. Since contaminants in water and
air act quite differently, when generalizations are made throughout this publication, soil-based pollutant

removal should be assumed unless otherwise noted.



A Soil

Pollutants can be found in soils after spills or after long-term accumulation of repeated small releases.
For phytotechnologies to be considered for soil remediation, the pollution must be located at a depth
that plants can reach. Most herbaceous plant species have a maximum root depth of 2 feet, with tap-
rooted tree species maximizing root depth at 10 feet (ITRC, 2009). Soil pollution within 10 feet of
the soil surface is about the maximum depth where phytotechnologies should be considered. Soil

contamination within the top 3 feet is the most effective zone for phytotechnologies.

B Water

1 Groundwater

Water located below the soil surface in continuous soil-pore spaces is referred to as groundwater.
When groundwater is contaminated, plumes of pollutants can migrate within the flow. Since
groundwater is naturally recharged by rain, precipitation events can make groundwater and
pollutant plumes flow faster. Contamination is especially concerning, since groundwater is often
tapped for drinking water and agricultural wells, and eventually emerges into surface water
bodies. The depth to groundwater varies greatly from site to site, and can be as shallow as
1 foot or begin hundreds of feet below the surface. Water-loving trees, call phreatophytes, have
been shown to tap contaminated groundwater (Negri, 2003). For phytotechnologies targeting
groundwater to be effective, the maximum depth to groundwater should be no greater than
20 feet below the surface. Phytotechnologies for groundwater are most effective where the water
is shallower and within 10 feet of the surface. Specialized deep-rooting planting can be utilized
in these applications to reach the groundwater sooner (Figure 2.16, p. 46), or in some cases

water can be pumped up and irrigated onto plants for remediation (see Figure 4.3, p. 207).

2 Stormwater and wastewater

The ability of planted systems and wetlands to filter pollutants out of stormwater and wastewater
is well known and highly documented. Once the pollutants are filtered from the water, they
either remain in the soil media or can be additionally remediated by plants. The remediation
occurring in a wetland can be significantly different from a planted soil system, since reactions
often take place in saturated anaerobic (without oxygen) environments, very different from
planted acrobic (with oxygen) soil-based systems. For the most part, these systems will not be

covered in this book, since they are extensively documented in other publications.

C Air

Air pollution remediation with plants is a topic unto itself and will be only briefly covered in this book,

in Chapter 3 (see p. 189).
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IV Contaminant type: organic vs inorganic

Phytotechnology treatment techniques are contaminant specific. The first step in deciding if phytotechnology
systems may be applicable is to consider which of two categories the targeted pollutant falls into, either

organic or inorganic (Figure 2.2).

Organic pollutants are compounds that typically contain bonds of carbon, nitrogen and oxygen, are
man-made and foreign to living organisms (Pilon-Smits, 2005) (Figure 2.3). Since these pollutants are
compounds, if phytotechnology is an applicable solution, many can be degraded, breaking them down into
smaller, less toxic components. Organic contaminants may be degraded outside the plant in the root zone,

taken into a plant, bound to the plant tissues, degraded to form non-toxic metabolites or released to the
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ORGANIC CONTAMINANTS INORGANIC CONTAMINANTS
Pollutant compounds that typically contain bonds Elemental pollutants found on the periodic table
of carbon, oxygen, and nitrogen that have been released into the environment

Figure 2.2 Organic vs Inorganic Pollutants

Figure 2.3 List of Common Organic Pollutants Successfully Degraded or Volatilized at Field Scale with Phytotechnologies

Pollutant Typical Sources

. Petroleum Hydrocarbons: Oil, Gasoline, Benzene, Toluene, | Fuel spills, leaky underground or above-ground
PAHs, gas additive: MTBE: Methyl Tertiary Butyl Ether storage tanks
Chlorinated Solvents: such as TCE: trichloroethylene Industry and transportation, dry cleaners
(most common pollutant of groundwater), Perc

. Pesticides: Atrazine, Diazinon, Metolachlor, Herbicides, insecticides and fungicides from
Temik (to name a few) agricultural and landscape applications

@ Explosives: RDX Military activities

List of Common Organic Pollutants not Easily Degraded or Volatilized at Field Scale with Phytotechnologies

Pollutant Typical Sources
. Persistent Organic Pollutants: Including DDT, Historic use as pesticides or in products such as
Chlordane, PCBs insulation and caulking

@ Explosives: TNT Military activities
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atmosphere (Ma and Burken, 2003). Phytotechnology systems for the treatment of organics can be an

ideal scenario where the pollutant is degraded and disappears and there is no need to harvest the plants.

Inorganic pollutants are naturally occurring elements on the periodic table such as lead and arsenic
(Figure 2.4). Human activities such as burning of fossil fuels, industrial production and extraction mining
create releases of inorganic pollutants into the environment, causing toxicity (Figure 2.5). These are
elements, so they cannot be degraded and destroyed; however, in some instances they can be taken up
and extracted by plants. If extraction is possible, the plants must be cut down and harvested to remove
the pollutant from a site (Chaney et al., 2010). In addition, inorganic elements can exist in many forms:

anions, cations, oxidized states, or as solids, liquids or gases. If extraction for remediation is not a

[ Excess Nutrients

B Vetals and Metalloids
[ salts
B Radionuclides
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Figure 2.4 Periodic Table: Typical Inorganic Site Contaminants

Figure 2.5 List of Common Inorganic Pollutants Successfully Extracted (and Harvested) or Volatilized with Phytotechnologies

Pollutant Typical Source
. Plant Macronutrients: Nitrogen and Phosphorus Wastewater, landfills, agriculture and landscape
practices
. Metals: Arsenic, Nickel, Selenium (shorter time frame) Mining, industry, emissions, automobiles and
Cadmium and Zinc (longer time frame) agriculture

List of Common Inorganic Pollutants not easily Extracted or Volatilized with Phytotechnologies

Pollutant Typical Source

Metals: Boron (B), Cobalt (Co), Copper (Cu), Chromium
. (Cr), Iron (Fe), Manganese (Mn), Molybdenum (Mo), Lead
(Pb), Fluorine (F) Lead (Pb), Mercury (Hg), Aluminum (Al)

Mining, industry, emissions, automobiles, agriculture,
and lead paint

Road de-icing, gas fracking and oil drilling, fertilizers,

. Salt: Sodium chloride, Magnesium chloride L
herbicides

. Radioactive Isotopes: Cesium, Strontium, Uranium Military and energy production activities
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possibility (which is true for most inorganic contaminants), plants and their associated microbes are
sometimes able to stabilize or change the state of an inorganic contaminant to reduce exposure risk and

danger to humans and the environment.

For pollutants found in soils, plant-based treatment technologies have been best utilized for the
treatment of organic contaminants and nitrogen (Dickinson et al., 2009). Inorganic-contaminant
phytoremediation for removal of pollutants from a site has been less successful. This generalization
refers to soil-based contamination and does not apply to remediation of pollutants within water, since
inorganics in water can often be filtered out by various types of wetlands and held within the soil matrix
(Kadlec and Wallace, 2009).

A site may be heterogeneous, with many different contaminants at different concentrations in the soil,
and each one must be considered individually in a treatment system, since each contaminant may
require different remediation technologies in a particular sequence. The system may require a ‘treatment
train’ where individual components of a contamination ‘cocktail’ are targeted one by one in a particular
sequence. In addition, the reactions between contaminants must be considered, since the presence of

some chemical compounds may greatly influence the reaction of others in the system.

\' Phytotechnology mechanisms: how plants assist in remediating contaminants

The plant processes involved in both organic and inorganic contaminant transformations have been
simplified here into seven phytotechnology mechanisms. Each mechanism describes a particular way
in which a pollutant can be modified by plants. ‘Phyto’ precedes many of the mechanism words, for
example phytodegradation, phytovolatilization, phytoextraction. All these terms can lead very quickly to
phytoconfusion (White, 2010)! The following section provides a simple way to explain the most common
mechanisms encountered. A short phrase for each mechanism is presented to help decipher the
scientific terms. Multiple mechanisms may be at work at the same time in any given phytotechnology

installation.

A Organic pollutant mechanisms

The following mechanisms are utilized in phytotechnology systems for organic contaminants only.

/% 1 Phytodegradation (also called phytotransformation)

REMINDER: Plant destroys it.

This mechanism is the process in which a contaminant is taken up by the plant and broken
down into smaller parts (Figure 2.6). In most cases the smaller parts, called metabolites, are
non-toxic. The plant often uses the byproduct metabolites in its growth process, so little
contamination remains. The degradation occurs during photosynthesis or by internal enzymes

and/or microorganisms living within the plant.
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Organic pollutants degraded in plant roots,
stems and leaves

Organic contaminants enter
through roots of plant

Figure 2.6 Phytodegradation: Plant Destroys Contaminant

e 2 Rhizodegradation (also called phytostimulation, rhizosphere biodegradation, or plant

assisted bioremediation/ degradation)

REMINDER: Microbes in the soil destroy it.

When rhizodegradation is at work, the root exudates released by the plant and/or the soil
microbiology around the roots break down the contaminant (Figure 2.7). While the soil
microbes are doing the breakdown, the plant is still a critical part of this process because it
releases phytochemicals and sugars that create the environment for the microbes to thrive
(Reynolds et al., 1999). The plant essentially provides a reactor for the contaminant to be
broken down by helping to increase numbers of microorganisms and sometimes encouraging
the growth of specific degrading communities of microbes (White and Newman, 2011).
Microorganisms readily metabolize many simple compounds (Reynolds et al., 1999).
“Environmental contaminants are more complex compounds and generally are metabolized by
a smaller percentage of the soil microbial population. However, if the soil microbial population
is robust and simple carbon sources become depleted, the soil microbial community can often

adapt and use the contaminants as a carbon source” (Reynolds et al., 1999, p. 167).
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Sugars and exudates created by plants are
released by plant roots, creating a favorable
environment for degradation in soil

\_/
a
N
ST
‘\N 4
\

Organic contaminants degraded
by soil microbes

Figure 2.7 Rhizodegradation - Soil Microbes Destroy Contaminant

Both the phytodegradation and rhizodegradation mechanisms are the best-case scenarios in
phytotechnologies, since the original contaminant is degraded and no plant harvesting is needed. Other

phytotechnology mechanisms are listed below.

B Organic and inorganic pollutant mechanisms

The following mechanisms are utilized in phytotechnology systems for both organic and inorganic

contaminants.

(L1 1 Phytovolatilization
REMINDER: Plant releases it as a gas.
Contaminants can exist in several forms, for example as a solid, liquid and a gas. In this
mechanism, the plant takes up the pollutant in either form and transpires it to the atmosphere
as a gas, thus removing it from the site (Figure 2.8). The gas is usually released slowly enough

that the surrounding air quality is not significantly impacted. The net benefit of removing the
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Contaminants volatilized as a gas
through plant leaves and stems
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Plant extracts pollutant into above-ground
tissues as water is pulled into the plant

Figure 2.8 Phytovolatilization: Plant Extracts and then Releases Contaminant as a Gas

contaminant from the ground is typically better than any effect of releasing the pollutant into
the atmosphere. In some cases, a breakdown product derived from the previous mechanisms of

rhizodegradation or phytodegradation may be volatilized (ITRC, 2009).

LI 2 Phytometabolism (also called phytotransformation)

REMINDER: Plant uses it in growth, incorporates it into biomass.

For plants to grow, they need nutrients as building blocks for photosynthesis and biomass
creation. Phytometabolism is the process in which the nutrients needed by plants (inorganic
elements such as N, P, K) are processed and turned into plant parts (Figure 2.9). In addition,
once organic contaminants have been broken down by a plant (phytodegradation 5 F), the
metabolites that are left over from the process are often phytometabolized and incorporated into

the plant’s biomass.
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Plant incorporates contaminants into

new growth.
AT
i
. . -
. t ‘-Ell
g 1. L A H

Plant takes up nutrient contaminants as a
part of its normal growth processes.

Figure 2.9 Phytometabolism: Plant Incorporates Nutrient Contaminants into Growing New Biomass

LJ3 Phytoextraction

REMINDER: Plant extracts it, and for inorganics it is stored and must be harvested for

removal.

Phytoextraction is the ability of the plant to take up a pollutant from soils and water and move
it into plant parts (Figure 2.10). When phytoextraction is coupled with phytodegradation , &
for organics, the contaminant essentially disappears from site. However, since inorganics are
elements on the periodic table, they cannot be degraded and broken down into smaller parts.
Instead, the plant stores away the extracted inorganic pollutant in the shoots and leaves. For
the pollutant to be removed from the site, the plant must be harvested before the leaves drop
or the plant dies back. The harvested plant material can be burned, followed by disposal in a
landfill, reused for biomass (fuel, hardwoods and pulp) or burned and smelted into ore to collect

valuable metals (called phytomining) (Chaney et al., 2007).
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Plant extracts inorganic contaminants into
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Figure 2.10 Phytoextraction: Plant Extracts and Stores Contaminants into Harvested Tissue for Removal

':J o 4 Phytohydraulics
REMINDER: Plant pulls up water, and the contaminant may come with it.
Plants need water, and the pull created as water is brought into the roots is referred to as
phytohydraulics (Figure 2.11). The pull can be so great that groundwater can be drawn towards
a plant, and masses of plants can actually change the direction or stop the flow of groundwater.
If the groundwater is contaminated, phytohydraulics may be able to stop migrating plumes. In
addition, the plant will often use one of the other mechanisms, such as phytodegradation or

phytovolatilization, to eliminate the pollutant.

Ce @ 5 Phytostabilization (also called phytosequestration, phytoaccumulation, rhizofiltration)

REMINDER: Plant holds it in place.

The plant holds the contaminant in place so that it does not move off site (Figure 2.12). This occurs
because vegetation is physically covering the contamination and the plant may also release
phytochemicals into the soil that bind contaminants and make them less bioavailable. In addition,
phytoaccumulation refers to the collection of airborne pollutants onto leaf surfaces, physically

filtering contaminants out of the air and holding them in place.
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Figure 2.11 Phytohydraulics: Plants Change
Groundwater Hydrology, Take up Water and
Contaminants

Plants with high evapotranspiration rates
pump up water from groundwater table

40 Glroglndwat%r direct_ionl atng Contaminants can be taken up in
velocily can be maniputate the hydraulic process
by plant uptake
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Root exudates may help to bind| =
contaminants in place
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Thick plant roots stabilize and hold Figure 2.12 PhytOStab”iZatiOn: Plant Holds
contaminants in soil Contaminants in Place and Prevents Mobilization
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REMINDER: Roots and soil filter water.
In constructed wetlands and stormwater filters, the roots of plants filter out pollutants from
the water. The plants add oxygen and organic matter to the soil to maintain binding sites for

contaminant filtration and storage.

C Summary of mechanisms

The eight primary mechanisms described previously are summarized in Figures 2.13a and 2.13b.

Phytovolatilization Phytometabolism

Phytodegradation
Phytoextraction

} RV Al oy ke L\
AN AR /A RV SRR PN

I

N W\ Al
Ve YN ARSI

2N

. i Phytostabilization
Rhizodegradation

Phytohydraulics

Figure 2.13a Phytomechanisms: Summary Diagram
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Figure 2.13b Phytotechnology Mechanism Summary Table

Icon Name Description Contaminant type
addressed: organic
or inorganic
S & | Phytodegradation Plant destroys it
Rhizodegradation Soil biology destroys it
Phytovolatilization Plant turns it into a gas
] Phytometabolism Plant uses it in growth, incorporates
it into biomass
Phytoextraction Plant takes it up, stores it and is
= harvested
Phytohydraulics Plant draws it close and contains it
with water
@ Phytostabilization/ Plant caps and holds it in place
Phytosequestration
Rhizofiltration Contaminant is filtered from water by roots
and soil

W

D Natural attenuation

Where low levels of contamination exist, spontaneous vegetation may utilize these mechanisms to start
to remove pollutants without any human intervention. This process, called natural attenuation, may

also involve the breakdown of contaminants by microbes in unvegetated soils as well.

Phyto plant characteristics and installation considerations
A Tolerant to pollution and competitive

Choosing plant species that will live in contaminated soil is the first critical selection criterion. If
plants cannot grow on a site, it is impossible for a phytotechnology system to be successful. Many
contaminants will be toxic to plants and inhibit plant growth. When selecting species, the very
first qualifier to consider is whether it will tolerate the encountered concentrations of pollutants.
In addition, plants that are hardy perennials, adapted to the local climate and will aggressively out-
compete weeds and other plants are preferred. Once these selection criteria have been applied, the
characteristics below can be evaluated before extraction, degradation or stabilization capabilities are

considered.

B Root depth and structure

Phytotechnologies are limited by root depth, as the plant must be able to reach the pollutant. Most
wetland species have a root depth of less than 1 foot, herbaceous species have a maximum root depth

of 2 feet and tap-root trees have a maximum root depth of 10 feet (Figure 2.14). However, drought-
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tolerant species and phreatophytes (see below) may reach even greater root depths and are selected for

phytotechnology applications.

I Drought-tolerant species

Species from arid climates typically have longer, more developed root zones, so these
plants are often good experimental choices for phytoremediation (Negri, 2003). For example,
grass species from the North American prairie tend to have long, deep root zones, reaching 10-15
feet in some instances. These prairie grass species have been used successfully in phytoremediation

applications. However, 70-80% of the root structure will be in the first 2 feet of soil, therefore

the top 2 feet is often the most effective zone for phytotechnologies (ITRC, 2009).

Figure 2.14 Typical Plant Root Depths
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2 Phreatophytes

A group of plants called phreatophytes are very deep rooted and usually have at least a part
of their root system constantly in touch with water (Figure 2.15). Many use groundwater as
their water source and live either in arid environments tapped into groundwater, or in wetlands
and river edges in standing water. (The Greek root of the word phreatophyte translates to ‘well
plant’.) These plants send long root systems in search of water and can reach depths of up to
30 feet or more (Negri, 2003). Poplar and willow species are both phreatophytes, which is one
of the reasons these species are used in phytotechnology applications, especially where cleanup

of groundwater is required.

3 Deep-root planting

Another way to overcome root-depth restrictions is by drilling deep boreholes or trenches
and planting species at the bottom of the hole to allow the roots to penetrate to greater
depths (Figure 2.16). This detail is standard practice for many commercial phytotechnology
firms. Planting depths by boreholes and trenches can reach 15 feet deep during installation,
and typically bare-root plants or dormant cuttings are inserted into the holes. The species must
be able to withstand deep-root planting for this technique to be a success. With deep-root
planting techniques, the maximum rooting depth the plants typically reach is about 25 feet

(Tsao, 2003). Local soil conditions will ultimately dictate the root depth that a plant will reach.

4 Fibrous root zones

When contamination is near the surface rather than deep, species with fibrous root zones are able
to come into closer contact with contamination than are tap-root species, because of the number
of small, dense roots dispersed through the soil. Fibrous roots provide more surface area for
colonization by microorganisms and allow close interaction between the contaminant and the
microbiology associated with roots. These species are therefore preferred for soil contamination

within 5 feet of the finish grade (Kaimi et al., 2007).

5 High biomass-producing plants

Plants that will grow fast and produce a lot of biomass are often utilized for phytotechnology
applications. If degradation is the objective, fast-growing plants tend to release more sugars and
exudates at the root zone, creating an environment for enhanced degradation (Robson, 2003).
If extraction is the objective, fast-growing plants may take up and store contaminants faster
and in larger amounts than the average plant. A list of high biomass-producing plants that
have been utilized in remediation plantings is provided in Figure 2.17. The plant families Sa/ix,
Populus, Vetiveria and Brassicacae are often utilized because of the significant amount of biomass
produced (Dickinson et al., 2009). Many nitrogen-fixing pioneer species are currently being
tested for phytoremediation capabilities since they are fast growing, produce high biomass and
are hardy species adapted to growing in harsh environments in a range of climates (Dutton and

Humphreys, 2005).
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Figure 2.15 Representative Phreatophyte Plant Species (Robinson, 1958) and (McCutcheon and Schnoor, 2003)

Latin Common Vegetation USDA Native to
Type Hardiness Zone
Acacia greggii Catclaw Shrub 7-11 Southwestern USA and Mexico
Acer negundo Boxelder Tree/Shrub 3-8 North America
Acer rubrum Red Maple Tree 3-9 Eastern North America
Alnus spp. Alder Tree/Shrub varies varies
Amelanchier Canadensis | Serviceberry Tree 4-8 Eastern North America
Atriplex canescens Fourwing Saltbush | Shrub 7+ Western USA
Baccharis emoryi Emory Baccharis Shrub 5+ Southwestern USA and Mexico
Baccharis glutinosa Seepwillow Shrub 7-10 Southwestern USA
and Mexico
Baccharis sarothroides Desert Broom Shrub 9-10 Southwestern USA
and Mexico

Baccharis sergiloides Squaw Baccharis Shrub 7-10 Southwestern USA

Waterweed and Mexico
Baccharis viminea Mulefat Shrub 6-10 Southwestern USA and Mexico
Celtis reticulata Netleaf Hackberry Tree 5+ Western USA
Cercidium floridum Blue Palo Verde Tree 9-11 Southwestern USA and Mexico
Chilopsis linearis Desert-Willow Shrub 7-11 Southwestern USA and Mexico
Chrysothamnus pumilus Rabbitbrush Shrub 4+ Western USA
Cornus amomum Silky Dogwood Shrub 5-8 Eastern North America
Eucalyptus spp. Eucalyptus Tree varies varies
Fraxinus velutina Velvet Ash Tree 7+ Southwestern USA and Mexico
Hymenoclea monogyra Burrobush Shrub Southwestern USA and Mexico
Juglans microcarpa Texas Walnut Tree 5+ Southwestern USA and Mexico
Larrea tridentata Creosote Bush Shrub 7+ Southwestern USA and Mexico
Magnolia virginiana Sweetbay Magnolia | Tree 5-10 Eastern USA
Platanus wrightii Arizona Sycamore Tree T+ Southwestern USA and Mexico
Populus spp. Poplar Tree varies varies
Populus deltoides Cottonwood Tree 2-9 North America
Populus tremuloides Quaking Aspen Tree 1+ North America
Prosopis juliflora and Mesquite Shrub/Tree 6+ Southwestern USA, Central
Prosopis pubescens and South America
Prosopis velutina Velvet Mesquite Shrub/Tree T+ Southwestern USA and Mexico
Purshia stansburiana Vanadium Bush Shrub 4-9 Southwestern USA and Mexico
Quercus alba White Oak Tree 3-8 Eastern USA
Quercus agrifolia California Live Oak | Tree 7-10 California
Quercus lobata Roble Oak Tree 5-9 California

Valley Oak
Salix spp. Willow Tree/Shrub varies varies
Sambucus spp. Elderberry Tree/Shrub varies varies
Sarcobatus vermiculatus | Greasewood Shrub 3+ Southwestern USA and Mexico
Tamarix spp. Tamarisk Tree/Shrub 8-11 Africa, Asia

Athel Pine

Athel Tree
Taxodium spp. Cypress Tree/Shrub varies varies
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Amendments can be Continuous trenches up to 8 ft
provided within trench \ deep ripped into soil
to enhance growth in

highly contaminated o
areas \ Optional impenetrable

wells can be used on the
sides of the boreholes

to direct roots to the
/T groundwater below

<

|
|
|
Trench Planting \\' :
}

_[\\L )

|
=
=
=
BoreholePlanting |
[
Dormant plant : -
cuttings or bare- o
root vegetation \J
placed within ( jF
trench
4é Plant set deep Single boreholes
within borehole  lup to 15 ft deep

Bare-root vegetation and cuttings can be planted deeply within trenches and
boreholes to give plants a head start to reach groundwater.

Figure 2.16 Deep-Root Planting Techniques

Figure 2.17 High-Biomass Species Commonly Used in Phytotechnology Applications

Not intended to be a complete list, but rather a representative list of high-biomass species commonly used

Latin Common Vegetation | USDA Hardiness Native to
Type Zone
Bambuseae Bamboo Herbaceous | varies Asia
Brassica juncea Indian Mustard Herbaceous | 9-11 Russia to Central Asia
Brassica napus Rapeseed Herbaceous | 7+ Mediterranean
Cannabis sativa Hemp Herbaceous | 4+ Asia
Chrysopogon zizanioides | Vetiver Grass Herbaceous | 9-11 India
Helianthus annuus Sunflower Herbaceous | Grown as annual North and South America
Linum usitatissimum Flax Herbaceous | 4+ Asia
Miscanthus giganteus Giant Chinese Silver Grass | Herbaceous | 5-9 China, Japan
Panicum virgatum Switchgrass Herbaceous | 2-9 North America
Populus spp. Poplar Tree varies varies
Salix spp. Willow Tree/Shrub | varies varies
Sorghum bicolor Sorghum Herbaceous | 8+ Africa
Zea mays Corn Herbaceous | Grown as annual North and South America




6 Hz'g/a evapotranspiration-rate species

Species that have higher evapotranspiration rates move more water from the soil to the
atmosphere and therefore can better capture contaminants in water than can other species.
This is especially important when the contaminant is mobilized in water, such as in stormwater
or groundwater. High evapotranspiration-rate plants can take up a lot of water, and may be
installed in masses to prevent contaminants from migrating in groundwater plumes. However,
these plants do need a lot of water for survival and are usually not drought tolerant. Supplemental
irrigation may be required during periods of drought. These plants often have large leaves
and surface area for evaporation and, unlike drought-tolerant species like succulents, these
high evapotranspiration-rate species have evolved to use a significant amount of water in their
growth cycles.

At contaminated groundwater sites, high evapotranspiration-rate species can be utilized in
phytohydraulics () to modify groundwater levels, flow direction and speed (Landmeyer, 2001).
The plants’ potential influence can be estimated by a hydrologic engineer using a water-balance
calculation. Water balance, as it relates to phyto, involves a calculation of the water to be used
by the trees and analyses how much groundwater will be taken up, factoring in anticipated
precipitation, climate, irrigation, length of growing season and so forth.

Water used by the trees will be extracted either directly from groundwater or from infiltrating
soil moisture following precipitation events, or both simultaneously. Many phyto installations
targeting groundwater pollution minimize the amount of precipitation and soil moisture available
to the trees so that they will search for the groundwater. The trees may also be installed in impervious
tubes to help guide their roots downward (Gatliff, 2012). The infiltration of precipitation through
soils may also be limited on these sites to prevent vertical migration of additional soil pollutants
into groundwater, and also to minimize the recharge rate and groundwater migration speed.

Lists of high evapotranspiration-rate species typically utilized in remediation plantings are

provided in Figures 2.18a and 2.18b.

7 Hybrid species
Plant species and various cultivars must be carefully selected, since hybrids and crosses of similar
species may produce very different results from the parents or relatives. For example the genus
Salix (willow) is often widely utilized for remediation of organics, groundwater plume control,
precipitation infiltration control, uptake of some inorganics and stabilization and exclusion of
some inorganics. There is a big variation in uptake, translocation to the shoot and tolerance
to many metals between various hybrid clones of Safix. This makes Sa/ix unique because it
can be possible to choose a certain clone for a certain phytoremediation purpose, such as
phytostabilization @ vs phytoextraction . For example, some hybrids of the species Salix
viminalis tend to be excluders of heavy metals and good for stabilization, rather than extractors
and accumulators of metals, which is more common in Sa/ix (Gawronski et al., 2011).

Hybrid poplars are continually seen in phytoremediation research and field applications

for many reasons. First, they have many of the desirable plant properties described earlier
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Figure 2.18a High Evapotranspiration-Rate Woody Plant Species

Not intended to be a complete list, but rather a representative list of high-evapotranspiration rate species commonly used in

phytotechnologies (ITRC 2009)

Latin Common Vegetation USDA Native to
Type Hardiness Zone
Alnus spp. Alder Tree/Shrub varies varies
Betula nigra River Birch Tree 4-9 Eastern USA
Eucalyptus spp. Eucalyptus Tree varies varies
Fraxinus spp. Ash Tree varies varies
Populus spp. Hybrid Poplar Tree varies varies
Populus deltoides Eastern Tree 2-9 North America
Cottonwood
Populus tremuloides Aspen Tree 1+ North America
Prosopis glandulosa Mesquite Tree/Shrub 6-9 North America
Salix spp. Willow Tree/Shrub varies varies
Sarcobatus Greasewood Shrub 5+ North America
vermiculatus
Tamarisk gallica Salt Cedar Tree 5-9 Southeast Europe and Central Asia
Taxodium distichum Bald Cypress Tree 6-10 North America
Betula nigra, River Birch (mature) - 9.1-15

Dicorynia guianensis (mature
Epuria falcata

Eucalyptus canadensis, River Redgum
Morus rubra, Red Mulberry

Pinus taeda, Loblolly Pine

Populus sp., Poplar (1-2 yrs

Populus sp., Poplar (5 yrs

Populus sp., Poplar (30 yrs

Populus trichocarpa, Black Cottonwood (mature
Populus deltoides, Cottonwood (1-2 yrs
Populus deltoides, Cottonwood (19 yrs

Populus tremuloides, Quaking Aspen (mature

P, deltoides x P. nigra, Carolina Poplar (mature
P, trichocarpa x P. deltoides, Hybrid Poplar (4 yrs
Populus/Salix sp., Poplar Willow Stand (1 yr
Populus/Salix sp., Poplar Willow Stand (2 yrs
Populus/Salix sp., Poplar Willow Stand (3 yrs
Populus/Salix sp., Poplar Willow Stand (4+ yrs
Prosopus grandulosa, Honey Mesquite (10 yrs
Prosopus grandulosa, Honey Mesquite (>30 yrs
Tseudotsuga menziesii (age NR

Quercus virginiana, Live Oak (1.5 yrs

Quercus virginiana, Live Oak (>40 yrs

48 mature
mature
mature

mature

Salix alba, Weeping Willow (mature) -
Taxodium distichum, Bald Cypress (1-2 yrs)
Taxodium distichum, Bald Cypress (mature)

6.5-12

66-79
66-79

7.0-53

13-200

13-95
5.3-13
2.0-13
5.0-25
10-100
11-18
0 50 100 150 200

Transpiration (gpd per tree)

Rates of transpiration of various woody species (redrawn from ITRC, 2009)

Figure 2.18b Plant Species with High Evapotranspiration Rates




in this chapter. They are fast growers, producing a lot of biomass, have some of the highest
evapotranspiration rates of any species and are phreatophytes with long, deep tap-root systems.
In addition, they are very hardy and virtually impossible to kill, unless enough water is not
supplied. Many different cultivars are available that will grow in many different climates.
Hybrid poplars (crosses between two species) are typically utilized rather than the straight
species of origin. Two parents are crossed and the hybrids have traits that can exceed those
of either parent. For example, Populus deltoides (Eastern Cottonwood) and Populus trichocarpa
(Black Cottonwood) are commonly crossed because their offspring have much larger leaves
(Landmeyer, 2012). Hundreds if not thousands of poplar clones have been developed, originally
for the wood-product and biomass industries. The Pacific Northwest Research Station in Oregon,
run by the US Forest Service, has developed and tested many of the clones used in the US.
Another advantage of poplars in the scientific research work is that the genome of the species
is mapped, making it easier for scientists to study plant function and mechanisms in a laboratory
environment. In addition, there is a high similarity between the ‘lab rat’ of the plant world,
Arabidoposis (a plant which propagates easily and has a short life cycle), and poplar, allowing

poplar to directly benefit from research performed on this other plant species.

8 Contaminant concentration and soil amendments

Phytotechnology systems are often best suited for sites with low to moderate contamination,
where contaminants will not be toxic enough to inhibit plant growth. For conditions of higher
concentration, plants that will tolerate these conditions must be selected. A phytoremediation
expert should be consulted to determine if the contamination on a particular site falls within
concentrations that can be treated with plant-based systems.

Agronomic soil tests should always be conducted in the planning stage of phytoremediation
projects. Amendments can be added to create better conditions for plant growth; the
contamination is often not the only reason plants do not survive. Poor soil porosity, lack of
nutrients and incorrect pH can also contribute to failures of plant growth. However, it is
also important to ensure that the addition of soil amendments does not mobilize existing
contaminants. For example, by the addition of amendments, pollutants may become more
water soluble and could leach into groundwater and migrate. In addition, as amendments are
being added and soils are moved around, there is potential for wind erosion and for pollutant

particles to mobilize, creating an additional risk.

9 Winter dormancy and climate

Evapotranspiration and photosynthesis essentially stop during the winter period, so some
phytotechnology systems will become dormant. However, if rhizodegradation _:,-. is the
primary mechanism at work, soil biology often still functions, but likely at a reduced rate,
due to lower soil temperatures. Dormant conditions and timing have to be considered in any

phytotechnology installation.
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10 Plant spacing

Preliminary recommendations for plant spacing in phytoremediation systems are the following

(ITRC, 2009).

* Trees: A general rule is to provide at least 75 square feet of space per tree. Phreatophyte
poplars are typically installed at 10 feet or 12 feet on center spacing, with the same amount
of distance between rows (Figure 2.19).

* Biomass plants: Sometimes poplars are planted closer, at 6 feet on center with 12 feet spacing
between rows if biomass is an economic product. Any plants that will be harvested for biomass
should use the preferred spacing for cutting equipment to determine plant spacing.

* Common grass seeds (Rye Grass, Fescue, etc.): Typically installed at around 400 lbs per acre

 US Prairie Grass seed: These warm-season, native grasses are usually installed at about 10 Ibs
per acre.

¢ Shrubs and perennials: Can be installed per the standard practice of the specific species being

installed.

Principles of organic and inorganic phytotechnologies
A Organic contaminants: basic phytotechnology principles

Many organic contaminants can be degraded by plants and their associated root microbes into non-
toxic parts. This can be performed by the associated microbes living in the soil, the plant itself or

even microbes living within the plant (including endophyte bacteria). In addition, the plant can also

Row spacing to allow
for mowing or biomass
harvesting equipment
(if applicable)

10 Ibs/acre for
prairie grasses

400 Ibs/acre for
COMMON grasses

‘ \
1m )/O—Eft

POPLAR TREE SPACING GRASS SPECIES SEEDING RATES
Figure 2.19 Common Plant Spacing and Seeding Rates
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help transform the state of some organic pollutants from liquid form to a gas, releasing it into the
atmosphere. “Organic pollutants are relatively less toxic to plants, because they are less reactive and
do not accumulate” (Cherian and Oliveira, 2005, p. 3978). The following phyto principles apply to

organic contaminants only, and not inorganic pollutants.

I LgK,

One of the good predictors to determine if an organic pollutant can be removed from soils by
plants is the value of the log K_ (octanol-water partition coefficient). Since organic pollutants
are typically man-made and foreign to plants, there are no transporters for uptake and the usual
mechanism for uptake is passive diffusion into the plant (Cherian and Oliveira, 2005). Typically,
the higher the log K, the more unlikely it will be that a plant-based system will be able to take
up the contaminant. Log K is a measure of a pollutant’s hydrophobicity (aversion to water)
(Trapp and McFarlane, 1995). The higher the log K_, the more likely it is that the pollutant
will bind to soil particles and not dissolve in water in pore spaces between soil particles. This
means that the pollutant is attracted to the soil particles to such a degree that it is unavailable
to plants for uptake. With a lower log K_ , the pollutant will often dissolve in water in the pore
spaces between the soil particles and the plant systems can access it for degradation (Pilon-Smits,
2005).

Alog K value can be looked up for every organic compound (Figure 2.20b). Contaminants
with a log K between 0.5 and 3.5 can likely be taken up and translocated into a plant (Figure
2.20a), with good opportunities for degradation, release into the atmosphere or sequestration
into plant parts (Briggs et al., 1982; Burken and Schnoor, 1998; ITRC, 2009). For hydrophobic
compounds with a log K over 3.5, it is extremely rare for plants to take up these contaminants.
For this reason, if there is an organic contaminant on a site, determining if the log K__ is in the
range 0.5< log K <3.5 is a good first initial step to see if plants might be useful in remediation.

Organic pollutants such as PCBs and DDT have very high log K values, are categorized as

‘recalcitrant’ and tend to bind tightly to soil particles (Pilon-Smits, 2005). They can persist in

oe
o ‘:
o-¢

/

< logk,, <

N

%

HYDROPHILIC HYDROPHOBIC
(Tightly attracted to water) When an organic contaminants log K, is (Will not dissolve in water)
between .5 and 3.5, it can typically be taken
into a plant.

Figure 2.20a log K, - Octonal-Water Partition Coefficient
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Figure 2.20b Log K, List of Common Organic Contaminants

Icon Contaminant Log K,
. PCBs (McCutcheon and Schnoor, 2003) 5.02-7.44
. PAHs (McCutcheon and Schnoor, 2003) 3.37-7.23
. Persistent Organic Pollutants (White and Newman, 2011) 3.0-8.3
‘ Toluene 2.73
o Xylenes 3.12-3.20
o Ethylbenzene 3.15
o MTBE 0.94
. Benzene 2.13

PCE (Perchloroethylene) 3.4
TCE (Trichloroethylene) 2.42
o RDX 0.87-0.90
o HMX 0.17
o TNT 1.73
o DDT 6.36
. Chlordane 6.22
Lindane 3.55
Atrazine 2.61

Source: Sangster Research LOGKOW Databank (except where noted). Recommended values indicated. Available at: http://logkow.cisti.
nrc.ca/logkow/index.jsp.

soils for decades. If any remediation of high log K_ pollutants does take place in plant-based
systems, this usually can be attributed to microbial degradation in the soil, rather than uptake
and degradation within the plant itself.

There are some exceptions to using log K as a predictor for contaminant uptake. Sometimes
log K values may be out of the applicable range, yet a plant may still take up the compound. In
these cases, other factors such as molecular mass or the number of hydrogen bonds may influence
the uptake (Limmer and Burken, 2014). In general, however, using log K as a predictor for
organic contaminant uptake can be an initial tool for the designer to consider if an organic

contaminant may be able to be taken up and potentially degraded by plants.

2 High biomass-producing plants

For organic pollutants within the desired log K__range, choosing plant species that will live in the
ow
contaminated soil and will grow fast and produce a lot of biomass will usually produce the best
remediation results. Most plant species will take up organic contaminants in the desired log K_
range, therefore the specific plant family, genus and species selection may be less important than
how fast the plant will grow. Some studies have suggested that when plants have a higher growth
rate, they can process and degrade contaminants faster than other species (Robson, 2003). In
addition, fast-growing plants may release more sugars at the root zone, creating an environment

for enhanced degradation in the root zone (see Figure 2.17 for plant list).



3 High levels of oxygen-degrading enzymes and specific exudate compouncds

Another favorable plant property for degradation of organics is selecting species that release high
levels of oxygen-degrading enzymes or specific root exudates. For example, Mulberry trees have
been reported to release specific compounds that stimulate the growth of microbes involved
in the degradation of persistent organics (Fletcher and Hegde, 1995). In addition, some plant
enzymes can affect a pollutant’s water solubility, oxidization state or other chemical factors that
aid in degradation (Volkering et al., 1998).

The root exudate profile is most important when the contaminants have a high log K_|
value (above 3.5) and are recalcitrant (persistent and difficult to degrade). These larger organic
compounds are often tightly bound to soils and cannot be translocated into plants. Many of
these compounds are complex ring structures that are unable to be brought into the plant,
but may possibly be broken down in the root zone by microbes. Microbial activity in soils
fluctuates not only from plant effects, but also with temperature, fertility and soil moisture

(Reynolds et al., 1999).

4 Phreatophytes

Another factor that makes for a good organic-pollutant phytoremediator is if the roots can survive
both in aerobic soils with oxygen and in flooded, anaerobic conditions, such as in groundwater
without oxygen. If roots can survive in both these conditions, there is a greater diversity of
microbes and reactions, both with and without oxygen, that can take place at the root zone, and
therefore a greater chance for degradation of organic contaminants (Licht, 2012). Phreatophytes
are plants that have at least a part of their root system constantly in touch with water, and tend
to be tap-root species. Their roots typically thrive in both flooded (anaerobic) and dry (acrobic)
conditions and they are therefore great starting species for organic-contaminant degradation.
Two of the most common groundwater contaminants are organics — petroleum products and
chlorinated solvents — so phreatophytes can be good selections for both contaminated soils and

groundwater, as long as water is readily available (see Figure 2.15 for plant list).

5 Will it vaporize?

Some pollutants, when they are drawn out of soils and water by plants, they vaporize through
the plant and are released into the atmosphere as a gas. To see if a pollutant will release into
the atmosphere in a volatile form, the dimensionless Henry’s law constant (H.) of a particular
contaminant can be looked up. Henry’s law constant (H,) is a measure of a compound’s
tendency to move into air relative to water (Figure 2.21) (Davis et al., 2003). When the
dimensionless Henry’s law constant of a pollutant is H,> 107 the compound can volatilize
through the plant into the air (Pilon-Smits, 2005; Tsao, 2014). The plant basically acts
like a wick, drawing up volatile contaminants from the soil and diffusing them into the
air. When the H, is below 107 these compounds tend to partition in water, and other
phyto mechanisms such as phytodegradation or phytosequestration must be considered

(Pilon-Smits, 2005; Tsao, 2014).
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AQUEQUS STATE Contaminant is mobile in both air and GASEQUS STATE
water when H, is in this range, and
Contaminant moves plants can likely be used to volatilize the Contaminant moves predominantly
predominantly in water pollutant inair space between soil particles

Figure 2.21 Henry’s Law Constant (Dimensionless) - Contaminant Phytovolatilization Potential

6 Soil amendments: organic compounds

Organics tend to be attracted to other organics. When soils have a lot of organic content,
organic pollutants may tend to stick to those organic soil particles, making them less
bioavailable to plants for uptake and degradation. In addition, when rhizodegradation is
utilized, organic soil amendments “may provide an easy-to-digest carbon source that microbes
may prefer to use instead of the organic pollutant” (Pilon-Smits, 2005, p. 23). In general,
adding amendments with high organic content is usually avoided when remediation of organic
pollutants is desired. However, in some cases organics are added to cause microbes to use up
all the oxygen, resulting in anaerobic conditions, which can be preferable for certain degradation

pathways.

7 Organic-pollutant phyto-plant characteristics: summary

The field of phytoremediation for treatment of organics is promising. As one expert in the

field notes:

Originally, plant uptake and translocation of organic contaminant compounds such as
herbicides, pesticides, other petroleum hydrocarbons, and chlorinated solvents was seen
as a potential vector for increased exposure risk to wildlife and human populations.
The extent of this risk was unclear, because the potential for bioaccumulation of these
contaminants in plants, especially those used as food crops, was unknown. Today,
however, plants are actively being added to many contaminated sites around the country
to reduce environmental risk, because certain plants have been found to take up, sequester,

transform some organic compounds into innocuous end products. (Landmeyer, 2011)



Specific plant species shown to degrade certain categories of organic contaminants are listed by
contaminant in Chapter 3. To summarize, below are the generalized rules for selecting plants for

organic-pollutant remediation.

e If groundwater is being targeted, deep-rooted phreatophytes with high evapotranspiration
rates should be used.

* In soils, if log K__ is between 0.5 and 3.5, the contaminant will likely be taken up by plants
and possibly degraded. All plants will likely have some effect and it is most important
to select plants that will grow fast and produce a lot of biomass. Designers may consider high-
biomass plants that have not previously been used in phyto studies as potential candidates for
remediation.

* Insoils, iflog K__ is greater than 3.5 the pollutant is likely too hydrophobic to get into a plant.

Instead, remediation tools other than phytotechnologies should be explored.

B Inorganic pollutants

Inorganic contaminants cannot be degraded in the plant or root zone; in fact, they cannot be degraded
at all. The target mechanism is either extraction into the plant, where it can be collected, stored and
harvested; transformation into gas to be released in the atmosphere; or stabilization, where plants help
to cap the inorganic contaminants on site. Extraction of inorganics in phytoremediation is not very
practical for field application at this time (Dickenson, 2009), except in a few limited cases covered in
more detail in Chapter 3. For this reason, most phytotechnology applications for inorganics in soils
involve stabilization — holding pollutants on site with the assistance of vegetation to prevent exposure
to risk. However, in wetland systems, inorganics can be filtered out of water and bound into the soils
of the wetland.

In a few cases where extraction may be possible, two approaches have been used: either

(1) hyperaccumulating species or (2) accumulator, fast-growing, high biomass species are installed.

1 Hyperaccumulators

Some plant species will take up certain elements at concentrations 10-100 times greater than
normal plants. These plants, called hyperaccumulators, can translocate elements from soils into
the above-ground plant tissues at unusually high concentrations (Van der Ent et al., 2013).

A specific pathway must be present in a species to allow the inorganic contaminant to enter
the plant. Pathways exist in all plants to transport all of the essential nutrients required by plants,

which are all inorganic elements. These include the following:

* primary macronutrients: Nitrogen (N), Phosphorus (P) and Potassium (K)
¢ secondary macronutrients: Calcium (Ca), Magnesium (Mg) and Sulfur (S)
* micronutrients, required in trace quantities: Boron (B), Chloride (Cl), Copper (Cu), Iron

(Fe), Manganese (Mn), Molybdenum (Mo), Nickel (Ni) and Zinc (Zn).
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In addition to the essential trace elements, there are beneficial elements which promote plant
growth in many species, but are not absolutely necessary for plant growth: Silicon (Si), Sodium
(Na), Cobalt (Co) and Selenium (Se).

Plants will sometimes take up inorganic elements not on this list. The plant has a pathway
for each of the nutrients above, and some pollutants are similar in chemical structure to the
essential nutrients and the pollutant can be taken up in the same way. In addition, many of the
hyperaccumulators have developed a specific pathway for taking up a particular element. Often,
these plant traits maybe have developed over time as natural defense mechanisms to make the
plant toxic to insects or other predators that might eat it (Hanson et al., 2004).

About 500 plants have been cited in the literature as hyperaccumulators — only a small
fraction of 300,000 recognized plant species (Van der Ent et al., 2013). To complicate plant
selection, the uptake rate of elements within the same species of plant can vary widely between
populations and different cultivars (Van der Ent et al., 2013). In addition, accumulation is a
term of relativity — a hyperaccumulator is a plant that takes in more metals than other plants do,
which still might not be very much (Rock, 2014). For this reason, utilizing hyperaccumulators
for phytoextraction .| must be approached cautiously, and detailed species trial studies must
first be conducted to determine removal rates before any large-scale extraction projects are even
considered.

“Hyperaccumulation of nickel, zinc, cadmium, arsenic and selenium have been confirmed
without a doubt in a range of plant species. Hyperaccumulation of lead, copper, cobalt,
chromium and other metals have not (yet) been demonstrated beyond a doubt” (Van der Ent
et al., 2013). Many older studies can be found where species have been studied and named
as ‘hyperaccumulators’ for contaminants other than the five indicated here. However, many
of these studies have since been disproven or doubted and they must be approached with

caution.

2 High-biomass plants

In addition, some highly productive, non-hyperaccumulator plants (sometimes referred to
as ‘accumulators’) may also take up contaminant concentrations at higher ranges than those
found in most plants, due to their fast growth rate. The high-biomass, high-yield plants can
be utilized in phytoextraction [ 7] applications in addition to hyperaccumulator species. This
alternative can be most viable where productive crop cultivation is desired (such as harvesting
to make biofuels, hardwood products or pulp) or where hyperaccumulator species’ biomass
yield is quite low (Dickinson et al., 2009). See Figure 2.17 for a list of typical high biomass-

producing plants used in phyto projects.

3 Bioavailability

The “bioavailable fraction” is often described as the amount of contaminant accessible for uptake
by organisms (Alexander, 2000). If an inorganic contaminant is in the soil, it may not necessarily
be bioavailable to a plant even if it seems that they should be a good match. Pollutants can be

chemically and physically attached to other clay or organic soil particles (sorption) (Alexander,



1994) or be attracted and bound to soils with opposite charges. Inorganics are usually present
as charged cations (+ positive charge) or anions (- negative charge) and can stick to soils of the
opposite charge. Low-pH, acidic soils, have a lot of H+ ions and are positively charged, therefore
inorganics that are negatively charged tend not to be bioavailable. The opposite is true for high-
pH, alkaline soils, which have more OH- ions and are negatively charged, attracting positively
charged cations. The bioavailability of an inorganic can also be influenced by how much oxygen
is in the system. In soils, oxygen is usually available and elements tend to exist in their most
oxidized form (selenate, arsenate, etc.). In flooded soils or wetlands, reducing conditions exist
with little oxygen, which favor reduced elemental forms (selenite, arsenite, etc.). The form of the
element can greatly affect its bioavailability to the plant (Pilon-Smits, 2005). Some soil tests are
unavailable to determine the bioavailable fraction of a certain contaminant rather than the total
amount of that contaminant in the sample.

In summary, differences in inorganic contaminant availability can depend on the following

factors (Van der Ent et al., 2013):

* the form of the pollutant and presence in different phases or chemical forms

* the charge of the soil and pH

* the presence and concentration of other soil elements

* physical factors such as local climate, soil porosity and the addition or subtraction of organic
matter or other amendments

* the total concentration of the pollutant in the soil.

Extraction of inorganics is complicated and several of the above factors may be at work on any

given site. For this reason, extraction of inorganics is discouraged in most cases.

4 Chelants

In the past, several studies have reported plants that extracted or even ‘hyperaccumulated’
contaminants because a chemical was added to the soil. These chelants, such as EDTA (ethylene
diamine tetra-acetic acid), oxalic acid and citric acid, have been shown to speed up accumulation
in plants (Evangelou et al., 2007). When these chemical-extraction methods are used, the plants
used should not be considered hyperaccumulators (Van der Ent et al., 2013). For the purposes
of this publication, only plants considered hyperaccumulators under natural conditions without
chemical additives have been listed as such.

There are also a lot of inherent risks in using chelants in phytoapplications, so they are not
recommended. The same chelator chemicals are well known to increase leaching of metals from
soils, which may be unavoidable, thus potentially mobilizing metals toward groundwater. The
overall efficacy of such treatments is likely to be compromised by cost, leaching risk and the
lesser-known impact of the chelating agents on soil biota and related functional processes in
the soil. Recent reviews of the use of chelating agents have voiced the concern that no solution
that is effective in preventing the leaching of metals has been found, and it has been argued
that phytoextraction should distance itself from chelate-assisted phytoextraction (Chaney et al.,

2007; Evangelou et al., 2007; Dickinson et al., 2009, p. 101).
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5 Harvesting

Unlike phyto for organic contaminants, annual harvesting of the plant’s biomass above ground,
followed by proper disposal, is required for most inorganic extraction projects. Longer-lived,
high-biomass species (which can accumulate but not hyperaccumulate inorganics) may be
harvested less frequently. Harvesting can be a labor-intensive and expensive process. If high
concentrations of removal are predicted, harvested material must be tested to see if it needs to be

disposed of in a hazardous waste facility or can be disposed of in a municipal landfill.

6 Excluders and stabilization

Many plants can tolerate only low concentrations of bioavailable inorganics in soil before
they die, due to phytotoxicity. Some plants can ignore these metals and grow in a wide range of
toxic soils even though they cant take them up (Van der Ent et al., 2013). These plants are
called excluders (Figure 2.22) and can often be used for phytostabilization @, essentially
capping metals on site with vegetation so that they do not pose a risk of exposure. Stabilization
with plants may be the best-recommended treatment for inorganic contaminants in cases
where phytotechnology is being considered. For lists of excluders and stabilization plants by

contaminant, see Chapter 3.

a0t

gioindl

Concentration of metal/metalloid in plant leaf/frond (ug/g) d.w.

Excluder

L7 ‘Normal Plants

Plant available metal/metalloid concentration in soil

Hyperaccumulators translocate 100—1000x more of a particular metal into their above ground parts
compared to normal plants. Excluders tend to take up even less metals than normal plants as
concentrations in soil increase.

(Redrawn from Van der Ent et al., 2013. Hyperaccumulators of metal and metalloid trace elements: facts
and fiction. Plant and Soil, 362 (1-2), pp. 319-334.)

Figure 2.22 Metals Hyperaccumulator vs Excluder Plants - Species Characteristics



VIl Field application and challenges

Phytoremediation requires more effort than simply planting vegetation and, with minimal
maintenance, assuming that the contaminant will disappear. It requires an understanding of the
processes that need to occur, the plants selected, and what needs to be done to ensure plant
growth. Research is needed upon the identification of suitable plant species that can colonize

the polluted area and remove, degrade or immobilize the contaminant of interest. (US EPA, 2001)

Despite our understanding of the mechanisms of remediation, and the success of studies in the
laboratory and greenhouse, efforts to translate phytoremediation research to the field have proven
challenging. Although there have been many encouraging results in the past decade, there have
also been numerous inconclusive and unsuccessful attempts at phytoremediation in the field.
There is a need to critically assess why remediation in the field is not satisfactory, before negative
perceptions undermine the progress that has been made with this promising remedial strategy. Two
general themes have emerged in the literature: (1) Plant stress factors not present in laboratory and
greenhouse studies can result in significant challenges for field applications. (2) Current methods
of assessing phytoremediation may not be adequate to show that contaminant concentrations are
decreasing, although in many cases active remediation may be occurring. If phytoremediation is
to become an effective and viable remedial strategy, there is a need to mitigate plant stress in
contaminated soils. There is also a need to establish reliable monitoring methods and evaluation

criteria for remediation in the field. (Gerhardt et al., 2009, p. 20)

For the above reasons, it is encouraged that landscape architects and designers work closely with a
team of experienced phytotechnology scientists on any given project. There are many applications where
phyto is a good fit and other conditions where it is not very applicable. Landscape architects can assist

in moving the field forward with designed experiments and research incorporated into landscape projects.

One of the best uses for phytotechnologies may be as a holding strategy for sites while they remain vacant,
awaiting other uses. Many of these sites do not yet have regulatory requirements; phyto systems can be
considered voluntary, and performance standards are not required. The deployment of phytotechnologies
during this holding time may significantly reduce or eliminate the need for a comprehensive ‘dig and
haul’ effort in the future. In these circumstances, installations can be considered ‘safe to fail’; if the
low-cost phyto installation does not work, the risk involved is minimal. When starting a phytotechnology
application, smaller pilot projects should be considered so as to test applicability before full-scale field
installations are completed. Chapter 3 will delve into specific contaminants and case studies, providing

plant lists of species used in research applications.
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3. Contaminant classifications
and plant selection

This chapter provides a summary of the current status of phytotechnology research by contaminant type,
to prompt landscape architects to consider integrating these systems into site-design projects. In order to
identify potential plant-based systems for a particular site, the chemical composition and concentration
of existing and potential site contaminants must first be investigated. The types of pollutants found
in the landscape are presented one by one through this chapter, so the site designer can easily look
up information by contaminant. Case studies are provided to illustrate results and implementation
techniques. Lists of potentially applicable plants are provided for each pollutant type. The goal is to
promote integration of phytoremediation concepts into day-to-day landscape design practice and to initiate
the practice of buffering typical land uses from pollutant releases before sites become contaminated.
In this way phytotechnology can become part of a projective approach to site design and sustainable
landscape practice over time. For sites with existing contamination requiring remediation, the research
presented should be used as a starting point only. Plant-based systems for remediation should not be
applied without the help of an experienced professional in this field. Individual project-site conditions,
such as concentrations and mix of contaminants, hydrology, soil properties and climate, will greatly affect
the selection of potential phytoremediation systems. It is critical to involve a phytotechnology specialist at
the outset of a project to determine if remediation using plants is a valid option and to engage in selecting
species and modifying soil conditions and hydrology. Agronomic challenges and the variability inherent in
natural systems are significant hurdles in addressing site pollutants. Failed projects can not only be locally
dangerous, but can also damage the reputation and regulatory acceptance of the entire field. It cannot be
reiterated strongly enough that professionals experienced in these technologies, and specifically in the
encountered contaminant, must be engaged to create successful remediation installations. The process
for meeting regulatory acceptance must be carefully considered as well. Continual monitoring systems
and risk assessment, as required by the regulating agency, must be designed with the planting approach

so as to track progress.

61



62

A Introduction

The plant species listed in this book are the most common species encountered in the research studies
surveyed. The field of phytotechnology is ever evolving and lists of applicable plants will change in
future as new research is completed and updated. The plant lists are not intended to be complete lists
of possibilities, but rather an initial compilation of plants utilized in the systems surveyed. Most of the
plants included in this publication prefer temperate climates. This is not because tropical species do
not perform remediation functions, but rather that this book has been authored in the northeastern
United States and the research has focused on temperate climate systems. The principles included in this
chapter can be applied in other climates, and it is encouraged that peer-reviewed literature be reviewed
to select applicable plant species.

Much of the peer-reviewed literature in this field has been produced by agricultural institutions with
grant funding and considers food and agricultural crop safety; therefore many of the species included
in vegetation lists are agricultural crops. This does not mean that ornamental landscape plants are not
valid for the particular use in question. In many cases, comparison species may be able to be tested and
added to the plants listed here. It is suggested that practitioners strongly consider using their projects as

testing grounds to evaluate potential new species as opportunities arise.

B How to use this chapter

Contaminant groups found in the landscape are presented one at a time through this chapter;
first organic contaminants are covered, then inorganic contaminants. Before you use this chapter
and reference a particular contaminant of interest, it is suggested that Chapter 2 first be reviewed.
Understanding the difference between organic and inorganic contaminants, as covered in Chapter 2,
along with the specific contaminant groups covered in this chapter, will provide insight for species
selection and application.

Basic information and scientific case studies for each contaminant group are included in this chapter,
as well as introductory plant lists of species that have been shown in studies to be useful for the particular
pollutant. The plant lists can be used in conjunction with the planting types included in Chapter 4 and

site programs illustrated in Chapter 5 for landscape design application.

C Contaminant chart

The summary diagram of site contaminants in Figure 3.1 has been developed to provide a clear, graphic

understanding of the following:

* The most significant kinds of contaminants found in the landscape. Contaminants are organized
in general groupings by chemical composition. Each group is assigned a color in the chart and the
color is used as a key throughout the book. Organic contaminants are shown as circles and inorganic
contaminants are represented as squares. Each contaminant group is discussed in a separate section

within this chapter.
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Figure 3.2 Contaminant Groupings and Typical Sources of Pollutants

Organic Pollutants

Contaminant Group*

Typical Source of Pollutants in this Category

. Petroleum: Oil, Gasoline, Benzene, Toluene, PAHs and
additives such as MTBE

Fuel spills, petroleum extraction, leaky storage tanks,
industrial uses, railway corridors

Chlorinated Solvents: TCE, PCE and organic
compounds with a chlorine component

Dry cleaners, military activities, industrial uses

@ Explosives: RDX, TNT, HMX

Military activities, munitions manufacturing and
storage

Pesticides: Herbicides, Insecticides and Fungicides

Agricultural and landscape applications, railway and
transportation corridors, residential spraying for termites
and pests

. Persistent Organic Pollutants (POPs): DDT, DDE,
PCBs, Aldrin, Chlordane

Agricultural and landscape applications of historic
pesticides, former industry, atmospheric deposition

. Other Organic Contaminants of Concern:
Ethylene and Propylene Glycols, Formaldehyde,
Pharmaceuticals

Aircraft de-icing fluids, embalming fluids, wastewater

Inorganic

Pollutants

Contaminant Group

Typical Source of Pollutants in this category

Plant Macronutrients: Nitrogen and Phosphorus

Wastewater, stormwater, agriculture and landscape
applications, landfill leachate

. Metals: Arsenic, Cadmium, Selenium, Nickel
(to name a few)

Mining, industrial uses, agricultural applications,
roadways, landfill leachate, pigments, lead paint,
emissions

Salt: Sodium, Chloride, Magnesium, Calcium

Agricultural activities, roadways, mining, industrial
uses

. Radioactive Isotopes: Cesium 127 and

Strontium 90

Military activities, energy production

¢ The vertical position of each contaminant group in Figure 3.1 indicates the relative viability of in situ

phytotechnology systems for contaminant removal in soil and groundwater. Groups near the top of

the chart are more viable for implementation of contaminant removal in design projects, as shown

by field-scale tests. This chart specifically applies to removing the contaminant from a site, and not

to the viability of using phytotechnologies for stabilization (keeping the contaminant on the site and

eliminating exposure to risk). In addition, the chart specifically addresses the viability of plant-based

remediation for soil and groundwater cleansing, and not for cleansing the contaminant from air,

wastewater or stormwater. The viability of using phytotechnologies for cleansing from air and water

vectors will be presented as each contaminant group is discussed, but the focus of this book is on

using phytotechnologies for contaminants found in soil and groundwater.
g phy’ g g

e The horizontal position of each contaminant group on the chart illustrates the relative time frame

estimated for contaminant removal from the soil using plant-based remediation systems. Actual

removal times on sites will vary significantly, based on concentrations and site-specific factors. The

time frames are provided only to give a relative understanding of the number of years it might take to

remove a contaminant from soil on the site, so that an initial evaluation of the potential applicability

of plant-based remediation can be made.




The chart illustrates three main aspects of the applicability of plant-based systems for the removal of

contaminants from soil.

e The most promising utilization of plant-based systems for contaminant removal in soil and
groundwater is for: nitrogen ], VOCs, including chlorinated solvents ¢, petroleum products @
and some pesticides

o There is research supporting the use of plant-based systems for extraction of arsenic [ll, nicke! [l and
selenium [ from soils with moderate to low levels of contamination. In addition, cadmium [JJj and
zinc [Jf] removal may be possible over very long time frames.

* Research is still evaluating the potential for plants to remove explosives @, metals (other than the
ones listed above) [l persistent organic pollutants @ and radionuclides [l from soil. At this time,
the applicability of iz sizu phytoremediation for these groups of contaminants for removal from soil is
limited but some areas are promising for future development. However, exceptions do exist and plant-
based methods for mitigating risk via stabilization on site and hydraulic control are often effectively
utilized. In addition, if these contaminants are in water rather than soil, it is possible to filter them
from water using constructed wetlands, trapping the contaminant in the soil matrix. These methods

are discussed in detail as each contaminant group is presented throughout this chapter.

Organic contaminant classifications
Petroleum compounds (also known as petrochemicals)

Specific contaminants in this category: Petroleum products contain hundreds of hydrocarbon
compounds, which are included in this category. Some of the more typical petroleum contaminants
include: oil, gasoline, TPH (Total Petroleum Hydrocarbons—a measure of the many types of hydrocarbons
on a site), coal tar and creosote (both sticky black materials, usually from industrial processing of coal);
subgroups of petroleum including: PAHs (Polycyclic Aromatic Hydrocarbons), GRO (Gasoline Range
Organics), DRO (Diesel Range Organics), BTEX (Benzene, Toluene, Ethyl benzene, and Xylene:
VOC:s found in gasoline), MOH (Motor Oil Hydrocarbons); and specific petroleum compounds such
as MTBE (Methyl Tertiary Butyl Ether — an additive in gasoline that prevents knocking) and ethanol.

Typical sources of petroleum contamination: Releases of petroleum products include: leaking
underground storage tanks (LUSTs) containing fuel or oils; gasoline and fuel spills; exhaust from
vehicles, machines and trains; byproducts of coal burning and processing; and creosote-treated wood,

such as railroad ties.

Typical land uses with potential petroleum contamination: Gas stations and machine-repair
shops, maintenance facilities, roadsides, rail yards and tracks, industrial facilities, oil and gas refineries,
fracking and drilling facilities, oil and gas and transfer facilities, former manufactured-gas plants and
any use that has a fuel storage tank, including residences with current or historic fuel tanks for home

heating.
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CONTAMINANT CLASSIFICATIONS AND PLANT SELECTION
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Figure 3.3 Petroleum Compounds

Why these contaminants are a danger: Petroleum hydrocarbons are some of the most common
contaminants found in sediments and soils globally (Stroud et al., 2007). Over 500,000 instances
of fuel leaks from LUSTs were reported in the US between 1984 and 2011 (OUST 2011). Many
hydrocarbons have been found to be potential carcinogens, and benzene and benzo(a) pyrene are known

carcinogens (Mueller et al., 1996).

Summary

Petroleum hydrocarbons can generally be placed into two categories.

1 Easily degradable: with log K between 0.5 and 3.5*
These include the ‘lighter’ fractions of petroleum that are often single chains of molecules. Some
volatilize easily, such as BTEX and MTBE (these have Henry’s law constant (H,) values over 107 —
see Chapter 2, p. 53). When hydrocarbons volatilize easily, they are considered VOCs (Volatile
Organic Compounds). These molecules often create the odor of gasoline and oil.

2 Persistent, more difficult to degrade: with log K over 3.5*
These include the ‘heavier’ fractions of petroleum that are often multiple ring structures that are

difficult to break apart, such as PAHs, coal tar, crude oil, heating oil and creosote.

* Note: Log K_ (octanol-water partition coefficient) is a measure of hydrophobicity, where a higher
value means lower water solubility (Pilon-Smits, 2005). Values for specific contaminants can be looked

up in charts — see Chapter 2, p. 57 for more information.

Petroleum hydrocarbons in both of these categories have been successfully remediated from soil,
groundwater, wastewater and stormwater with plant-based systems. These organic pollutants can be

completely degraded by plants and associated microbes without the need for harvesting the plants.



Petroleum remediation has accounted for many of the success stories within the phytoremediation

field.

Petroleum hydrocarbons — lighter fractions, easiest to treat: MTBE, BTEX, gasoline, diesel fuel and

other aliphatic (straight chain, no ring) compounds of carbon and hydrogen.

Mechanisms utilized: Rhizodegradation _:,-., Phytohydraulics (), Phytovolatilization Y

Phytodegradation ,( .

This is one of the most promising contaminant categories to treat with plant-based systems. Typically,
if hydrocarbons in this category were released on site, natural attenuation (natural soil microbial
activity as well as exposure to sun, wind and humidity) would likely volatilize or degrade them.
However, if plants are introduced they can help to speed up this process and also help to access,
contain and treat the fractions that have mobilized into the groundwater. Plants are utilized in two

ways.

1 1o speed up the natural attenuation process

Plants introduce oxygen, sugars, enzymes and other root exudates into the soils, which promote
soil biology in the rhizosphere of the plant. The soil biology in this situation will provide more
degradation than soil alone without the plant (Reynolds et al., 1997). This process, called
thizodegradation -, enhances the speed of the natural attenuation process. In addition, plants
improve degradation by modifying the oxygen status of the environment. While roots respire
and use oxygen, they also remove water and allow more oxygen to diffuse into the soil from
the atmosphere. Plants also physically create oxygen conduits as the roots break through the
soil (Doucette, 2014). Generally, plants that can tolerate the pollutant, grow fast and produce
a large amount of biomass are the best to use for this application. Since these compounds are
quite easy to break down, the most important factor is introducing fast-growing, high biomass-
producing plants that can tolerate growing in the contaminated soil in specific contexts (Robson,

2003).

2 To control, degrade and volatilize hydrocarbons in groundwater

Light fractions of hydrocarbons dissolve easily in water and can leach very quickly into
groundwater. The flow of groundwater can then spread the contaminant into a plume, which
may migrate off site. By installing masses of specific tree species that tap the groundwater,
the trees can pump up the groundwater and release the water through evapotranspiration. In
the process, the light hydrocarbon is pulled into the plant and degraded within the plant, or

volatilized as a gas into the air (Hong et al., 2001).

Scientists have collected and measured off-gassing of leaves using gas-collection equipment placed over
tree canopies, to ascertain that there is no detrimental effect on human health. Many VOCs can break

down quite quickly once they enter the air (Atkinson, 1989). VOC:s released by plants can combine
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with other molecules in the air to create ozone and other compounds, so this potential outcome needs

to be considered (US EPA, 2013b).

Petroleum hydrocarbons — heavier fractions, more difficult to treat: PAHs, coal tar, crude oil,

heating oil.

Mechanisms utilized: Rhizodegradation .

Petroleum hydrocarbons withalogK_ over 3.5 can be degraded with plant-based systems, but the process
is more challenging (Lee et al., 2008). The time frame for degradation is longer and plant establishment
can be difficult. These compounds tend to be ring structures consisting of three or more fused benzene
rings of carbon and hydrogen. Usually, the more rings in the petroleum compound, the more difficult it
is to degrade (White and Newman, 2011; Shuttleworth and Cerniglia, 1995). These complex molecules
tend to stick to soil particles, especially organic matter, and they typically are not translocated into a
plant (Wattiau, 2002). They have limited water solubility (Reynolds et al., 1997) and tend to persist
on sites and not leach into groundwater. The contaminants are not typically degraded through natural
attenuation in soils alone. The degradation instead can occur in the rhizosphere of certain plant species
as a result of increased oxygen levels provided by the plant roots and root exudates released by the plant,
which encourage degradation by soil microbes. The objective of phytotechnologies with these ‘heavy’
petroleum products is not increased uptake by the plants, but increased microbial activity (Reynolds
etal., 1999) and increased oxygen and root exudates in the below-ground environment (Doucette, 2014).
When microbes are at work, petroleum can be used as a carbon and energy source and the pollutant is
broken down in the process (Mueller et al., 1996). It has been shown that by introducing tolerant plant
species into these deposits, the plant species can bring oxygen and root exudates to the subsurface and
promote the development of microbiology that can degrade some recalcitrant hydrocarbons slowly over

time (Schwab and Banks, 1994).

Plants are likely to contribute to the rhizosphere degradation in two ways.

1 By creating an environment where microorganisms can thrive

The plants deliver oxygen and sugars to enhance microbial activity within the hydrocarbon
deposit (Reynolds et al., 1999). In addition, the process of planting, including the addition
of soil amendments, also helps microbial growth. Unlike conventional bioremediation, where
microbes are introduced into the soil and injection might need to be carried out frequently,
plant-based systems use the power of the sun to keep the system active. The need for repeat
injections is minimized, since the plants are continually releasing root exudates into the soil.
Plants are passive solar-powered systems, which is an advantage over traditional bioremediation
practices (Huang et al., 2004). Plant species that will tolerate high levels of the contamination
must be established. Many species will simply die in this kind of environment, but several
species have been shown to establish better in highly toxic soils. In general, better growth rate

and fibrous root production correlates with better degradation in the soil (Robson, 2003).



2 By creating an environment favorable for degradation

Different varieties of plants release different root exudates. The presence of these root exudates
can attract specific kinds of microbes that target degradation of a particular type of compound
(Pilon-Smits, 2005). Some plants even release weak acid root exudates and particular enzymes
that also aid in degradation (White and Newman, 2011). For example, Robinia pseudoaccacia,
Black Locust, exudes high amounts of flavonoids, chemicals with six carbon rings with great
similarity to PAHs, into the soil. This stimulates the development of a specific rhizobial
microorganism community which can use the carbon bonds of the flavonoids or the PAHs as
an energy source, thereby degrading the contaminant (Gawronski et al., 2011). In past studies,
a direct correlation was found between biomass production and a plant’s ability to produce
remediation benefits (Robson, 2003). However, for the heavier fractions of organic compounds,
it is now reasonably well established that effectiveness may be more closely related to the soil
environment, root-exudate profile and plant-community interactions. Therefore specific species
selection is more important. Research in this area is developing, and until mechanisms are more

clearly defined, species with proven, peer-reviewed degradation capabilities for PAH degradation

should be utilized.

Typical petroleum-contaminated sites often have both heavier and lighter fractions of hydrocarbons.
The lighter fractions of the hydrocarbons can be mobilized in groundwater, and this often happens in
the early post-release years. As the site ages, the lighter fractions (i.e. aliphatic hydrocarbons) may be
removed from the system with natural attenuation, leaving only the larger, recalcitrant hydrocarbon

molecules (i.e. PAHs) sorbed to the soil on aged sites (Schwab and Banks, 1994).

Petroleum-contaminated soils are often tested for TPH. This is a combined measurement of the
hundreds of kinds of petroleum hydrocarbons that may be found in a given sample. For both light and
heavy categories of petroleum, TPH reduction rates in phytotechnology systems are often initially rapid,
followed by a period of slower losses (Schwab and Banks, 1994). Initial losses may be due to chemical
and physical processes, such as newly created contact with the air when planting, and volatilization
(Loehr and Webster, 1996). TPH remediation rates tend to be faster in sites polluted with gasoline and
diesel products, and slower in heavy, oil petroleum-polluted sites. (Hall et al., 2011; Reynolds et al.,
1999).

Planting specifics
Grasses vs trees and shrubs

Because of the ability of lighter hydrocarbons to mobilize quickly, trees with long roots that can
access groundwater have typically being chosen for remediation of light hydrocarbon fractions,
while grasses have been more commonly used for remediation of PAHs and TPH fractions
that tend to stick to soils (Cook and Hesterberg, 2013). Most of the literature to date has

favored using deep-rooted grass species for degradation of the heavier PAH compounds (Kaimi
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et al., 2007). The use of tree and shrub species for PAH degradation has had mixed success and
some studies have suggested that the larger plants might compete with microbes for available
nitrogen, lowering degradation (Hall et al., 2011). A recent study has compared 52 research
studies using grasses with those using trees and shrubs, and finds little difference between
grasses and trees with respect to the average reduction of hydrocarbons (Cook and Hesterberg,
2013). Until additional research is published and the mechanisms for removal have been clearly
identified, species that have shown proven PAH degradation results in several studies should be
utilized. Lists of degradation species for which results have been reported in more than one study

are provided in Figure 3.5.

Fertilizer

Several studies have found that fertilizer application may speed up hydrocarbon degradation.
This is likely because of the excessive carbon content in hydrocarbon-contaminated soils, which
upsets the ratio to nitrogen and phosphorus necessary for proper plant and microbial growth
(Hall et al., 2011 and Reynolds et al., 1997).

However, fertilizer application can also affect species succession over the long term, which
can affect remediation. A study originally started by the US Army Cold Regions Research
and Engineering Laboratory (Reynolds et al., 1997) and continued by University of Alaska
Fairbanks looked at petroleum degradation in Alaska over 15 years on both easier-to-degrade
diesel-contaminated soils and more difficult-to-degrade crude oil-contaminated soils seeded
with readily available commercial grasses. Some experimental plantings were fertilized and
others were not. Within one year, the diesel in plots planted with and without fertilizer

was 31-76% removed. However, the more difficult-to-degrade crude oil was only 26-36%

On a petroleum phytoremediation site that was originally seeded with grasses and left to natural
succession for 15 years, plots that were not originally fertilized (back right) had greater species
diversity, more native and woody plants and more diverse microbial communities than plots where
fertilizer had been originally added (front left) 15 years prior.

Figure 3.4 Case Study: Fairbanks Alaska, US Army Cold Weather Research Site



removed with plants and 36-40% removed with plants and fertilizer. In summary, in this
situation, fertilizer did speed up the degradation of the harder-to-degrade hydrocarbons. The
plots were then left for 15 years. No additional inputs were added and natural succession took
over. When the plots were resurveyed after 15 years, the contamination had reached cleanup
levels on all sites, meaning that the petroleum levels had dropped below the cleanup limit set by
the Alaska Department of Environmental Conservation, and the grasses originally planted on
the plots were no long present. However, new species had moved in and it was found that more
native plants and woody vegetation were present in the non-fertilized plots. In addition, TPH
levels were lowest on plots with higher numbers of woody plants. The results indicate that the
addition of plants and fertilizer sent the plots on different successional trajectories, resulting in
different plant community assemblages and associated microbial communities (Leigh, 2014;
Leewis et al., 2013). This has a significant implication for landscape architects, illustrating
that not only plant but initial soil and fertilizer inputs specified can greatly impact long-term

succession.

Legumes

The addition of legumes to phytotechnology systems can also be considered to help in the
degradation of hydrocarbons. The efficacy of many grass species for petroleum remediation is
widely proven and the majority of studies have used them as a candidate because of their fast
growth and dense fibrous root systems (Kaimi et al., 2007). It has been recently proposed,
however, that legumes may add an important component to the degradation of more persistent
PAH compounds. Legumes can add nitrogen in these deficient soils and their tap-root systems
have also been shown to provide increased pore space in the soil structure, allowing for more

oxygen, the presence of which is critical for hydrocarbon degradation (Hall et al., 2011).

Planting types

For petroleum contamination, the following planting typologies (described in detail in Chapter

4) can be considered in conjunction with the plant lists provided in Figure 3.5.

In soil: Natural attenuation will often degrade lighter fractions of hydrocarbons on their own, as
long as enough oxygen and carbon is present in the soils. However, adding plants can speed up
this process. For these lighter fractions, any introduction of vegetation has been shown to have a
beneficial effect. Species does not matter as much as the growth rate and biomass production; the
greater these are, the faster the remediation (Robson, 2003). However, for the heavier fractions,
the pollutant tends to be bound to soil. With the introduction of plants, they can often be
slowly degraded over time. The most challenging concern is to find plant species that will both
tolerate the pollutant concentrations and also degrade the contaminant. Several studies have
shown that certain plant species can survive in very high concentrations of petroleum and the

plant roots will penetrate from clean soils into contaminated soils, even if the plants were started
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in unpolluted soil media (Rogers et al., 1996; Reynolds et al., 1999). The following planting

typologies can be utilized in conjunction with the plant lists in Figure 3.5.

Degradation typologies for petroleum in soil: Time frame 0-5 years for lighter fractions, 5-20+

years for heavier fractions.

* Degradation Cover: Chapter 4, see p. 222

* Degradation Hedge: Chapter 4, see p. 220

* Degradation Living Fence: Chapter 4, see p. 220
* Degradation Bosque: Chapter 4, see p. 218

In groundwater: Since lighter fractions of petroleum dissolve in water, they can quickly move
into the groundwater and migrate off site. To stop the contamination from migrating and to
degrade or volatilize it, the following planting typologies can be used in conjunction with the

plant lists in Figure 3.5.

Typologies for petroleum in groundwater: Time frame 3—10 years or more (highly dependent on

how contaminated the groundwater is, flowrate, depth and volume of plume).

* Interception Hedgerow: Chapter 4, see p. 216
* Groundwater Migration Tree Stand: Chapter 4, see p. 213
¢ Dhytoirrigation: Chapter 4, see p. 207

In stormwater and wastewater: Hydrocarbons are very common contaminants in run-off
from roads and impervious surfaces, as well as in industrial wastewater. When hydrocarbons
have a log K between 0.5 and 3.5, that is an indicator that they may easily be degraded
in Stormwater Filters and Constructed Wetlands. As long as there are plants in the system
that are thriving, the degradation should occur. However, plants that grow faster and
produce more biomass will usually create better degradation systems (Robson, 2003).
Hydrocarbons with log K values >3.5 don’t often mobilize into water. They tend to stay on
site, bound to soil. However, in stormwater systems, PAHs can be captured when particulate
matter sloughs off from roadway surfaces (also made of petroleum) and the stormwater carries
away particulates. These are best treated by first settling the particulate matter out of the water
through engineering practices such as sedimentation basins and tanks, and then treating the
sediment with species that target the degradation of recalcitrant hydrocarbons. In addition,
biofilter and wetland systems with greater diversity of plant species tend to perform better
than monocultures, likely due to the increased diversity of associated microbes (Coleman et

al., 2001).

The following planting typologies have been effectively utilized. Species for these systems have

not been included in this book, since they have been widely documented elsewhere.
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Stormwater and wastewater typologies: From the time a pollutant enters the system, treatment

may be possible in 0—5 years for lighter fractions, 5-20+ years for heavier fractions.

* Stormwater Filters: Chapter 4, see p. 235
* Surface-Flow Constructed Wetland: Chapter 4, see p. 238
o Subsurface Gravel Wetland: Chapter 4, see p. 241

The plant list in Figure 3.5 is an inidal list of species that have been shown in more than one

study to be useful for degrading hydrocarbons.

Plant species with maximum hydrocarbon spill tolerance

In 2003, the global energy company BP completed forward-thinking research considering
which species could be planted around gas stations to tolerate spills and potentially provide
remediation benefits (Tsao and Tsao, 2003; Fiorenza (BP) and Thomas (Phytofarms), 2004). A
series of experiments were conducted to test which typical US ornamental horticulture species
might have the best tolerance to straight doses of gasoline. Although scientific studies document
many species for gasoline remediation (see the plant list in Figure 3.5), the authors found that
many of the plants may not be suitable as landscape plants for aesthetic and maintenance
reasons. In addition, the documented phytoremediation plants tend to be grasses and trees,
while the dominant retail landscape plant type is a shrub. The landscape plants tested were
identified from plans developed by local landscape architects designing BP retail stations in the
US. Potted plants were dosed with gasoline, and tolerance was used as an indicator of the plant’s
potential ability for phytoremediation. There were only limited attempts to identify degradation
mechanisms and characterize the fate and transport of the added gasoline in this study. However,
this important research, provided by Dr. David Tsao, is an initial list of ornamental plants for
phytoscaping (term coined by D. Tsao) with hydrocarbon tolerance that may also prove to be
successful degradation species in the future. Out of a total of 113 species tested, 53 demonstrated
some tolerance (Figure 3.6). Intolerant plants (Figure 3.7) can also be considered as indicator
species, i.e. they could be planted in high-risk areas and help identify leaks and spills early after
their occurrence. Since gasoline causes toxic responses in these species, plant decline and death

could signify a leak.
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CONTAMINANT CLASSIFICATIONS AND PLANT SELECTION

Figure 3.6 Petroleum-Tolerant Plants from BP Study

Latin Common Variety evaluated | Vegetation |USDA
Type Hardiness Zone
Agapanthus africanus Lily-of-the-Nile Perennial 8-11
Arbutus unedo Compact Strawberry Shrub 7-9
‘compacta’ Bush
Bulbine frutescens Snake Flower Orange Groundcover | 8-11
Bulbine frutescens Snake Flower Yellow Groundcover | 8-11
Cassia corymbosa Senna Shrub 8-11
Cercis canadensis Eastern Redbud Oklahoma Tree 4-9
Cistus x purpureus Purple Rock Rose Firescaping Plant Shrub 8-11
Clytostoma Lavender Trumpet Vine Vine 8-11
callistegioides
Dietes irioides Fortnight lily (Moraea) bicolor Shrub 8-11
Euonymus coloratus Purple Leaf Groundcover | 4-9
Wintercreeper
Ficus pumila Creeping/Climbing Fig Vine 9-11
Fraxinus pennsylvanica | Green Ash Patmore Tree 2-9
Hedera helix English Ivy Groundcover | 5-9
Hemerocallis hybrid Daylily, dwarf yellow Happy Returns Perennial 3-10
Hemerocallis hybrid Daylily Scarlet Orbit Perennial 3-10
llex cornuta Dwarf Burford Holly Burfordii Nana Shrub 7-9
llex cornuta Carisa Holly Carisa Shrub 7-9
llex vomitoria Yaupon Holly Nana Shrub 7-9
Juniperus procumbens | Juniper Green Mound Shrub 4-9
Lagerstroemia indica Dwarf Crape Myrtle Tightwad Red Shrub 7-9
Lantana montevidensis | Creeping Lantana New Gold Groundcover | 8-10
Ligustrum japonicum Waxleaf Ligustrum Texana Shrub 7-10
Liriope muscari Aztec Grass Ophiopogon Groundcover | 6-10
Liriope muscari Lily Turf Giant Groundcover | 6-10
Macfadyena unguis-cati | Yellow Trumpet Vine Vine 9-11
Millettia reticulata Evergreen Wisteria Vine 8+
Moraea bicolor Fortnight Lily Shrub 8-11
Moraea iridioides African Iris Shrub 8-11
(D.iridioides)
Nandina domestica Heavenly Bamboo Jaytee Harbor Belle | Shrub 6-10
Nerium oleander Oleander Shrub 9-11
Phormium tenax New Zealand Flax Wings of Gold Shrub 8-11
Photinia fraseri Red Tip Photinia Shrub 7-9
Picea pungens Dwarf Globe Blue Shrub 2-8
Spruce
Pinus mugo pumilo Dwarf Mugo Pine Shrub 2-8
Pistacia chinensis Chinese Pistachio Tree 6-9
Pittosporum tobira Pittosporum Variegata Shrub 8-10
Podranea riscasoliana Pink Trumpet Vine Sprague Vine o+
Pyrus calleryana Bradford Flowering Pear | Holmford Tree 5-9
Raphiolepis indica Indian Hawthorne Snow Shrub 8-11
Rumohra adiantiformis | Leather Leaf Fern Perennial 9-11
Sabel minor Palmetto Bush Shrub 7-11
Sedum mexicana Sedum Groundcover | 7-10
Spiraea spp. Neon Flash Shrub 4-9




CONTAMINANT CLASSIFICATIONS AND PLANT SELECTION

Latin Common Variety evaluated | Vegetation | USDA
Type Hardiness Zone
Strelitzia reginae Bird of Paradise Shrub o+
Tecomaria capensis Cape Honeysuckle Orange Shrub 9-11
Thuja occidentalis Rheingold Arborvitae Shrub 2-7
Trachelospermum Asian Jasmine Groundcover | 7-11
asiaticum
Tulbaghia violacea Society Garlic Perennial 7-10
Veronica spicata Spiked Speedwell Sunny Blue Border | Perennial 4-9
Viburnum obovatum Compact Walter's Shrub 6-9
dentata Viburnum
Viburnum odoratissimum | Sweet Viburnum Spring Bouquet Shrub 8-10
Washingtonia filifera California Fan Palm Tree 8+
Yucca hesperaloe Red Yucca Shrub 5-11
parvifolia
Yucca recurvifolia Yucca Soft Leaf Yucca Shrub 7-9
Source: Tsao and Tsao, 2003
Figure 3.7 Petroleum-Intolerant Plants from BP Study
Latin Common Variety Evaluated | Vegetation USDA Hardiness
Type Zone
Abelia x grandiflora Glossy Abelia Shrub 5-9
Abelia mosanensis Bridal Bouquet Abelia | Monia Shrub 5-9
Abutilon hybridum Pink Flowering Maple | Roseus Shrub 9-10
Acer rubrum Red Sunset Maple Frank’s Red Tree 3-9
Arecastrum Queen Palm Tree 9-11
romanzoffianum
Artemisia spp. Wormwood Powis Castle Shrub 4+
Asparagus densiflorus Asparagus Fern Sprengeri Perennial 9-11
Aspidistra elatior Cast Iron Plant Perennial 7-11
Berberis thunbergii Barberry Crimson Pygmy Shrub 4-9
Bougainvillea cvs. Bougainvillea Vine O+
Buxus microphylla Boxwood Winter Gem Shrub 6-10
Carissa macrocarpa Natal Plum Fancy Shrub 9-11
Cassia splendida Senna Golden Wonder Tree 9-11
Cedrus deodara Golden Deodar Cedar | Aurea Tree 7-9
Chamaecyparis pisifera | Dwarf Gold Thread Shrub 4-8
filifera Cypress
Cornus kousa chinensis | Chinese Dogwood Tree 5-8
Cotoneaster apiculatus | Cranberry Cotoneaster Shrub 4-7
Cuphea hyssophyla Mexican Heather Perennial 8-11
Cycas revoluta King Sago Palm Tree 8-11
Delosperma cooperi Yellow Ice Plant Aurea Groundcover |5-11
Distictis buccinatoria Scarlet Trumpet Vine Vine 9-11
Eleagnus x ebbingei Ebbinge’s Silverberry Shrub 7-9
Escallonia x exomiensis | Pink Princess Frades Shrub 7-9
Escallonia
Euryops pectinatus Green-Leaved Euryops | Viridis Shrub 8-11
Gardenia jasminoides Gardenia August Beauty Shrub 7-10
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CONTAMINANT CLASSIFICATIONS AND PLANT SELECTION

Figure 3.7 (continued)

Latin Common Variety Evaluated | Vegetation USDA Hardiness
Type Zone
Gelsemium Carolina Jessamine Vine 6-9
sempervirens
Grevillea x Noell Noell Grevillea Shrub 8-11
Hemerocallis hybrid Daylily Stella d’Oro Perennial 3-10
Jacaranda mimosifolia | Jacaranda Tree 9-11
Juniperus chinensis Chinese Juniper Spartan Shrub 5-11
Juniperus chinensis Chinese Juniper Sea Green Shrub 5-11
Juniperus communis Alpine Carpet Juniper | Mondap Shrub 2-6
Juniperus horizontalis Andorra Juniper Youngstown Shrub 3-9
Juniperus scopulorum Gray Green Juniper Gray Gleam Shrub 4-9
Lagerstroemia indica Crape Myrtle Raspberry Sundae | Tree 7-10
Lavendula dentata Toothed Lavender Goodwin Creek Shrub 5-9
Gray
Leucophyllum Texas Sage Compactum Shrub 7-10
frutescens
Limonium perezii Sea Lavender Perennial 10-11
Loropetalum chinensis | Chinese Loropetalum | Rubrum ‘Purple Shrub 7-9
Majesty’
Macfadyena unguis-cati | Yellow Trumpet Vine or Vine 9-11
Cat’s Claw
Magnolia grandiflora Southern Magnolia Little Gem Tree 6-10
Mahonia aquifolium Oregon Grape Holly Compacta Shrub 5-9
Mahonia bealei Leatherleaf Mahonia Shrub 7-9
Nandina domestica Heavenly Bamboo, Firepower Shrub 6-10
dwarf
Olea europaea ‘Mowber’ | Fruitless Olive Majestic Beauty Tree 8+
Osmanthus fragrans Sweet Olive Shrub 7-9
Perovskia atriplicifolia Russian Sage Shrub 4-9
Picea abies Nest Spruce Nidiformis Shrub 2-7
Plumbago auriculata Plumbago Imperial Blue Shrub 9-11
Prunus cerasifera Purple Leaf Plum Tree 4-9
Rosa banksiae White Banksian Rose | Alba Plena Vine 6-9
Rosmarinus officinalis Rosemary Benenden Blue Shrub 8-11
Rosmarinus officinalis Huntington Carpet Shrub 8-11
Rosemary
Salvia leucantha Mexican Bush Sage Santa Barbara Shrub 9-11
Spiraea cantoniensis Spiraea Double Bridal Shrub 5-9
Wreath
Syringa meyeri Dwarf Korean Lilac Palibin Shrub 3-7
Taxus x Media Spreading Japanese Shrub 4-7
Yew
Thuja occidentalis Emerald Arborvitae Shrub 2-7
Trachelospermum Star or Confederate Vine 8-11
jasminoides Jasmine
Viburnum Allegheny Viburnum Shrub 5-8
rhytidophylloides
Washingtonia robusta Mexican Fan Palm Tree 8+

Source: Tsao and Tsao, 2003




Case Study

Petroleum—1

Case studies

Following, two case studies are presented which illustrate successful phytotechnology installations

at petroleum-impacted sites.

Project name: US Coast Guard Former Fuel Storage Facility (Guthrie Nichols et al., 2014;
Cook et al., 2010)

Location: Elizabeth City, NC

Scientists: Elizabeth Guthrie Nichols (a); Rachel L. Cook (a); James E. Landmeyer (b); Brad
Atkinson (c); Jean-Pierre Messier (d)

Institutions: (a) Department of Forestry and Environmental Resources, North Carolina State

University, Raleigh, NC
(b) US Geological Survey, SC Water Science Center, Columbia, SC

(c) North Carolina Department of Environment and Natural Resources — Division of Waste

Management, Raleigh, NC
(d) US Coast Guard, Elizabeth City, NC
Date installed: 2006-2007

Number of trees/species installed

* Hybrid poplar — Populus deltoides Bartram ex Marsh. x nigra L. Clones OP-367, DN-34,
15-29 and 49-177

o Willow — Salix nigra “Marsh,” Salix interior “Rowle’s” and Salix exigua “Nutt”

* Loblolly Pine — Pinus taeda
2006: 112 bare-root poplars, 1.2 meter (4 foot) height, and 403 unrooted poplar and willow

cuttings were installed. Plantings were placed in 8 centimeter (3 inch) diameter boreholes,
1.2 meters (4 feet) deep and backfilled with unamended on-site soil. Trees were mulched.
All plantings were spaced 3 meters (10 feet) apart. Mortality averaged 28% because the

contaminant concentration was too high for plant survival in some areas.

2007: 2,176 new trees (2,123 poplars, 43 willows, and 10 trial Loblolly Pines) were planted in
23 centimeter (9 inch) diameter boreholes, 1.2 meters (4 feet) deep. Boreholes were backfilled
with clean topsoil from off site. Trees were mulched. All plantings were spaced 2 meters (6.5
feet) apart. Mortality decreased and averaged 13% because the borehole width was increased

and boreholes were backfilled with clean soil to aid in plant establishment.

2007: 65 poplars and 208 willows were planted using a dibble tool to create 15-30 centimeter
(6-12 inch) deep holes just wide enough for each cutting. No backfill was used. All plantings
used a 2 meter (6.5 foot) spacing. Mortality averaged 89% because soil was too contaminated

for establishment.

Contaminant: Petroleum compounds @: TPH, BTEX, MTBE, PAH. Estimates from
monitoring wells show 567,000-756,000 liters (150,000—200,000 US gallons) of gasoline,
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diesel and aviation jet fuel at the site in the groundwater. Up to 85 centimeters (33 inches) of

petroleum product was floating on top of the water table at the site.

Target media and depth: Soil and groundwater with depth ranging from 0.9 to 1.2 meters
(3—4 feet) below ground surface. The groundwater table fluctuates from 1.2 to 2.7 meters (4

to 9 feet) below surface except after major precipitation events.

A 5-acre former US Coast Guard fuel farm had leaked large amounts of fuel since World War
IT and it was migrating towards the Pasquotank River, 150 meters (490 feet) from the site. A
viable tree community (2,984 trees) was established to prevent further groundwater discharge
of fuel to the nearby river. Coastal plain surface waters are particularly vulnerable to LUST
contamination, due to shallow water tables, porous soils and proximity of LUSTs to natural

surface water bodies.

A phytoremediation system was installed from 2006 to 2008 (Cook et al., 2010) using Sa/ix,
Pinus taeda and four hybrid poplar clones (Populus). During the tree installation process (April
2006—April 2008), hydrocarbon contaminants were monitored using groundwater samples
and soil gas analyses. Tree plantings began in 2006, but high contamination concentrations
on part of the site resulted in a tree mortality of 26%. Fuel contamination on the site was very
well characterized and documented, but groundwater data did not indicate the high levels of
contamination found once the trees were planted. In the next round of planting, in 2007, trees
were backfilled with clean soil and survival rates were much higher. Within 2 years, soil gas
analyses of total petroleum hydrocarbons and BTEX in soil showed reductions of 95% and
99%, respectively. For the contaminants in the groundwater, as of 2013, only one monitoring

well remained above regulatory NCAC 2L standards for benzene, but three wells were above

: - ACTIVE
Underground Fuel Bunkers PHYTOREMEDIATION
§ PROJECT AREA

Poplar trees in 2010 after 3 growing On-site signage informs public of tree planting intent
S€asons

Cadets training in newly planted poplar field in 2007. Tree  Soil-gas monitors installed
area was not fenced and is open to the public. within plantina

Figure 3.9 Case Study: US Coast Guard, Elizabeth City NC
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Figure 3.8a Case Study: US Coast Guard, Elizabeth City NC - TPH Degradation in Soil Gas
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Figure 3.8b Case Study: US Coast Guard, Elizabeth City NC - BTEX Degradation in Soil Gas
Scale: 1 in = 250 ft

MTBE NCAC 2L standards, due to hydraulic control downgradient of the site. Removal of
not only the lighter, easier-to-degrade hydrocarbon fractions took place, but heavier polycyclic

aromatic hydrocarbons (PAHs) removal was significant, based on analyses of soil transects in

2008, 2010 and 2012 (Guthrie Nichols, 2013).

Additional lessons learned

Tree height and growth rate as measured in 2010 correlated significantly with the TPH levels
in the soil below. The lower the contamination, the higher the tree height, with more polluted

areas having lower tree heights. The plants are acting as visual indicators of the contaminant

concentrations below ground.
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Case Study

Petroleum—2

Project name: Ford Motor Company Factory (Barac et al., 1999)
Location: Genk, Belgium

Scientists: Tanja Barac (a); Nele Weyens (a); Licy Oeyen (a); Safiyh Taghavi (b); Daniel van der
Lelie (b); Dirk Dubin (c); Marco Spliet (d); Jaco Vangronsveld (a)

Institutions: (a) Environmental Biology, Hasselt University, Diepenbeek, Belgium
(b) Biology Department, Brookhaven National Laboratory, Upton, NY, USA

(c) Ford Motor Company, Genk, Belgium

(d) Ingenieurbetrieb Dr.-Ing. W. PiitzBriihl, Germany

Date installed: 1999

Number of trees/species installed: 275 Populus trichocarpa x deltoides cv. “Hoogvorst” and

“Hazendans”

Amendments: Soil mixed with compost and backfilled into boreholes.
Contaminant: Hydrocarbons @: BTEX, TPH

Target media and depth: Groundwater at 4-5 meter (13—16.5 foot) depth.

Underground storage tanks at a Ford factory in Genk, Belgium were found to have been
leaking solvent and fuel into the ground since the 1980s. Contamination resulted in 4-5
meter (13-16.5 foot) deep groundwater laden with BTEX and fuel oil as well as nickel and
zinc. The leaking tanks were removed and above-ground replacements were constructed. A
conventional pump-and-treat system was installed at the core of the plume and ran 23 hours
a day. However, the plume was still migrating. A phytoremediation scheme was installed to

halt further migration of the contamination plume by providing hydraulic containment.

The phytoremediation installation began in April 1999 and consisted of 275 hybrid poplar
trees (Populus trichocarpa x deltoides cv. “Hoogvorst” and “Hazendans”). Poplars were chosen
to target the migrating groundwater, based on their high evapotranspiration capacity, and the
individual cultivars were selected based on their resistance to fungal disease. The poplars were
planted in a 2 hectare (5 acre) zone (75 x 270 meters or 246 x 846 feet), perpendicular to
the flow of the contaminated groundwater. Four meter (13 foot) tall cuttings were placed in
80 centimeter (32 inch) deep boreholes. Soil in the boreholes was amended with compost to
supply cuttings with sufficient nutrients, and backfilled. The cuttings were planted 7 meters

(23 feet) on center in 9 rows of 30 trees.

By May 2000, 13 months after planting, roots from the cuttings had not reached the
groundwater and the contaminant plume. However, after 42 months, in October 2002, the
BTEX plume had been “cut off” by the planting installation, whereas previously it had extended
beyond the factory area and under a nearby highway. In June 2003, 55 months after planting,
the plume concentration had declined by 50-90% in the planting zone. Measurements taken
in 2003, after five growing seasons, indicated that the plume had been entirely eliminated from

the planted area.



CONTAMINANT CLASSIFICATIONS AND PLANT SELECTION

Factory Buildings

BTEX Concentration

100-500 pg/L
500-1000 pg/L
1000-5000 pg/L
10,000-100,000 pg/L
100,000 - 500,000 pg/L
> 500,000 pg/L

Plume eliminated from
Hybrid poplar planting (275 total trees) phytoremedation area

MAY 2000 — 13 MONTHS AFTER PLANTING NOVEMBER 2003 — 55 MONTHS AFTER PLANTING

Figure 3.10 Case Study: Ford Factory, Genk, Belgium
Scale: 1 in =900 ft

Poplar trees planted 7 meters apart perpendicular to Some bore holes were drilled directly Existing poor sandy soils were amended in the bore
the plume. into asphalt paving areas. Poplar cuttings  hole to promote establishment.
were not affected.

Poplar buffer planted between parking lot areas after nine New poplar and willow buffers were planted around above-
years of growth ground storage tanks in 2006 to create a preventative
remediation buffer for any potential future releases.

Figure 3.11 Case Study: Ford Factory, Genk, Belgium (Photographs from 2008)
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Additional lessons learned

* Because the remediation strategy was successful, preventative phytoremediation buffer
plantings of poplar and willows were later planted around above-ground storage tanks and
around parking lots on the factory campus, to treat any potential future releases.

e This study also included an examination of endophytic bacteria (living in the plant roots,
stems and leaves) and rhizosphere bacteria (living in the root zone) in the phytoremediation
treatment zone. The presence of the BTEX plume increased the number of bacteria capable of
degrading toluene around the poplar planting. Laboratory cultures indicated that the bacteria
were using toluene as their sole carbon source. Tests outside the treatment zone found fewer
numbers of these bacteria. Testing in 2006, after the plume had been completely degraded,
found no toluene-degrading bacteria inside or outside the treatment zone, indicating that once
toluene had been lost as a carbon source, its capacity to be degraded was lost as well. Testing
also showed horizontal gene transfer, indicating that DNA coding for toluene-degrading
abilities was being shared within the microbial population and could be built up and increased

over time.

Chlorinated solvents

Specific contaminants in this category: Trichloroethylene (TCE), and perchloroethylene (Perc or
PCE), Vinyl Chloride (VCM), Carbon tetrachloride (Freon)

Typical sources of chlorinated solvent and alcohol contamination: Degreasers, solvents, rocket

propellants, cleaners, refrigerants and fire retardants.

Typical land uses with potential chlorinated solvent contamination: Defense sites, dry cleaners,

industrial sites, rail maintenance yards, older automobile repair shops.

Why these contaminants are a danger: Exposure to chlorinated
solvents is associated with several types of cancers in humans (US
EPA, 2014a). Contamination with chlorinated solvents is very
prevalent in the US because of their widespread use. TCE is one of
the most common pollutants of groundwater in the US (Newman
et al., 1997b). Chlorinated solvents are all clear, sweet-smelling
liquids that volatilize to a gas upon contact with air. When
TCE plumes are under buildings, they often evaporate from the
groundwater, enter air spaces between soil particles and migrate
through building foundations into the building’s indoor air. This
vapor is highly toxic to humans and called ‘soil vapor intrusion.’
In addition to air-quality problems created by plumes, another
significant problem arises when these contaminants are deep

below the surface, not exposed to air, and move into groundwater Figure 3.12 Chlorinated Solvents



sources used for drinking supply. When they exist in a separated, pure product (DNAPL) state, they
can sink deep, since DNAPL is denser than water, and can contaminate large areas of drinking-water
aquifers. Vinyl Chloride (VCM) is used to make PVC (polyvinyl chloride), a type of popular plastic,
and is one of the top 20 most-produced chemicals in the world. Carbon tetrachloride, commonly
known as Freon—10°, is used as a refrigerant, a fire suppressant, an industrial degreaser and in the

cleaning industry.

Summary

Many chlorinated solvents, especially TCE and Perc or PCE (also called tetrachloroethene) can be
effectively removed, degraded and volatilized by certain plants in a relatively short time frame. These
pollutants are very mobile and dense, and may quickly leach to very deep groundwater levels. Once
they are in groundwater they can disperse quickly, meaning it may take decades or even centuries to remove
them with conventional pump-and-treat systems (Newman et al., 1997). Conventional i situ treatment
typically requires energy-intensive groundwater pumping (Newman etal., 1997). Phytoremediation offers
a potentially effective control and degradation alternative for both soil and groundwater contamination
(when the pollutant hasn’t sunk too deep as DNAPL), and is now a commonly accepted remediation
strategy used by the US EPA (US EPA, 2005a; US EPA 2005b). Plant-based systems for chlorinated

solvent removal can be considered, due to their widespread use and many success stories.

Mechanisms utilized: Phytohydraulics (), Phytovolatilization (}» Phytodegradation JOR,

Rhizodegradation .

Most successful phytoremediation projects targeting chlorinated solvents have used deep tap-rooted
trees with high evapotranspiration rates to access the groundwater and pump the water up through the
tree. During the process of pumping, the contaminant is either degraded in the roots, stems and leaves
of the plant or volatilized with the plant transpiration into the atmosphere.

Studies have documented that a percentage of the chlorinated solvents taken up by trees will volatilize
and not degrade, and will instead be released through the tree into the atmosphere as a gas. This
mechanism is known as phytovolatilization (/. Research findings, however, are not entirely consistent,
as some studies have shown minimal to no above-ground transpiration of chlorinated solvents and
others have shown some volatilization (Ma and Burken, 2003). However, it is generally agreed that the
human health risk of exposure, even in low doses, to contaminated groundwater can often be much
higher than the risk from exposure to volatilized gas. In addition, when TCE is released into the air, it
can quickly break down.

Recent research has found that when the contaminants are degraded rather than volatilized, the
degradation work occurring within plants may be assisted by endophytic bacteria living within
the plant roots, stems and leaves (Weyens et al., 2009). Researchers are conducting experiments to
see if these particular bacteria can be isolated and inoculated into other plants to provide maximum
degradation, so that the chlorinated solvents are no longer released to the atmosphere. The initial results
are promising, showing a 90% reduction of TCE gas release through the leaves with the introduction of

beneficial bacteria into the plant (Weyens et al., 2009).
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Planting specifics

Since dense chlorinated solvents may move quickly through groundwater to the bottom of
the water table, trees with long roots have typically been chosen for remediation. Deep-rooted
planting techniques are often utilized for installation (see Chapter 2). Where these contaminants
exist in surface soils and shallow groundwater, grass species and some shrubs have also been
used. To stop the contaminants from migrating and to also degrade or volatilize them, the
following planting typologies have been effectively utilized in conjunction with the plant lists

provided in this section.

Groundwater typologies for chlorinated solvents: Hydraulic control time frame 2—10 years or more
(highly dependent on how contaminated the groundwater is, speed and volume of plume,

climate and evapotranspiration rate of chosen plants).

* Interception Hedgerow: Chapter 4, see p. 216
* Groundwater Migration Tree Stand: Chapter 4, see p. 213
* Phytoirrigation: Chapter 4, see p. 207

Soil degradation typologies for chlorinated solvents: Degradation time frame 1-10 years or more.

* Degradation Cover: Chapter 4, see p. 222

* Degradation Hedge: Chapter 4, see p. 220

* Degradation Living Fence: Chapter 4, see p. 220
* Degradation Bosque: Chapter 4, see p. 218

In stormwater and wastewater: Volatile chlorinated solvents typically do not persist in
stormwater and wastewater, since these vectors are often exposed to the atmosphere and the

chlorinated solvents freely volatilize into the air.

The plant list in Figure 3.13 is an initial list of species that have been shown in studies to be

useful for controlling and/or degrading chlorinated solvents.

Project name: Travis Air Force Base (Klein, 2011; Doucette et al., 2013; Parsons, 2010)
Location: Fairfield, CA

Institutions: (a) Utah Water Research Laboratory, Utah State University, 8200 Old Main Hill,
Logan, Utah 84322-8200, United States

(b) Parsons, 1700 Broadway, Suite 900, Denver, Colorado 80290, United States
Date installed: 1998—-2000

Number of trees/species installed: 480 Eucalyptus sideroxylon ‘Rosea (Red Ironbark
Eucalyptus)



97

2600Z ‘UBWIMBN pue ZIeyokns
800¢ ‘'le 19 adoyuers

€ OLAHd J4ll
S66T auaxoIp ¢'T
‘66T ‘T66T ‘U0l M pue UOSIapuUY | YSN UISISESYINOS 6-9 93l 301 auid Ajjojgo epaej snuld
e600C ‘UBWUMAN pue ZJIeydAns |  ySn uloiseayinos 0T-. EETN 301 auld jes[guoT suisnjed snuid
301
30d
auey}2010(yd1q
w040.0Jy9
€ OLAHd Odll auazuaqololy)
€66T ’|e 19 uosiapuy elsy ‘adoin3 0TV SsnoaoeqloH wJiojowoirg pasy uowwo) sijesisne saywseiyd
€ OLAHd Oyl edlsuly
Z66T ‘Uo)eM pue uosiapuy Uinos pue |enuad 0T, SnoaoeqlaH 301 sseln elyeg wnjejou wnjedsed
€ OLAHd J4ll
/66T ““|e 19 ol adoin3 6-¢€ snoaoeqloH |jouaydoiojyoejuad | sseigaky |eluualod auuasad wnijo7
0600Z ‘UBWIMBN pue ZIeydknsS |  ySN uieiseayinos
800¢C ‘'Ie 1@ adoyuels /uJieise] 0T-S EEINN 301 wn3ooms enyroeifis sequiepinbr
€ OLAHd O4ll
Z66T ‘T66T ‘U0l M pue uosiapuy elsy uJaise] 1T-S SnoaoeqloH 301 J9A0[D yshg e1e8uNd ezopadsa
301
aploIyd
wnjuowwe |AyrawijAospoq
ajeuoy|ns
€ OLAHd Odll auazuaq|M|e Jeaul| |Aospoq
€66T “'|e 1o uosiapuy a1ejAxoyre
Z66T ‘T66T ‘U0l EM PUB UoSIapuy eISY UIslse] | [enuue se umoin | SnoeoeqIaH loyoole Jeaul] |£oapoq ueagfog Xew ujokl9
0TOZ ‘suosied
TTOT ‘UIdIH ,2aso.,
TTOZ “"|e 1@ aneonoQ ejjessny TT-0T EEI] 301 ylequol| pay uojAxoiopis smdAjeon3
yoiig
€T0Z “’|e 19 sImaT adoin3 9-¢ TN 301 91yM ueadoing einpuad ejnjag
€ OLAHd Oull sseigieaym 1S049AH
V66T |8 10 0liag eIsy +£ snoaoeqloH Jouaydoiojyoeiuad pa1sal) | AD wnJoyiasap uoiAdoiSy
auoz adAL
ERIEYETEN | 0} 9AI}eN | ssaulpieH vasn uoljejaSopn jueujwejuo) uowwo) une

1817 Jue|d A50j0UY0810MY4 [03U0D JINRIPAH pue UONEPRISE-SIUBAI0S PalRuULoly) £T°E aIndlq




€ O1AHd O4ll

9plIojyd
pue a1euoy|Ns ‘a1ejAxoy1e

€66T ‘UO}EM pue dUYINY ‘uosiapuy VSN | [enuue se umoin SsnoaoeqloH |oyoale Jeaul| |Aoepoq uo) shew eaz
SpUOIYd
€ OLAHd Odll eisy ‘adoin3 pue sjeuoyins ‘erejhxoyrd
€66T ‘’|e 19 uosiapuy ‘eolswy YuoN 0T-€ SnoaoeqloH |oyoaje Jeaul| [Aoapoq lene) ‘dds eydA|
€ OLAHd O4ll
Z66T ‘T66T ‘'|e 18 uosiapuy eolBwWy YlioN 6-1 SnoaoeqlaH 301 ‘30d poJuap|on ‘dds ogepijos
€ OLAHd O4ll
866T “le 19 1sinykey | VSN uleiseayinos T1-8 LI 301 onswied mes suadeJ OUBISS
ZT0zZ Yefowpue
800¢ “’|e 10 adoyuels | YSN UISISaMUINOS 0T-v 9ai1/aniys 301 ‘30d MOJ|IM 830400 “dds xijes
€ OLAHd Oyl
S66T “[e 10 1InykeH 1se3 9IPPIA T1-6 SN09oeqIoH I01 ueag Joyse) SIUNWWOI SNUIdIY
€ OLAHd Oyl
8667 “'le1931sinykeH |  ySN uleiseayinos 011 93l 301 YeQ aAI eueuIZIIA Sn2Jand
000Z ‘e 12 olid4 VSN uisise] S EETIN apuoIYo [AUIA ‘30d ‘IDL )eQ auld suasnjed snasand)
666T |e 1o Suem
0T0Z ‘d600C ‘UeWMAN pue ZIeydkng
8667 “’Ie 19 pieydio
€T0C “'|e 1o 0l 6T-68C lIZoImowixew
q.66T ‘©/66T “'|e 19 uewWMmaN d x edieooyoliy snindog
TTOT “le 18 JallIN auexold ¥‘T 68T-0G seploysp
666T ‘’|e 19 sauor aplojyoes1a) uogied d x edieooyou} snindod
€ OLAHd Odll dUSZUSOIO|YOUL-7‘C T 7ENT
866T ‘AonieH Jouaydoiojyoeiuad eISIU x saployep snindod
/66T “’|e 32 uopion 301 SpuaAy sapjo3jep snindod
/66T 400UydS pue uaying EETIEN soleA TN 30d | pue saoads Jejdod ‘dds snjndod
0TOZ ‘a600C ‘UewMaN pue zieydAns VSN uidise] 6-1 TN 301 9I0WRIAS SIjeluapId00 snuejue|d
auoz adAL
ERIEYETENY | 0} 9AI}eN | ssaulpieH vasn uoneleSopn jueulwejuod uowwo) une

98

(panupuod) €1°¢ aungiy




Contaminant: TCE

Target media and depth: Groundwater at 6-12 meters (20-40 feet). Concentrations of TCE

in groundwater varied between <500 micrograms/liter and >9000 micrograms/liter

Travis Air Force Base is located near the city of Fairfield, CA. The base contains several
contaminated areas, including Building 755, which was once used to test liquid-fueled rocket
engines and later used as a battery and electric shop. The shop regularly discharged battery acids
and chlorinated solvents into the groundwater until 1978. Since then, the building structure
has been removed and the source of the solvent plume excavated. Beginning in 1998, 100 Red
Ironbark Eucalyptus trees (Eucalyptus sideroxylon ‘Rosea’) were installed on a 2.24 acre plot
southeast of the former building to hydraulically control the solvent plume. Two years later, in
2000, another 380 eucalyptus trees were installed. By 2009 almost 100 trees had died, leaving

388 trees remaining; however, this was still enough to create an effective system.

A phytotechnology system was chosen for this site because of its likely effectiveness and low cost
in reducing the amount of TCE in the groundwater. In addition, dry climates with low summer
precipitation, as found at this site, help ensure that the trees depend solely on the targeted
contaminated groundwater for their water needs. The Travis Air Force Base phytotechnology
site is part of a larger network of demonstration projects at six US Air Force bases across the
country that were installed in the late 1990s. Phytotechnologies are of significant interest to the
DOD because of the frequent past use of TCE as a degreasing solvent in aircraft maintenance,

resulting in widespread groundwater contamination at Air Force bases around the world.

In addition to the tree planting downgradient from the source, a bioreactor consisting of a
mixture of iron pyrite, gravel and woodchip mixed with vegetable oil was installed near the
source area in 2008. Since installation of the bioreactor, TCE contamination directly around
the source area has decreased by as much as 94%. Phytovolatilization ( | of TCE from the
trees and soil surface into the atmosphere and phytodegeneration ,( = were the primary
mechanisms of TCE removal from the groundwater that were evaluated in this study. Using
groundwater data collected in 2004 and 2009, calculations based on the field measurements
indicate that volatilization from leaves and soil accounts for almost half the 3.75 lbs of TCE
removed from the phytoremediation site each year. Transfer of TCE into the atmosphere is not
considered a concern at this site, since TCE has a relatively short half-life in the atmosphere
(Atkinson, 1989) and air-quality sampling has verified worker health is not at risk (Parsons,
2010). The tree stand has been successful enough that the engineers have recommended

expansion onto other areas of the base impacted with TCE groundwater plumes.
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Former battery and electric TCE was estimated to be 50%
shop - source of TCE plume removed in 2011, with total
removal projected by 2020
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Figure 3.14 Case Study: Travis Air Force Base, Fairfield, CA
Scale: 1 in = 1500 ft

12-year-old phytoremediation planting of euycalyptus trees at Travis Air Force Base is one of six phytoremediation plantings
installed at US Department of Defense sites in the late 1990s, and is expected to have completely remediated the plume
by 2020.

Figure 3.15 Case Study: Travis Air Force Base, Fairfield, CA - 2012



Case Study
Chlorinated
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Project name: Pinehurst Hotel Dry Cleaners (ATC, 2013; Sand Creek, 2013)

Location: Pinehurst, NC

Consultants/Scientists: Sand Creek Consultants, Wisconsin; ATC Associates, North Carolina
Date installed: 2010

Species installed: Hybrid poplars (Populus spp.) and willows (Salix spp.) were installed

downgradient of the source area to prevent migration of the contaminant plume.
Area A — hybrid poplars planted on 3.2 x 2.4 meter (8 x 6 foot) grid spacing.
Area B — hybrid poplars and willows planted between existing Magnolia trees.

Amendments: Iron (zero valent) was injected into the source area to help break down
pollutants in the most contaminated areas. Phytoremediation was not used in the source area;
only downgradient to control the migrating contaminant plume. Pine straw and turf grass

were utilized for weed control within the phytoremediation planting.
Contaminants: PCE _ , TCE |, Benzene @), Xylenes @
Target media and depth: Groundwater at 4 meters (13.5 feet) depth

Pinehurst Hotel Cleaners was a dry cleaning and laundry facility for the former Pinehurst
Hotel and operated from the 1930s until the 1970s. Contamination was identified during a
due-diligence assessment on an adjacent property. The property owner registered the site with

North Carolina’s Dry-cleaning Solvent Cleanup Act (DSCA) Program in 2001.

Beginning in 2008, 750 tons of contaminated soil were excavated at the plume source and
treated on site using a mobile steam-distillation unit. Additionally, zero valent iron was
added near the plume source to help break down contaminants. A phytotechnology
installation consisting of hybrid poplar and willow plantings was installed on two sites in
2010 further downgradient on the plume: a deep-planted zone where groundwater was 18
feet below grade, and a shallow-planted zone where groundwater was less than 3 feet below

grade.
These phytotechnology plantings provided hydraulic control of the plume and prevented

discharge of dry-cleaning solvents to a nearby surface-water stream. The deep-planting
species were hybrid poplar, installed between the source area and the stream, and required
planting the 20-foot trees into deep boreholes to access groundwater. The shallow plantings
were hybrid willow, and were installed as buffers along the banks of the surface-water stream.
Phytotechnology approaches were utilized due to their low cost and to comply with stakeholder
desires for a green and environmentally friendly remediation solution. Today the plume is

stable and surface-water impacts have been successfully mitigated.
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Area A: Hybrid poplar planting: installed down gradient
of plume source to provide hydraulic control

Area B: Hybrid poplar and Plume source excavated and
willow planting treated with zero valent iron Former Dry Cleaners building

Figure 3.16 Case Study: Pinehurst Hotel Cleaners, Pinehurst, NC
Scale: 1 in =200 ft
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Phytoremediation Area A: 2008 installation - phytoremediation Area A: 2010 — 2.5 years of
poplar spp. growth
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Phytoremediation Area B: Original installation Phytoremediation Area B: 2010 — 2.5 years
— poplars and willows were installed to protect of growth

the surface-water swale visible on the right from

contaminated groundwater.
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Figure 3.17 Case Study: Pinehurst Dry Cleaners, Pinehurst, NC
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Figure 3.18 Explosives

©® Explosives

Specific contaminants in this category
* 1,3,5-trinitroperhydro-1,3,5-triazine (RDX)
* 1,3,5,7-tetranitro-1,3,5,7-tetrazocane (High Melting Explosive or HMX)

trinitrotoluene (TNT)
Typical sources of explosives contamination: Munitions.

Typical land uses with explosives contamination: Defense sites, explosives manufacturers, stockpiling
facilities, weapons-dismantling facilities, other lands where military activities have taken place, mining

sites, quarries.

Why these contaminants are a danger: The three most common explosive contaminates are RDX,
TNT, and HMX. RDX is the most widely used military explosive, and TNT is commonly mixed
with the RDX (Rylott et al., 2011). In recent years, RDX and TNT have been replaced by HMX in 103
numerous military applications (Yoon et al., 2002). The US EPA has classified all of these explosives
as priority pollutants and possible human carcinogens, and RDX is especially a danger to humans
because it can easily contaminate drinking water supplies. RDX is toxic to humans and mammals; it
targets the central nervous system and is known to cause convulsions (Burdette et al., 1988). Unlike
other dangerous contaminants that have been banned due to their toxic effects, the constant demand
for military explosives means that these explosives will likely continue to be manufactured and pose a

significant environmental risk (Rylott et al., 2011).

Summary
RDX, TNT and HMX are very different compounds and act distinctly differently in soils.

RDX

Mechanisms utilized: Phytohydraulics (), Rhizodegradation '_?:', Phytodegradation ,(

Phytometabolism [ |

RDX leaches easily and can be found in both soil and groundwater. Some bacteria in the root zones and
microbes (called endophytes) in the above-ground portions of some plants can degrade RDX (Rylott et
al., 2011; Just and Schnoor, 2004). However, RDX can also be toxic to plant growth and plants must be
selected that have either evolved or been genetically modified to tolerate soils with RDX. If tolerant plants
with deep tap roots and high evapotranspiration rates are selected, they can potentially be used to reach
RDX in groundwater and actively pump out the RDX as associated bacteria start to degrade it. With a
log K of 0.87 in the applicable range, RDX can be mobilized into plants. RDX degradation is possible

with the assistance of plants and microbes via both rhizodegradation '~ and phytodegradation , .
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Disturbed soils tend to be poor in nitrogen, and bacteria at sites contaminated with explosives have evolved

the ability to tap RDX as a nitrogen source, degrading it as the nitrogen is utilized (Rylott et al., 2011).

The complete mechanism for how degradation pathways work is not completely known, and the
metabolite byproducts produced by the phytodegradation process can be toxic. Degradation can
occur in environments both with and without oxygen, resulting in the release of toxic and non-toxic
metabolites (Rylott et al., 2011). For these reasons, plant-based RDX systems are not fully ready for field
application and should be considered only in a scientific experimental setting at this time. In addition,
RDX-contamination tends to be mixed with TNT or other pollutants and additional complications
can arise (see below). The latest innovation in RDX degradation is a partnership between scientists
and the US Army to explore the use of genetically modified grasses that can live on toxic sites and also
degrade RDX into metabolites that are less toxic (Rylott, 2012). These grasses are low-growing and can

be planted on firing ranges and bases where sight lines are necessary and active military uses are present.

TNT
Mechanisms utilized: Phytostabilization

TNT is typically tightly bound to soils and toxic to plants, and often persists in soils for centuries, so
establishing plants in soils contaminated with TNT is very difficule (Rylott et al., 2010; Thompson
et al., 1999). A few select plants in TNT-polluted areas have been shown to develop a tolerance for
growing in this toxin. The genes for TNT tolerance in these plants are currently being studied to try
to produce genetically modified plants that could tolerate growing in TNT conditions (Rylott et al.,
2011). This is important, not for degrading TNT, but for remediating other contaminants that could
be degraded on military bases that have a mix of soil contamination including TNT. For example, RDX
or petroleum spills may be able to be degraded with plant species, but the plants would have to be
tolerant to TNT. The TNT, which is not as large a risk to humans, as it does not typically migrate into
groundwater, could be further bound to soils and stabilized on site while other organics are degraded. In
some circumstances TNT not bound to soil particles can be extracted into the plant (Thompson et al.,

1999), but this condition is unlikely in the field.

HMX
Mechanisms utilized: Phytohydraulics (), Phytometabolism | |, Phytostabilization @

HMX is not phytotoxic, so plants can often grow in soils contaminated with HMX (Yoon et al., 2004).
It has a log K of 0.19 and can be taken up and stored in the above-ground portions of plants.
However, plants cannot degrade it (Yoon et al., 2004). Accumulating it in the leaves creates a pathway
for mobilization of this toxic contaminant because HMX can easily leach out of fallen leaves. With
bioaccumulation, the risk of insect or animal ingestion is present and therefore phyto is not suggested
for field application for HMX remediation at this time (Yoon et al., 2004). If extraction is considered,

leaves and other plant parts must be collected to prevent the spread of the contaminant.

Other military contaminants that are not explosives include: petroleum products, which are quite

pervasive on military sites (see previous section on petroleum), perchlorate (see section on inorganics —



salts later in this chapter), Perc and TCE (see previous section on chlorinated solvents), metals such
as lead, zinc, copper and radionuclides (see following sections on metals and radionuclides).

Since TNT can be quite phytotoxic to plant growth, and explosives contaminants are often mixed on
sites, the successful use of phytotechnology systems in soils at field scale has been limited. In addition to
phytotoxicity concerns, when the explosives are broken down, they can be metabolized into components
that are just as toxic as their original composition. For this reason, plants are currently recommended
only for mobilization control of contaminants, and not for degradation or extraction. However, there is
significant research being completed in this field and phytotechnologies show considerable promise for
future degradation potential. Energy-intensive excavation and incineration practices are most commonly
used to remediate explosives-contaminated soils in the US (Subramanian and Shanks, 2003). If research
continues and phyto strategies develop further and become viable, they would have tremendous
applicability on these often remote, large land-area sites. In addition, they can address environments with
existing fragile ecosystems where minimal disturbance is preferred (Reynolds et al., 1999).

When explosives are targeted in water rather than soil as described above, utilizing constructed

wetlands for explosives removal and degradation has shown promising results (Kiker et al., 2001).

Planting specifics
The following planting typologies can currently be considered for use in conjunction with the

plant lists below.

In soil

10 help hold the contaminant on site so it does not move:

¢ Planted Stabilization Mat: Chapter 4, see p. 202

In water
10 help control contaminated groundwater: hydraulic control time frame is 2-10+ years, dependent

on how contaminated the groundwater is, speed and volume of plume.

* Groundwater Migration Tree Stand: Chapter 4, see p. 213

 To degrade within water: Some explosives have been successfully removed from water with

constructed wetlands.

¢ Surface-Flow Constructed Wetland: Chapter 4, see p. 238
o Subsurface Gravel Wetland: Chapter 4, see p. 241

The plant list in Figure 3.19 is an initial list of species that have been shown in laboratory
studies to be useful for degrading explosives in soils. No plants other than wetland plants for
degradation are recommended for field application at this time, since further studies need to
be completed before these systems are implemented. Deep-rooted, high evapotranspiration-
rate tree species may be considered to prevent groundwater plume migration, but the explosive

metabolites that may be translocated to leaves must be carefully considered.
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Case Study
Explosives

Project name: lowa Army Ammunitions Plant Constructed Wetlands (Kiker et al., 2001;
Thompson et al., 1997, 2003)

Location: Middletown, TA

Scientists: Dr. Steve Larson, research chemist with US Army Corps of Engineers ERDC;
Randy Sellers, biologist with the US Army Corps of Engineers, Omaha; Jackson Kiker, chemist
formerly with the US Army Corps of Engineers, Omaha; Don Moses, civil engineer, US Army
Corps of Engineers

Date installed: 1997

Planting description: Constructed wetlands were created and new depressions were lined
with soil collected from local lakes. This provided a seedbank for future growth of wetland
vegetation: Rice Cutgrass (Lersia oryzoides), Smartweed (Polygonum punctarum), Reed
Canarygrass (Phalaris arundinacea), freshwater algae (Spirogyra spp.), Barnyard Grass (Echinochloa
crusgalli Michx.), Pondweed (Potemogeton sp.), Water Plantain (Alisma subcordatum), Arrowhead

(Sagittaria sp.), Coontail (Ceratophylum demersum), Stonewart (Chara).

Contaminants: TNT 2,4,6 Trinitrotoluene in soils @ and RDX Hexahydro-1,3,5-triazine

within surface and groundwater @

Target media and depth: Surface and groundwater RDX levels reduced from 778 micrograms/
liter to below 2 micrograms/liter from January to July of 1998 and reductions have continued

through 2013 to meet regulatory discharge limits. TNT in soils has not been remediated.

The Iowa Army Ammunitions plant is a 19,000-acre facility in southeastern Iowa that has
produced ordnance and warheads for the Department of Defense since 1940. Isolated areas
within the site were extensively contaminated with explosives related to the disposal of
munitions, creating large volumes of wastewater containing TNT and RDX. Contaminated
surface waters on the site were often referred to as ‘pink water’ due to the color change caused

by explosives contamination. In 1990, the plant was listed by the US EPA as a Superfund site.

In 1997, two of the most contaminated areas of the lowa Army Ammunitions plant — the Line 1
Impoundment and Line 800 Lagoon — were excavated to remove most of the contaminated soil.
Instead of being backfilled, the areas were reclaimed as engineered wetlands that would treat
contaminated surface and groundwater. This was the first known full-scale phytotechnology
system designed to treat explosives-contaminated water. The goal was to reduce contamination
levels to below the 2 ppb US EPA health advisory lifetime level. Phytotechnology as a remediation
option was chosen due to its low cost. The excavated areas were lined with sediment from a nearby
lake that acted as a seed source to spur the growth of wetland vegetation of over 50 different
species. Line 1 is now a 3.6-acre constructed wetland, while Line 800 is a 5-acre wetland.
The wetlands have been successful in explosives reduction to meet regulatory discharge limits,
except in winter, when the planting vegetation is dormant. At this time of the year, the water

must be held, and discharged when the growing season again is underway.
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Figure 3.20 Case Study: lowa Army Ammunitions Plant Constructed Wetlands, Middletown, IA

Scale: 1 in = 2500 ft

T

Line 1 Explosives Constructed Wetland: 2000 —
created from excavated explosives impoundment

Line 800 Explosives Constructed Wetland: 2000 —
created from excavated area of explosives

Figure 3.21 Case Study: lowa Army Ammunitions Plant Constructed Wetlands, Middletown, IA



CONTAMINANT CLASSIFICATIONS AND PLANT SELECTION

Pesticides

Specific contaminants in this category: Any pesticide with a breakdown half-life of less than one year:
Atrazine (herbicide), Picloram (herbicide), Clopyralid (herbicide) and Carbaryl (insecticide), to name a
few. Many pesticides are also chlorinated solvents (see p. 94). Pesticides that persist in the environment
for more than one year are included in the Persistent Organic Pollutants (POPs) category (see next

section, p. 118), and include DDT, DDE, Chlordane and Aldrin.
Typical sources of pesticides: Insecticides, herbicides, fungicides.

Typical land uses with pesticides contamination: Both present and former agriculture or orchards

uses, residences (sprayed for termites or other insects), rail corridors, road corridors, utility corridors.

Why these contaminants are a danger: Many pesticides are known endocrine disruptors and may
cause cancer in humans. Herbicides such as Atrazine are still widely used in the US but have been
banned in the European Union since 2003 because of evidence that they can contaminate groundwater

supplies (Sass and Colangelo, 2006).

Mechanisms utilized: Phytohydraulics (), Rhizodegradation ' _.3,:' , Phytodegradation ,( .

Pesticides such as the herbicides Atrazine, Picolram and Clopyralid and the insecticide Carbaryl are
in use today and can easily dissolve in water and migrate into surface and groundwater. They are most
harmful once mobilized in water, since they break down more slowly once they are in anaerobic
water environments. They can contaminate drinking water and be ingested by humans. Many are
known carcinogens.

Degradation of these pesticides can be enhanced with planted systems and usually occurs via
rhizodegradation | _-3,:. . Since these contaminants are most often mobilized into water, riparian buffers,
stormwater filters and constructed wetlands are most often utilized to capture water and break down
the pesticides. Even though most of these contaminants have been developed within the past 50 years,

microbiology has evolved to use these new nitrogen and carbon sources, facilitating their breakdown.

o " 1

Figure 3.22 Pesticides
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Planting specifics
Pesticides, especially herbicides, with a half-life of less than one year, may be present in
concentrations that prevent plant growth. However, when mobilized in water, they are often

diluted and then can potentially be degraded in constructed wetlands or bioremediation systems

without plants.

In soil
Many pesticides are formulated to break down on their own, over time. However, this process
can be speeded up with the introduction of plants that encourage microbial degradation in the

soil. For these easier-to-degrade pesticides, the following typologies can be considered.

) Soil degradation typologies: Time frame for degradation: 0-3 years

* Degradation Cover: Chapter 4, see p. 222

* Degradation Hedge: Chapter 4, see p. 220

* Degradation Living Fence: Chapter 4, see p. 220
* Degradation Bosque: Chapter 4, see p. 218

In water
Groundwater control typologies: The time frame is dependent on how contaminated the

groundwater is, and the speed and volume of the plume.

* Groundwater Migration Tree Stand: Chapter 4, see p. 213

Stormwater or groundwater degradation: Ongoing, as pollutants continually enter the system.

From the time a pollutant enters the system, time frame for degradation may be 0-3 years.

* Stormwater Filters: Chapter 4, see p. 235

* Multi-Mechanism Buffers: Chapter 4, see p. 234

¢ Surface-Flow Constructed Wetland: Chapter 4, see p. 238
¢ Subsurface Gravel Wetland: Chapter 4, see p. 241

The plant list in Figure 3.23 is an initial list of species that have been shown in studies to be

useful for breaking down easier-to-degrade pesticides in soil and water.
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Case Study

Pesticides

Project name: Farmer’s Flying Service (Sand Creek, 2013)
Location: Bancroft, W1

Consultants/Scientists: Sand Creek Consultants, Wisconsin; University of Wisconsin, Stevens

Point — Mark Dawson, William DeVita and Christopher Rog
Date installed: 2000

Plant species: 834 hybrid poplars (Populus NM-6, DN-34 and DN-17), Eastern Cottonwood
(D-105) and hybrid willows (Sa/ix SX-61 and SV-1)

Contaminant: Dinoseb () at 6,600 ppb (herbicide used against broadleaf weeds)

Farmer’s Flying Service was an aerial agricultural spraying service based in Bancroft, WI. Years
of pesticide storage and handling on the site caused extensive contamination of groundwater
and soil. Following the installation of a poplar and willow phytoremediation system, this site
experienced close to a 100% reduction in the concentration of Dinoseb in groundwater at the
downgradient monitoring location, decreasing from a high of 1,549 ppb observed two years
after planting in 2000, to no detection (<5 ppb) in 2004 and 2005 after the trees had become

fully established. In comparison, source-area concentrations remained elevated.

Phytohydraulics () are believed to be the primary phytoremediation mechanism observed, with
phytodegradation #'- o being a small fraction of this response, due to the known challenges

of degrading Dinoseb in an aerobic environment. Nevertheless, the planting at Farmer’s Flying

100% reduction in Dinoseb detection in down-gradient
monitoring wells after 4 years

O |1C O
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Monitoring wells
Control plot
Estimated Dinoseb plume Hybrid poplar and willow
extent after 4 years of growth planting (834 total trees) Dinoseb plume source area

Figure 3.24 Case Study: Farmer’s Flying Service, Bancroft, WI
Scale: 1 in =100 ft



CONTAMINANT CLASSIFICATIONS AND PLANT SELECTION

Barrels of pesticides (Dinoseb) excavated from the 20 centimeter-long poplar cuttings were installed Two weeks after planting.
site. The pesticides had leached into the ground- in rows.
water, polluting location drinking water supplies.

Two years after planting. The tree in the
2 i center is dying because it has tapped into the
o 5 n 3
i A polluted groundwater which was too toxic
¥4 -iﬁ% s ; One year after planting (5-6 ft height of for successful plant growth. It is normal in a
Four weeks after planting. growth) phytoremediation installation that plants in the
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Seven years after planting. The site has been conditionally
closed and remediated, but the trees remain to maintain
hydraulic control.

Seven years after planting. Taller trees indicate where the groundwater was originally less

polluted and the shorter trees on the left demarcate areas that originally had greater pesticide concentrations.
The shorter trees on the right are test hybrids of Populus and Salix that were less robust than the hybrids used
in the remaining stand.

Figure 3.25 Case Study: Farmer’s Flying Service, Bancroft, Wl

Service is among the most successful pesticide phytoremediation efforts to date. Today the
site is closed, but the phytotechnology planting continues its function to maintain hydraulic
control. Additional research is needed to evaluate potential Dinoseb degradation rates in the
hybrid poplars by searching for Dinoseb metabolite compounds within both the rhizosphere

and the tree biomass.
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CONTAMINANT CLASSIFICATIONS AND PLANT SELECTION

Figure 3.26 POPs

@ Persistent Organic Pollutants (POPs)

Specific contaminants in this category: There are 24 toxic chemicals that originate from man-made
sources and are categorized as POPs (US EPA, 2013c¢). The most commonly encountered POPs include

a group of 12 ‘dirty dozen’ toxic chemicals that can bioaccumulate in the soil, including:

e formerly used pesticides: DDT (DichloroDiphenylTrichloroethane), DDE (metabolite of DDT),
Aldrin, Chlordane, Mirex, Toxaphene, Hexachlorobenzene, Dieldrin, Endrin and Heptachlor

e formerly used industrial chemicals: PCBs (Polychlorinated biphenyls) — mostly used as coolants

* byproducts from other chemical processes: Dioxins (polychlorinated dibenzo-p-dioxins) and furans

(polychlorinated dibenzo-p-furans) (White and Newman, 2011)

Typical sources of POPs: Pesticides, industrial coolants in motors, fire retardants, transformers, air
conditioners and in caulking around windows. Atmospheric deposition distributes POPs away from

the original source or point of origin.

Typical land uses with POPs contamination: Industrial sites, transformers, railroad yards, buildings
with old caulking especially around windows and doors. Locations where DDT, DDE and other

pesticides were sprayed.

Why these contaminants are a danger: POPs bind tightly to soils and tend to bioaccumulate and
biomagnify in food chains (White and Newman, 2011). PCBs, one category of POPs, were banned
from use in 1979 in the US and worldwide in 2001, due to studies that linked them with cancer (Porta
and Zumeta, 2002). The insecticide DDT (and its metabolite DDE) was banned in 1972 in the US
and worldwide in 2001, due to its toxic effects on wildlife, especially birds (Moyers, 2007). Chlordane,
an insecticide, was widely used not only on agricultural fields but on residential lawns and for termite

control through the 1980s (Metcalf, 2002).

Mechanisms utilized: Phytostabilization @; some limited success with Phytoextraction . and

Rhizodegradation ' )



POPs adhere tightly to soil particles and enter groundwater only slowly, if at all. DDT and Chlordane
and industrial uses of PCBs have contaminated soils, which remain polluted even after 100 years.
Currently, there are no widely accepted field-scale phytotechnology systems that can be realistically
applied to degrade or extract these contaminants (White and Newman, 2011). Some studies have
shown that breakdown of DDT, PCBs and other POPs is possible with plants and associated microbes,
but the degradation pathways and resulting metabolites are still unclear and findings are not consistent
for field application. The structure of the molecules in this category makes them highly recalcitrant.
Instead, plants can be used to help stabilize the contaminant onsite.

Some studies have found that certain species of plants can extract or degrade PODPs at higher rates
than other species. For example, recent research has identified one species of a zucchini/pumpkin cross
that can accumulate dioxins (White and Newman, 2011). However, the extraction potential is likely
only a small fraction of the contaminant concentration that can exist in polluted soils, therefore field
application of this technology remains problematic (White, 2010). Even if the plants are harvested and
removed from the site over repeated growing seasons, only the bioavailable fraction of the pollutant
could be removed, and pollutants adhered to the soil may remain indefinitely. Mechanistic studies are
being performed by scientists to understand why certain species take up some POPs more than others.
In the future, potential species may be found and utilized for degradation or extraction and harvesting,

but at this time these methods are not applicable.

In soil

Stabilization:
* Dlanted Stabilization Mat: Chapter 4, see p. 202

One reason why these compounds are so persistent in the environment is their low solubility in water,
so water vectors have not been considered here. Plant species for POPs extraction have shown some
success at lab or pilot scale only, but should not be considered for field-scale implementation at this
time. A list of plants tested in these studies is included here (Figure 3.27); however, for current field
application, plants should be utilized only as stabilization covers. Any species that can be effectively
grown to create a thick cover and prevent erosion or dust mobilization can be considered to help reduce

the risk of contact with the soil.

Case Study | Project name: Etobicoke Field Site (Ficko et al., 2010; Ficko et al., 2011; Whitfield et al.,

POPs

2007; Whitfield et al., 2008)
Location: Etobicoke, Canada (outside Toronto)

Institution/Scientists: Royal Military College of Canada, Queens University — Barbara A.
Zeeb, Sarah A. Ficko, Allison Rutter

Date installed: Studies ongoing since 2004

Plant species installed: Cucurbita pepo ssp. pepo ‘Howden’ (Pumpkin), Carex normalis (Sedge)

and Festuca arundinacea (Tall Fescue)
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Security 9000 tons PCB
Fence contaminated
soil > 25 ug/g

Horner Ave.

Former Federal
Pioneer Itd.
Building
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Water|
Treatment - T
20,000 tons stockpiled Experimental
PCB contaminated soil Plot Figure 3.28 Case Study: Electric Field, Etobicoke,
Barrier wall to Canada
Control Plot| prevent PCB migration Scale: 1 in = 200 ft

Amendments: NPK fertilizer, rototilling
Contaminant: PCBs @ (Aroclors 1254/1260) @ 37ug/g
Target media and depth: Soils, top 60 centimeters (2 feet)

This field site is a former electric transformer manufacturing facility located in the town of
Etobicoke just outside Toronto, Canada. Approximately 9,000 tons of PCB-contaminated
soil are located at the site and have been secured with an asphalt cap. Groundwater flowing
through the contaminated soil is treated with an on-site wastewater treatment facility before
being discharged into the city sewer system. An area of asphalt was excavated and converted

into a phyto research-study plot.

Studies on the site first started with field trials to see if various PCB-accumulating species that
were identified in greenhouse studies might accumulate PCBs in field conditions, including
Cucurbita pepo ssp. pepo “Howden” (Pumpkin), Carex normalis (Sedge) and Festuca arundinacea
(Tall Fescue) (Whitfield et al., 2007). Further studies focused on different pumpkin planting
methods, including the use of a trellis system and planting in potting soil (Whitfield et al.,
2008). This study showed the importance of the pumpkin root structure (adventitious root

system) in the uptake of PCBs and also revealed that increased planting density might be



CONTAMINANT CLASSIFICATIONS AND PLANT SELECTION

= AN Ly

Cucumbers, Tall Fescue and Sedge were planted on an old electric transformer site contaminated with PCBs to test for extraction
potential. Spontaneous vegetation emerged on the edges of the plot, and those species were also tested for extraction. Of the 27 plant
colonizers, 17 native invader “weeds” were found to extract greater amounts of PCBs than the original test species. These species are
currently being tested on other sites. Phytoremediation potential for PCBs has not yet been verified, and plants are not viable means for
extraction/remediation of contaminated PCB sites at this time.

Figure 3.29 Case Study: Electric Field, Etobicoke, Canada
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counterproductive to overall PCB uptake. The study still showed, however, that although this
particular subspecies of pumpkin can take up more PCBs than other plants, it likely does not

take up enough to be useful for remediation at contaminated sites.

Further investigations have utilized a unique method to identify additional PCB-extracting
species by analyzing weedy species that naturally colonized the bed edge of planting plots used
in previous studies. A 2010 study by Sarah Ficko et al. revealed 27 natural plant colonizers
of the PCB-contaminated soil. When analyzed for PCB concentrations within their tissues,
it was found that 17 of the species had accumulated PCBs at levels similar to or greater than
the previously identified PCB-accumulator pumpkin. Three of the species, Solidago canadensis
(Canada Goldenrod), Chyrsanthemum leucanthemum (Ox-Eye Daisy) and Rumex crispus
(Curly Dock), were further tested at the site (Ficko et al., 2011). They were found to have a
greater extraction capacity than the pumpkin. However, further research is needed to identify
the specific mechanism of PCB extraction within the identified weed species, as well as to
optimize the planting density and methods of harvest. These studies reveal the importance
of identifying natural colonizers of contaminated sites so as to advance knowledge of species
capable of contaminant extraction, as well as of identifying commercially viable species for
phytoextraction. Phytoextraction of PCBs is still being investigated in scientific field trials, and
research over time will show if it may be viable for future field-scale remediation. Field-scale
remediation of areas of low PCB soil concentration may be viable in the future if the time of

remediation is flexible (i.e. it may take many, many years).
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Other organic contaminants of concern

Specific contaminants in this category: This category is a catch-all for other organic contaminants of

concern that have not been included in other categories. The following are included:

e Aircraft de-icing fluids and coolants: Ethylene glycol (EG) and propylene glycol (PG), two types of
alcohol hydrocarbons

¢ Embalming fluids: Formaldehyde and methanol, two types of hydrocarbons that are Volatile Organic
Compounds (VOCs)

* Pharmaceuticals and personal care products: A broad range of man-made medicines and lotions,

including antibiotics, hormones, anti-depressants, cosmetics and many others.
Typical sources of other organic contaminants of concern

* The primary source of ethylene glycol in the environment is from run-off at airports, where it is
used in de-icing agents for runways and airplanes. It is also used in brake fluids and antifreeze for
cooling and heating systems. Propylene glycol, the additional additive in de-icing fluids, is generally
recognized as safe and, additionally, is used in making polyester and in food processing (NHDES,
2006).

* Formaldehyde and methanol are used in embalming and preservation processes and are also
prevalently used in industrial processes and manufacturing. They are also found in automobile
exhausts.

* Pharmaceutical pollution primarily occurs from both human and animal wastewater. Most municipal
water-treatment facilities do not treat for pharmaceuticals and they are often released when the
treated water is discharged. The same is true for individual septic systems, where pharmaceutical

treatment is not targeted. Animal-production wastewater can also contain these pollutants.

Typical land uses with contamination from other organic contaminants of concern: De-icing:
airports, military uses; Embalming: funeral homes, graveyards and cemeteries; Pharmaceuticals:

suburban homes, wastewater treatment facilities, animal producers and feed-lots.

Why these contaminants are a danger: Formaldehyde is a known carcinogen. However, formaldehyde
typically breaks down quickly, within one day in both air and water (ATSDR, 2013), and ethylene
glycol typically breaks down in the natural environment in about 10 days. These contaminants do not
tend to be a danger to humans outdoors unless ingested in large quantities. However, they can easily
dissolve in water and migrate. Pharmaceuticals also quickly dissolve in water and can contaminate
drinking water supplies and surface water bodies. The effects of low-level repeat exposures for many

pharmaceuticals are unknown, but increasing concern is emerging.
Mechanisms utilized: Rhizodegradation ',/, Phytohydraulics (), Phytovolatilization (7,

Phytodegradation , <, Phytostabilization

The organic contaminants covered in this ‘other’ category are primarily a concern because they can

quickly dissolve in water and potentially contaminate drinking water and surface water bodies.



A

De-icing fluids can be easily degraded in constructed wetlands. Formaldehyde can also quickly degrade
in the natural environment. Research in plant-based remediation of pharmaceuticals in wastewater
is just beginning, but promising results have been seen in constructed wetlands for degradation of
many pharmaceutical compounds with planted systems. It is anticipated that future findings and

recommendations will emerge.

In water
Groundwater control typologies: The time frame is dependent on how contaminated the groundwater is,

and the speed and volume of the plume.

* Groundwater Migration Tree Stand: Chapter 4, see p. 213

Stormwater or groundwater degradation: De-icing and embalming fluids have been shown to be
successfully degraded quite quickly in water with constructed wetlands. In addition, promising studies
on pharmaceutical degradation in wetlands have also been released. Contaminated groundwater or
wastewater is cleansed by being pumped up naturally by the plants. Plant species and case studies
for constructed wetlands have not been included here, since they have been widely documented in

publications by others.

* Stormwater Filters: Chapter 4, see p. 235

* Multi-Mechanism Buffers: Chapter 4, see p. 234

* Surface-Flow Constructed Wetland: Chapter 4, see p. 238
¢ Subsurface Gravel Wetland: Chapter 4, see p. 241

¢ Floating Wetland: Chapter 4, see p. 242

Inorganic contaminant classifications

Inorganic contaminants cannot be degraded with plant-based systems. Because inorganic pollutants
are elements found on the periodic table, they cannot be broken down into smaller parts. Instead,
the form of the inorganic contaminant can be changed, stabilized on site, or moved into and stored
in plant tissues (Pilon-Smits, 2005). Plants can help to change the form of the element, for example
from a solid to a gas or from an oxidized state to a different state, to mitigate risk. In addition, in
limited cases, some plants can extract inorganic contaminants. The plants can then be cut down and
harvested to remove the pollutant off site. For further information on general principles of inorganics, see
Chapter 2, p. 55.

Plant macronutrients: nitrogen, phosphorus and potassium

Specific contaminants in this category: Nitrogen (including various forms of nitrogen: ammonium

(NH,"), nitrate (NO;), nitrite (NO,)), Phosphorus (including phosphate), Potassium (K)

125
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Figure 3.30 Nutrients

Typical sources of nutrient pollution: Fertilizer application, manure, human wastes and septic
systems, atmospheric deposition, leachate from landfills, air pollution from vehicle and industrial

exhausts.

Typical land uses with nutrient contamination: Agricultural fields, animal producers and feed-lots,
residential lawns, parks and open spaces (including golf courses), roads, landfills, and any use with a

septic system.

Why these contaminants are a danger: Excessive macronutrients leach into waterways and feed
algal blooms that consume life-supporting oxygen in waterways (eutrophication). Typically, nitrogen
has the most detrimental effect on saltwater systems and phosphorus affects freshwater systems. The
resulting low-oxygen ‘dead zone’ destroys aquatic life. In addition, excessive nitrogen in drinking
water can cause ‘Blue Baby Syndrome, where newborns that drink the water become seriously ill
with low levels of oxygen in the blood (US EPA, 2013a). Nitrogen can quickly contaminate drinking
water supplies since agricultural uses and septic systems with excessive nutrients often leach water into
drinking water aquifers. Excess potassium is not known to pose significant health or ecological risks

at this time.

Summary

1 Nitrogen

Nitrogen can exist in many forms, from atmospheric nitrogen gases (N,, N,O and NO)

to ions of nitrogen with various charges that can be found in soil and water (ammonium-+,



nitrite- and nitrate-) to solid organic forms that can be bound in soils and plant life. In the
nitrogen cycle, nitrogen moves readily between these various forms, and bacteria and plants play
a significant role in these transformations. Excess amounts of nitrogen in the environment are
typically a problem when the ionized forms of nitrogen leach into surface waters or groundwater,
rather than when the nitrogen is in the form of a gas, bound to soil or incorporated into organisms
as organic nitrogen. Denitrifying bacteria associated with plant roots and soils can turn these
polluting forms of nitrogen back into atmospheric gas, removing them as pollutants from soils
and water. Returning excess nitrogen to the atmosphere is regarded as the best remediation
solution, since nitrogen gas makes up almost 80% of the earth’s atmosphere.

Planted systems can speed up the work of the denitrifying bacteria in soils that convert nitrogen
into a gas. By supplying denitrifying bacteria with the sugars, oxygen and root exudates they need
in order to thrive, plants can create soil zones where nitrogen is quickly transformed and returned
to the atmosphere. In addition, plants can also use the polluting forms of nitrogen for plant
growth, converting the nitrogen into plant biomass and other forms of organic nitrogen, thereby
removing it from its mobile state in water that causes risks to human and environmental health.

Removal of nitrogen from soils, groundwater and wastewater is one of the best applications
of phytotechnology, with decades of notable field-scale project successes. The three most typical
nitrogen-remediation scenarios are remediation of polluted groundwater, wastewater or surface
water. For groundwater remediation, high evapotranspiration-rate plants are used as solar pumps
to pump up the water, while associated bacteria transform the nitrogen into a gas or the plant
turns it into a form of organic nitrogen. With wastewater, the water is typically irrigated onto
plants, where either the plants take up the nitrogen or it is converted to a gas by bacteria in the
root zone of the plant. Wastewater can also be treated with constructed wetlands. Lastly, for
surface water, constructed wetlands can be utilized to remove the nitrogen, or stormwater filters

can address excessive nitrogen at the source.

Planting specifics

The following planting typologies can be considered for use in conjunction with the plant lists

below.

In soil

Typologies for removal from soil: Potential removal time frame 0-5 years

* Degradation Cover*: Chapter 4, see p. 222

* Degradation Hedge*: Chapter 4, see p. 220

* Degradation Living Fence*: Chapter 4, see p. 220
* Degradation Bosque*: Chapter 4, see p. 218

* Note: Nitrogen is not actually degraded in this system, but instead volatilized into the air or
metabolized and turned into organic nitrogen within the plant tissues. However, degradation

typologies are noted because the nitrogen is ‘used up’, no byproducts are left behind, and no

harvesting is necessary.

127



128

Case Study

Nitrogen

In water
Typologies to control contaminated groundwater, stormwater, or wastewater and transform nitrogen

back into a gas: Timeframe for removal typically within 0-10 years.

¢ Groundwater Migration Tree Stand: Chapter 4, see p. 213
* Phytoirrigation: Chapter 4, see p. 207

* Stormwater Filters: Chapter 4, see p. 235

* Evapotranspiration Cover: Chapter 4, see p. 204

¢ Surface-Flow Constructed Wetland: Chapter 4, see p. 238
¢ Subsurface Gravel Wetland: Chapter 4, see p. 241

Since all plants use nitrogen and support denitrifying bacteria, any kind of plant can provide
some form of nitrogen remediation from soils and water. However, the method that provides
the quickest remediation tends to be a system that includes plants with very high growth rates
and evapotranspiration rates. Nitrogen is used up quickly, or the plant acts like a large reactor,
priming the soil bacteria for speedy conversion of the nitrogen into a gas. Plant species that
produce a lot of biomass have been those most successfully used in studies to remove high levels
of nitrogen in soils and groundwater.

Consider species that produce high biomass. For a list of such species see Figure 2.17 in

Chapter 2, p. 46.

Project name: Poplar Tree Farm at the Woodburn Wastewater Treatment Facility (Stultz and
CH2MHill, 2011; Smesrud, 2012; Woodburn, 2013)

Location: City of Woodburn, OR

Consultants/Scientists: Mark Madison, Jason Smesrud, Jim Jordahl, Henriette Emond
and Quitterie Cotten: CH2MHIll, Portland, OR; Oregon State University Department
of Biological and Ecological Engineering; Ecolotree; GreenWood Resources; Hydrologic

Engineering, Inc.

Date installed: 1995-1997, 2.8 hectares (7 acres) poplar plantation pilot project developed
to refine design criteria for full-scale tree production, including study of poplar tree irrigation
water requirements; 1999, full-scale 34 hectares (84 acres) poplar plantation developed to
support WWTP compliance with summer-time nitrogen (ammonia) load limits on the
Pudding River; 2008-2009, additional pilot testing projects implemented to test high-rate

irrigation, coppice management and use of constructed wetlands for temperature treatment.
Species installed: Hybrid poplar (Populus) at 2 meters x 4 meters (6.5 feet x 13 feet) spacing.

Amendments: Micro-spray irrigation of trees with advanced secondary-treated wastewater and

surface application of Class B biosolids during growing season.

Contaminant: Nutrient-rich, warm wastewater with high levels of nitrogen (ammonia) | is

toxic to nearby rivers.
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34 ha (84 acres) of poplar
trees planted at 2m x 4m
(6.5 ft x 13 ft) spacing

Biosolids are treated and stored prior to sea-
sonal use for fertilizer on the tree plantation
and on commercial grass seed fields
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~ Dense poplar tree stand Unused effluent lagoon to be
irrigated with up to 3,400,000 Conventional wastewater converted into an irrigation
liters/day (0.9 million gallons/ treatment plant provides advanced reservoir and constructed
day) of treated wastewater in Harvested area to be secondary treatment to municipal wetland
the summer time replanted wastewater prior to irrigation reuse

Figure 3.31 Case Study: Poplar Tree Farm, Woodburn Wastewater Treatment Facility, Woodburn, OR
Scale: 1 in =500 ft

The City of Woodburn, Oregon’s Poplar Tree Farm is the first known phytoremediation
planting completed in the United States designed to beneficially reuse treated municipal
wastewater nitrogen while creating a commercial wood crop. Strict nitrogen (in the form of
ammonia) discharge limits for the Pudding River encouraged designers to think ‘outside the
box’ and develop a new natural treatment system for the wastewater generated by the city’s

approximately 23,000 residents.

A conventional wastewater treatment plant provides advanced secondary treatment for
municipal wastewater. The partially treated wastewater is then used to irrigate a poplar tree
farm on land surrounding the treatment facility, helping to reduce the amount of ammonia
nitrogen discharged into the nearby Pudding River during the low-flow summer months.
This beneficial reuse of nutrients and water encourages tree growth and creates a commodity
crop for the city, with poplar trees harvested every 7—12 years. The harvested poplar trees are
processed into solid-wood products and wood chips for creating paper or cardboard, creating

an income stream that helps offset some of the management costs for the municipality.
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Micro-spray irrigation at base of trees discharges nutrient-rich effluent Canopy of 11-year-old poplars creates spectacular 75 ft tall
during the summer time for irrigation and fertilization of poplar trees. outdoor room with dramatic, cathedral-like effect. Trees in
this photo are ready for harvesting into wood chips for paper/
cardboard or as whole trees for milling into solid wood products.

Effluent storage lagoon in foreground will be converted into an irrigation Mobile tree harvest and processing operation in progress at the Woodburn
regulation reservoir for temporary storage and constructed wetland for Poplar Tree Farm. Poplar tree chips are used for cardboard manufacturing.
effluent cooling. Poplar tree stand, visible in background, blends well with

the surrounding rural agrarian landscape.

Figure 3.32 Case Study: Poplar Tree Farm, Woodburn Wastewater Treatment Facility, Woodburn, OR



In 1995, 2.8 hectares (7 acres) of poplar trees were planted as a pilot project to refine the
design criteria needed to develop this system. This included a study of poplar tree irrigation
water requirements. The pilot project proved successful, and in 1997 the full-scale system
including irrigation and biosolids pumping with conveyance and monitoring facilities was
constructed and an additional 31 hectares (77 acres) of trees were planted. The fast-growing
poplars add about 2.4 meters (8 feet) in height every year. They reach their maximum water
and nitrogen uptake rates after 4 years of growth and are harvested every 7—12 years as an
agricultural crop. The treated wastewater and biosolids nitrogen application rates are kept
within standard agricultural levels, to ensure the contaminated wastewater does not contact
underlying groundwater. This poplar tree system has proven to be cost-effective in reducing
the nutrient loading of surface water in comparison to other available conventional wastewater
treatment technologies. The system also has lower energy demands than other conventional

treatment methods and has developed broad support and acceptance from the public.

In the future, new temperature limits are anticipated to mitigate potential wastewater
effluent discharge impacts on local cold-water fisheries (salmon, trout and steelhead). The
existing poplar tree irrigation systems help to reduce the amount of thermal load discharged
to surface water in the summer time. However, additional constructed wetlands utilized for
passive effluent cooling prior to river discharge are also planned for the portion of effluent not

consumed by the tree plantation.

Highlights of the project include:

* 84 acres of poplar trees are managed on a 7—12 year harvest rotation to beneficially reuse
treated municipal wastewater nitrogen, while creating a commercial wood crop

* up to 3,400,000 liters/day (0.9 million gallons/day) of wastewater applied to the trees via
microspray irrigation during the growing season

* up to 269 kg/hectare/year (240 lbs/acre/year) of nitrogen are applied as both irrigated

effluent and biosolids to mature poplar trees.

2 Phosphorus

Unlike nitrogen, phosphorus cannot be removed from a terrestrial system and converted into a
gas. As an inorganic mineral, it usually persists in the environment as phosphate, the oxidized
form of phosphorus. Phosphorus contamination usually occurs in surface waters when small
particles of soil phosphorus are picked up by wind or water and washed into water bodies. This
often happens in stormwater, where run-off from roadways or agricultural fields moves into
freshwater bodies and causes an explosion of the algae population that leads to depletion of
oxygen, seriously affecting aquatic ecosystems.

The best method to remediate phosphorus is to capture and stabilize it on site. Since plants
need phosphorus as an essential macronutrient, they can extract some phosphorus from the soil

and metabolize it into the biomass of the plant. Phytoextraction of phosphorus-contaminated
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soils is demonstrated to be effective in extracting up to 30 Ibs (13.6 kg) of phosphorus per
acre per year (Muir, 2004). In temperate climates, if the leaves are allowed to fall and decay,
the phosphorus will return to the soil, therefore plants must always be harvested and taken off
site to remove the phosphorus. Generally, phytoextraction of phosphorus is not widely utilized
because 30 lbs per acre removal rates are generally not large enough to make extraction and
harvesting a useful option for remediation. Only in cases where high-biomass species are utilized
can extraction of phosphorus from soils be considered.

Instead, most phytotechnology systems for phosphorus target phosphorus filtration from
water, stabilizing it in surrounding soils. Phosphorus contamination in water is typically
in two forms: (1) as sediment, meaning it is bound to soil particles as a sediment in water;
and (2) dissolved, as soluble phosphorus dissolved in the water. As the contaminated
water passes through remediation systems, phosphorus in the form of sediment can be
physically removed with sedimentation basins and forebays via settling. The sediment must
then be dug out and removed from the site. Dissolved phosphorus can be removed from the
water when it comes into contact with the soil and is adsorbed. The phosphorus is bound to
the soils and stabilized on site, letting the clean water pass through. When plants are added
to soils, they can help create organic binding sites for both the sediment and the dissolved
phosphorus particles to stick. Soil contact is the most important mechanism for phosphorus
immobilization via adsorption to clays and organic matter and precipitation, when it forms
phosphate compounds (for example with calcium, iron and/or aluminum). For each 1,000
cubic feet of soil, about of 40 Ibs (18 kg) of phosphorus can be immobilized, significantly more
than from plant uptake (Sand Creek, 2013). For this reason, stormwater filters and constructed
wetlands created to remove phosphorus usually have carefully designed sedimentation areas
and engineered soil media with infiltration to provide the maximum amount of binding sites
and precipitation compounds for phosphorus removal, rather than extraction with plants.
These soils may at some point reach a phosphorus ‘carrying capacity’. Plants added to the
system, however, help continuously renew the soils, creating new binding sites so that carrying

capacity is not reached.

Planting specifics

The following planting typologies can be considered for use.

In soil

Al Extraction: at maximum rate of 30 lbs per acre per year

¢ Extraction Plots: Chapter 4, see p. 224

Q Stabilization: to prevent wind and water erosion of phosphorus in soils

¢ Dlanted Stabilization Mat: Chapter 4, see p. 202



Case Study
Phosphorous

In water

1o control contaminated groundwater:

* Groundwater Migration Tree Stand: Chapter 4, see p. 213
* Phytoirrigation: Chapter 4, see p. 207

10 remove from surface and groundwater: Primarily by physically trapping sediment and binding

phosphorus to planting media

* Stormwater Filters: Chapter 4, see p. 235

* Multi-Mechanism Buffers: Chapter 4, see p. 234

¢ Surface-Flow Constructed Wetland: Chapter 4, see p. 238
* Subsurface Gravel Wetland: Chapter 4, see p. 241

Since all plants use phosphorus as a macronutrient, any plant species can provide some
phosphorus extraction from soils and water. However, this is usually not enough to remediate
polluted soils and water. The systems that provide the quickest remediation tend to be systems
that create the most binding sites in the soil for phosphorus immobilization. Any living plant
species needs phosphorus and can help create and maintain organic binding sites in soils. The
best species to help maintain phosphorus-removal properties of soil will have dense, thick root

systems, grow aggressively and entirely cover any open soils.

Project name: Willow Lake Water Pollution Control Facility (Eisner and CH2MHill, 2011;
Salem, 2013)

Location: Salem, OR

Consultants/Scientists: Mark Madison, Henriette Emond, Dave Whitaker and Jason Smesrud,
CH2MHill, Portland, OR; Bob Knight, GreenWorks; Stephanie Eisner, City of Salem, OR

Date installed: 2002, 4 hectares (10 acres) of constructed treatment wetlands

Plant species: 10 species originally planted in constructed treatment wetlands. Over time,
diversity has decreased to five plant species. Cattail (Zjpha spp.), Soft-stem Bulrush (Scirpus
validus| Schoenoplectus tabernaemontani), Rush (Juncus effusus), Duckweed (Lemna minor), and

Hydrocotyle (Hydrocotyle umbellata) are currently the predominant species.

Contaminant: Advanced secondary-treated municipal wastewater efluent includes trace levels
of nitrogen ||, phosphorus |, heavy metals . bacteria and pathogens and has an elevated

temperature relative to receiving waters in certain instances.

The Willow Lake Water Pollution Control Facility serves the wastewater treatment needs of
the 229,000 residents of Salem, Keizer and Turner, Oregon. In 2002, the facility constructed
4 hectares (10 acres) of constructed wetlands on former agricultural land to test natural
treatment systems for potential use in providing additional advanced wastewater treatment.

These wetlands included two approximately 1.6 hectare (4 acre) surface-flow wetlands, two
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CONTAMINANT CLASSIFICATIONS AND PLANT SELECTION

Subsurface-Flow |  Rectilinear Surface-Flow Organically shaped
Wetland cells Wetland optimized for Surface-Flow Wetland
efficiency enhances wildlife

habitat

— A L A N

Conventional treatment facility
provides primary and secondary
wastewater treatment

Figure 3.33 Case Study: Willow Lake Water Pollution Control Facility, Salem, OR
Scale: 1 in =500 ft

0.4 hectares (1 acre) subsurface-flow wetlands and one 0.4 hectares (1 acre) surface overland

discharge area.

As the system was constructed for the purposes of research and demonstration, each of the
surface-flow wetlands was constructed with a different goal in mind. One was optimized
for wildlife enhancement through its organic shape and deep open-water areas, while the
other was optimized for maximum water shading and temperature-treatment efficiency by its
rectilinear form and consistent shallow depth. Both surface-flow constructed wetlands and the
subsurface gravel wetland system have provided valuable information on the ability of these
systems to provide significant nitrogen and phosphorus removal and passive temperature

reduction.

Ten wetland vegetation species were originally planted; however, today only five plant species
dominate. Waterfowl grazing on wetland plants and vole damage to upland seedlings were
a challenge to control during the original planting, while invasive species have also posed a

problem.

The site is open to the public and is well used by many residents for recreation and wildlife
viewing. The facility has also served as an educational tool to engage students and residents on

the subjects of water quality control and wildlife habitat enhancement.
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A surface-flow wildlife wetland both removes nitrogen and phosphorus Mixed shrub layers and tall cattails grow between recreation

from wastewater and provides deep pools and organic edges to maximize trails and wetland, minimizing direct recreation exposure to water
wildlife benefit. treatment surfaces.
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A subsurface gravel wetland cell treats wastewater vertically. A pipe
in the center brings the effluent to the surface which is treated as it
slowly flows down through gravel to the bottom of the cell.

Recreation trails are provided between wetland areas and are open to the
public.

Installed bird houses not only benefit wildlife but provide attractive focal Pipes emit water in a grassy field where nutrients are removed in
points among rolling fields of native grasses. Topography was crafted with  this experimental overland treatment system.
cut soils from the wetland creation.

Figure 3.34 Case Study: Willow Lake Water Pollution Control Facility, Salem, OR
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3 Potassium ||

Potassium ions are present in relatively large amounts in all living organisms and potassium
is essential for life. Excessive potassium in soils and groundwater is currently not considered a
human health risk and is not regulated by the US EPA, therefore phytotechnology options are
not included here. Since potassium is a macronutrient and required by plants, all plants extract

it to some extent.

B Metals (and metalloids, categorized generally as metals henceforth)

Specific contaminants in this category

Easier to extract (tend to be more bioavailable to plants)

Arsenic (As), Cadmium (Cd), Nickel (Ni), Selenium (Se), Zinc (Zn)

Difficult to extract

Boron (B), Cobalt (Co), Copper (Cu), Iron (Fe), Manganese (Mn), Molybdenum (Mo)
Very difficult to extract

Chromium (Cr), Fluorine (F), Lead (Pb), Mercury (Hg), Aluminum (Al)
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Typical sources of metals pollution: Mining tailings, smelting, pesticides application, manure
and human wastes, road surfaces/stormwater, leachate from landfills, industrial applications, and

atmospheric deposition/air pollution from vehicle and industrial exhausts.

Typical land uses with metals contamination: Mining sites and adjacent areas, industrial uses,
agricultural fields, animal producers and feed-lots, landfills, roadways and areas where pesticides were

historically sprayed, including rail corridors and utility and power lines.

Why these contaminants are a danger: Metals (and metalloids) naturally occur in the ecosystem and
many are essential to plant growth (see Chapter 2. p. 55). However, high concentrations of metals
can be toxic if ingested by humans and other animals. Metals can be found in soils and water and can
contaminate drinking water and the air, and most high concentrations of these pollutants are created
by human activities.

Metal toxicity can result in a host of impairments, but only when specific concentrations and forms
are present in soil conditions. A summary of sources of metals contamination and risks to human health
is provided in Figure 3.36. This summary however, is an overview and should not be directly applied to
any site. Many soils are naturally high in metals and provide no risk to humans. An environmental expert

should assess particular sites to determine if a true human health or environmental risk exists.

Figure 3.36 Metals Toxicity List

Contaminant | Notes

Aluminum Aluminum is a widely used metal and contamination is most often centered on former metals
(Al) production, smelting and mining areas. Overexposure to aluminum can cause bone and brain
diseases. Inhalation of aluminum-contaminated dust has been known to cause lung problems
(ASTDR, 2013).

Arsenic (As) | Arsenic contamination of soil and groundwater is widespread, especially in China, Bangladesh,
South America and the western United States, where high levels of arsenic-containing bedrock
are common. Additionally, it may be linked to contamination from older types of pesticides
and pressure-treated lumber (http://water.epa.gov/lawsregs/rulesregs/sdwa/arsenic/Basic-
Information.cfm). Due to its effects on many enzyme reactions in the body, toxicity affects
multiple organs such as the heart, lungs and kidneys. Moreover, it may affect the neurological
system and skin, causing headaches and confusion as well as skin lesions and hair loss
(ATSDR, 2013).

Boron (B) Boron contamination may be associated with glass manufacturing, pesticide use and leather
tanning. In high doses, boron affects the cardiovascular system and may cause birth defects
(ASTDR, 2013).

Cadmium Cadmium contamination is most often associated with metal smelting, battery and pigment
(Cd) production and former mining sites. It can also impact agricultural fields. Cadmium often
takes years to accumulate in the body, but may seriously damage the lungs and kidneys, as
well as soften bones when levels become toxic. Acute exposure can cause chills, aches and
fever (ATSDR, 2013).

Chromium Chromium contamination is associated with the electroplating, automotive and tanning industries
(Cr) as well as the production of pressure-treated lumber. It can often be present in urban environments
where byproducts of industry were used as urban fill. Chromium is a powerful carcinogen and can
also cause respiratory and skin problems (ASTDR, 2013).

Cobalt (Co) Cobalt has been used as a colorant in glass and ceramic production, as well as an alloy in aircraft
manufacturing. Cobalt also has several useful radioactive isotopes used in the medical and
commercialindustries(http://www.epa.gov/ttnatw01/hithef/cobalt.html). Effectsonhumanhealth
include damage to the heart, lungs and kidneys, as well as birth defects (ASTDR, 2013).
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Figure 3.36 (continued)

Contaminant

Notes

Copper (Cu)

Coppercontaminationis often associated with metals, pipe and wire production, and pesticide and
fungicide use. Some natural sources may contaminate water and soil. Copper poisoning results in
kidney and liver damage, vomiting and coma (ASTDR, 2013).

Fluorine (F)

Small amounts of fluorine are an important component of healthy teeth and bones and are added
to most municipal drinking water and toothpastes. Fluorine contamination is associated with

phosphate fertilizer production as well as smelting, coal-fired power plants and mining. Some
contamination may occur from naturally fluorine-rich groundwater. Fluorine poisoning may result
in nausea, vomiting and tingling of the extremities (ASTDR, 2013).

Iron (Fe)

Iron and its compounds are widely occurring and essential to plantand animal life. Itis a ubiquitous
structural mineral in soil, and is typically considered a contaminant only when found in water in
large quantities. Iron is key to metals and alloy production, and some iron compounds have been
used in older forms of pesticides. High levels of iron in soil and groundwater are common. Many
homes that get drinking water from a well may install a water softener to help remove it. While iron
generally has few effects on human health, it can be toxic in extremely high doses, particularly to
young children (http://www.nlm.nih.gov/medlineplus/ency/article/002659.htm).

Lead (Pb)

Lead was once a common additive to house paint and gasoline and has been banned from
these uses in the United States since the 1970s. As such, lead contamination may be associated
with older residential areas, gas stations and roadsides. Lead is a persistent element that is not
very mobile, mostly contaminating soil. Overexposure to lead can cause severe organ damage,
brain damage and developmental delays. Children are at risk of neurological damage, due to
exposure to old paint chips and lead-contaminated soil (ASTDR, 2013).

Manganese
(Mn)

Manganese is widely found in soils and is typically considered a contaminant only when
mobilized in water. It is used in steel and battery production as well as in gasoline additives. Most
contamination is related to former industrial uses; however, some naturally occurring manganese-
rich bedrock may contaminate groundwater. In small amounts itis essential to human health and is
found in many foods. However, in extremely high doses it may cause damaging neurological effects
and birth defects (ASTDR, 2013).

Mercury (Hg)

Mercury was used as a component in fungicides and some paints. As well, itis strongly associated
with coal-burning power plants, where it is deposited from atmospheric sources into soil and
waterways. Mercury and its compounds are highly toxic. Poisoning most often occurs due to eating
contaminated food, as mercury easily bioaccumulates in animal tissues. Chronic overexposure
carries a greater risk of cancer, birth defects and neurological impairment (ASTDR, 2013).

Molybdenum
(Mo)

Molybdenum is used in the metals, pigment and medical industries. Contamination is most often
associated with former mining areas. In small amounts molybdenum is essential to human health.
There is some evidence that high doses of molybdenum can cause cancer. Chronic long-term
exposure can harm the liver and kidneys. Poisoning is often due to exposure to contaminated soils
(ASTDR, 2013).

Nickel (Ni)

Nickel is a widely occurring element with many uses in metal alloys and battery production,
where it may contaminate soil and groundwater. Nickel may also enter the atmosphere
through oil, coal or waste burning, when it is later deposited onto the ground and waterways.
At extremely high levels, nickel is a carcinogen. However, most overexposure results in
dermatitis and respiratory and gastrointestinal problems (ATSDR, 2013).

Selenium
(Se)

Selenium contamination is generally associated with waste products produced by
petrochemical, agricultural and electronics industries. Additionally, activities like agriculture
and mining may disturb naturally occurring selenium minerals, causing them to enter
groundwater (http://www.epa.gov/ttnatwO1/hlthef/selenium.html). Like many other trace
elements, selenium is required for the body to function, and deficiencies may cause health
problems. However, in large amounts selenium is toxic, causing hair and fingernail loss,
respiratory problems or neurological symptoms such as numbness (ASTDR, 2013).

Zinc (Zn)

Zinc contamination is concentrated around mining and smelting areas and in urban areas from
tire debris. Zinc may accumulate in soils and its compounds are readily dissolvable in water.
Overexposure is often caused by breathing contaminated dust. The toxic effects of zinc can
cause fever, chills and neurological impairment (http://www.nIm.nih.gov/medlineplus/ency/
article/002570.htm).




Summary

Metals are inorganic pollutants; some may be extracted by plants, harvested and removed from sites,
but they cannot be degraded. (See Chapter 2, p. 55 for fundamentals and an explanation of why
inorganic contaminants cannot be degraded.) In addition, the structural form of an element may be
changed, for example from a liquid to a gas or to an oxidized state, potentially removing some health
and environmental risks. To remove metals from a polluted site, plants that accumulate metals in high
concentrations (called hyperaccumulators, see Chapter 2, p. 55) or fast-growing plants that produce a
lot of biomass (such as willow and poplar) may be able to be grown to take up the contaminant. They
are then harvested, removed and disposed of as landfill or incinerated to remove the metals from a site.
However, extraction of metals with plants is currently quite difficult, showing potential viability for
only a few metals. Phytoextraction is likely only useful as a ‘polishing strategy’ for lands marginally
contaminated with the few more highly bioavailable metals that have been identified (Dickinson,
2009). Practical field-applied phytoextraction projects are difficult to find, but the technology may be
effectively applied in some specific situations. The few metals where phytoextraction may be considered
are summarized in the following section.

Most often, metals are tightly bound to soils and not bioavailable enough to be taken up into plants.
When low bioavailability is present, the only applicable technology is to stabilize metals on site (with or
without plants) or remove them with conventional dig-and-haul remediation. The most applicable use of
phytotechnologies for lowering risk of exposure to metals is by capping and stabilizing the metals on site
and adding plants to assist in this. Almost all plant-based metals-stabilization projects utilize amendments
to further bind the metals in place so as to prevent migration. Many of the species most commonly used
for stabilization are able to tolerate and grow in metals-rich soil. Some research on metals stabilization
has identified plants that release root exudates that help immobilize pollutants, essentially repairing the
environment by changing phytotoxic forms of metals to create a safe growing environment for other
plants (Gawronski et al., 2011). Some plant species will not let certain metals into their roots, and
therefore will not move the metals into above-ground parts. These ‘excluder’ plants are often preferred
for replanting sites, since the risk of animals eating the plants or being exposed to contaminated above-
ground portions is minimized. Plant species that are considered excluders of certain metals are listed in
Figure 3.37. This is not meant to be a complete list, but is a compilation of example plants.

Detailed information where extraction vs stabilization should be considered on sites is included in
the following pages, organized by type of metal from most applicable for extraction to least applicable.
However, before the details of each individual metal are addressed, a few general notes about metals and

phytotechnology applicability are included below.

* Greenhouse and short-term studies: Many scientific studies can be found that claim effective plant
extraction of metals from soils, extrapolating this assumption from greenhouse studies or studies
using spiked soil (Dickinson et al., 2009). However, many of these plant species have not been
tested in the field, or have not been proven viable at field scale under aged soil conditions, therefore
the studies and lists of extraction species can be misleading. Readers are cautioned on the use of
greenhouse studies to assess if field application will work. At this time, recommendations here are

based on peer-reviewed, published field-scale trials, not on greenhouse studies.
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¢ Cations and anions: The pH (charge) of a soil can greatly affect whether a metal is bioavailable for
plant extraction. Many metals (particularly those that exist as cations) are less likely to form complexes
with the soil particles and are therefore more mobile in acidic soils. Alternatively, positively charged
metals tend to be less bioavailable when the soils contain higher amounts of free, negatively charged
surfaces, so the metal will tend not to be available for plant uptake. Charge in soils can be determined
with a pH test. pH is a measure of the amount of H* and OH" ions available. When soil is acidic
(with a low pH and more H* ions), mineral surfaces tend to be positively charged, and when it is
alkaline (with a high pH and hydroxyl ions (OH)), mineral surfaces are typically more negatively
charged (Hettiarachchi, 2011). Metals that are pollutants tend to exist in soils as ions with positive
or negative charges. The charge of both the soil and the pollutant will affect how much of the metal
is ‘bioavailable’ for ultimate plant uptake. In summary, the bioavailability of a contaminant can be
manipulated by changing the soil pH, as well as several other factors such as the amount of oxygen,
water or organic matter in the soil. In many cases with metals contamination, several different types
of pollutants are found on sites, and complications from reactions between pollutants can arise as
well. Bioavailability to the plant is a tricky subject. For this reason, potential metals phytoextraction
projects should not be attempted without the help of a trained phytoextraction specialist.

* Chelants: In addition to manipulating pH with minerals to make metals more bioavailable for plant
uptake, chemical additives called chelants can be added to the soil to change the soil chemistry.
Common chelants for metals include EDTA (Ethylene diamine tetra-acetic acid) and other organic
acids. In field conditions, chelants can mobilize contaminants and increase the risks of leaching 141
the metal beyond the root zone, so the addition of chelants to obtain results is not recommended.
Research studies must be carefully reviewed when looking for new plants and opportunities for
phytoextraction, because chelants may have been used, artificially increasing the concentrations in
the harvested plant parts, or metals may have been mobilized off site (Chaney et al., 2003). Plant lists
provided in this section do not include studies where metal chelants were used as an amendment to
obtain results.

* Hyperaccumulators vs high-biomass ‘accumulator’ species: When the chemical properties of the
soil favor potential plant uptake of metals, there are two approaches to phytoextraction.

1 Hyperaccumulators: Known hyperaccumulator plant species can be specified to take up a
significant amount of a metal. The plants are then harvested and removed from site. The advantage
of this approach is that hyperaccumulator species may be interbred to create hybrids that thrive in
particular site conditions and can take up significant amounts of inorganic pollutants. However,
the disadvantage of using hyperaccumulators is that they may not be native to a region in some
instances and can prove to be weedy or invasive, not hardy, or difficult to cultivate. In addition,
they may not produce enough biomass to be useful for harvesting and extraction. There may
even be great variation in extraction potential between different varieties and ecotypes within the
plant species. Lastly, the list of known hyperaccumulators is small, and the known plants may
not be well suited to growing in the soil and climate conditions of a particular contaminated
site. “Hyperaccumulators have been confirmed for nickel, zinc, cadmium, manganese, arsenic and
selenium. However, to date, hyperaccumulation of lead, copper, cobalt, chromium and thallium

remain largely unconfirmed” (Van der Ent et al., 2013).
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2 High-biomass species: The alternative approach is to use plants that are considered ‘accumulators’
rather than hyperaccumulators. These plants are typically species that can take up a contaminant,
but not to the levels of hyperaccumulator species. They instead have fast growth rates and produce
a lot of biomass. This allows for a large total uptake, even if concentrations in the tissues of the
plant are lower than in hyperaccumulators. With this approach, plant species that thrive and
produce the most biomass in the specific contaminated soil are chosen, and are cut down and
harvested over time to extract and remove the contaminant from the site. When these high-
biomass accumulator species are used they are often paired with other amendments to change the
soil chemistry and improve metals uptake. In some cases, these high-biomass species may be more
effective to use in field conditions than hyperaccumulator species. They may be easier to grow,
readily available as seed and better adapted to soil conditions and climate. This approach has been
used with crop species such as sunflowers, mustard, soybeans and corn, sometimes in combination
with chemical chelants like EDTA to remove metals. However, as mentioned previously, the use
of chelants is not recommended. Confusion over ‘accumulator’ species is common, with designers
assuming that a plant can accumulate something, when this is not true unless the soil chemistry
is drastically altered by chelants. For this reason, extraction of metals is discouraged without the
engagement of expert phytoscientists (i.e. do 7oz attempt the remediation of lead, arsenic, nickel,

etc. without a trained professional!).

¢ Other soil additives: The installation of densely rooted plant systems can significantly increase soil

organic matter. Increasing soil organic matter is an established means of immobilizing metals in
the subsurface, as metals tightly bind to organic material, reducing bioavailability and mobility.
Therefore, where metals phytoextraction is not an option, the installation of plants can help to bind
the contaminant on a site and help to reduce the toxicity and mobility of metals.

Sampling, testing and monitoring: One additional challenge with metal contamination is the
sampling and testing protocol to determine how much contamination is on the site. Testing
protocols vary widely, but typically test for only the ‘total’ concentration of a metal, as recovered
in an acid digestion process. If the metal has oxidized or changed form in a way that affects its
bioavailability or solubility, it may not be picked up in the testing. In addition, contaminant
distribution is typically very heterogeneous in soil and concentrations may greatly vary even
several inches away, and so when only a tiny fraction of the soil is tested the results may not be
accurate. This proves to be a challenge when working with contaminants occurring as particulates
(such as lead- or cadmium-based paint residues) or when monitoring to determine if a treatment
is actually working. Where metals extraction with plants is considered, composite testing, where
several samples are lumped together, homogenized and averages are taken may prove to be useful.
Composite testing can help to obtain more accurate readings both of the existing contamination
and in long-term monitoring (Blaylock, 2013). Regulatory protocols should be researched and
followed where applicable.

Food crop contamination: For agricultural land uses, metals contamination is a concern in food
crops where the plants take up excessive amounts of metals and translocate them into the edible
portions of the plant, making them a risk for consumption. For example, arsenic contamination in

rice and cadmium contamination in corn and grain crops are an increasing concern. In the case of



cadmium, human and animal consumption of these products may lead to bioaccumulation in fatty
tissues over time, making repeated intake a significant concern. For arsenic, even one initial toxic
exposure may create a significant health risk. One new area of phytotechnology that is increasingly
in demand is the identification of alternative agricultural commodity crops that are ‘phytoexcluders,’
species that do not take up the excessive metals in soils. These phytoexcluders can be considered
when metals concentrations in agricultural soils are above stated limits and the risk of exposure to
pollutants in the above-ground portions of a plant is a concern (see plant list in Figure 3.37 above).

* Phytotoxicity: Many metalsare toxic to plant growth in high concentrations. Where phytotechnologies
are proposed for these sites, careful agronomic soil analysis and recommendations must be completed
by an expert to ensure the plants can survive.

¢ Volatilization: Phytovolatilization [ | of metals is limited to the elements selenium (Se) and mercury
(Hg). Since there is a deficiency of selenium in the atmosphere, its release can be considered as a
positive process; however, volatilization of mercury has only been developed with genetically modified
plants and will merely transport the pollutants elsewhere in a different form (Gawronski et al., 2011).

* Phytomining: In some cases where inorganics are phytoextracted into plants, the plants may be able
to be harvested and turned into an ore for mining purposes. For example, nickel has been successfully
mined with plants, extracting these elements from soil. The plants are harvested, dried and turned
into ash and smelted. This technique is an attractive proposition, because whereas phytoextraction
for remediation costs money, phytomining is aimed at making money by removing inorganic
contaminants from the soil. Researchers are investigating how additional metals such as gold might 143
be mined from the soil with plants, but to date phytomining practices are likely only applicable for
nickel and selenium extraction.

* Halophytes: Halophytic plants (salt-tolerant plants that thrive in saline environments) are
of special interest in the identification of potential species for metals accumulation since these
plants “commonly live in environments with an excess of toxic ions, mainly sodium and chloride.
Several studies have revealed that these plants may also tolerate other stresses including heavy
metals ... [since the processes] rely on common physiological mechanisms” (Manousaki and
Kalogerakis, 2011). Some halophytic species use storage or excretion mechanisms in their leaves
for salt uptake, and in the future this mechanism may also be found viable for removal of metals
from soils (Lefevre et al., 2009). At this time, the use of halophytes for metals extraction is still in
experimental research phases, but in the future may lead to discoveries of new plants for metals

extraction.

The most common metal contaminants are individually detailed below, to provide an overview of the

applicability of phytotechnology for metals.

W 4 Metals with high bioavailability

Arsenic (As), Cadmium (Cd), Nickel (Ni), Selenium (Se), Zinc (Zn) (ITRC, 2009, p. 16; Van
der Ent et al., 2013)
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a Arsenic [JJ]

Background: Arsenic is a widespread pollutant in both urban and rural areas. In some localities it
occurs naturally in high concentrations in soils and groundwater. However, most anthropogenic
arsenic pollution is a result of its use as a component in pesticides, pressure-treated wood or
byproducts of industry, mining or military operations. Manufacturers of treated wood used
arsenic for the same reason that it is undesirable in food: arsenic kills organisms such as fungi,
insects and bacteria that might otherwise eat the wood. Low-level arsenic pollution is commonly
found under residential decks in the US that were built before 2004 using wood pressure treated
with copper-chromated arsenate (CCA), or on sites previously used as orchards, where arsenic-

based pesticides were historically applied.

Applicability: On some sites, low levels of arsenic contamination have been effectively
phytoextracted |.7] with plants that were then harvested and used as landfill off site. Although
several hyperaccumulator species have been identified by various studies, only a few species of
sub-tropical ferns have actually been shown to extract enough arsenic to be useful in the field.
Many greenhouse-based studies have shown that species of Brassica, beans, beets and lettuce,
among others, take up more arsenic than do other crop plants. However, researchers currently
do not recommend utilizing these alternative species in the field, as they have been found not to
extract satisfactory amounts to make them viable remediation alternatives.

In the US, the company Edenspace has historically been the primary producer and installer of
projects that utilize the Chinese Brake Fern, Preris vittata, for arsenic extraction. Edenspace has
partnered with the US EPA and Army Corps of Engineers on several projects to phytoremediate
soils with elevated arsenic concentrations and demonstrate the effectiveness and economic
viability of this species. While the fern is perennial in climates with a hardiness of US Zone
8 or warmer, it has been used as an annual in remediation projects in cooler climates. Field-
application results have been mixed. In several instances where hyperaccumulating ferns have
been planted, sufficient arsenic was not removed to make it a useful strategy, either because of
poor biomass yields or low concentrations in the plant. A cold-tolerant hyperaccumulator plant
species for arsenic has not yet been identified for effective field-scale remediation in northern
and temperate climates. Several researchers are working on genetically modifying ferns and other
species to take up greater quantities of arsenic, but these are not yet proven or available at the
time of this publication. The applicability of phytoextraction for arsenic removal should be

assessed on a site-by-site basis, with an experienced professional.

Planting specifics

Currently, ferns in the Preris genus and a few other tropical ferns (such as Pityogramma calemelanos)
are the only hyperaccumulators that can be recommended for successful field application for
arsenic remediation (Van der Ent et al., 2013). Preris vittata has been shown to effectively remove
up to 20 ppm of arsenic per year into above-ground biomass (Blaylock, 2013). Phytoremediation

of arsenic with ferns is usually most effective for moderately elevated sites (with respect to the



remediation target concentration), where remediation targets can be expected to be met within
one to three years. The ferns can be grown in a wide range of arsenic concentrations and plant
uptake is typically correlated with the soil concentration, such that greater uptake and removal
occurs at higher soil concentrations, instead of at very low soil concentrations where available
arsenic may be limited. When using Preris ferns as annuals, plant spacing is typically one plant per
square foot and the ferns are typically installed as plugs provided in 4-inch pots. In climates where
the fern can be grown as a perennial, planting density can be decreased, allowing plants to fill in
over time. Edenspace also recommends that plants be fertilized to provide enough macronutrients
for sufficient plant growth (Blaylock, 2013). It is also suggested that liming sites to raise the pH
can assist in arsenic extraction by the plants (Blaylock, 2013) and generate higher biomass yields.
Arsenic tends to exist as an anion such as arsenate or arsenite (with a negative charge) in the field
(Hettiarachchi, 2012). Therefore, the surrounding soils and additives (like lime) which are more
alkaline may make arsenic more bioavailable to plants for extraction (Blaylock, 2013).

Even low, widespread concentrations of arsenic which may seem ideal for fern extraction can
prove problematic. Arsenic can be bound to soils in forms that are not bioavailable to the plant
for uptake. In addition, concentrations can be quite heterogeneous in soils and arsenic may
prevent the uptake of other essential nutrients. Lastly, as with any remediation approach, the
way in which samples are taken and tested can affect observed concentration measurements.
Maintaining consistent, repeatable sampling and analytical techniques is critical for reliable
long-term monitoring and results. Arsenic can change ionic form quickly, making testing and
monitoring additionally challenging.

The following planting typologies can be considered for arsenic remediation use in conjunction

with the plant list in Figure 3.38.
In soil
Potential extraction rates: 10-20 ppm average removal from soil per year (Blaylock, 2013)

* Extraction Plots: Chapter 4, see p. 224

Stabilization: To prevent wind and water erosion of arsenic in soils

* Planted Stabilization Mat: Chapter 4, see p. 202

In water

10 control contaminated groundwater:

* Groundwater Migration Tree Stand: Chapter 4, see p. 213

10 remove from surface and wastewater: The systems described below have been used for arsenic
removal from water primarily by physically trapping arsenic and binding or precipitating it into

planting media. Since constructed wetlands have been widely documented, species for these

purposes have not been included in this publication.
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CONTAMINANT CLASSIFICATIONS AND PLANT SELECTION

Figure 3.38 Arsenic-Hyperaccumulating Ferns

Latin Common Vegetation | USDA Native to Reference
Type Hardiness
Zone
Pityrogramma Dixie Perennial 11 Central and South Francesconi et al., 2002
calemelanos Silverback Fern America Niazi et al., 2011
Gold Dust Fern
Pteris creticam Cretan Brake Perennial 8-10 Europe, Asia, Africa | Wang et al., 2006
(var. nervosa) Fern Zhao et al., 2002
Pteris longifolia Longleaf Brake | Perennial 10 Southeastern USA, Zhao et al., 2002
Fern Central America Molla et al., 2010
Pteris multifida Spider Fern Perennial 7-10 Asia Wang et al., 2006
Huguenot Fern
Pteris oshimensis Perennial 8-10 Asia Wang et al., 2006
Pteris umbrosa Jungle Brake Perennial 10-12 Australia Zhao et al., 2002
Fern
Pteris vittata Chinese Brake | Perennial 8-10 Asia Blaylock, 2008
Fern Ciurli et al., 2013
Danh et al., 2014
Hue, 2013
Kertulis-Tartar et al., 2006
Ma et al., 2001

Mandal et al., 2012
Niazi et al., 2011
Ouyang, 2005
Salido et al., 2003
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* Stormwater Filters: Chapter 4, see p. 235

* Multi-Mechanism Buffers: Chapter 4, see p. 227

¢ Surface-Flow Constructed Wetland: Chapter 4, see p. 238
* Subsurface Gravel Wetland: Chapter 4, see p. 241

The hyperaccumulator plant species in Figure 3.38 have been shown to provide effective
extraction of arsenic without the use of chelator additives, and can be considered for potential
field-trial use in certain situations with low-level contamination.

The plant species in Figure 3.39 have been demonstrated in other studies to potentially take
up arsenic as accumulators, but are currently not considered hyperaccumulators as verified in
field trials (Dickinson, 2009). These species should not be considered for field application unless
additional scientific research is completed to verify extraction capabilities, in collaboration with

experts in this field.
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Case Study

Arsenic

Project name: Spring Valley Formerly Used Defense Site (SVFUDS) (Blaylock, 2008)
Location: Northwest Washington, DC

Institution/Scientists: US Army Corps of Engineers (USACE); US Environmental Protection
Agency (US EPA); District Department of the Environment; Edenspace Systems Corporation;
Dr. Michael Blaylock, 210 N 21st Street, Suite B Purcellville, Virginia 20132

Date installed: 2006

Plants installed: Preris vittata “Victory”, Pteris cretica mayii “Moonlight”, Preris cretica parkerii,

Preris cretica nervosa, Pteris multifida.

Amendments: NPK fertilizer, equivalent to 25 lbs/acre, and lime were added where soil

pH < 6.5. All plantings were irrigated with a sprinkler.

Contaminant: Arsenic [Jl], in concentrations up to 150 ppm

Target media and depth: Surface soils, up to 0.75 meters (30 inches) depth.

Spring Valley (a former US Military defense site) is located in northwest Washington, DC. It is

approximately 668 acres and currently includes 1,600 private residences, foreign embassies, an
American university, a seminary and various commercial properties. The site was used during
World War I to test chemical warfare materials. In 1993, explosives were unearthed at the
site and triggered a series of environmental investigations. Neighborhood-wide soil sampling
revealed that about 10% of the 1,600 properties in Spring Valley contained elevated arsenic

levels.

With large existing trees within an established historic neighborhood, conventional soil
removal and backfilling would have been invasive and extremely costly. Plantings of the arsenic
hyperaccumulator fern Preris vittata “Victory” were chosen to minimize destruction of existing
trees and to reduce restoration costs within the residential area. Phytoremediation plantings were
implemented, beginning in 2004 with a field verification study at three properties using about
3,000 plants. The effort was expanded in 2005 to include 33 sampling grids at 11 properties and
approximately 10,000 plants. The effort reached its peak in 2006 when 13 properties containing
48 sampling grids were planted with 11,000 plants. Sampling grids were removed when soil
concentrations had reached the project goal of 20 mg/kg (or 43 mg/kg where certain other
criteria were met). Nineteen sampling grids at six properties were planted in 2007 and the project
concluded in 2008 with plantings on sixteen sampling grids at three properties. Soil was amended
with fertilizer and lime if necessary prior to planting and ferns were planted at 30 centimeters
(12 inches) on center, except in 2008, when 20 centimeter (8 inch) spacing was used to increase
root density and arsenic uptake on the remaining properties. In 2004—2006 multiple Preris
fern species (2 cretica mayii, P cretica parkerii, P multifida and P nervosa) were evaluated for
performance and it was determined that P vitzata was best suited for the properties in this
location. Planted ferns were irrigated with sprinkler systems during establishment and dry

periods.
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Grids of Pteris vittata 'Victory' fern installed on 22 separate
properties in Spring Valley district. This particular prop-
erty, Lot 15, has 9 separate gridded areas where 60% of
the arsenic was removed over a 2-year time frame.
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Residential neighborhood made
conventional excavation treatment
difficult and expensive

Figure 3.40 Case Study: Spring Valley, Washington, DC
Scale: 1in =100 ft

Extraction ferns planted under a residential deck. Plants were Extraction ferns planted along fence on Lot 15, as
harvested and tested after one growing season. Any ferns with shown on the site plan.

arsenic concentrations over regulatory limits were sent to a

hazardous waste landfill.

The attractive ferns prefer a shaded environment, and are only cold  Extraction ferns integrated into existing residential
tolerant to US Zone 8, making them an annual plant and not typi- landscapes.
cally cost-effective for phytoextraction in cooler climates.

Figure 3.41 Case Study: Spring Valley, Washington, DC



Over the 5 years of implementation of the fern-based phytoextraction [ 7] technology for
the removal of arsenic from the SVFUDS area in Washington, DC, 71 sampling grids at 22
different properties were examined. Although arsenic concentration in fronds and biomass
yields varied in each year of the study, soil arsenic concentrations tended to continually
decrease following fern-based phytoextraction treatment. Average measured removal rates
ranged from approximately 9 mg/kg in 2004 to just over 1 mg/kg in 2007. During the
5-year project, 61 of the 71 sampling grids achieved concentrations below project goals, many
within 1 or 2 years. However, six of the sampling grids (located at a single property) did not
achieve a measureable reduction during 5 years of plantings. Four other sampling grids did
not meet project goals in the 2—3 year time frame anticipated by the property owner and were

subsequently assigned for other remedial activities.

b Cadmium and zinc [}

Background: Cadmium and zinc contamination are usually found together, often with 100-200
times more zinc contamination than cadmium. Almost all naturally cadmium-contaminated
soils also have elevated amounts of zinc, so plants that can extract one of these elements can
often extract or tolerate high levels of the other (Van der Ent et al., 2013). Cadmium has
assumed importance as a significant environmental contaminant over the last 50 years and is
listed among the top 20 toxins (Yang et al., 2004).

Contamination risk to food chains within edible crop production is the most frequently
encountered problem with cadmium. As field crops are grown, the plants extract cadmium. This
occurs because plants take up zinc, and since cadmium is chemically similar, the cadmium is taken
up with the zinc-transporter mechanism in roots. When cadmium in soil is too high, crops can
accumulate excessive levels in their tissues. Prolonged consumption of high cadmium-content
food crops can lead to cadmium toxicity in livestock and humans. Because of the widespread
risk of food crop contamination in the European Union, Japan and New Zealand, many field
studies have investigated the use of phytoextraction with plant harvesting for cadmium removal
from soils. Agricultural fields can become contaminated with cadmium due to smelter or mine-
waste dispersal, and there is concern about accumulation from continuously repeated fertilizer
or manure application.

Zinc contamination can be found in mining and industrial sites where metals were processed,
and urban soils often have high levels from smoke-stack and vehicle emissions, tree debris paint
residues and application of phosphate fertilizer. Zinc toxicity in edible food-crop production is

not often a priority concern.

Applicability: In certain soil conditions, both cadmium and zinc can have high bioavailability
and can be slowly extracted from soils. However, even for minimally impacted sites, cadmium
and zinc extraction via plants can take decades or even centuries, and can prove to be quite

difficult for aged soils. In addition, zinc and cadmium in high concentrations can also inhibit
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plant growth, making extraction a difficult proposition (Van der Ent et al., 2013). Because of
these challenges, instead of utilizing extraction and harvesting, cadmium and zinc are often
instead left on sites and stabilized in soils. Phytoexcluders that do not take up these elements are
planted, rather than any edible food crops with extraction capabilities (see plant excluder list,
Figure 3.37, p. 140).

However, recent research has considered how plants with an ability to accumulate cadmium
slowly, over time, may offer a technology for removing cadmium that is dangerous to food
chains. After the cadmium is removed to the required extent, liming the soil to prevent zinc
phytotoxicity returns the site to productive status. Cadmium and zinc phytoextraction does
not have adequate value for phytomining, so there is no financial benefit to processing the
biomass and recycling the metals after harvesting. Because cadmium removal is often the focus
of remediation, larger ‘accumulator’ species that are focused on biomass production, such as

willow, poplar and corn, are being studied.

Planting specifics

Around 12 hyperaccumulator species for zinc and two for cadmium have been verified
at the date of this publication (Van der Ent et al., 2013). The hyperaccumulator species
1. caerulescens has been proposed for potential field-scale phytoextraction (Chaney et al.,
2010). However, zinc extraction has not been found to be viable in the field. In addition
to these hyperaccumulators, several ‘accumulator’ species that produce high biomass have
been proposed for the extraction of cadmium. These high-biomass plants are not considered
hyperaccumulators, but extract these elements faster than most plants, due to their fast growth
rate (Dickinson et al., 2009).

Cadmium and zinc tend to exist in field conditions as cations with a positive charge, therefore
soils and additives that are more acidic (i.e. more positive) tend to make them more bioavailable
to plants for extraction. In contrast, adding more alkaline, higher-pH substances tends to bind
cadmium and zinc more strongly to soils (Hettiarachchi, 2012; Wang et al., 2006; Yanai et al.,
2006; and Kothe and Varma, 2012).

The following planting typologies can be considered for use in conjunction with the plant list

in Figure 3.42.

In soil

Extraction: Extraction of cadmium and/or zinc with plants should only very tentatively be
considered if long-term growing time frames are possible and agronomic conditions to ensure
bioavailability are carefully studied and controlled. Plants must be harvested to remove the

contaminants from the site.
e Extraction Plots: Chapter 4, see p. 224

Stabilization: This is the preferred phytotechnology treatment for cadmium- and zinc-

contaminated soils. Stabilization plantings can prevent wind and water erosion of these



elements in soils, minimizing the risk of exposure. Stabilization, however, is not applicable
to food-producing soils or soils contaminated with cadmium without the typical 100-fold
higher zinc concentrations. Plants that exclude zinc and cadmium can be used to ensure
that the elements do not translocate into above-ground tissues (see plant excluder list,

Figure 3.37, p. 140).

* Planted Stabilization Mat: Chapter 4, see p. 202

In water

1o control contaminated groundwater:

* Groundwater Migration Tree Stand: Chapter 4, see p. 213

10 remove from surface and wastewater: The primary mechanism for removal from water is to
physically trap cadmium and zinc by binding or precipitation into the planting media. The
systems described below have been used for cadmium and zinc removal from water. Since plant
species for constructed wetlands have been widely documented, species for these purposes have

not been included in this publication.

* Stormwater Filters: Chapter 4, see p. 235

* Multi-Mechanism Buffers: Chapter 4, see p. 234

¢ Surface-Flow Constructed Wetland: Chapter 4, see p. 238
o Subsurface Gravel Wetland: Chapter 4, see p. 241

Zinc extraction has not been found to be viable with plants. Phytoextraction of cadmium is not
recommended for field application without detailed assistance from a scientist who specializes in
metals phytoextraction. Cadmium extraction may not be viable for field application, since it is
often not bioavailable to plants. If extraction is applicable, it can take decades or even centuries
for these metals to be removed to below regulatory levels. The plant species listed in Figure 3.42
have been demonstrated in studies to be hyperaccumulators of cadmium and zinc.

The higher-biomass ‘accumulator’ plant species listed in Figure 3.43 have shown some
extraction in studies for cadmium and zinc in phytoextraction research, with extraction over

a much longer time frame.
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CONTAMINANT CLASSIFICATIONS AND PLANT SELECTION

Cuse Study | Project name: Lommel Agricultural Fields “Der Kempen” (Ruttens et al., 2011; Van Slycken

Cadmium

and Zinc

etal., 2013; Thewys et al., 2010; Witters et al., 2012)
Location: Flanders region, Belgium

Institution/Scientists: Centre for Environmental Sciences (CMK), Hasselt University,
Agoralaan, Building D, 3590 Diepenbeek, Belgium, led by Dr. Jaco Vangronsveld. The project
is one of the 17 sites coordinated by the GREENLAND project supported by the European
Commission (FP7-KBBE-266124, GREENLAND), website: http://www.greenland-project.

eu/.
Date installed: Initially installed in 2004, research ongoing

Species installed: Corn (Zea mays), rapeseed (Brassica napus), willow (Salix spp.) and poplar
(Populus spp.)
Contaminant: Cadmium, zinc (and lead — cannot be phytoextracted) [l

In Belgium and the Netherlands, an area of over 700 km? (270 square miles) is contaminated
with heavy metals (cadmium, zinc and lead) as a result of historic zinc-smelting activities.
Metals deposition declined significantly in the 1970s as the industry shifted toward different
production processes, but soil contamination remains an issue. Adding to this problem is the
fact that soils in the area are sandy and acidic, which renders the cadmium and zinc metals
more mobile. Additionally, local land use is largely agricultural. The Belgian Federal Agency
for Food Safety (FAVV) has seized several agricultural fields with vegetable crops because

cadmium levels exceeded the legal threshold for human consumption.

Research at the Lommel site in this region has focused on repurposing these contaminated

agricultural lands to produce biomass and energy crops instead of food. In transitioning to

Hybrid poplar trees planted at the Lommel site are slowly extracting cadmium over time. The
trees are being tested to see if the species would additionally serve as a good bioenergy crop
in Belgium. It is estimated that phytoremediation biomass crops in this area would need to
be grown and harvested for 50-100 years to extract soil cadmium before regulatory soil limits
are achieved.

Figure 3.44 Case Study: Lommel Agricultural Fields, Flanders Region, Belgium
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biomass and energy species, agricultural lands remain profitable to individual farmers, despite
contamination. Additionally, metals can be phytoextracted || from soils over time through
continual harvest of biomass, eventually remediating the land. This research signals a shift in
focus away from the use of metal hyperaccumulator species, which usually do not produce
enough biomass for quick remediation times, and instead use high-biomass species. The overall
goal of research at the Lommel sites is to obtain remediated soils that can safely be used for

food production.

Energy crops being evaluated at Lommel are primarily corn (Zea mays), rapeseed (Brassica
napus), as well as willow (Salix spp.) and poplar (Populus spp.) varieties. The results have shown
that corn offers the best option for energy production, through biodigestion and burning in a
combined heat and power system. However, corn’s ability to extract metal contamination from
the soil is far lower than that of willow. At the site, willow and poplar species have been grown
using short-rotation coppice systems in which they are harvested every few years as a bioenergy
crop. So far, results have shown that harvestable willow biomass far exceeds that of the poplar
varieties tested, and would be best for remediation goals. The researchers have calculated that it
would take a minimum of 55 years of willow harvest to reduce the cadmium levels from 5 mg
Cd/kg in soil to safe levels of 2 mg Cd/kg in soil. However, if all willow leaves were collected in

the autumn every year, instead of being allowed to fall, the time could be reduced to 36 years.

¢ Nickel |l

Background: Nickel is used for the production of stainless steel and other metal alloys. Nickel
contamination is often spread through mining and industrial activities (Cempel and Nikel,
20006). It can easily migrate into air and water and be dispersed, causing large areas of low-level
contamination. In addition, naturally high nickel content in ultramafic soils is common globally.
Nickel can be easily accumulated in plant and animals tissues and can bioaccumulate (Cempel
and Nikel, 2006). High nickel concentrations can be phytotoxic to sensitive agricultural crops

and cause lower agricultural yields (Chaney et al., 2003).

Applicability: Nickel is one of the more promising metals to be considered for phytoextraction
and harvesting (Van der Ent, 2013). Phytoextraction L. of nickel has proved in field studies
to be efficient in some cases (Chaney et al., 2007). Because of nickel scarcity and high market
prices, phytomining of nickel for industrial use may have potential in the future. Several plants
have been shown to accumulate 1-3% nickel in dry matter, providing biomass ash for refineries
that is richer than conventional ore materials (Chaney et al., 2007). In addition, biomass from
nickel phytomining can be used as organic nickel fertilizer where nickel deficiency in soil has
previously killed pecan trees and other agricultural crops (Wood et al., 2006).

However, nickel-contaminated soils can also be phytotoxic to plants, mostly when soils
are acidic. Nickel phytotoxicity often does not affect agricultural food chains because, unlike
cadmium and zinc, a substantial reduction in crop yield occurs when nickel contamination is
high, therefore food cannot be grown on these sites (Chaney et al., 2003). Phytoextraction is

best utilized for nickel as a ‘polishing strategy’ for sites with lower levels of contamination that



are not phytotoxic to plants, unless a detailed soil risk assessment and amendment strategy
is completed. Alternatively, higher nickel concentrations can be stabilized in soil with plants,
using amendments to prevent nickel toxicity. Between phytoextraction and inactivation of soil
nickel through addition of amendments and stabilization, phytotechnologies can potentially
be used to remediate nickel-affected soils at a reasonable cost (Chaney et al., 2003).
According to Dr. Rufus Chaney, in 2003 soil removal and replacement cost about $2 million/
hectare-30 cm deep for nickel-contaminated sites. However, a phytoextraction and amendment
remediation may only cost $3,000-$10,000/hectare. This does not include the potential for the
nickel to be collected from the harvested plants and sold, which may add an additional revenue

source where soil-nickel concentrations are high (Chaney et al., 2003).

Planting specifics

At this time, more than 450 plant species have been documented as hyperaccumulators of nickel
(Van der Ent et al.,, 2013), but only a small fraction of these accumulate over 1% Ni, which
would be required for effective phytoextraction or phytomining. High nickel-accumulating
species such as Alyssum spp. are well documented and grow well in most climates (Chaney,
2013). The large number of nickel-accumulating plant species is likely because of the great

extent of nickel-rich soils worldwide (Van der Ent et al., 2013).

Phytoextraction of nickel should only be attempted after careful study by an agronomist
for potential profit from extraction or phytotoxic effects, and after consideration of any risks
associated with translocating nickel to the above-ground portions of the plant. Phytomining of
nickel is likely one of the most useful opportunities for phytoextraction. The following planting

typologies can be considered for use in conjunction with the plant list in Figure 3.45.

In soil

Extraction and harvesting:

* Extraction Plots: Chapter 4, see p. 224

Stabilization: Amendments are added to restore soil fertility and prevent nickel uptake, and
plants are installed to prevent erosion of nickel in soils.

¢ Planted Stabilization Mat: Chapter 4, see p. 202

In water

1o control contaminated groundwater:

* Groundwater Migration Tree Stand: Chapter 4, see p. 213

10 remove from surface and wastewater: The systems described below have been used for nickel

removal from water. Since constructed wetlands have been widely documented, plant species for

these purposes have not been included in this publication.
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CONTAMINANT CLASSIFICATIONS AND PLANT SELECTION

g  500kgAlyssumashin revert
“ bag ?

A

Alyssum murale plots planted for phytoextraction Above-ground plant parts were harvested ~ The plant ash is smelted to extract nickel for industry. The

and phytomining of nickel at Port Colborne, Ontario and incinerated into an ash, ready to be plant-derived ash is richer in nickel than conventional mined
(Chaney et al., 2003). used in the nickel smelting process ore materials (Chaney et al., 2007).

(Dr. Scott Angle pictured).

Figure 3.46 Case Study: Port Colborne, Ontario, Canada

¢ Stormwater Filters: Chapter 4, see p. 235

* Multi-Mechanism Buffers: Chapter 4, see p. 234

* Surface-Flow Constructed Wetland: Chapter 4, see p. 238
o Subsurface Gravel Wetland: Chapter 4, see p. 241

The selected nickel hyperaccumulator plant species listed in Figure 3.45 have been cited
frequently as potential species for nickel uptake. For nickel, it has been found that the use
of fast-growing hyperaccumulators for extraction is likely more effective than high biomass-

producing crop plants (Chaney et al., 2010).

Cuse Study| Project name: Port Colborne Nickel Refinery (Chaney et al., 2003; Chaney et al., 2007;
Nickel Kukier and Chaney, 2004)

Location: Port Colborne, Ontario, Canada

Institution/Scientist: The USDA-Agricultural Research Service (R. L. Chaney and Y.-M. Li),
the University of Maryland (J. S. Angle and E. 2. Brewer), the Environmental Consultancy of
the University of Sheffield (A. J. M. Baker and R. D. Reeves), Oregon State University (R. J.
Roseberg)

Date installed: 1990s

Species installed: Oats, radish, corn, soybeans (to assess phytostabilization @ of Ni), Alyssum

murale and A. corsicum (for phytoextraction [, ).

Amendments: Dolomitic limestone, to raise pH, manganese fertilizers and NPK fertilizers.
Contaminant: Nickel

Target media and depth: Top 50 centimeters (20 inches) of soil.

Twenty-nine square kilometers of surface soils in the Port Colborne, Ontario area became

contaminated with nickel from a nearby refinery operating over 60 years. Copper (Cu) and
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cobalt (Co) concentrations in soil were also elevated near the refinery in these surrounding
lands used for agriculture. Because nickel levels were so high, the agricultural crop plants
were affected and reduced crop yields occurred, due to phytotoxicity. Removal, hauling and
landfilling of contaminated soils was considered, but because the area of contamination was
so large and spread by air emissions, and because a hugely unsustainable amount of topsoil
would have been required for revegetation, phytostabilization @ on site by the addition of
amendments and phytoextraction - and harvesting to remove the nickel were both tested as

remediation options (Chaney et al., 2003).

To test the opportunity to stabilize the nickel on site and prevent it from contaminating and
harming the agricultural crops, soil pH was raised with amendments as an effective method of
remediating the phytotoxicity of nickel-contaminated soils. High rates of limestone were applied
to Port Colborne soils to reduce the amount of nickel bioavailable to the plants. Liming soil to
a pH of about 7.5 (calcareous, with excess limestone remaining to keep pH high for centuries)
substantially reduced nickel concentrations in the shoots of all species and enabled survival and
normal plant growth. In addition, other adjustments to soil fertility, such as adding manganese,
were made to ensure optimal yields. Nickel phytotoxicity in an industrially contaminated soil
was highly dependent on soil pH and on plant species, where some agricultural species were
more sensitive to nickel than others. Grass species (Poacea spp.) were found to be more tolerant
of nickel than the other species tested (Kukier and Chaney, 2004). Phytostabilization @ was

found to be successful using soil amendments and tolerant plant species.

In addition, in a separate set of tests on the same site, Alyssum murale and A. corsicumwere planted
to phytoextract [ 7, harvest and remove nickel from soils. Dr. Chaney and his collaborators
developed a nickel phytoextraction technology to mine nickel (phytomining) with plants using
these hyperaccumulating, high biomass-production species. Over 200 ecotypes (genetically
distinct geographic varieties within the species) of nickel hyperaccumulator A. murale were
collected in southern Europe, and new cultivars were developed by plant breeding to optimize
the favorable extraction characteristics of this perennial, which regrows after cutting to harvest
biomass. A. murale was then tested at two sites with high levels of nickel in the soil: (1) in soils
contaminated by a nickel refinery in Port Colborne, Ontario and (2) on historic serpentine
soils in Oregon with high levels of naturally occurring nickel. The crops were harvested in early
flowering stage, allowed to air-dry for several days, then baled, handled and stored away from
the production field. The plants attained significant amounts of nickel in above-ground parts
and the shoots were dried and burned to make ash for nickel recovery in smelting. The dried
hay can be burned in a biomass generator, which supplements the cost of growing the crop,
and the resulting ash is a high-grade nickel ore. With high biomass-yield potential, A. murale
and A. corsicum can phytoextract 200-400 kg/hectare/year. It was shown that the value of
the plant ash as a metal ore could offset the costs of soil remediation and provide more profit
than conventional crops on these soils. Commercial phytoextraction from mineralized soils
in Oregon resulted, though the application of this phytomining technology is limited, due to

specific soil requirements.



As with all crop plants, the phytomining plants must be fertilized and managed for optimum
economic production of nickel. Challenges may exist for growing plants in certain soils and
climatic conditions. In addition, the potentially invasive characteristics of plants should be
considered before any plants are introduced into a new, non-native environment. A. murale

was found to have invasive characteristics when used for phytomining in North America.

d Selenium [l

Background: Selenium contamination has become a challenge in parts of the western United
States due to irrigation of naturally enriched seleniferous soils that leach selenium into other, low-
lying wetland areas (Chaney etal., 2007, Bafuelos et al., 2005). Typically, selenium contamination
of drinking water is of greatest concern. Contaminated water typically results from naturally
occurring selenium being mobilized by irrigation run-off or industrial water pumping through

oil shales, including natural-gas fracking and oil drilling, or from agricultural run-off.

Applicability: Selenium is efficiently extracted and also volatilized by some hyperaccumulating
plants and high-biomass species. The volatile form of selenium is 2-3 orders of magnitude less
toxic than the inorganic selenium forms found in the soils (Terry et al., 2000). One of the more
promising phytomanagement uses is for recycling selenium using accumulating forage-crop species
(Dickinson et al., 2009). Selenium-enriched seed meals have been effectively grown on selenium-
rich sites, harvested and used as a nutritional supplement to feed livestock (Chaney et al., 2007;
Bafiuelos et al., 2010). Selenium is an essential mineral for animals, including cattle, yet most
soils are selenium deficient, and the feed grown in such areas lacks the selenium concentrations
necessary for animal nutrition (Bafselos et al., 2010). Approximately 20 species of plants have
been verified as selenium hyperaccumulators, with some such as Stanleya pinnata performing

better than others in field conditions (Van der Ent et al., 2013; Freeman and Bafuelos, 2011),

Planting specifics
Species for extraction of selenium have been identified and successfully used for remediating

field sites with low levels of selenium contamination. Some of the selenium may be accumulated

into shoots, though selenium changes form and can also be volatilized into the air.

In soil
Extraction and volatilization: Selenium is extracted into the above-ground portions of the plant
and the plants are harvested to remove the contaminant from the site. In addition, selenium is also

volatilized, and in some situations the above-ground parts do not necessarily need to be removed.
* Extraction Plots: Chapter 4, see p. 224

Stabilization: Plants are used to keep the contaminant on site, preventing it from moving and
creating exposure risk. Soil amendments should be added to decrease mobility.

* Planted Stabilization Mat: Chapter 4, see p. 202
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Case Study

Selenium

In water

1o control contaminated groundwater: High evapotranspiration-rate species can be planted
to control the groundwater plume, slowing it or redirecting it to prevent the spread of the
contaminant in groundwater. Selenium can be held in the root zone or extracted into the above-

ground portions of the plant.

* Groundwater Migration Tree Stand: Chapter 4, see p. 213

1o remove from surface and groundwater: Surface or groundwater is run through a natural
treatment system that primarily physically traps the selenium and binds or precipitates it to
planting media. Since constructed wetlands have been widely documented, plant species for

these purposes have not been included in this publication.

* Stormwater Filters: Chapter 4, see p. 235

* Multi-Mechanism Buffers: Chapter 4, see p. 234

¢ Surface-Flow Constructed Wetland: Chapter 4, see p. 238
¢ Subsurface Gravel Wetland: Chapter 4, see p. 241

The upland hyperaccumulator plant species listed in Figure 3.47 is a representative list of plants

shown to extract selenium.

Project name: Ridge Natural Area above Spring Creek Park (Freeman and Bafuelos, 2011;
Freeman, 2014)

Location: City of Fort Collins, CO

Consultant/Scientist: John L. Freeman, Ph.D., Phytoremediation and Phytomining

Consultants United (http://www.phytoconsultants.com)

Date installed: Spring 2007

Species installed: Stanleya pinnata (Prince’s Plume)
Amendments: None

Contaminant: Selenium [l naturally present in cretaceous shale.

Selenium toxicity is a significant problem in the western United States, where it impacts
drinking water supplies near oil shale-drilling operations, agriculture and other uses where soil
is exposed to rain and erosion. Researchers evaluated several genotypes of the native Colorado
species Stanleya pinnata for its ability to remove the highly toxic form of selenium from soil
and volatilize it into the air as a less toxic organic form. It was found that the plant can
remove 30% of selenium soil concentrations in one growing season, although the removal rates
do decrease each year. Salt- and boron-tolerant genotypes were selected, since these elements

are often present at selenium-contaminated run-off sites (Bafuelos and Freeman, 2011).



CONTAMINANT CLASSIFICATIONS AND PLANT SELECTION

Stanleya pinnata was planted to remediate mobile selenium-contaminated soils after The attractive phytoremediation plantings blend with the adjacent park
pipelines were installed in an area 150 ft wide x 1/2 mile long. aesthetic.

Four years after installation, the mobile selenium was remediated and native
Colorado grasses replaced the previous phytoremediation planting.

Figure 3.48 Case Study: Spring Creek Park, Colorado

Once select genotypes were identified, the chosen native Colorado Stanleya pinnata genotypes
were planted at a selenium-rich site in Fort Collins, Colorado. At the Pine Ridge Natural Area
above Spring Creek Park, new drainage improvements had to be made by the City of Fort Collins
in areas of naturally occurring high-selenium soils. These soils would typically release selenium
into local water supplies when disturbed. To prevent this, Stanleya pinnata was planted where
selenium-rich soils were exposed in order to help stabilize, extract and volatilize the selenium.
This perennial plant prefers dry and nutritionally poor soils, so it is ideal for large-scale plantings.
The highly mobile selenium was controlled after four years of growing and the Colorado native

grasses naturally succeeded the previous monoculture planting of Stanleya pinnara.

W 5 Merals: moderately difficult to extract

Boron (B), Cobalt (Co), Copper (Cu), Iron (Fe), Manganese (Mn), Molybdenum (Mo)

Background: All of the metals in this category, considered moderately difficult to extract, are

essential plant micronutrients except cobalt, which is an essential element only for legumes.

Applicability: Phytoextraction L3 of all the moderately difficult-to-extract metals in this
category is considered to be unfeasible at this time. Although hyperaccumulator species of these
elements can be found in the literature, these metals are usually difficult to extract at field scale.

Large amounts of these metals in soils can be phytotoxic to plant growth, or the metals may be

167



GOBT ‘Sedap-opiay pue mouoly

0002 ‘Sonaay pue Jayeqg |izeug ‘e|anzauap a|qe|ieAe 10N LI OUO|Al 8p 020D eLe||o siyifoa7]
96T ‘Uieag pue p|ajuasoy
GEBT ‘slohg 1nuowaly
000¢ ‘Sanaay pue Jayeg eolswy YlioN uJo1ssp a|ge|leAe 10N SNO3JBQJIBH | pPaamuap|oL as|eq spiem (sisdouo( “109s) snddedojdeH
GEBT ‘siohg 91esUspU0I
000Z ‘Sonaay pue iayeqg eolldwWy YlioN UI91SaM a|ge|ieAe 10N SNoadeqiaHy snddedo|deH (sisdouoQ "199s) snddedojde
7967 ‘Uieag pue p|ajuasoy
0002 ‘Sonsay pue Jayeq eolBWY YLON UISISap 6-t SnosoeqisH yshiquied ueipu| esowolyo efa)ise)n
7967 ‘Uieag pue p|ajuasoy
0002 ‘Sonaay pue Jayeqg eolBWY YLON UI91Sap 0T-9 SN03JeqIaH ysnqlles a|eospeys ©1/041349,U09 X3|dLIY
1002 “’|e 1 aum
96T ‘Uieag pue p|ajuasoy
0G6T ““|e 19 UOXON
LE6T ‘Uieag pue ysiuy
0TO0C “'|e 1o Aoueyd
9EB6T ‘siakg
0002 ‘Sonaay pue Jayeq eolBWY YLON UISISaM 0T-€ SNoadeqlaH YOOI\ weal) snsowaoeJ snjegelisy
7967 ‘Uieag pue p|ajuasoy
0002 ‘Sonaay pue Jayeq eolBWY YLON UI91Sap 9-C SN03JeqlaH YolaM[IIN JeaimolieN snjeunoad snjegelisy
0002 ‘Sonaay pue Jayeq eolIdWY YLON UI9ISOM a|qe|ieAe 10N SnoaoeqloH YOlom|IIN S,uosianed 1uosianed snjegensy
7967 ‘Uieag pue p|ajussoy
0002 ‘Sonsay pue Jayeq eoldWY YLON UI91SOM a|qe|ieAe 10N Snoadeqlay U91aM[IIN INOYIa1SO 11N0Y433S0 Snhjeselisy
GEBT ‘siafg
0002 ‘Sonaay pue Jayeq eollawWy YLON UI91SOM a|qe|ieAe 10N SN03JeqIaH UY21oM|IIN S.Aein 1AeJg snjeSesy
€T0C "2 19 17 Jop UeA
96T ‘Uieag pue p|ajuasoy
8Y6T ‘siakg pue unje
9€6T ‘siokg
GEBT ‘siofg
000¢ ‘sonaay pue Jayeq eolIBWY YLION UI91SSM 1-C snoaoeqlaH U219M|IIN POACOID-OML snyeoinsiq snjegeisy
€96T ‘POOMINH pue AeIDOIA
000¢ ‘Sonaay pue Jayeq eljensny 0T-6 IR 2al0g eued e|oeay
auoz adAL
29uaiajay |euisuQ 0} AN ssaulpieH vasn uonelasan uowwo) upel

(sa109ds 40 11| aAneIUaSaIdal e Jaylel 1s)| 819]dwod e 10u) sioleinwndoeladAH wniudlds i€ aangiq

168




169

000¢ ‘sojanueg e oY 8-¢ SnoaoeqiaH 1104811 1004SPIIg SNje|noiuIod snjo7

000¢ ‘sojanueg umouxun T1-6 SnoaoeqiaH jeuay| snuiqiuued snosiqiH

000¢ ‘sojenueg eouswy yuoN ‘edoiny 0T-¢ SnoadeqIoH anosa4 ||eL aeoeuIpunJe eon}so
0002 “[e 10 |ehez

000¢ ‘sojanueg eISy |e)lua) 0} eIssny T1-6 SNoadeqiaHy pJeisniy uelpul eaoun( eajsseig

(s1018|NWN22Y Se aInynduSy Ul pas Ing ‘siolenwnaoeiadAy 10u) SI01RINWNIOY [RINYNOLSY WNIU3JS

L00T “’|e 12 auMm

€TOZ “"|e 18 1u3 Jap uep
796T ‘Uieag pue p|ajuasoy
8E6T | 10 slefg

000z ‘sonaay pue iayeg eolBWY YLION UI9ISOM J—€ SN0aoeqIaH awin|d s,90ulld ejeuuld efsjuels
96T ‘Uieag pue p|ajuasoy
0SG6T “’|e 1@ UoXo\
8E6T |8 10 siokg

000z ‘senaay pue iayeqg eolawWy YON UIalsap a|qe|ieAe 10N SN0dJEAIBH | awn|d S,80uUlld a1euuldig eleuuldiq efsjuels

€96T ‘POOMINH pue AeIDON ESOWIA J91eM

000z ‘sonaay pue iayeqg eljeisny a|qe|ieAe 10N SNoadeqIaH pasp WNiua|es siineaixsjdwe ejunidan
8G6T “'le 12 pouy

000z ‘sonaay pue Jayeqg eljeisny a|qe|ieAe 10N SNo0adeqIaH uoode 21e/nd139.] epuLION

96T ‘UYieag pue plojuasoy 0poJ0|0) ‘yein a|qe|ieAe 10N SN03JeqIaH eJoyjuelsoeyoey BISNUdA eJBYIURIBRYIBIN
96T ‘Uieag pue p|ajuasoy

000 ‘senaay pue iayeqg eolaWYy YLON UIalsap a|ge|ieAe 10N snoaoeqlaH elayjuelaeyoe esoweJ elayiueloeydep|
GEBT ‘siakg

000z ‘sonaay pue iayeqg eolBWY YLION UI9ISOM a|qe|ieAe 10N SNo0adeqIaH elayuelaeyoe IA1ied eisyiueiseyoep

000¢ ‘sanaay pue Jayeg opeJo|o) ‘yen ] SnoadeqioH 191SeAPOOM 09S1D eisnuaA (eziylojAx) esayiueiseyoep

796T ‘Uieag pue p|ajuasoy e|nosniiqels

000z ‘senaay pue iayeqg eolawWy YON UIa1sap G snosdeqleH J91SeAPOOM Y100WS (eziyiojAx) essyueiseyoep

auoz adAL
29ud13)3Yy |euisSuQ 0} daAleN ssaulpieH vasn uonelagap uowwo) une

(panunuod) ' N4



170

g

tightly bound to soils. Engineering soil amendments and vegetation for phytostabilization

is the recommended phytotechnology for soil contamination with these metals at this time.
In addition, conventional dig-and-haul or capping remediation strategies can be utilized for
contaminated soils.

However, when these metals are mobilized in water, such as in groundwater plumes or
stormwater, they can be filtered out of the water with the assistance of plants and held locally
in the soils. With the exception of manganese, groundwater migration tree stands, stormwater
filters and constructed wetlands can be used to filter the metals out of water and to trap the
metals in the soil media.

In addition, when these metals are mobilized in groundwater, high-evapotranspiration plant
species can slow down or delay the groundwater plume, potentially controlling the contaminant
against spreading, as long as the concentration of the metal is not phytotoxic to plants. The
target goal is not to extract these metals into a plant, but instead to control their spread in

groundwater.

Planting specifics
In soil

Stabilization: Plants are used to keep the contaminant on site, preventing it from moving and

creating exposure risk.

¢ Dlanted Stabilization Mat: Chapter 4, see p. 202

In water

10 control contaminated groundwater: High evapotranspiration-rate species can be planted
to control the groundwater plume, slowing it or redirecting it to prevent the spread of the
contaminant in groundwater. As the water is drawn into the plant, the metals are typically held
in the root zone and soils around the plant, filtering them from the water. This hydrological

control prevents migration of the metals in the groundwater.

* Groundwater Migration Tree Stand: Chapter 4, see p. 213

1o remove from surface and groundwater: The systems described below have been used for metals
removal from water. Since constructed wetlands have been widely documented, plant species
for these purposes have not been included in this publication. Metals that may enter the site via
stormwater inflows will generally be of very low concentrations and will not be readily available
for plant-based extraction methods. However, the metals can be filtered out through the organic

soil media.

* Stormwater Filters: Chapter 4, see p. 235

* Multi-Mechanism Buffers: Chapter 4, see p. 234

¢ Surface-Flow Constructed Wetland: Chapter 4, see p. 238
* Subsurface Gravel Wetland: Chapter 4, see p. 241



Case Study
Copper

A partial list of plant species for stabilization of metals is found at the beginning of this
section (see plant excluder list Figure 3.37, p. 140). Additional species can be researched. Soil
amendments should also be considered to additionally decrease mobility and to encourage plant

growth, due to the potential phytotoxicity of the metals.

Project name: Biogeco Phytoremediation Platform (Bes and Mench, 2008; Bes et al., 2010;
Bes et al., 2013; Kolbas et al., 2011; 2014; Marchand, 2011)

Location: Gironde, France

Institution/Scientists: UMR BIOGECO INRA 1202 — University of Bordeaux, France, led
by Dr. Michel Mench. This platform was initially supported by ADEME (French Environment
and Energy Agency), Department of Urban Landfills and Polluted Sites, Angers, France and
then developed as one of the 17 sites coordinated by the GREENLAND project supported
by the European Commission (FP7-KBBE-266124, GREENLAND), website: http://www.

greenland-project.eu/.

Date installed: Risk assessment started in 2005; first field plots installed in 2006; research
ongoing

Species installed: Populus nigra L., Salix caprea L., Salix viminalis L., and Amorpha fruticosa L.
with soil amendments. Test plots of perennials: Agrostis capillaris L., Agrostis castellana Boiss.
& Reuter, Agrostis delicatula Pourr. Ex Lapeyr., Agrostis gigantea Roth., Dactylis glomerata L.,
Holcus lanatus L., Festuca pratensis and Cytisus striatus Hill Rothm. Other perennials tested:
for phytostabilization/biomasss production: Vetiver, Miscanthus, L. Annual crops tested for

phytoextraction/biomass production: tobacco, sunflower, sorghum.

Amendments in field plots: Compost (made of pine-bark chips and chicken manure), compost
and dolomitic limestone, alumino-silicates (Linz-Donawitz slags), zero-valent iron grit and
compost. (See Bes and Mench, 2008, p. 1130 and Bes et al., 2013, p. 41 for full lists of soil

amendments used in these studies.)

Contaminant: Heavy metals: copper (Cu) [l]l in the form of copper sulfate (CuSO,)
and chromated copper arsenate used as wood preservative; PAHs @ and hydrocarbons from

creosote @

The Greenland initiative is a series of European Union-funded research projects that includes
various gentle remediation options (GROs) and plant-based approaches to both remediate
contaminated soils at low costs with limited harmful effects to the environment and produce
biomass for plant-based feedstock (phytomanagement). Additionally, the project creates a
network of long-term remediation case studies across Europe for comparison and optimization
of GRO techniques. The Greenland Initiative recognizes that while GRO technologies may be
innovative and efficient, they are still not widely used. The project seeks to produce sustainable
as well as profitable management techniques for contaminated soils and promote their
deployment at the field scale. As part of ongoing research for the Greenland project, Michel

Mench and colleagues have examined aspects of a former wood-preservation site in France.
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The site in Gironde, southwestern France has been the focus of ongoing research into
phytoremediation techniques that could be applied to many sites with copper and copper/
PAHs contamination. The area itself is 10 hectares (25 acres) in size and has been used for
over a century to produce and store wood timbers, posts and utility poles. Contamination
from these processes has resulted in various soil levels of copper (67-2,600 mg/kg) and PAH
(see section on petroleum, p. 65), depending on the sub-site. The research is focusing on (1)
how to stabilize the metal and get plants to grow on this contaminated site, and (2) how to
combine bioavailable copper stripping, rhizodegradation of PAHs and production of biomass

with profitable returns (phytomanagement).

Many combinations of soil amendments were applied to reduce the availability of copper and
increase plant growth. The researchers found that soil amendments of activated carbon and
zero-valent iron grit helped the most to reduce concentrations of copper in the soil solution.
These amendments could be important first steps toward improving soil properties that would

allow vegetation to flourish, as well as reducing the mobility of copper contamination.

Vegetation at the site was examined in depth to identify species with remediation potential as well
as accumulator, excluder and tolerant properties towards copper. Based on its investigation, the
team identified “aided phytostabilization” options for the site that utilized existing vegetation.
One option was to use soil amendments to reduce available copper contamination and then
add Common Bent Grass (Agrostis capillaris) and Redtop (Agrostis gigantea Roth) as excluder
species to provide vegetative cover. Other species found at the site, such as Black Poplar (Populus
nigra) and Basket Willow (Salix viminalis) show commercial promise as bioenergy species and
can be used in short-rotation coppice systems for biomass generation while stabilizing copper
in the soil. Various genotypes of annual secondary Copper accumulators (tobacco, sunflower)
are being investigated for bioavailable Copper stripping (around 150 g Cu/hectare/year),
oilseed production, biosourced chemistry and other productive products. Research into the

effectiveness of additional species (Veziver, Miscanthus, Switchgrass, etc.) is ongoing.

The Greenland Initiative studies show the reality of metal-contaminated sites and how
remediation must be focused on (1) containing pollutants and limiting their mobility
rather than removing them, given scarce resources and high cleanup costs and (2) options
for phytomanagement (combining bioavailable metal stripping and biomass production).
Moreover, it points to trends in phytoremediation that attempt to minimize pollutant linkages
and risk from the contamination while creating vegetative cover and biomass that can provide

a financial return.

6 Metals: difficult to extract (tend to be less bioavailable to plants)
Lead (Pb)

Background: Lead is one of the most common widespread contaminants in US urban
areas, due to the historic use of leaded gasoline, lead paint, lead batteries, lead pipes and the

continuing use of lead in industry. Lead in soils and in urban dust builds up cumulatively over



time and is prevalent, and exposure to these sources is common. Lead poisoning is the leading
environmentally induced illness in children. Children under the age of six are at greatest risk
because of their fast neurological stage of development and problems arising from lead ingestion,

leading to the decline of mental development and acquisition of motor skills (OSHA, 2013).

Applicability: The chemistry of lead in soil severely limits its availability for plant uptake. As
a result, lead extraction with plants is not considered feasible for field-scale remediation. Lead
has low bioavailability in aged soils, and often exists in forms of limited solubility; plant uptake
and extraction is limited without the aid of chemical additives (Zia et al., 2011) and there are
no known sucessful hyperaccumulators of lead for remediation that live in temperate climates.
Where extraction of lead has been claimed in past studies, typically a chemical (chelating agent)
has been added to make the lead more bioavailable and a high biomass-producing crop plant has
been grown. The most common chelating agent that has been utilized to enhance lead extraction
is EDTA: ethylene diamine tetra-acetic acid. This approach enables traditional crop plants like
sunflower and mustard to take up lead, but generates the risk that lead could be mobilized into
groundwater, creating uncontrollable pollution migration. For this reason, the use of EDTA for
lead extraction has been banned in the US and EU for over 10 years (Chaney, 2014). The cost
of the chelating agent amendments may also be prohibitive, at a cost of more than $30,000
per hectare/year (Chaney et al., 2007). At some limited field-scale sites where EDTA was used,
leaching into groundwater was not detected and this technique was found to be significantly
more cost-effective than excavation and soil removal (Blaylock, 2013; Weston, 2014); however,
this is still not recommended because of potential risks.

Many designers and practitioners are misinformed and believe that sunflowers, mustard
and other crop plants will naturally hyperaccumulate lead and can be harvested to remediate
a site. One of the reasons for this misconception is that the use of chelating agents may not be
understood, or publications promoting metals phytoremediation may have misunderstood or
not mentioned them (Kuhl, 2010; Ulam, 2012). When referencing past studies and searching
for plant species for phytoremediation of lead, practitioners must consider and investigate if
EDTA or other chelating agents were used.

On a positive note, one study has suggested that the risk to humans of lead in urban soils
may be lower than was previously assumed (Zia et al., 2011). Rather than total lead in soil,
bioavailability of soil lead is the important measure for protection of public health. Recent findings
have revealed that the bioavailable fraction of lead in urban soils is only 5-10% of total soil lead,
far lower than the 30% as presumed by the US EPA (Zia et al., 2011). Lead bioavailability in
soils can vary and is largely controlled by the amount of phosphate, iron, oxides, organic matter
and pH levels (Zia et al., 2011). Only when soils are very high in lead, phosphate deficient
and very acidic can a very few species naturally accumulate small amounts of lead in above-
ground tissues (Chaney, 2013). Lead bioaccessibility tests have been developed, and these can
be considered when testing sites to determine the true risk of lead on a site. However, regulatory
guidelines in most cases still rely on a measure of total soil lead in determining legal reporting

requirements and required remedial actions, and property values are affected accordingly. The
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Case Study
Lead—1

most risky pathway for lead exposure is uncovered soil or dust that may migrate onto skin and
be directly ingested, or move in the wind and accumulate onto edible plant parts, rather than

lead taken up by plants and incorporated into the plants’ biomass.

Planting specifics
Since lead does not migrate freely in soil and groundwater, nor is it easily taken up by plants,
the recommended solution is usually to stabilize it on site and prevent dust and wind from
exposing soil particles. For this reason, the US EPA has established guidelines for covering
lead-contaminated soils to prevent physical exposure. Adding organic matter such as compost
and raising the soil pH with lime and adding phosphorous will help further to bind lead to soils.
Adding a thick vegetative layer on top can then prevent soil erosion and lead exposure.
Residential vegetable gardens and community garden sites are frequently contaminated
with lead. To limit edible crop exposure, raised beds should be constructed with new, non-
contaminated soils. In addition, thick layers of mulch or vegetation should cover any lead-
contaminated soils to prevent wind from picking up soil dust particles and contaminating food

crops with lead dust (see Chapter 5, p. 278 for community gardens).

In soil

Stabilization: Plants are used to keep the contaminant on site and decrease lead movement and
exposure risk. Amendments and pH level are typically adjusted to increase stabilization. Lead
exposure is most cost-effectively mitigated by binding it in place. Any plant species with an

active root zone that prevents soil from eroding can be utilized.

¢ Dlanted Stabilization Mat: Chapter 4, see p. 202

In water
Lead typically does not easily leach into water, so techniques for removing lead from water have

not been included.

Project name: Magic Marker Site (US EPA, 2014g; Clu-In, 2014; Blaylock, 2013; Blaylock
et al., 1997; US EPA, 2002)

Location: Trenton, NJ

Institutions/Scientists: US EPA; Phytotech (company acquired by Edenspace Systems
Corporation in 1999)

Date installed: 1996-1998
Species installed: Helianthus annuus (sunflower) and Brassica juncea (Indian Mustard)
Amendments: Chelators (EDTA)

Contaminants: Lead [}



Target media and depth: Soil to an 18-inch depth.

Prior to its use as a manufacturing facility for Magic Markers, this 7-acre site in Trenton, NJ
housed various industrial activities including the manufacture of lead-acid batteries. When the
factories shut down in the late 1980s, lead contamination (as well as other chemicals) remained.
While most of the site was occupied by abandoned buildings and hardscape, approximately 1.5
acres of exposed soil with varying lead concentrations required remediation. Phytoextraction
- was proposed as a new technology that could potentially address the need for a cost-
effective remediation strategy. Because there are no natural hyperaccumulators of lead, the
approach of using existing crop plants, such as Indian Mustard and sunflower, combined
with adding EDTA, a chemical chelating agent, to artificially enhance lead bioavailability
and plant uptake was proposed. The project was initiated on approximately one-third of the
site in 1996 using a spring planting of Indian Mustard, harvested in eatly June, followed by
a planting of sunflowers, harvested in August, and then a third crop using Indian Mustard,
harvested in late September, with EDTA added during all crop cycles. Soil samples were
collected at a 5-foot grid spacing at three depths prior to planting and after harvesting of each
crop to assess any change in the measured soil concentration. In the second year (1997) of
the project, the planted area was expanded and the project was conducted under the oversight
of the EPA SITE (Superfund Innovation Technology Evaluation) program, where an EPA
contractor conducted soil sampling and analysis to evaluate technology performance. The
phytoremediation project in both years produced both promising and conflicting results.
While the soil testing was showing significant lead decreases, the lead quantity in the plants
when measured could not account for the decrease in soil concentrations. As described in the
EPA project report, “Possible explanations for the discrepancy include: (1) chelating agents
that were applied to the soil mobilized and transported the lead out of the system,” (2) the
variability in crop productivity was incorrectly estimated, (3) there was a mistake made in the
soil sampling processes or (4) enough amendments were added and tilled into the soil that
spread out the hot spots and diluted the lead, bringing the overall soil concentration down.
The supporting data was unable to confirm that the plants had actually extracted the lead,
and this technology for lead extraction remains unproven. However, on several websites this
project is characterized as successfully remediating lead with sunflower and mustard, and the
use of EDTA and the inconsistencies with the data are not clearly addressed in non-technical
terms. It is important to clarify that yes, the lead was no longer shown to be in the soils, but
that plant extraction was not the reason for the lead removal. Sunflowers and Indian Mustard

cannot extract and remediate lead.

It is laudable that the EPA and Phytotech were open to exploring and evaluating this innovative
technology at field scale in the 1990s. However, practitioners must be careful to read the fine
print and fully understand the intricacies of the data, so that future projects are modeled after

scientifically proven precedents.
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Heavy applications of biosolids were applied and ~ Biosolids decreased the phytotoxicity of the heavy

CONTAMINANT CLASSIFICATIONS AND PLANT SELECTION

P

=3

Plants and the soil amendments work together

cultivated into the soil to stabilize on-site heavy ~ metals and the once-barren soils were vegetated. to keep the heavy metals stablized and out of the
metals from mining operations. Arkansas River.

Figure 3.49 Case Study: Alluvial Mine Tailling, Leadville, CO

Case Study
Lead-2

Project name: Alluvial Mine Tailings (Allen et al., 2007; Brown et al., 2005; Brown et al.,
2007; Brown et al., 2009; National Research Council, 2003)

Location: 1eadville, CO

Institutions/Scientists: US EPA, and URS Greiner, University of Washington

Date installed: 1997-2001

Species installed: Native grasses and shrub species for restoration.

Amendments: Municipal biosolids and limestone applied at 100 tons/acre.
Contaminants: Lead [}, zinc [ll, cadmium [l and acidity from historic mine tailings.
Target media and depth: Soil to a 12-inch depth.

Mining operations in Leadville, CO from the 1870s to 1980s created significant alluvial
tailings contaminated with heavy metals including lead, zinc and cadmium. Contaminated
tailings were found miles from the original source site, since the metals and sediments were
moved and deposited in new locations by the Arkansas River during high-water events. The
dispersed alluvial tailings were placed on the National Priorities List (list of Superfund sites) by
the US EPA and were categorized for a removal action; however, the ecological impact and
financial costs of excavating the tailings and sourcing replacement soil provided an incentive for

scientists to instead use soil amending and phytostabilization @ to retain the metals on site.

Biosolids from Denver were mixed with limestone (to raise the pH) and tilled into the tailings
deposits in an effort both to reduce the toxicity of the metals and to restore a plant cover. After
amending, areas were seeded with native plant mixes for phytostabilization and prevention
of erosion. Multiple tailings deposits along the Arkansas River were treated from 1997 to
2001. Close monitoring assured that the 77 situ treatment reduced metal availability and its
associated risks to humans and animals. Plant cover, metal uptake by plants, species diversity,
soil sampling and small-mammal trapping and analysis were carefully studied. The treated
sites included private ranches as well as public lands. Many areas had very high levels of
contamination. High Lonesome, one of the publicly owned treated lands is now open to the

public as an access point to the Arkansas River for trout fishing.



6 Metals: difficult to extract
Chromium (Cr), Fluorine (F), Mercury (Hg), Uranium (U), Vanadium (V), Tungsten (W)

Background: The remaining metals in this category typically are not bioavailable and/or are
phytotoxic to plants in soils. Some removal of chromium from contaminated water may be
possible with aquatic plants. Mercury may be able to be taken up and volatilized into the air by

some genetically modified plants but mercury in air is also problematic.

Applicability: Extraction of these metals in soils by plants is not feasible. However, plants
can contribute by stabilizing metals on site and by physically filtering particulates containing
these metals from water. In addition, high-evapotranspiration plant species can stop them from
migrating by controlling contaminant plumes in groundwater, as long as the concentration of

the metal is not phytotoxic to the plants.

Planting specifics

The most effective phytotechnology application for soils with low-bioavailable metals is to bind
the contaminants in place utilizing phytostabilization. Any plant species with dense root mats
that prevent erosion can be used. Species that can withstand the stress factors of these marginal

sites should be considered.

In soil
Stabilization: Plants are used to keep the contaminant on site, preventing it from moving
and mitigating an exposure risk. Amendments and pH level are typically adjusted to increase

stabilization and enhance plant growth.

* Planted Stabilization Mat: Chapter 4, see p. 202

In water

10 control contaminated groundwater: High evapotranspiration-rate species can be planted
to control the groundwater plume, slowing it to prevent the spread of the contaminant in
groundwater. As the water is drawn into the plant, the metals are typically held in the root zone
and soils around the plant. This hydrological control prevents migration of the metals in the

groundwater.

* Groundwater Migration Tree Stand: Chapter 4, see p. 213

To remove from surface and groundwater: The systems described below have been used widely for
metals removal from water. Since constructed wetlands have been widely documented, plant
species for these purposes have not been included in this publication. These metals will not be
readily available for plant-based extraction methods; however, the metals can be retained in a

highly organic soil media.
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Case Study

Chromium

CONTAMINANT CLASSIFICATIONS AND PLANT SELECTION

e Stormwater Filters: Chapter 4, see p. 235

* Multi-Mechanism Buffers: Chapter 4, see p. 234

* Surface Flow Constructed Wetland: Chapter 4, see p. 238
¢ Subsurface Gravel Wetland: Chapter 4, see p. 241

Project name: BASF Rensselaer Landfill (Roux, 2014)
Location: Rensselaer, NY

Institution/Scientists: Roux Associates, Inc. (engineer); MKW Assoc. (landscape architect);
BASF; New York State Department of Environmental Conservation (NYSDEC)

Date installed: 2008

Plant species: Mixed forest ecotype planting including many New York native higher-
evapotranspiration rate species: Alnus incana (Grey Alder), Acer rubrum (Red Maple), Aronia
arbutifolia (Red Chokeberry), Betula nigra (River Birch), Castanaea dentata (Chestnut),
Ceanothus americanus (New Jersey Tea), Cornus amormum (Silky Dogwood), Cornus racemosa
(Grey Dogwood), Cornus sericea (Red Osier Dogwood), Clethra alnifolia (Sweet Pepperbush),

Fraxinus americana (White Ash), Fraxinus pennsylvanica (Green Ash), Juniperus virginiana

High evapotranspiration-rate
native forest ecotype planted
over existing landfill to pre-
vent stormwater infiltration
and leachate generation

Minimum 30 in soil layer
added on top of landfill prior
to planting

Stormwater collected and
treated with vegetation

Figure 3.50 Case Study: BASF Landfill Cover, Rensselaer, NY
Scale: 1in =250 ft



(Eastern Red Cedar), Populus spp. (poplar hybrids), Salix discolor (Pussy Willow), Salix Nigra
(Black Willow), Sassafras albidum (Sassafras), Sambucus nigra (Elderberry).

Amendments: 0.7 meter (30 inch) soil cap over existing landfill.

Contaminant: VOCs (benzene @, chlorobenzene @, 1,2-dichlorobenzene @, ethylbenzene
@. xylenes @); heavy metals (arsenic |, chromium [, lead [l

Target media: Soil and groundwater.

This 3.6 hectare (9 acre) former industrial landfill site is located in Rensselaer, New York.
Wastes from a nearby chemical manufacturing plant were placed in the landfill until 1978,
when the site was purchased by BASE The site was listed by NYSDEC as a Class 2 Inactive
Hazardous Waste Disposal Site. This triggered a series of environmental investigations which
ultimately led to the installation of a soil cap in 1982 and a groundwater collection system in

1987.

In 2008, an alternative vegetated landfill cover (rather than a clay or plastic liner cap) was
designed and installed to meet state landfill-closure regulations. The cover had to demonstrate
its ability to prevent stormwater from entering the landfill so as to not generate polluted leachate.
A densely planted scheme with a thick soil cap was developed that would evapotranspire the
majority of rain-water, thereby minimizing infiltration through the former landfill. Additionally,
the cover was designed as a phytoremediation planting that would provide phytodegradation
;% and rhizodegradation - of VOCs in the soil, while phytostabilizing Q heavy metals.
The alternative landfill cover has been designed to include significant amenities, such as an
environmental education center, walking trails and an amphitheater. Moreover, the plantings

were designed to maximize ecological value, providing wildlife habitat.

Salt

Specific contaminants in this category: The term ‘Salt’ refers to any compound consisting of the
cation from a base and the anion from an acid, which readily disassociates in water (Environment
Canada, 2001). The following common salt compounds included in this category are sodium chloride
(NaCl), calcium chloride (CaCl,), magnesium chloride (MgCl,) and potassium chloride (KCI). Aircraft
de-icing fluids are typically ethylene glycol (EG) or propylene glycol (PG), which are hydrocarbons and

are included in the section on other organic contaminants of concern earlier in this chapter.

Typical sources of salt pollution: De-icing maintenance activities, mining operations, fracking and oil

drilling, fertilizer application, herbicide application.

Typical land uses with salt contamination: Roadsides, airports, and retail shops in cold-weather

environments, natural gas and oil drilling sites, agricultural fields, industrial sites.

Figure 3.51 Salts
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Why these contaminants are a danger: The spreading of salt on roads and highways prior to, during
and after snow and ice events is the largest end-use of mined salt today, and an integral part of
roadway maintenance. In 2008 alone, 22.6 million tons of road salt were used on US roads (Kostick,
2010). Salt dissolves easily in water and readily impacts groundwater and surface water. The most
widely used road salt, sodium chloride, separates into the chloride anion and the corresponding
cation, which move differently in the environment. Because sodium ions are positively charged, they
exhibit a tendency to bond to negatively charged soil particles or be taken up in biological processes,
while chloride ions, which are less reactive, can be quickly transported to surface waters through
soil and groundwater, impacting water bodies hundreds of meters beyond roadways (Environment
Canada, 2001).

In addition, globally, about 20% of agricultural land and 50% of cropland is considered salt stressed.
(Manousaki and Kalogerakis, 2013). Accumulation of salt in the rooting zone of arable land is mostly
due to irrigation, where salts are drawn up from deep layers of the soil profile by high rates of evaporation
and transpiration in crop species (Rozema and Flowers, 2008). Coastal lowlands are also susceptible
to increase in salinity as sea levels rise (Rozema and Flowers, 2008). Soil salinity inhibits plant growth,
reduces yields and creates a significant threat to the global food supply (Chang et al., 2013). In addition,
global oil and gas extraction (fracking) operations produce salt water as a byproduct, usually creating
brine scars. Without significant soil amending and remediation practices, these salt-laden soils remain
bare for decades. The salt wastewater produced from these operations is often ten times saltier than
seawater and can also contain organic petroleum compounds. Soil salinity affects an estimated 95
million hectares of land worldwide (Szabolcs, 1994), trending with a 10% per year increase (Saboora
et al., 20006).

About 1% of plant species are considered halophytes, salt-tolerant plants that can grow and reproduce
in saline soils, with some species having extraction capabilities to remove soil salts into plant tissue.
However, extraction of salt with plants is usually not practically achieved because enough biomass
cannot be grown to eliminate the amount of salt polluting the system (Qadir et al., 2003). High
amounts of plant biomass would be required to attain acceptable rates of remediation. Research into
finding high biomass-producing halophytes that could be useful in remediation is currently being
conducted (Ghnaya et al., 2005). If this is found to be feasible in the future, the plants would need to
be harvested after the salt was extracted, to remove it from the contaminated site. Desalinization of soils
utilizing halophytes may have more applicability in warmer climates, where species with high biomass
production could potentially be grown and harvested. Since high-biomass plants for salt remediation
have not been identified to date for temperate climates, salt-tolerant plants are instead typically grown
for stabilization, to prevent soil from eroding, holding the salt on site.

Many soils heavily impacted with salt prevent plant growth. In this case, the remediation goal is the
establishment of vegetation and phytostabilization. Soil amendments and bacteria can be used for soil
improvement, and halophyte plant species that are salt tolerant are installed for restoration.

Unlike other uses of constructed wetland and stormwater filter systems that can effectively
remove inorganics from water and store them in the soil, salt usually moves through the impacted
stormwater or wastewater systems, and constructed wetlands and bio-swales usually do not have a

beneficial effect.



In some limited instances, salt-impacted water may be irrigated in low concentrations onto salt-
tolerant plants (Rozema and Flowers, 2008). This has been most successfully applied where saline
leachate has been irrigated onto salt-tolerant, high evapotranspiration-rate species and the salt has been
retained in the soil. As organic matter continues to build up from the roots and plant growth, new

binding sites for salt removal become available in the soil.

Planting specifics

The most effective phytotechnology application for soils with high salt content is to reestablish
vegetation and keep the salt on site utilizing phytostabilization. Salt-tolerant halophytes (called
salt excluders or facultative halophytes) are typically used for these applications. Some obligate
halophytes that take up salt and may be useful in the future for phytoextraction are in the

genera Atriplex, Brassica, Helianthus, Kochia, Pelargonium, Pinus, Salicornia, and Thlaspi (Tsao,
2003).

In soil
@ Stabilization: Use salt-tolerant plants to establish a vegetative cover for ecological restoration

purposes.

* Planted Stabilization Mat: Chapter 4, see p. 202

3 Extraction: This can only be considered utilizing high biomass-producing halophyte species.
It currently has limited applicability. No applications are known that have utilized cold-hardy

plants that produce enough biomass for effective removal of salt.

* Extraction Plots: Chapter 4, see p. 224

In water
To control contaminated groundwater: Salt-tolerant high evapotranspiration-rate species can be

used to help control migrating groundwater plumes.

* Groundwater Migration Tree Stand: Chapter 4, see p. 213
* Phytoirrigation: Chapter 4, see p. 207

Some plants can be irrigated with salty water if they are salt tolerant. The salt is bound to new
organic matter created by the plant roots when irrigated onto plants. The salt is tied up so it is
no longer harmful. Plant lists for salt-tolerant species have not been provided, as this subject has
been extensively covered by other publications.

Because the list of halophyte species that can be considered for stabilization on salt-impacted
soils is quite extensive and varies by climate and region, plant lists have not been included in this

publication, but can be easily found through literature research.
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CONTAMINANT CLASSIFICATIONS AND PLANT SELECTION

Radio-
nuclides

Figure 3.52 Radionuclides

B Radioactive isotopes

Specific contaminants in this category: Energetic forms of Strontium (°°Sr), Cesium ('*”Cs), Uranium

(*38U), Tritium (T or *H — a radioactive isotope of Hydrogen)

Typical sources of pollution: Nuclear reactors, munitions, buried radioactive waste.

Typical land uses with energetics contamination: Munitions manufacturing and storage facilities,

nuclear reactor sites, landfills with nuclear waste.

Why these contaminants are a danger: Extensive areas of contaminated land exist with low amounts of
radionuclides, due to accidental release and activities of the nuclear industry (Dutton and Humphreys,
2005). Due to their relatively long half-lives and potential to transfer into the food chain (because of
structural similarity to calcium and potassium, which are required by plants), cesium and strontium are
of primary concern (Dutton and Humphreys, 2005). Additional types of radionuclides, such as tritium

and uranium, are also of concern, since they can migrate into groundwater.

Summary

Cesium and strontium have been extracted in small amounts by plants under some conditions,
however, at this time extraction and harvesting in the field are not viable. It has been demonstrated that
these contaminants can be extracted into plant parts by fast-growing, high biomass-producing species
and that strontium tends to be more bioavailable and less tied to the soil than cesium (Dutton and
Humphreys, 2005). However, the half-life breakdown of these elements through natural attenuation
can be faster than completing extraction and harvesting with plants (Dutton and Humphreys, 2005).
The only potential future radionuclide extraction application for plants is when these contaminants
cannot be treated by other conventional technologies and research demonstrates that plant extraction is
calculated to be faster than the half-life breakdown.

Caution should be used when referencing past studies, because chelating agents (chemical additives)
may have been used to make the radionuclides more bioavailable to the plants. Chelating agents can
mobilize contaminants into adjacent soils and groundwater, and are also expensive. They likely are not
useful for field application. Some common chelating agents that have been used to enhance uptake of
uranium and cesium include citric acid and ammonium nitrate (Dodge and Francis, 1997; Riesen and

Bruner, 1996). In addition, many agronomic factors further reduce the potential field application of



extraction, since high organic matter, fine clay soil textures and high phosphorus levels have been shown
to decrease the uptake of radionuclides (Negri and Hinchman, 2000). Plant species selection and the
soil properties strongly influence the potential for extraction.

Short-rotation biomass crops, such as willow or poplar, can be grown to extract contaminated
groundwater that is mobilizing the pollutant; however, this occurs very slowly over a long period of
time. In addition, water contaminated with radionuclides can be mechanically pumped up and irrigated

onto trees to potentially filter out or volatilize some radionuclides such as tritium.

In soil

Stabilization: To immobilize radionuclides in soil.

* Dlanted Stabilization Mat: Chapter 4, see p. 202
* Evapotranspiration Cover: Chapter 4, see p. 204. Can be used to capture and transpire rainfall,

preventing rain-water from mobilizing radionuclide-contaminated soils.

In water
10 control contaminated groundwater: High evapotranspiration-rate species that produce high biomass

may be used to help control migrating groundwater plumes.

* Groundwater Migration Tree Stand: Chapter 4, see p. 213
* Phytoirrigation: Chapter 4, see p. 207

Plant species from two taxonomic families and orders, Asteraceae from Asterales and Betaceae from
Caryophyllales, are recognized in research as extractors of radionuclides, with the former showing better
performance (Tang and Willey, 2003). In addition, a past study near the Chernobyl site showed some
extraction potential with sunflowers. However, even though these plant species have been found to
have some extraction capabilities in the research environment, they are still not recommended for field
application. Alistof plantspecies that have extracted radionuclides in research studiesis provided in Figure
3.53. These plants may have future merit, but at this time the amount of radionuclides remediated is

so small that field application is not viable without further scientific validation.
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Case Study

Tritium

CONTAMINANT CLASSIFICATIONS AND PLANT SELECTION

Forest on top of
contaminated plume
evapotranspires tritium
into atmosphere

Collected groundwater
pumped uphill

and irrigated onto
established forest

Storage pond
formed to
collect tritiate
groundwater

Excess irrigation water Barrier installed |to stop
recharg'es tvo original contaminated groundwater
contamination plume from migrating offf site

Figure 3.54 Case Study: Savannah River Site, SC - Sectional Diagram

Project name: US Department of Energy Mixed Waste Management Facility, Southwest

Plume Corrective Action Tritium Phytoremediation Project (Hitchcock et al., 2005)
Location: Savannah River Site, NC

Institutions: USDA Forest Service; University of Kentucky Department of Forestry; University
of Georgia, Savannah River Ecology Laboratory; US Department of Energy; Westinghouse
Savannah River Corporation; Cornell University, Department of Earth and Atmospheric

Sciences.
Date installed: November 2000

Planting species: 22 acres (8.9 hectares) of existing mature native upland South Carolina forest
consisting mainly of Pinus taeda (Loblolly Pine) and Pinus elliottii (Slash Pine), Liquidambar

styraciflua (Sweetgum) and Quercus hemisphaerica (Laurel Oak).

Amendments: None

Contaminant(s) including initial concentrations: Tritium Jll, 5,000 to 16,000 pCi mL!
Target media: Groundwater.

Tritium, a byproduct of nuclear materials production processes, was buried underground at
an old radiological burial ground in South Carolina. The contaminant was being mobilized
in groundwater to a nearby tributary of the Savannah River. A water containment and

phytoirrigation strategy was implemented at the Savannah River Site to minimize the discharge



of tritiated groundwater. First, a dam stops the groundwater seepage and creates a collection
pond. The water from the pond is then mechanically pumped uphill and irrigated onto a 22
acre (8.9 hectare) mature upland forested area above the pond and above the contaminated
plume. The trees then transpire the water and tritium. Any tritium not captured by the trees
and soil migrates back to the groundwater and pond, where the water is recycled. The overall
fate of the tritium is release into the atmosphere. The concentrations and risk factors of
atmospheric release must be carefully studied before remediation systems are implemented,
and it was found in this case that the danger of tritium in the migrating groundwater exceeded

any risks associated with releasing it to the air.

As of March 2004, the system had irrigated approximately 133.2 million liters (35.2 million
US gallons) and prevented approximately 1,880 Ci of tritium from entering the tributary. Prior
to installation of the containment and disposition strategy, tritium activity in the tributary
downstream of the seepage averaged approximately 500 pCi mL'. The system still functions

and continues to be monitored.

Il Air pollution

Six contaminants are classified by the US EPA as air pollutants: ozone (0O,), carbon monoxide (CO),
sulfur dioxide (SO,), nitrogen dioxide (NO,), fine particulate matter (PM, ) and all large respirable
particulate matter that can be inhaled (PM, ), and also Volatile Organic Compounds (VOCs) in indoor

environments.

Typical sources of outdoor air pollution: Car and industrial emissions, natural events such as volcanic

eruptions, sandstorms, fires.

Typical sources of indoor air pollution: Indoor air pollution arises from the off-gassing from paints,
finishes and other building materials; from additions to the space such as rugs, furniture, dry-cleaned
fabrics, pets, household cleaning products, and from activities within the space such as cooking and use
of electronic equipment. Combustion processes such as from wood stoves, gas heaters, gas appliances
and tobacco smoke can additionally generate inorganic gaseous compounds such as carbon monoxide
(CO), carbon dioxide (CO,), nitrogen oxides (NO,) and sulfur dioxide (SO,) (Soreanu et al., 2013).
Combustion gases and petroleum vapors arising from automobiles in attached or underground garages

can migrate into living spaces to become a significant source of indoor air pollutants.

Typical land uses generating outdoor air pollution contamination: Roadways, industrial properties, lands

adjacent to roadways and industrial properties.

Why these contaminants are a danger: Air pollution can compromise the human respiratory system,
especially the smaller-size particulate matter (PM, ;). The World Health Organization (WHO, 2002)

estimates that more than 1 million premature deaths annually can be attributed to urban air pollution
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CONTAMINANT CLASSIFICATIONS AND PLANT SELECTION

Figure 3.55 Air Pollution Summary Chart

Monoxide (CO)

Contaminant Notes

Ground-level Ground-level ozone is created by reactions between VOCs and nitrogen oxides as they are exposed

Ozone (0,) to sunlight. Inhaling ozone can create a variety of health problems, mostly affecting the respiratory
system. It can exacerbate diseases of the airway such as asthma and bronchitis and can impair
lung function. Common symptoms of ozone overexposure include coughing, sore throat, pain or
burning in the chest and shortness of breath (http://www.epa.gov/glo/).

Carbon Carbon monoxide is a toxic gas created by automobiles and the incomplete combustion of

hydrocarbon fuels. It is a major contributor to smog creation. In the body, carbon monoxide
attaches itself to hemoglobin in the red blood cells, which normally carries oxygen throughout
the body. This inhibits the body’s ability to take up oxygen. At low levels, it can cause fatigue
and chest pain. At higher concentrations it can cause headaches, dizziness and confusion.
High concentrations, particularly in enclosed indoor spaces, can cause death
(http://www.epa.gov/iaq/co.html).

Nitrogen Oxides
(NO, - NO,)

Nitrogen oxides are created by combustion of fossil fuels and automobile engines, in particular. They
have similar health effects to ozone. Nitrogen oxides are major contributors to acid precipitation and
smog. Overexposure can cause irritation to the airways. It can also irritate the mucosa of the eyes
and nose. People with existing diseases of the airway are especially susceptible (http://www.epa.
gov/air/nitrogenoxides/health.html).

Sulfur Oxides
(SO, - S0,)

Sulfur oxides are formed by combustion of fossil fuels. Like nitrogen oxides, sulfur oxides are a
major contributor to acid precipitation and smog. Health effects are also similar to those of nitrogen
oxides and ozone, causing respiratory inflammation and impaired lung function (http://www.epa.
gov/airquality/sulfurdioxide/).

Carbon Dioxide
(CO,)

Carbon dioxide is produced by fossil fuel combustion. At low levels, carbon dioxide has few health
effects; however, at extremely high levels it can interfere with the ability of the body to take up
oxygen. Carbon dioxide helps to create acid precipitation and is a strong greenhouse gas which
actively contributes to global climate change (http://www.epa.gov/climatechange/ghgemissions/
gases/co2.html).

Particulate
Matter (PM ,,

and PM , ;)

Particulate matter is generated from a variety of sources, including industrial practices and
automobile emissions. The pollutant may comprise both liquid and solid particles found in the air.
Due to their small size, particulates can travel deep into the lungs. Moreover, smaller particles
pose a greater danger, due to their ability to travel greater distances in the air. Particulates

most often cause irritation of the airways and reduced lung function. However, they have

also been linked to cardiac diseases and some cancers (http://www.epa.gov/airscience/air-
particulatematter.htm).

VOCs (Volatile
Organic
Compounds)
Benzene,
Toluene, Xylene
etc.

VOCs are gases emitted from a variety of sources including paints, adhesives, cleaning products as
well as fuels and automobile emissions. Many VOCs have been linked to increased risk of cancer.
At low levels they irritate the airways, nose and eyes. VOCs also have powerful neurological effects,
causing headaches, dizziness and memory impairment (http://www.epa.gov/iaqg/voc.html).

in developing countries alone. In addition, ozone and carbon monoxide contribute to global warming.

Concentrations of VOCs in indoor air can be up to 10 times greater than those found in outdoor

environments and can greatly affect human health. Accumulation of indoor air pollutants appears to

significantly contribute to ‘sick building syndrome,” causing fatigue, allergies, poor productivity and

headaches, among other symptoms (Soreanu et al., 2013).

Summary

The subject of air pollution remediation with plants is quite broad, with varying scientific opinions on its

efficacy for different contaminants. Only a very brief introduction to the subject will be given here. Please

refer to Chapter 6 for a guide to other references that cover this subject in greater depth.




A Outdoor air pollution

It is generally agreed that coarse particulate matter in air pollution (PM, ), nitrogen dioxide, sulfur
dioxide, carbon dioxide and ozone can be removed by plantsand that trees can contribute to the reduction
of air pollution in cities (Yang et al., 2008; Nowak, 2002; Nowak et al., 2006; 2014; Rosenfeld et al.,
1998; Scottetal., 1998). Nowak et al. (2006) estimated that urban trees remove a total of 711,000 metric
tons of the US EPA’ top five air pollutants annually in the US. These findings helped lead the US
EPA to include tree planting as a recommended strategy for improving air quality in 2004 (US EPA,
2014e).

Plants remediate air pollution with several mechanisms that are different than those utilized for
cleanup of soil and water. Trees serve to capture and filter out some components of air pollution, such
as coarse particulate matter, as well as assimilating and mitigating other pollutants like nitrogen dioxide

and ozone. These air pollution-filtration mechanisms are described below.

Phytoaccumulation (collects on leaf surfaces)

Deposition is the process by which aerosol particles collect or deposit themselves onto solid surfaces,
decreasing the concentration of the particles in the air. Particulate matter can carry heavy metals, PAHs,
and POPs attached to the particulates (Dzierzanowski and Gawronski, 2011), and the particulates
can settle out through impaction and sedimentation (settling) onto leaf surfaces. Some particles can
be absorbed into the tree, though most particles that are intercepted are retained on the plant surface.
The intercepted particles are often resuspended to the atmosphere, washed off by rain or dropped to
the ground with leaf and twig fall. Consequently, vegetation is only a temporary detention site (Nowak
et al., 2006). Rain-water can also wash particulate matter from leaf surfaces into soils, so understory
stormwater filters should be considered. It is also important to note that most of the phytoaccumulation
studies describe the efficacy of all respirable particulate matter removal. However, it is the fine and
ultrafine particles that present the greater concern for respiratory health.

Deciduous plants with ‘sticky’ leaves (waxy coatings and leaf hairs) and species with a greater leaf area
index (see Figure 4.2a for a definition) have been shown to collect more particulate matter than other
species (Dzierzanowski and Gawronski, 2011). In addition, some studies have also shown that conifers
have the potential to collect ultrafine particles more effectively than do deciduous species due to the
complex foliar structure of conifers (Beckett et al., 1998, 2000). Research in this field is nascent and it

is assumed that individual species’ effectiveness will be further validated over time.

Phytometabolism (becomes part of the plant)

Plants take up nitrogen dioxide from the atmosphere and assimilate it into organic nitrogen-containing
compounds (Takashi et al., 2005, p. 634). This assimilation capability is dependent on the plant species.
In examining 70 species, researchers found that four broadleaf deciduous species, Robinia pseudoacacia,
Sophora japonica, Populus nigra and Prunus lannesiana, have high resistance to damage by nitrogen
dioxide and assimilation, indicating that they would be good candidates for remediating urban air

(Takashi et al., 2005).
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VOC contribution and emissions
The world’s vegetation generates about two-thirds of VOC emissions (US EPA, 2014e¢). Through the
emission of VOC:s, trees can contribute to the formation of ozone (O,) (Chameides et al., 1988). The
VOC:s that are released through the leaves of trees combine with other elements in the air, such as
nitrogen oxides. Tree species can be selected that release lower amounts of VOCs, and species selection
may be important in industrial areas that already have high emission levels of nitrogen oxides, to prevent
harmful reactions with these airborne chemicals. Some studies are revealing that planting urban trees,
particularly low VOC-emitting species, can be a viable strategy to help reduce urban ozone levels (Nowak
et al., 20006), particularly through tree functions that reduce air temperatures (transpiration), remove
air pollutants (phytoaccumulation — dry deposition to plant surfaces) and reduce building energy and
consequent power plant emissions (e.g., temperature reductions; tree shade). One study (Nowak et al.,
2000) has concluded that for the US the positive physical effects of urban trees were more beneficial than
the chemical release of VOCs in terms of affecting ozone concentrations (Nowak et al., 2006).
However, we must be careful not to over-quantify the beneficial effects of trees when it comes to
air pollution. Though urban trees remove tons of air pollutants annually, the air-quality improvement
in cities averaged less than 1% (Nowak, 2006). Percentage air-quality improvements were typically

greatest for particulate matter, ozone, sulfur dioxide and nitrogen dioxide.

Planting specifics

For the air-quality improvements that have been reported, improvement increased with greater
percentage of tree cover. The most beneficial air-quality enhancement from trees is likely
their contribution to passive temperature cooling and the sequestration of carbon from the
atmosphere, storing it in organic forms. It is estimated that urban trees in the United States
currently store 700 million tons of carbon (Beattie and Seibel, 2007).

Results for air pollutant removal are greatly affected by air pollutant concentrations, weather
conditions and the growth of plants. In temperate climates, typically the highest air-pollutant
removal occurs during the in-leaf season, when the leaves of plants are fully expanded and
the concentration of pollutants tends to be higher (Yang et al., 2008). One study, shown in
Figure 3.56, illustrates the amount of air pollution reduction by several different kinds of
vegetation types. In general, the larger the plant and the greater the leaf surface area, the greater

the air pollution reduction.

Figure 3.56 Annual Removal Rate of Air Pollutants per Canopy Cover by Different Vegetation Types in Chicago
between August 2006 and July 2007

Type of vegetation SO, NO, PM,, 0, Total
(g/m?/yr) (g/m?/yr) (g/m?/yr) (g/m?/yr) | (8/m?/yr)

Short grass 0.65 2.33 1.12 4.49 8.59

Tall herbaceous plants 0.83 2.94 1.52 5.81 11.1

Deciduous trees 1.01 3.57 2.16 7.17 13.91

Note: The non-vegetated surfaces were excluded from the calculation.

Source: Yang et al., 2008.




CONTAMINANT CLASSIFICATIONS AND PLANT SELECTION

It is not only important which vegetation types are planted, but also what arrangement they
are planted in. Air pollutants are dispersed primarily by wind, therefore the effects of emissions
are not confined to the immediate vicinity but can also be observed at distances from the source.
The concentration of pollutants decreases with distance from the source; however, the area
impacted by significant concentrations can be quite large. The correlation between distance
from roadways and concentrations of pollutants in the environment is described below. Forman
describes the impacted distance along the edges of roadways as up to 50 meters for salt particles
and nutrients generated by road dust (Figure 3.57) (Forman and Alexander, 1998; 2003). In
addition, researchers in the European Union found greatly elevated levels of particulate matter
up to 80 meters from freeways (Figure 3.58) (Zhua et al., 2002). Plant species installed in these
zones can provide air-quality improvement by capturing particles and depositing them on leaves.
Canada’s Ministry of the Environment additionally recommends that the first 200 meters along
roadways provide the most opportunities for plant-based sequestration of pollutants, since this
is the distance impacted by increased levels of nitrogen oxides and particulate matter (Ministry
of Environment, 20006).

Vegetation planted adjacent to road systems can be good for the phytoaccumulation and
sequestration of airborne pollutants. However, other factors must also be considered. Urban trees
can actually trap airborne contaminants at the street level when buildings form ‘street canyons.’
The vegetation canopy can prohibit the exchange of air between the atmosphere and the street
environment, essentially forming a roof over the street. This reduced natural ventilation in urban
streets can result in health impacts, so tree placement must be carefully considered (Vardoulakis

etal., 2003). Where there are numerous pollutant sources below the canopy (e.g., automobiles),

DISTANCE FROM ROAD (METERS)

100-  50- 50-  100-  200-
200 100 <50 ROAD <50 100 200 1000 >1000
[ [ [ [ [ [ [ [

< UPSLOPE DOWNSLOPE ~——>

Hydrological effects |
4

% Salt, lead, etc. in aquatic systems

Downstream sediments \

&—— UPWIND DOWNWIND  ——>

Silt, sand, nutrients from
road dust

a

Figure 3.57 Road Effects
Source: From Forman, R. T. and Alexander, L. E. 1998. Roads and their major ecological
effects. Annual Review of Ecology and Systematics 29, pp. 207-231.
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Plantings installed within the first
100m have the potential to mitigate

particulate matter. I
200,000 | B 710 Freeway (Diesel > 25%)
| @® 5 Freeway (Diesel < 5%)
S 150,00
E
S 100,000
=
=
< 50000 m
= ®
0 I
0 100 200 300

Distance from Freeways (m)

Particulate concentration is directly related to distance from roadways and fuel type (above), as well as
wind direction.

(Redrawn from Zhua, Y., Hinds, W. C., Kim, S., Shen, S. and Sioutas, C. 2002. Study of ultrafine par-
ticles near a major highway with heavy-duty diesel traffic. Atmospheric Environment, 36, p. 4331)
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Figure 3.58 Particulate Concentration: Distance from Freeways

the canopy could have a negative effect by minimizing the dispersion of the pollutants at
ground level (Nowak, 2006). In the reverse rural scenario, forest canopies can limit the mixing
of contaminated upper air with cleaner ground-level air, leading to significant below-canopy air

quality improvements.

10 remove particulate matter and nitrogen oxides from outdoor air: An Air-Flow Buffer can be
considered adjacent to land uses that produce emissions with high particulate matter and
nitrogen oxides. Particular species can be chosen that maximize the collection of particulate
matter, or low VOC-emitting species can be selected where ozone formation is a concern (see
plant lists in Figures 3.59 and 3.60). Air-Flow Buffers can be effective for distances as great as

200 meters from roadways.

* Air-Flow Buffer: see Chapter 4, p. 229

B Indoor air pollution

The US EPA ranks indoor air quality as one of the top five public health concerns (USEPA, 2013c).
People living in urban environments spend about 85-90% of their time indoors, making the quality of
the indoor air they breathe a big factor in their overall health. Indoor air pollutants include both large
and small particulate matter, VOCs and inorganic gaseous compounds. Plant-based biological filtration

systems appear to be a promising alternative to conventional methods (Llewellen and Dixon, 2011).



Rhizodegradation (soils in root zone remove air pollutants)

A widely referenced NASA study from the 1980s concluded that plants can remove VOCs from the
indoor environment (Wolverton et al., 1989). This study was quickly debunked, showing that is was
not the plant but the soil microbes in root zone of the plant that were degrading the VOCs (Godish and
Guindon, 1989). For any VOC degradation to occur, the contaminated air must be in close contact with
these soil microbes. Potted plants may act as passive air biofilters (Wolverton et al., 1989); however, the
amount of passive interaction between the ambient air and the biologically active root zone is minimal,
therefore only minimal air cleansing by these passive potted plants is likely (Godish and Guindon,
1989). To obtain greater biological remediation, active systems where water and air are pulled through
the root zones of plants provide more substantial removal levels (Darlington, 2013).

1o remove VOCs from indoor air: For VOCs to be substantially removed from indoor or outdoor
air, the VOC:s in the air must be brought into contact with the degrading microbes in the soil layer.
Passive interaction of air flows and potted plants provides only minimal removal. Many interior plant
system suppliers suggest that degradation of VOCs can occur by adding indoor plants or a Green Wall
to a room. However, since only air that comes into direct contact with the soil has the potential to be
remediated, and even in a well-ventilated space the indoor air is relatively still, these plant systems will
not make a substantial impact on air quality. For this reason, a modified biofilter Green Wall, where

air handling systems actively draw air through the root zone of plants, ensuring contact between soil

Figure 3.59 Top 20 Street Trees for New York City, Based on Ranked Environmental Criteria

Latin Common USDA Hardiness Zone Native To

Liriodendron tulipifera Tulip Poplar 5-10 Eastern USA

Magnolia grandiflora Southern Magnolia 6+ Southern USA

Platanus occidentalis American Sycamore 4+ Eastern North America

Platanus hybrida London Plane Tree 4+ Europe

Ulmus glabra Scotch Elm 5+ Europe, Asia

Ulmus americana American EIm 2+ North America

Juglans nigra Black Walnut 4+ Eastern USA

Cedrus atlantica Atlas Cedar 6+ North Africa

Fagus grandifolia American Beech 3-8 Eastern North America

Cedrus deodara Deodar Cedar 7+ Asia

Cedrus libani Cedar of Lebanon 5+ Mediterranean

Quercus nigra Water Oak 6+ Southeastern USA

Quercus alba White Oak 3+ Eastern North America

Quercus macrocarpa Bur Oak 4+ Eastern North America

Quercus robur English Oak 5+ Europe

Quercus rubra Northern Red Oak 3+ Northeastern North
America

Magnolia acuminata Cucumber Tree Magnolia | 3+ Eastern USA

Quercus shumardii Shumard Oak 5+ Eastern USA

Pseudotsuga menziesii Douglas Fir 5+ Western North America

Quercus prinus Chestnut Oak 5+ Eastern USA

Note: Top species for NYC streets based on ranked criteria that included air quality, air temperature reduction, shading, energy conservation, carbon storage, low allergenicity and
long life span.
Source: Nowack, 2006
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Indoor air

pollution

CONTAMINANT CLASSIFICATIONS AND PLANT SELECTION

microbes and the contaminated air stream, rather than a traditional Green Wall, is recommended for

VOC removal in indoor environments (Darlington, 2013).

* Greenwall Air Filter: see Chapter 4, p. 231

Many existing publications list other applicable plant-based systems and plant species for remediating
air pollution. Resources for additional research are included in Chapter 6. In addition, a short list of
applicable plant species is provided in Figures 3.59 and 3.60.

Urban air pollution mitigation tree species: David ]. Nowak of the USDA Forest Service has created a list
of approximately 200 tree species for the city of New York ranked by functional attributes including;: air
pollution removal, air temperature reduction, tree shade, building energy conservation, carbon storage,
pollen allergenicity and life span (Nowak, 2006, p. 93.) Not only does this list consider the removal of
air pollutants, but it also considers other important functions for urban trees. The 20 highest-ranking

trees are included in the list in Figure 3.59.

Case Study

Project name: University of Guelph-Humber Living Wall Biofilter (Darlington, 2014)
Location: Toronto, Ontario Canada
Growth material and
- microbes in root zone
- [Bnaiisdam oo
HVAC system pulls air & wall and aitfused by particulate matter.
through wall and recycles means of an air plenum
the clean air through the
building . 5
o » .. o : .(lnl'l':..-"':
L .
Filteradlar Contaminated air

Catch basin collects
extra water from drip
irrigation to plants

Figure 3.61 Case Study: University of Guelph Green Wall Air Biofilter Diagram
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A four-story green wall in the atrium cleanses and recycles the Figure 3.62 Case Study: Green Wall, University
indoor air of this campus building. of Guelph, Canada

Design team: Diamond and Schmitt Architects; Air Quality Solutions Ltd (now Nedlaw
Living Walls Inc); Crossey Engineering (Mechanical)

Date installed: 2004

Plant species: Approximately 1,300 plants composed largely of Schefflera arborcolia, Ficus spp.,
Philodendron spp. and Dreceana spp.

Growth media: Two layers, each ca. 2 cm thick, of open-spun synthetic fiber mat held together

with epoxy resin.
Contaminant: VOCs, Particulate Matter and other indoor contaminants.

A four-story living wall was created in the atrium of University of Guelph-Humber as a
piece of biological machinery for the building ventilation system. The plant wall is a large
filter for the air circulating within the building and removes 90% of the VOCs brought
through the wall in a single pass. Air is actively forced through the wall of plants, where
naturally occurring microbes actively use the pollutants (such as VOCs) as a food source,
degrading them r " into their benign constituents of water and carbon dioxide. The normal
growth of the plants and their roots in the living-wall biofilter constantly adds new organics
to the media and therefore constantly reinvigorates the microbial component. The clean air is
then distributed throughout the space by the Heating Ventilation Air Conditioning (HVAC)
system. This biofiltered air supplements or augments normal ventilation air coming in from

outside.



This living wall is a significant energy saver for the building. Recirculating the air reduces the
amount of cold or warm outside air that must be brought into the building and conditioned to

room temperature, which can account for 30% of energy consumed by a building.

Behind the scenes, a pump constantly circulates water and nutrients from a reservoir at the
base to the top of the wall. The water then flows down the wall through a porous synthetic root

media in which the plants are grown.

Given the air flux through the biofilter, one square meter of the biofilter generates between 80
and 100 liters of virtual fresh air per second (16 to 20 cfm/ft?), enough recycled air for up to

15 people. The system also removes significant amounts of inhalable dust and bacterial spores.

IV Summary

In summary, the phytotechnology applications that are most promising for integration into the field of

landscape design include the following.

Degradation of petroleum wastes @: Over half of the brownfield sites identified by the US EPA are
considered petroleum brownfields, and many plants have been found to effectively degrade these

contaminants in the root zone and leaves, eliminating any need for plant harvesting.

Groundwater plume control, including degradation: Chlorinated solvents { , light fractions of petroleum
@ and the explosive RDX . can quickly move into groundwater and spread, contaminating large areas
of drinking water supply. Plants can not only be used to control contaminated plumes from migrating, but

the plants can potentially degrade the compounds in the process.

Evapotranspiration Covers, including landfill cap and closures and dewatering contaminated sludges/
sediments: High evapotranspiration-rate, high biomass-production plants can move huge amounts of water
very quickly, preventing water from leaching through contaminated soils. This prevents the generation
of leachate and contaminated groundwater. In the process, many organic contaminants may also be
degraded.

Constructed Wetlands: These natural treatment systems can filter a host of contaminants, including
metals, out of water. Generally the plants do not take up the contaminant, but rather, it is bound to the
soil, which acts as a large filter as the water passes through. The plants’ role in the system is to replenish

oxygen and open binding sites in the soils.

Phytostabilization: Plants and amendments can be used to immobilize contaminants on site, especially

heavy metals . that typically have limited bioavailability to be extracted by plants.

The next chapter will detail the specific suggested planting types indexed throughout this chapter.
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2. Phytotypologies:
ohytotechnology
planting types

This chapter illustrates 18 different types of phytotechnology plantings. These planting types, or
‘phytotypologies, can be used either individually or combined as a series of adaptive planting types to
fit specific pollution prevention or remediation goals. In addition they can be combined and integrated
with non-remediation planting methods. Many of the typologies are applicable for only a certain kind of
contaminant (i.e. petroleum, nutrients, metals, etc.) within a certain target media (i.e. air, soil, groundwater,
stormwater, wastewater, etc.) A system of icon shortcuts is provided at the beginning of each typology
to quickly identify what contaminant and target media are being treated with the planting type and what
mechanisms for removal are utilized. In addition, a diagram and description of each planting type is

included, with notes about typical applications and plant selection.

When considering the application of planting types, the plants themselves must be selected based on
the criteria described and the specific site conditions, including existing soils, groundwater, microclimate
and contaminant(s) being addressed. The typologies described in this chapter should be utilized in
conjunction with the contaminant-specific plant lists provided in Chapter 3 and any other published
research on the contaminants of concern. This chapter is provided as a primer to introduce those
unfamiliar with phytotechnologies to the spatial and functional requirements of various planting types.
For ease of explanation, each separate typology highlights a particular phytotechnology mechanism. In
actuality, many of the different typologies can be combined into a single planting scheme to achieve

multiple remediation functions and design goals.

| Introduction

For practitioners looking to implement remediation technologies, it is critical that an experienced
phytotechnology specialist be engaged. Specific details such as bioavailability, phytotoxicity, hydrological
factors and contaminant concentrations cannot be overlooked in the design and implementation of these

remediation systems.
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Il Planting typologies

What follows is a sequence of 18 planting typologies with full descriptions and their applications.

Typology 4.1: Planted Stabilization Mat (holds contaminants on site)

Description: Introduced plants hold contaminants on the site to prevent them from migrating. No
removal is provided; the objective is to minimize the risk of contaminant exposure to humans and

natural systems.
Primary mechanism at work: Phytostabilization (3, Q
Target: Soil

Contaminants addressed: Most often used for Metals [l], POPs @), and Salts il in soils. Can be used

for all contaminant groups to some extent.

A Planted Stabilization Mat provides a similar function to a traditional clay cap often used in brownfield
redevelopment, holding pollutants on site and minimizing human and environmental contact. The

difference is that plants play a role in preventing the contaminants from moving, while water is still able

202

Thick vegetation prevents soils
exposure to people and environment

Species selection helps bind
contaminants to soil

Zone of
contamination

Soil amendments promote
Clean soil buffer (4—6 in) (optional) immobilization

Figure 4.1 Stabilization Mat



to penetrate into the soils of the system. The roots of plants physically hold the contaminant in place
and release root exudates that may further bind the contamination to soil particles to prevent future
migration.

Planted Stabilization Mats are most often utilized at sites with widespread, non-bioavailable
pollutants where site revegetation is a priority. In these situations, the soils are typically too toxic for
many plants to be established. Species for the stabilization mat are carefully selected to withstand site
contaminants, and amendments are often added to enhance plant growth and further bind toxins on
site. ‘Excluder’ plant species are often used to prevent mobility of the pollutant into above-ground
plant tissues, and minimize wind and soil erosion, while providing other ecosystem services such as

habitat enhancement.

Typical applications

* Former mining sites: Large areas of unvegetated land laden with heavy metals, sulfur and salts are
frequently the result of former mining operations. These landscapes are often very acidic, with pH
levels beyond the normal ranges where sustained plant growth can occur. Often the primary goal for
remediation on these sites is to stabilize the pollutants so they do not move into exposure pathways
and become a hazard to humans and wildlife. Stabilization, however, is quite difficult because there
is often a large land area to cover. Providing an impenetrable clay cap over such large sites, and
importing 6-18 inches of clean soil on top for plant growth, is not sustainable or financially feasible.
Planted Stabilization Mats are often the most cost-effective means of immobilizing polluted materials
and creating an opportunity for ecological restoration. Soil amendments are typically added initially,
to aid in plant establishment, and carefully selected plants are seeded to obtain stabilization goals.
(For examples see case studies in Chapter 3, p. 176).

* Former petroleum extraction sites: When petroleum and natural gas are extracted from
terrestrial sites, a large amount of salt is often brought to the surface. Brine scars, consisting of soils
with salt content too concentrated for indigenous plant growth, are typically left on the surface at
the location where the extraction was completed. These salts often cannot be remediated without
large amounts of soil removal. Planted Stabilization Mats can be utilized to establish vegetation to
prevent the salts from migrating and may initiate the return of more complex plant communities
over time.

* Painted residences/lead paint residue: A significant amount of lead often persists in soils around
homes that were painted with lead paints up through the 1970s, and in urban areas where leaded
gasoline emissions were prevalent. Lead is not easily mobilized in water and can persist in soils
indefinitely. The typical and most risky human exposure pathway is via minute soil particles being
directly ingested by humans, especially children, in the form of airborne dust or dirt carried into the
home on shoes, clothing or toys. The widespread occurrence of this pollutant makes it unfeasible
to dig and haul away the impacted soils. Planted Stabilization Mats can be used to hold the soil in

place, creating a protective barrier between the soil particles and the site’s inhabitants.

Plant selection: To select species for a stabilization mat, consider:
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1 What species are tolerant to the contaminant? Many species won't extract a particular metal, but

can grow in high concentrations of it (see Figure 3.37, p. 140 for Metals Excluder Plant List).

2 What species have been known to phytosequester the contaminant? Some species have been tested for

their ability to release root exudates that address the mobility of the contaminant itself.

3 How can a thick site cover with no soil exposure be created? Eliminating erosion by wind and water is

the key to an effective Planted Stabilization Mat. Select species that will densely fill in voids and leave
little soil exposure. Dense grasses are often utilized for this application because of their ability to form
thick mats. Thick, densely planted, deep-rooted grasses, such as low-mow fescue lawn mixes, are some

of the best plant species for this application, especially for residential applications with lead in soils.

Other design considerations

1 Soil chemistry: In Planted Stabilization Mats, it is important to remember that the soil chemistry is
just as important as the plant species selected. Contaminants exist in many forms, and abiotic (non-
living-related) mechanisms such as adsorption to soil particles, precipitation or sedimentation can play
an even larger role in remediation than the role of plants, in some cases ITRC, 2009). By changing
the soil chemistry, including pH, availability of nutrients or other factors, contaminants can be
mobilized or stabilized within the soil matrix. This can be done with the addition of carefully chosen
soil amendments. As with any application of a phytotechnology, an experienced soil agronomist must

be part of the advisory team on these issues.

2 Amendments: Fertilizers and organic products can be added to the soil to help stabilize the pollutant

of concern via soil chemistry, and also aid in plant establishment.

3 Soil buffer: Where exposure risk is more pronounced, a thin, clean soil cap up to 6 inches in depth

can be provided on the surface over the contaminated soils to further isolate the contamination from

exposure risks before plants are installed.

4 Topography: If the landscape is to be altered through manipulation of the surface topography and new

contours are to be added, grade slopes to promote run-off away from the contaminated area. During
construction, adequate protection must be provided to ensure contaminated run-off does not leave
the site and to protect workers from exposure.

5 Contamination type and amount: Not all instances of contamination can be treated by a Planted
Stabilization Mat. Sometimes the contamination levels are too high and plants cannot be grown due to
the toxicity of the pollutants. In other circumstances, the contamination is mobile in water. As Planted
Stabilization Mats are permeable, allowing water to penetrate into the ground, the contaminant could
still be mobilized, despite the installation of the mat. Regulatory requirements might also necessitate
a different remediation approach. Consulting a soil chemist or environmental engineer to ensure that

leaching will not occur is critical to the functioning of Planted Stabilization Mats.

Typology 4.2: Evapotranspiration Cover (minimizes water infiltration)

Description: Plants intercept rain-water and transpire it back to the atmosphere, preventing water

from mobilizing contaminants. No contaminant removal is provided; the objective is to prevent



PHYTOTYPOLOGIES: PHYTOTECHNOLOGY PLANTING TYPES

contamination from migrating, thereby preventing exposure to humans and natural systems both on

the site and downgradient in water supplies.

= Phytostabilization @Y @

Primary mechanisms at work: Phytohydraulics
Target: The water vector — rain-water/stormwater

Contaminants addressed: All types of contaminants. Addresses the rain-water vector that could

potentially mobilize any contaminant that could be leached into water.

Evapotranspiration Covers provide the function of an ‘umbrella’ over a contaminated site. When rain
falls, it often moves through the soil medium, picking up contaminants along the way and leaching
them into groundwater or nearby water bodies. The objective of an Evapotranspiration Cover is to
intercept the rain-water and prevent it from infiltrating. There are two aspects to water protection:

physical barriers and evapotranspiration.

1 Physical barrier: Many layers of leaves, created through a variety of plant species and canopy
heights, can create a physical umbrella to soften the impact of heavy rains, slowing infiltration
into soils.

2 Evapotranspiration: The water that does get through the canopy can be absorbed by the plant roots,

transpired and released into the atmosphere preventing percolation beyond the top layer of soil.

The success of this typology relies on calculations to determine that the plants added will use more water

than the amount of rain-water which falls on the site.

Water released as vapor to
atmosphere

Zone of
contamination

Dense planting of species with high
evapotranspiration rates captures
and transpires rain-water, preventing
contaminant mobilization

Figure 4.2 Evapotranspiration Cover
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Typical applications

e Unlined landfills: Current landfill practices in the US typically use Bithuthene™ or clay
liners located both below and above the waste pile to keep water from penetrating into the
waste material. The ‘cap’ is to prevent water from getting into the waste and subsequently
picking up contaminants, leaching out through the bottom and polluting other adjacent waters.
However, until the 1980s, landfills in the US were typically not lined. Furthermore, unlined
landfills are still a common occurrence in other countries. In these unlined landfills, water can
easily penetrate into the waste and leach out pollutants. The use of Evapotranspiration Covers
to prevent water from entering unlined landfills is now common practice in the US and has
gained regulatory acceptance. Typically, Evapotranspiration Covers utilize species with high
evapotranspiration rates that are suited to the site location and the regional climate. Because the
growth rate of these species is often quite high, the species can additionally be utilized as a biomass
crop. Habitat creation and ecological restoration goals can be integrated into plantations of these
evapotranspiration work-horse species, and successional strategies to provide multiple ecological
functions can be created.

e Contaminated groundwater plumes: Unconfined contaminated groundwater plumes move faster
when they are continually recharged by surface stormwater infiltration. Evapotranspiration Covers
can be used upstream of contaminated groundwater plumes to slow down migration of the plume by

minimizing the amount of water entering the system (ITRC, 2009).

Plant selection

1 How can water removal by plants be maximized? Plants with the highest evapotranspiration rates for a
particular region are typically the best species to select for this typology. See Figure 2.18, p. 48 for a
preliminary list of species with high evapotranspiration rates. It should be noted that the list provides
only a small fraction of species that could be utilized. Regional species with high evapotranspiration
rates should be considered. Willow and poplars are often chosen for this typology because they can
additionally be used as a bioenergy or wind crop.

2 How can water infiltration to soils be minimized? Rain-water infiltration can also be controlled by
choosing plants with a high Leaf Area Index (LAI). LAI is a measure of plant canopy thickness. A
high LAI indicates that the plant generates significant leaf material between the ground and the top
of the plant, so that a rain drop will hit a larger number of leaves or leaf area before it finally reaches
the ground. Plants with a high LAI will typically minimize water infiltration under the canopy, as
the leaves create a physical barrier between rainfall and the soil, slowing infiltrations and allowing the

water to evaporate off the leaf surfaces before reaching the soil surface (Figure 4.2a).

Other design considerations

1 Mass Water Balance: In order for Evapotranspiration Covers to be successful, a detailed Mass Water

Balance calculation must be completed by a hydrologist to ensure that the plants will be able to
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Figure 4.2a Leaf Area Index

transpire more water than the amount of water that falls onto the site. This is calculated with the
following factors: typical annual rainfall, evapotranspiration rate of the plants selected (which is
affected by seasonality and weather) and planting density. The varying microclimates of a site,
including temperatures and wind exposures, are also considered.

2 Dormancy: Temperate climates with fall and winter seasons will typically have very low
evapotranspiration rates during those seasons. Times of lower transpiration rates must be
considered in the overall Mass Water Balance calculation. Often the ground is frozen during the
winter months, so precipitation cannot penetrate through the soil medium. Therefore the seasonality
of plant growth may not be a prohibiting factor for the use of Evapotranspiration Covers in temperate
climates.

3 Soil water capacity: Water storage capacity in the soil medium should be maximized, so plants have a
longer period of time to transpire the water after a rain fall ITRC, 2009).

4 Maximizing evaporation micro-climatic factors: The amount of wind passing over the plants should be
maximized. Increased air circulation will increase the amount of water transpired by the plants and
the amount of water directly evaporated from the site. In addition, greater solar exposure and higher

day-time temperatures will increase transpiration.

C Typology 4.3: Phytoirrigation (irrigating plants with contaminated water)

Description: Polluted water is irrigated onto plantings. Removal of the polluting compounds is
provided by the plants; the objective is to completely degrade and remove the contaminants being

irrigated onto the plants.

Primary mechanisms at work: Rhizodegradation _;., Phytodegradation ¥,

Phytovolatilization | [
Target: Wastewater or groundwater

Contaminants addressed: Nitrogen | : all forms including nitrate, nitrite and ammonia; Chlorinated

Solvents , Petroleum @), Selenium [, Tricium [
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Fast growth and high Irrigation pump (can be
evapotranspiration- solar powered)
rate plants

Subsurface or spray Contaminated groundwater
irrigation lines or leachate

Figure 4.3 Phytoirrigation

Phytoirrigation is utilized to remove contaminants in water which can be volatilized or metabolized by
the plants. With nutrient contaminants, the water is irrigated onto the plants and acts as a fertilizer to
stimulate plant growth. This is often a win-win situation, where contaminated water can be cleaned
while crop-plant production is maximized. For other types of contaminants listed, the water is irrigated
into the plantings and the contaminant is either volatilized or degraded by the plant or microbes in the
root zone, or trapped or held in the soil.

Subsurface drip irrigation, rather than spray heads, is often the preferred irrigation method, since
the contaminant is thus released below the surface, minimizing exposure pathways. One challenge
with this is that the water may have more than one contaminant and some pollutants, such as salts and
particulate matter, can precipitate out and clog the drip-irrigation lines. This has been overcome in the
past by flushing the system with clean water at intervals to prevent unwanted build-ups (CH2MHill,
2011).

Typical applications

* Wastewater treatment facilities: Both municipal and industrial wastewater treatment facilities
have successfully utilized Phytoirrigation to remove nutrients. In this process, the wastewater is
typically pretreated and then the final nutrient contaminants are removed when they are irrigated
onto plantings. Successful Phytoirrigation applications are common in the central and western
United States, but highly regulated to ensure that the wastewater does not oversaturate the system
and move into the groundwater without being remediated. Plants selected for the Phytoirrigation

planting are often chosen because they will use high amounts of water and will produce a



commodity crop such as corn or alfalfa. Some of the best examples of Phytoirrigation are closed-
loop water reuse systems, such as an industrial food-production facility that might water nearby
agricultural fields with the nutrient-rich wastewater (Smesrud, 2012). Biomass energy production
utilizing Phytoirrigation of hybrid poplars and willow is popular worldwide (see Case study p. 128,
Chapter 3). Phytoirrigation of forests for hardwood or wood pellet production for heating is also
gaining popularity.

* Golf courses: Golf courses are excellent receptors of Phytoirrigation systems because of their large
water and nutrient requirements. The challenge in these landscapes is to ensure that the water used
for irrigation has been pretreated to acceptable health standards. These systems are often difficult to
permit, due to heavy human use at courses.

¢ Contaminated groundwater plumes/fertigation wells: Groundwater plumes contaminated with
nitrogen can be controlled with pumping and Phytoirrigation systems. Wells can be drilled to intercept
the groundwater plume and draw down the water with pumping, preventing the contamination
from spreading into other water bodies. Instead of treating the pumped water through conventional
methods, the water can be irrigated onto plantings for nitrogen removal. Wells that are utilized to tap
nutrient-rich groundwater are often called fertigation wells. In addition, this same technique can be
used for other groundwater contaminant plumes like selenium and tritium, where it can be irrigated

onto existing stands of mature forest and volatilized into the air (see Case study, p. 188, Chapter 3).

Plant selection 209

1 How can the amount of water that can be irrigated onto plants be maximized? Plantings irrigated with
contaminated water must be able to process water quickly, so that excess contaminated water does
not run through the system into the groundwater below. Species selection must be carefully calibrated
by a hydrologist to determine the water irrigation rates to be applied.

2 How can species be selected to maximize nitrogen degradation? All plants require nitrogen for the
production of plant biomass. But also, nitrogen removal occurs because of increased biological
activity in the soil as well, where denitrifying bacteria turn the nitrogen in the wastewater into a gas
and release it back into the atmosphere. Typically, more biomass production means the more direct
usage by the plant and the more denitrifying bacteria will be supported, hence greater nitrogen
removal is achieved (for example high-biomass plant species list, see Figure 2.17, p. 46).

3 How can species be selected for chlorinated solvents, petrolewm, selenium or tritium volatilization
or degradation? Plants that grow fast with high evapotranspiration rates are the best species for
Phytoirrigation systems. These plants can use a lot of water and irrigation rates can be higher (see

high evapotranspiration-rate plant species list, see Figure 2.18, p. 48).

Other design considerations

1 Mass Water Balance: A Mass Water Balance calculation must be completed by a hydrologist to ensure
that the plants will be able to utilize the amount of water irrigated onto the field area.
2 Contaminants: Detailed analysis is also required to determine the concentration of contamination

that can be applied and remediated by the plants.
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3 Seasonality: Phytoirrigation systems are only operable during active growing seasons. If wastewater
or other contaminated water is generated year round, alternative storage accommodations must
be made when the plants are not actively growing. Often, the water can be easily stored in lined

retention ponds or constructed wetlands until plant growth resumes in the spring.

Typology 4.4: Green (and Blue) Roofs (minimize stormwater run-off)

Description: Evapotranspiration of water from roofs is maximized. Little or no contaminant removal is
usually provided; the objective is to prevent water from entering onto contaminated areas (preventing

contaminant mobilization).
Primary mechanism at work: Phytohydraulics ()
Target: The water vector — rain-water/stormwater

Contaminants addressed: All contaminants. This addresses the rain-water vector that could potentially
mobilize any contaminant that could leach into water. Green and Blue Roofs are often used to prevent
stormwater from washing over an impervious surface (especially roads, sidewalks, parking lots, etc.),

thus preventing contamination by surface pollutants.

A Green Roof is a type of Evapotranspiration Cover specifically designed to exist on a building or
infrastructure rooftop environment. The primary contamination mitigation benefit of a Green Roof is
its ability to prevent stormwater from mobilizing downgradient contaminants.

At this time, it is suggested that Green Roofs be considered only for minimizing stormwater, and not
for contaminant removal. There are mixed results from research documenting the contaminant-removal
capabilities of Green Roofs. Several recent studies have shown that the Green Roof construction materials
could actually contribute contamination to run-off flowing through the system, especially in the early
years after construction (Harper, 2013; Hill, 2014). This can be due to mobilization of nutrients found
within the plant growing media, or leaching of metals or toxins from insulation, filtration or structural
system components. When selecting proprietary systems, the possibility of leachate generation should
be strongly considered.

In addition, the amount of water that the plant component of the Green Roof will actually transpire
is also debated. Much of the stormwater reduction may have nothing to do with the plants in the
system; direct evaporation of water from hot roof-surface media may instead move water directly into
the air, without any plant uptake or transpiration. Plants in the system might instead actually cool
the roof surface, thereby preventing maximum evaporation potential, which is a more efficient water-
removal mechanism than transpiration through the plants (Hill, 2014). For this reason, the concept of
Blue Roofs has emerged as another best-management practice for stormwater reduction. The Blue Roof
system is designed to provide short-term detention of rainfall and promote evaporation without the
use of any plants. For Green Roofs, the increased aesthetic and environmental benefits of plants may at

times outweigh the lower rate of evaporation.
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Typical applications

e Convention centers, commercial and industrial buildings and infrastructure: Buildings and
infrastructure with large, flat or shallowly sloped roofs are ideal candidates for the introduction of Green
and Blue Roof systems. Many industrial sites often have large building footprints and impervious

areas for materials storage which can collect contaminants. Minimizing stormwater run-off from
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the buildings can reduce the potential for the water to pick up and transport contaminants during

precipitation events.

Plant selection

o What species will survive? Green roofs are typically non-irrigated systems that survive in high-drought
conditions, with elevated temperatures, wind speeds and other environmental stressors. Plant
selection in these systems has historically been based on survivability of the plant species selected and
ease of propagation within the nursery trade. There is increasing interest in planting Green Roofs to
include native species and plants that provide other ecosystem services. These ‘native’ roofs have been
completed at several installations in the US (Toland, 2013). Plants on Green Roofs are typically not
selected to degrade or remove contaminants, since survival and water removal are the most important

factors.

Other design considerations

1 Soil depth and water-holding capacity: There are two types of Green Roofs — intensive and extensive
systems.

* Intensive Green Roofs have a deeper soil profile, providing plants with greater than 15 cm (6
inches) of soil media for growth. These systems tend to be heavier and more expensive, but also
tend to hold more water for detention and allow for a wider range of species growth.

* Extensive systems utilize 5-15 cm (2-6 inches) of soil media for growth. Typical plant species
include sedums, which are highly drought tolerant and have small root zones. The soil media
may have less water-holding capacity, but also may have the potential to quickly evaporate water.
If water retention is the goal, it has been found that the depth of planting media does not seem
to make any difference in rooftop water-holding capacity (Hill, 2014). To detain the maximum
amount of stormwater, a detailed cost-benefit analysis should be conducted by a hydrologist in
conjunction with a weight analysis by a structural engineer to determine which system will provide

the greatest, most cost-effective benefit.

2 Leaching potential: Specifications should be requested from the system provider on the potential for

the selected Green Roof systems to discharge nutrients or other pollutants and review any available
test data. If information is unavailable, consider planting a Stormwater Filter where the run-off from
the Green Roof will discharge to assist in the removal of pollutants that may have been released (see

4.15 Stormwater Filter).

3 Irrigation: Consider pairing Green Roof and Blue Roof systems to increase the available irrigation

water for the plants. Structural considerations must be carefully considered, due to the heavy weight

of retained stormwater.
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Typology 4.5: Groundwater Migration Tree Stand (trees pump and treat
groundwater)

Description: Trees with deep tap roots and high evapotranspiration rates are planted to modify
the groundwater hydrology and keep contaminants from migrating. The trees, through the pull of
transpiration, can slow or stop a groundwater plume from migrating, or can change the plume’s direction
towards the trees. The objective is to control contaminated groundwater plumes from moving off site.
As an additional benefit, many organic compounds as well as nitrogen can be degraded/removed in this

process.
Primary mechanism at work: Phytohydraulics () £
Target: Groundwater (0-20 feet below the soil surface)

Contaminants that can be addressed: Most commonly used for Chlorinated Solvents ¢, Petroleum

@ and Nutrients il in groundwater, since the contaminant can be degraded or volatilized as the

Water vapor released Water-loving plants with
into atmosphere deep tap roots and high
growth rate

Trees deeply planted in
bore holes

~ -~ )
Contaminated £ D PR & N
groundwater Ve N =S s T -
plume A e s
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Roots directly intercept | Groundwater plume
groundwater redirected into trees

Figure 4.5 Groundwater Migration Tree Stand
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groundwater plume is controlled. Also used to contain but not degrade Explosives @, Radionuclides

. POPs @, Metals [l in contaminated groundwater plumes.

Groundwater Migration Tree Stands act as large solar-powered pumps. Typically, when a plume of
groundwater is contaminated, it is treated with a series of engineered wells downgradient of the plume.
The wells intercept the migrating plume, which is pumped to the surface and treated with conventional
filtration methods. With Groundwater Migration Tree Stands, instead of a mechanical pump, trees
with high transpiration rates are planted in the ground. The tap-root system of each tree draws up the
groundwater and the tree transpires the water. The evapotranspiration rate of the trees is significant
enough to affect the groundwater movement, so the plume’s movement is controlled. Ample space
must be provided and the stands often must be quite large to intercept a dynamic plume. A Mass Water
Balance calculation and soil analysis must be completed to determine the number of trees needed to
stop a migrating plume. It is possible that soils may be too tight, so that the trees will be unable to access
the water.

Groundwater Migration Tree Stands can also be planted to change the direction of the groundwater
hydrology. Trees with high evapotranspiration rates act like a vacuum pulling the underground water
towards the introduced planting. This can change the groundwater contours and direction of the
plume below the surface. This technique can be utilized to divert groundwater away from an impacted
area. Tree stands can be planted as security against future contaminant plumes. If the contaminant
of concern within the groundwater is organic, with the log K in the treatable range (see Chapter 2,
p. 51), not only will the groundwater plume be controlled but the contaminant may also be degraded

in the process.

Typical applications

* Rail, military and industrial facilities with TCE/PCE plumes: Chlorinated Solvents (  such as
TCE (Trichloroethylene) and PCE (Polychloroethylene) often move very quickly into a groundwater
plume. These materials can disperse readily and are difficult to capture with conventional ‘pump and
treat’ systems. Groundwater Migration Tree Stands can be an excellent way to treat a large dispersed
area of contamination within groundwater. Not only may the trees be able to control the plume but,
through the biological activity in the plants and associated root zone, the contaminant may also be
degraded (see Case study, p. 96).

* Dry cleaners: TCE and PCE (' are common dry-cleaning contaminants and chlorinated solvents.
They move quickly in the groundwater and can be effectively pumped up and degraded with the
introduction of tree stands (see Case study, p. 99).

* Fuel tanks, gas stations and petroleum refinery operations: Light fractions of petroleum products
@®. such as BTEX (Benzene, Toluene, Ethylbenzene and Xylene) and MTBE (Methyl Tertiary-
Butyl Ether) can easily migrate into groundwater. Releases from ruptured or leaking underground
fuel tanks are common within the urban environment. Groundwater Migration Tree Stands may
effectively stop the migration and degrade these petroleum contaminants (see Case studies, pp. 89

and 92).



Plant selection

1 What species will tap the groundwater? The plant species selected must be physically adapted and
inclined to seek groundwater and be able to endure some root saturation in the capillary fringe
between the groundwater and dry soil. For this reason, phreatophytes are most often utilized.
These are species that seck out groundwater with long tap roots (for a list of species, see Figure 2.15,
p. 45)

2 How can the plant species maximize the pumping rate: Plants with the highest evapotranspiration
rates will move the most water. Hybrid poplars and willow are often used for this application,
but more recently several field sites have tested native species to determine fast-transpiring plant
options. When testing species, pilot-scale projects are first completed to compare potential species
and the most effective are selected and planted for field-scale research (for a list of species with high
evapotranspiration rates, see Figure 2.18, p. 48).

3 How deep can the groundwater be? In order to have an impact on the groundwater plume, the roots
must be able to reach down and tap into the groundwater. Phreatophytes are known to have deep
root systems that can reach as deep as 9 meters (30 feet); however, to ensure the system will work,
Groundwater Migration Trees Stands are typically used where groundwater is within 6 meters (20
feet) of the surface. Shallower groundwater depths are more easily and quickly accessed by the trees.
Since it may take several years for a tree’s roots to grow down to the groundwater depth, trees are
often ‘deep root’ planted. Holes are mechanically bored into the ground and cuttings are placed as 215

far as 3 meters (10 feet) below the soil surface. This gives trees a ‘head start’ to reach the groundwater

(see Figure 2.16, p. 46 for more information on this technique).

Other design considerations

1 Mass Water Balance: Groundwater Migration Tree Stands are effective only when a detailed Mass
Water Balance has been calculated to ensure that a sufficient number of trees have been planted
to intercept the plume. A hydrologist will calculate this using information regarding the typical
amount of annual rainfall on a site, the evapotranspiration rate of the plants selected, the density
of the planting and the speed, size and location of the groundwater plume. The microclimates of
a site are also considered to calibrate the evapotranspiration rate, including temperature and wind
conditions.

2 Variability and dormancy: Trees transpire water at different rates, depending on time of day, season
and climate. Groundwater control may not be possible during fall and winter seasons in temperate
climates, since the trees are dormant. Other groundwater plume-control measures may need to be
used during this time, such as conventional pump-and-treat systems.

3 Maximize evaporation climatic factors: Greater solar exposure and higher temperatures will increase
the uptake of water into the plant. The amount of wind passing over the plants should also be
maximized. Increased air circulation will increase the amount of water transpired by the plants, and

therefore the amount of groundwater that will be taken up.
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Degradation typologies

The next five typologies (numbers 4.6—4.10) all target degradation and metabolism mechanisms to
completely remove the contaminants from the site without the need for harvesting the plants. These
degradation typologies typically cannot be used for inorganic contaminants. They can generally be
used only for organic contaminants with good phytoremediation potential, as established in Chapter 3.
Degradation typologies can also be used for a few essential plant nutrient inorganics such as nitrogen
to metabolize and incorporate the contaminant into plant tissues or return it to the atmosphere as a
gas. The main difference between the typologies listed in the following sections is that different sizes of
plant material are used to achieve alternate aesthetic options. In addition to the plant-driven processes
at work, biodegradation (microbial) oxidation/reduction (abiotic) and volatilization (abiotic) processes

are also occurring (ITRC, 2009).

Typology 4.6: Interception Hedgerow

Description: Where groundwater is contaminated, a single row of trees tap into the water and assist in
contaminant degradation. The objective is to remove some fraction of the contamination in the small
amount of space planted as the groundwater moves below the surface. The groundwater plume is not

contained and typically the contaminant is not fully remediated.

Primary mechanisms at work: Rhizodegradation ., Phytodegradation ~ ,( %,

Phytovolatilization QO , Phytohydraulics W , Phytometabolism [ ]

Target: Groundwater (up to 6 meters/20 feet deep)

Contaminants addressed: Organic contaminants: Petroleum @, Chlorinated Solvents (", Pesticides

, Nutrients: Nitrogen
Not applicable for: POPs @, Explosives @, Radionuclides [ll, Metals [l Salts

Interception Hedgerows are used when there is not enough space on a site for a Groundwater
Mitigation Tree Stand to completely remove an organic contaminant or nitrogen in groundwater,
but when the goal is to at least remove some contamination in the modest amount of space that
is available. Interception Hedgerows are typically planted around the edges of a site to aesthetically
buffer a contaminated site from adjacent uses, tapping the groundwater and helping to degrade
contaminants at the same time. Only partial degradation usually occurs because of the small amount

of space available for planting.

Typical applications

* Gas stations, auto-repair shops, dry cleaners, urban industrial site perimeters: Interception
Hedgerows can be placed around the edges of a property to degrade organic pollutants within the

groundwater at the site perimeter. The buffer can serve aesthetic purposes to mitigate undesirable
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Figure 4.6 Interception Hedgerow

views, define the site boundary or inhibit access to the site. Mixed species can be considered to
provide other ecological functions such as habitat and wildlife corridors within the urban matrix.

* Funeral homes and cemetery buffers: Leaching of embalming fluids and nutrients into groundwater
from ongoing operations, storage and landscape maintenance can occur at these sites. Interception
Hedgerows can be used within the site and at the site perimeter to degrade these pollutants in
groundwater.

* Agricultural hedgerows: Nutrients often mobilize and leach from crop-production fields, feed-lots
and confined animal production operations, impacting adjacent streams and watersheds. Interception

Hedgerows can be used to degrade contaminants before they migrate in groundwater.
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Plant selection

1 What species will access the groundwater? To degrade contaminants within the groundwater plume, the
plants must be able to access and transpire the water. Plants that seek groundwater (phreatophytes),
with the ability to process water at a high evapotranspiration rate, are preferred (see Chapter 2, p. 45).

2 How deep is the groundwater? Depth to groundwater must be evaluated and plant species capable of
reaching the groundwater should be selected.

3 What species will best degrade the contaminant? Once the plant species palette has been narrowed by
the above criteria, plants should then be selected from the degradation plant lists that target for the

contaminant of concern (see Chapter 3).

Other design considerations

1 Mixed species: Opportunities exist to provide habitat corridors for foraging and ecological connectivity.
In addition, mixed species can promote a more diverse microbiology, which will typically enhance
rhizodegradation.

2 Layer with other phytotechnologies: Interception Hedgerows can be paired with any of the other

degradation, sequestration or metabolism typologies that target soil rather than groundwater.

Typology 4.7: Degradation Bosque

Description: Deep-rooted tree and shrub species degrade contamination areas within the soil profile.

Contaminant removal is provided without harvesting the plant.

Primary mechanisms at work: Rhizodegradation '/,  Phytodegradation  ,( %,

Phytovolatilization  / [ |, Phytometabolism L]

Target: Deep soils (0—-3 meters/0—10 feet deep)

Contaminants that can be addressed: Organic contaminants: Petroleum @, Chlorinated Solvents (),

Pesticides (), Nutrients: Nitrogen
Not applicable for: POPs @, Explosives @, Radionuclides [l|, Metals [l Salts

Degradation Bosques are used to target concentrated areas of soil contamination up to 3 meters
(10 feet) below the surface. They treat organic contamination by breaking down the pollutant into
smaller, less toxic substances in the root zone, stems or leaves of the plant, or by volatilizing
the pollutant and releasing it into the air. Degradation Bosques are typically used to treat more
recalcitrant organic compounds in soil that would not often be broken down by natural attenuation
alone. Species selection can influence degradation rates. Each species releases different root exudates
and the associated microbial profile will vary. Some root exudates have similar chemical compositions
to organic contaminants, so plant species should be selected by the contaminants found on a given site.

Degradation Bosques can be successful in cleaning up petroleum, chlorinated solvents and pesticide

spills deep in the soils which have not yet migrated to the groundwater. They can also be used to



PHYTOTYPOLOGIES: PHYTOTECHNOLOGY PLANTING TYPES

Tree and understory species degrade
target contaminants, no harvesting
necessary

Zone of ¥ osy Qg NI, S YR NN < of - vy ) . Yo

contamination Y i\l y o IR | AP N e e .

LN L] - - » . [= l- - & -

(max. 10t deep) Vs NN ST i oaelsy | 2Rl TANENEING = o
& a' .-5.: n. ”.’c . 'c. 0.’0.- 0-.- 1) 3. -:o’d'. 219

Bacteria and other soil biology
Large, fibrous root zone reaches can be added to soils to speed up
contaminant depth degradation

Figure 4.7 Degradation Bosque

remediate high quantities of nitrogen found deep in the soil profile, by stimulating microbiology that
volatilizes it into the air. In addition, some nitrogen will be metabolized by the plant and incorporated

into the biomass.

Typical applications

* Leaking underground storage tanks: Where contaminants have not yet migrated to the groundwater,
Degradation Bosques can target deeper contamination around LUSTs.

o Fertilizer spills: Where high concentrations of fertilizer exist deep in the soil profile, plants can be
utilized to enhance the conversion of nitrogen in the soil to nitrogen gas by associated soil bacteria. In
addition, plants can take up and use the nutrients, incorporating them into the plant’s biomass. The
contaminant is no longer toxic in its new organic form as part of the plant’s biomass. This is referred

to as phytometabolism.
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Plant selection

1 How are the best species for degradation chosen? Plant species with certain root-exudate profiles and
associated microbiology can be paired with contaminants to speed degradation rates. Degradation
plant species are provided in Chapter 3, listed by contaminant.

2 How deep is the contamination? It is important to ensure that the root depth of a particular species will
reach the location of a contaminant on site. The root-depth profile for a particular species should be

carefully matched to the location of the pollutant in the soil.

Other design considerations

1 Phytoroxicity: ‘Hot spots’ can have concentrations of pollutants that prohibit plant growth.
Amendments may have to be added to the soil to aid in plant establishment. Plants that can thrive
in non-ideal soils have been utilized in past applications for their ease in plant establishment, rather
than choosing plants to match root exudates or the soil-microbiology profile with the contaminant
of concern. The idea is that any new oxygen and biological activity that are introduced into the soil

via the roots of the plants will be a benefit to the contaminant breakdown.

Typology 4.8: Degradation Hedge and Living Fence

Description: Shrub species are planted to degrade contamination in the soil up to 4 feet deep.

Contaminant removal is provided without harvesting the plant.

Primary  mechanisms at work:  Rhizodegradation /s Phytodegradation yOF,
Phytovolatilization ) O, Phytometabolism L]
Target: Surface soils (0-1.3 meters/0—4 feet deep)
Contaminants addressed: Organic contaminants: Petroleum @; Chlorinated Solvents (, Pesticides

, Nutrients: Nitrogen
Not applicable for: POPs @), Explosives @, Radionuclides i, Metals [l Salts

Degradation Hedges utilize shrub species to define areas within sites, while also degrading contaminants
in the surface soils. The degradation functioning of the plant is the same as described in the previous
Degradation Bosque typology. The only difference here is that Degradation Bosques typically treat
contamination deep in the soil profile and Degradation Hedges treat soils closer to the surface with
dense, fibrous roots.

Popular in English gardens, Living Fences are often utilized to create boundaries between garden
rooms. Almost always created out of willow species, Living Fences are typically used for aesthetic and
screening purposes. However, as a phytotechnology typology, willow species can be selected to degrade
organic contaminants such as Petroleum, Chlorinated Solvents and Pesticides, while still creating a

functioning art form.
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Figure 4.8 Degradation Hedge/Living Fence
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To install a willow fence, dormant cuttings, typically ranging from 0.3 to 1.8 meters (1-6 feet) long,
are inserted into the soil. As the cuttings grow, the shoots are woven into the fence to create a variety
of shapes and patterns. Willow species have many ornamental benefits, and leaf and stem color can be

selected to provide interest, even when choosing between degradation species.

Typical applications

* Perimeters of gas stations, auto-repair shops, dry cleaners, urban industrial sites: Similar to
Interception Hedgerows (see 4.6), which target groundwater pollution, Degradation Hedges can be
planted around the edges of properties to degrade organic pollutants within the soils. The buffer can
serve aesthetic purposes to mitigate undesirable views and define the site boundary. Mixed species can
be considered so as to provide other ecological functions such as habitat and wildlife corridors within
the urban context.

* Community gardens: Living Fences can be planted around the edges of community garden
sites to degrade organic pollutants within the soils and capture excessive nutrient and pesticide
run-off. The fence can serve as a security and aesthetic boundary, in addition to its degradation

capabilities.
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Plant selection

1 What species will degrade the site contaminants? Plant species with certain root exudates and associated
microbiology profiles can be paired with contaminants to speed degradation rates. Degradation plant
species are provided in Chapter 3, listed by contaminant.

2 How deep is the contamination? It is important to ensure that the root depth of a particular species
will reach the location of a contaminant on site. The root-depth profile for a particular species should
be carefully matched to the location of the pollutant in the soil. Typically, the root systems of hedges
and Living Fences do not grow past 1.3 meters (4 feet) in soil depth, and can be much less.

3 How are Living Fence species selected? The plant must be easily propagated by cuttings and have flexible
young growth (shoots) to weave into a fence. Willow species can be selected, based on the target

contaminant of concern. The cuttings are available only in the dormant season for installation.

Other design considerations

1 Layering: Degradation Hedges can be paired with Interception Hedgerows and other typologies
around the perimeter of sites, to maximize the degradation of organic contaminants and nutrients in
a small area.

2 Pruning and maintenance: Living Fences require continual maintenance and pruning to establish the
shape. Typically, fences must be pruned and trained at least once per year.

3 Irrigation of Living Fences: As phreatophytes, willow species need water to grow. Irrigation is often
required to establish willow species. Once established, many varieties are drought tolerant. Water

requirements should be considered when selecting specific species.

Typology 4.9: Degradation Cover

Description: Degradation Covers utilize thick, deep-rooted herbaceous species to remove contaminants
in surface soils up to 1.5 meters (5 feet) deep. Contaminant removal is provided without harvesting

the plant.

Primary mechanisms at work: Rhizodegradation _f.. , Phytodegradation ,( ¥, Phytovolatilization

dJ g, Phytometabolism | |
Target: Surface soils (0-1.5 meters/0-5 feet deep)

Contaminants addressed: Organic contaminants: Petroleum @); Chlorinated Solvents (", Pesticides

, Nutrients: Nitrogen
Not applicable for: POPs @, Explosives @, Radionuclides [ll, Metals [l Salts

Degradation Covers are typically utilized over large areas of land to speed up the natural attenuation and
breakdown of organic pollutants such as petroleum compounds like Polycyclic Aromatic Hydrocarbons
(PAHs). As the plant provides oxygen, sugars and other root exudates to the soil, the microbial

environment is enhanced, leading to the degradation of targeted contaminants.
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Figure 4.9 Degradation Cover

Deep-rooted, drought-tolerant prairie grass species are often utilized. The thick, fibrous root zone
of the grass stimulates activity in the rhizosphere and the plants can be easy to establish and maintain.
Mixed-species covers have been found to be more effective than monocultures, encouraging a diverse
microbial environment. Furthermore, the addition of legumes or other nitrogen-fixing species tends to

benefit the system.

Typical applications

* Military bases: Surface soils at military bases are frequently impacted with petroleum compounds.
Many of the heavier, recalcitrant portions of the petroleum can be difficult to break down. Degradation
Covers that produce large volumes of below-ground biomass can be effective at speeding up the
degradation process. These covers can often be installed while the base is still in operation, as the
plant species are often low in height and generally unobtrusive.

* Former industrial sites/salvage yards: While formerly used brownfield sites with petroleum-
impacted soils are sitting vacant, low-height Degradation Covers can be employed to help break

down the heavier fractions present in soil.

Plant selection

1 What are the best degradation plant species for cover? Plant characteristics to look for in selecting
Degradation Covers are deep-rooted, drought-tolerant, fibrous root-system species with an ability
to spread well to cover large areas. Degradation plant species are provided in Chapter 3, listed

by contaminant. Low groundcover species and prairie grasses are most often utilized for this

typology.
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Other design considerations

1 Mixed contamination: Many sites will have mixed contaminants. Petroleum and chlorinated solvents
that can be more easily degraded are sometimes found with heavy metals and other inorganics
that cannot be degraded. A mixed cover can be considered to combine the degradation functions
described here for organics with the function of a the Stabilization Mat (see Figure 4.1, p. 202) or

Extraction Plot (see 4.10, this page) for the inorganics.

Typology 4.10: Extraction Plots

Description: Hyperaccumulator plants or high-biomass crop species are used to extract inorganic
pollutants or recalcitrant organic pollutants from the soil. The plants must be harvested to remove the

contamination from the site.

Primary mechanisms at work: Phytoextraction ..7], Phytometabolism | |
Target: Soils (0—1 meter/0-3 feet deep)

Contaminants addressed:

Shorter term: Some Metals [} Arsenic, Selenium, Nickel

Long term: Metals [Jl|: Cadmium, Zinc

At this time not applicable for: Cyanide; Metals [ll: (Boron (B), Cobalt (Co), Copper (Cu), Iron
(Fe), Manganese (Mn), Molybdenum (Mo), Chromium (Cr), Fluorine (F), Lead (Pb), Mercury (Hg),
Aluminum (Al), Silver (Ag) and Gold (Au); Radionuclides B Salts

Not applicable for: Petroleum @), Chlorinated Solvents ), Pesticides @, Explosives @: All these

groups can be treated with, degradation mechanisms, 7o extraction.

Extraction Plots utilize hyperaccumulators or fast-growing accumulator species to remove inorganic
contaminants from the soil and groundwater. They are not used for organic contaminants because
organic contaminants are typically degraded or volatilized and extraction and harvesting is unnecessary.
Extraction Plots have been most effectively utilized for low levels of arsenic or selenium contamination
on a site, or to remove nickel from the soil for phytomining. The harvested material should be tested for
pollutant concentrations prior to disposal and must be properly disposed of in a hazardous waste facility
if extracted concentrations are high enough. Most other inorganic contaminants (other than arsenic,
selenium and nickel) are usually not taken up in concentrations high enough to assist in remediation in
an acceptable time frame, though cadmium and zinc may be able to be extracted over longer periods of
time, under the right circumstances.

A hyperaccumulator is a type of plant that takes up a particular element in concentrations 10-100
times higher than a typical species does. However, even though a plant is a hyperaccumulator, very
often it is not able to remove a particular contaminant to below regulatory limits. Very often inorganic

contaminants are so tightly bound to the soil, or soil chemistry makes contaminants unavailable, so
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Plants extract contaminants, and
must be harvested to remove
pollutant off site

Zone of
contamination
(0-3 ft deep)

Contaminant must be bioavailable in
soil to be taken up

Figure 4.10 Extraction Plots

that plants, even hyperaccumulators, will not be able to extract them. Plants may be used to take up the
bioavailable fraction of metal contamination in some cases, but are often unable to remediate the soil to
within regulatory limits because of the large fraction unavailable to biological processes.

For slightly elevated levels of metals in soil such as cadmium and zinc, Extraction Plots can be grown
and harvested over a period of decades to remove the bioavailable fraction of the metal. The soil may
still be contaminated, but the bioavailable amount would be depleted. This can be an effective strategy

for removing bioavailable metals from fields where food crops are grown.

Typical applications

¢ Residences with arsenic: Urban and suburban residential sites can be contaminated with arsenic that
has leached from older wood structures (such as decks, trellises and fences) that were built with lumber
that was pressure treated with arsenic. In addition, arsenic was historically an ingredient in pesticides
used for termite control. The Chinese Brake Fern (Preris vittata) has been shown to effectively extract
low concentrations of arsenic from field sites, remediating soils in as little as two years. The above-
ground portions of the plant are harvested and tested to achieve contaminant removal on site, and
sent to a hazardous waste facility if required. The challenge is that Preris vittata and other similar
hyperaccumulating tropical ferns are currently the only species found to hyperaccumulate arsenic
at a rate that is viable for field remediation. These plants are not cold tolerant and are considered
an annual in colder climates below US hardiness Zone 8. The fern must be planted as a plug rather
than seed, and it becomes very costly in cold climates to replant the species every year. Thus, arsenic
remediation via extraction is typically only effectively implemented in warmer climates (see Case

study p. 149, Chapter 3)
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* Selenium: Selenium occurs naturally in soils. In some areas it can be found in concentrations high

enough to leach into water and negatively affect human health. Sometimes increased selenium
concentration can be caused by mining and other intensive human land uses. Several plant species,
such as Stanleya pinnata, have been identified to effectively extract selenium and even volatilize it into
the air. In some cases the plants may not need to be harvested after the growing season, as most of the
selenium has volatilized into the air. If harvested, the plants can often be recycled instead of treated as
waste, since selenium is an essential micronutrient for animals. Selenium has been effectively extracted

from contaminated sites with forage species that are harvested and fed to cattle as a supplement.

* Nickel phytomining: Nickel is one of the few metals for which hyperaccumulators have been

used effectively to extract the metal from the soil. Because nickel is in such high market demand,
there is the potential to mine nickel from the ground with plants. Dr. Rufus Chaney and other
scientists have developed a patent to grow hyperaccumulating plants on nickel-rich soils, harvesting
the plants and selling the bio-ore, which is burned to an ash and then used in smelting (see Case

study, p. 163).

* Long-term agricultural field remediation: Agricultural fields can become contaminated with

heavy metals from sources like continual manure application containing unknown levels of metals,
nearby mining operations, intensive industrial land use, and naturally occurring high metal levels in
soil. The bioavailable fraction of metals in soil may be a threat to food-crop plants, contaminating
the food supply with elevated levels of the metals in consumed portions, or by inhibiting plant
growth. In addition, livestock that eat the contaminated crops can bioaccumulate the metals,
leading to even larger doses of metals exposure to humans when ingested. One potential long-
term application of phytotechnologies is to extract the bioavailable fragment of metals in soils.
The soil may remain contaminated, but the bioavailable fraction that previously entered the food
system can be reduced or eliminated. Extraction Plots can be grown and harvested on the fields for
years, then the land can be returned to growing food crops once the bioavailable fraction has been

removed (see Case studies, pp. 159 and 171).

* Another use of Extraction Plots on agricultural lands is to entirely replace the food crops with

hyperaccumulator species that will very slowly remediate the land over a period of decades, or even
centuries, with consistent periodic harvesting. Even low levels of elevated cadmium can take a very
long time to remove from a site with such techniques. Biomass crops such as grass species, willow and
poplar are being evaluated as energy crops that, with continual harvesting, may slowly remediate the

site over time (see Case studies, pp. 159 and 171).

Plant selection

1 How are extraction plant species selected? For arsenic-, selenium- and nickel- impacted soils,
hyperaccumulating plants or high biomass ‘accumulator’ species can be considered for Extraction Plots
(see plant species lists in Figures 3.38, 3.42, 3.45, 3.47 and 2.17). Other metals extraction should not
be considered without very long timescales. A note of caution: Many plants may hyperaccumulate
metals, but still cannot reduce concentrations low enough to provide site remediation. Very often site

designers will look up hyperaccumulator plant lists and extrapolate that extraction can be completed



when, in truth, the metal is not bioavailable and is too strongly tied to the chemical composition
of the soil to be extracted. Extraction Plots are generally not recommended for remediation except
in the cases noted above with arsenic, nickel and selenium. Keeping the contaminant on site and
removing the risk of human exposure is often the best phytotechnology-treatment option available
for inorganic contamination. Stabilization Mats (4.1), Evapotranspiration Covers (4.2) and
Groundwater Migration Tree Stands (4.5) can often work together to hold contaminants on site

rather than removing them.

Other design considerations

1 Bioavailability: Many inorganic contaminants, such as metals and radionuclides, can exist in the soil
but not in forms bioavailable to the plant. For a full explanation, see Chapter 3. A detailed analysis
of bioavailability must be performed by a soil scientist on the site design team before phytoextraction
can be proposed for a site.

2 Harvesting: Once an inorganic contaminant is extracted, the plants must be harvested in order for
the contaminant to be removed. The contaminant concentrations in the harvested biomass can be
tested to determine if the plant must be disposed of in a hazardous waste facility or if it is acceptable
to dispose of it in a municipal landfill. In most plots extracting arsenic, selenium or nickel, disposal
in a hazardous waste facility should be anticipated.

3 Risk and bioaccumulation: Unlike degradation typologies that completely remove a contaminant,
Extraction Plots move the contamination into the above-ground parts of the plant, where it may
become accessible for consumption by insects, animals and other predators. This mobilization in
Extraction Plots can create new, unanticipated vectors for exposure. A careful analysis must be
completed to determine if contaminant exposure is likely to occur, and if bioaccumulation is a risk

factor.

Typology 4.11: Multi-Mechanism Mat

Description: A mixed herbaceous planting utilizing many, or even all, of the phytotechnology
mechanisms. The objective is to provide the maximum amount of phytotechnology benefit over a large

area with mixed contamination, using low-height species.

Primary mechanisms at work: Phytoextraction .., Phytometabolism [ | , Phytodegradation ,( ¥,

Phytostabilization @ , Phytovolatilization |
Target: Soils (0—1.5 meters/0-5 feet deep)
Contaminants that can be addressed: Any

Multi-Mechanism Mats are designed with all of the extraction, degradation and stabilization mechanisms
in mind to create a low, herbaceous meadow-like planting that maximizes phytotechnology impact
while minimizing exposure risk. Elements of Extraction Plots (4.10) Degradation Covers (4.9) and

Planted Stabilization Mats (4.1) are combined to create a multifunctioning dense planting of working
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Mowed and harvested annually to | Planting mix carefully selected
remove any pollutants extracted to degrade organics, extract bio-
available inorganics and stabilize
non-bioavailable inorganics

Zone of
contamination
(0-5 1t deep)

Thick planted layer with no exposed
soil

Figure 4.11 Multi-Mechanism Mat

vegetation on a site. Multi-Mechanism Mats should be cut and harvested at the end of each growing

season to remove the maximum amount of pollutants from a site.

Typical applications

* Vacant lots: While urban parcels remain vacant, Multi-Mechanism Mats can be planted as a holding
strategy to provide some cleanup while the site waits for a future use. This typology is suitable in cases
where there are no immediate plans for development of a vacant lot; yet, with some minimal care and
maintenance, the planting can provide some remediation, wildlife and aesthetic benefits. Spontaneous
vegetation typically dominates abandoned urban landscapes, but generally is considered unsightly.
With minimal intervention, species selection can be more intentional, encouraging extraction of
some metals where applicable, degradation of some organics and stabilization of dust and urban fill.
Peter Del Tredici’s Wild Urban Plants of the Northeast (Del Tredici, 2010) provides recommendations
of spontaneous urban species adapted to high levels of disturbance from pedestrian and vehicular
traffic. These plants are quick to reproduce and are adapted to the high pH levels often encountered
in urban areas from road salt and leaching limestone from concrete. Del Tredici’s recommended plant
lists can be combined and compared with the phytotechnology plant lists in this book, to consider
the creation of a successful and self-reliant Multi-Mechanism Mats. While some of Del Tredici’s
species are not known to have phytoremediation potential, these species may provide wildlife and
ornamental values and help to stabilize the soil, while extraction or degradation species can be added
to enhance remediation.

* Railway and roadway corridors, underutilized industrial areas and other marginalized lands:

Seed mixes can be designed with extraction or degradation species to provide the benefits described



above, together with minimal maintenance. Annual harvesting and collection is still required if
extraction is targeted.

* Military bases and firing ranges: Pollutants including explosives, petroleum, chlorinated solvents
and metals are both historically present and continuously added to military landscapes with training
activities. Low-height vegetation is required so as to maintain sight lines for firing ranges and use
areas for training fields. Extraction and degradation species can be considered so as to increase the

functionality of fields for remediation.

Plant selection

1 Function: Selection of plant species is based on the particular contaminants being targeted. See

Chapter 3 for plant lists by contaminant.

Other design considerations

1 Ecosystem services: In addition to providing contaminant removal, Multi-Mechanism Mats can also
prevent erosion, enhance wildlife and aesthetics and sequester carbon. The mixed composition of
these buffers creates opportunities for species diversity and multi-level functioning.

2 Biomass production: If extraction of contaminants is targeted, species selection could also consider

energy production, since plants must be cut annually.

Typology 4.12: Air-Flow Buffer

Description: The leaf surfaces of vegetation can physically intercept particulate matter from moving air,
enhancing the air quality of areas downwind of the vegetation. Typically, no contaminant degradation
is provided, and eventually the particulates will wash off the leaves and become a potential source of

pollution in stormwater, for which other phytotypologies can provide remediation.
Target: Air

Primary mechanisms at work: Phytoaccumulation

Contaminants addressed: Air pollution particulate matter

Particulate matter is one portion of air pollution that can be removed with the introduction of
vegetation (see Chapter 3 for discussion of the other components of air pollution). Where roadways
exist, automobiles generate particulate matter. Studies have shown that the amount of particulate matter
in air decreases with increasing distance from the roadway and an increase in vegetation cover.

Because the leaves physically filter the particulates out of the air, the particulates are only being
sequestered on the leaf, and not degraded. During heavy rainfall or when deciduous tree leaves fall,
the particulates are washed into the stormwater. For this reason, Stormwater Filters (see 4.15) should

be considered with Air-Flow Buffers to prevent the particles from contaminating the stormwater run-

off.
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Particulate pollution Plants physically trap
carried in air particulates on leaf
surfaces

Figure 4.12 Air-Flow Buffer

Typical applications

e Street tree buffers: Roadway buffers can be designed to maximize emissions contact with leaves,
helping to collect particulates out of the air. Multi-layer buffers can be provided near land uses with
human habitation, such as near residences, along roadways, parks and open spaces. Species selection

can maximize particulate matter removal.
Plant selection

1 How are species with good accumulation rates chosen? More research needs to be completed to assess the
connection between leaf surfaces and their impact on particulates removal. Species from preliminary
studies are listed in Figure 3.60 on p. 196. Several tree species have been documented as accumulating
particulate matter at higher rates than other species. This is primarily due to their leaf size (the greater
the area, the more the removal) and the ‘stickiness’ of the leaf. Species with more leaf hairs and waxy

surfaces tend to accumulate more particulate matter.
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Other design considerations

1 Canopy trapping: Urban trees can potentially trap airborne contaminants at the street level, essentially
forming a roof over streets and prohibiting the exchange of air between the atmosphere and the street
environment. Where there are numerous pollutant sources below the canopy (e.g., automobiles),
the street tree canopy could have a negative effect by minimizing the dispersion of the pollutants at
ground level (Nowak, 2006), so placement of trees, wind direction and average wind speed should be

carefully considered.

Typology 4.13: Green Wall

Primary mechanisms at work: Rhizodegradation f"__-_;:' , Phytosequestration ("), @,
Phytometabolism | |, Rhizofitration %

Target: Air or water

Contaminants addressed:

In air: Volatile Organic Compounds (VOCs) (  and particulate matter
In water: Nutrients || and potentially other pathogens

Description: Green Walls are installations of plants on vertical surfaces, grown with or without soil. Soil
biology living in the root zone of a Green Wall can degrade airborne Volatile Organic Contaminants.

In order for this to be effective, air must be drawn through the root zone to degrade the contaminant.

Air flow pulled through root ' Filtered air in duct returns

zone for VOC contaminant to HVAC system
removal

Plants accumulate
and physically filter
particulate matter

Figure 4.13a Green Wall - Air Biofilter
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Drip irrigation feeds wastewater to
vertical plants

Plants remove nutrients,
degrade organics and trap other
non-degradable contaminants in

root system

Figure 4.13b Green Wall - Air Biofilter

Particulate matter can also be removed via leaves of plants from accumulation, similar to Air-Flow
Buffers (4.12). Water irrigated through the root zone may also have the potential to be cleaned. Green
Walls can improve building insulation, mitigate temperature and have other sustainability benefits, but
the data on their capacity to deliver human health benefits is mixed. Three categories of Green Walls

can be considered.

1 Vine Walls: These are Green Walls comprised of climbing vines that are planted at the base or top of
the wall.

2 Living Walls: The entire plant, including the root system, is integrated into a vertical growing system.
The plant can be anchored in soil or another media affixed to a frame or other structure.

3 Biofilter Walls: A Biofilter Wall is a living wall where water or air flow is purposefully directed
through the wall to have contact with the root zone of a plant for degradation or sequestration

purposes.

Vine Walls and traditional Living Walls can be located in both indoor and outdoor environments.
The air movement around these walls is not controlled. Typically, outdoor wind or traditional indoor
ventilation passes by the static wall, and exposure of the leaf or root system to overall air volumes is

minimal.



In indoor environments, VOCs are typically contaminants of concern. To achieve a decrease in
VOC:s in air, a large volume of air must pass through the leaves and root zone of a plant in order to
significantly impact the contaminant concentrations in the surrounding environment. Plants themselves
do not degrade VOC contaminants; the soil biology living in the root zones of plants completes the
degradation. In most Vine Walls and Living Walls, the amount of air that would typically have contact
with the microbial organisms in the root zone of a plant is minimal; therefore the impact of these walls
on VOC removal can be quite small (see Chapter 3, p. 195) (Darlington, 2013).

However, if air is purposefully drawn through the wall, using the wall as a biofilter, the associated
microbes in the root zones of the plant have greater exposure to the VOCs. The rate of VOC degradation
in Green Walls has been shown to be effective when air is pulled through the root zone of a plant (see
Case study, p. 197).

Polluted water can also be delivered through the root zone of plants in a vertical system to remove
contaminants. Nutrients in wastewater have been the contaminant most commonly targeted for

removal in these types of systems.

Typical applications

* Large-building indoor air filter: When air is drawn through a Green Wall, the wall becomes a
biofilter and can effectively remediate VOCs. This technology can be used as a component of the
ventilation system in large buildings.

* Wastewater filters: Green Walls have been utilized in schools and residential buildings to filter

wastewater effluents by removing excessive nutrients.

Plant selection

1 How are vertically grown plants selected? Traditionally, plant selection in these systems has been
based on aesthetics and the plant’s ability to live in a vertical environment in the particular planting
medium, water, light and temperature environments provided. Current research indicates that the
specific plant species may not greatly affect the amount of contaminant removal, since most of the
degradation occurs in the root biology of the plant. It is likely that providing more plant species
diversity encourages greater microbial diversity and can increase degradation rates (Darlington,

2013).

Other design considerations

1 Air and water flow: As air and water are passed through the system, the rate and concentration of
contamination in these vectors will affect the success of the contaminant removal. Careful study
of precedents and collaboration with remediation scientists is required to obtain desired removal

performance.
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Typology 4.14: Multi-Mechanism Buffer

Description: A mixed planting targeted to utilize all of the phytotechnology mechanisms. The objective
is to provide the maximum amount of phytotechnology benefit in a small footprint without the need

to harvest any plant materials.

Primary mechanlsms at work: Phytostabilization @Y ’:L Phytohydraulics O =,

Rhlzodegradatlon ? , Phytodegradation , ¥, Phytovolatilization ' @) D Phytometabolism | |
Contaminants that can be addressed: Any

Multi-Mechanism Buffers are designed with all of the phytotechnology mechanisms in mind to
maximize the impact of vegetation in minimizing exposure risks. They combine elements of all of

the typologies presented in this chapter to degrade, stabilize and prevent contamination from spreading.

Particulate pollution Particulate matter filter Volatilization of water and
carried in air for air gases from groundwater,
soil and rain

Zone of

plume

Degradation of organics Migration of Stabilization of
occurring in plants and groundwater plume inorganics in soil and
root zone controlled water

Figure 4.14 Multi-Mechanism Buffer



Typical applications

* Riparian buffers: The ecological and remediation benefits of mixed-planting riparian buffers along
rivers and water bodies is well documented. In addition to contaminant capture and removal, with
careful plant selection these buffers can also greatly benefit wildlife and other ecological systems.

* Corridor buffers for roadsides, railroads, industrial areas and agricultural plots: Linear buffers
can not only prevent water- and soil-borne contaminants from migrating, but also capture particulate
matter in air pollution. Buffers close to the original sources of the contamination can contribute to
minimizing the effort (and cost) required to remediate water resources downgradient.

e Site perimeter buffers: Plantings along the edges of sites can be mixed to include benefits of all
the typologies previously described in this chapter in a minimal amount of space. Site perimeter
buffers help keep the pollution impacts of site activities inside the site footprint, limiting impact on

neighboring land uses.

Plant selection

1 Function: Selection of plant species is based on the particular contaminants being targeted. See

Chapter 3 for plant lists by contaminant.

Other design considerations

1 Ecosystem services: The benefits of Multi-Mechanism Buffers have been acknowledged for decades. In
addition to providing contaminant removal, they can also prevent erosion, enhance wildlife habitat
and corridors, sequester carbon, increase real estate values and livability and enhance aesthetics and
recreational opportunities. The mixed composition of these buffers creates opportunities for species

diversity and multi-level functioning.

Typology 4.15: Stormwater Filter

Description: Plantings and soil remove and trap contaminants from stormwater. Organic pollutants
may be degraded and nitrogen contamination in water may be converted into a gas and returned to the
atmosphere. Inorganic contaminants may be immobilized and remain on site in the soil. The objective
is to remove contaminants from stormwater at the source, before they spread to groundwater or other

water bodies.
Target: Stormwater
Primary mechanisms at work: Rhizofiltration

Contaminants addressed:

Degraded/removed: Nitrogen [, Petroleum @), Chlorinated Solvents (, Pesticides
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Pollutants mobilized in If plants are harvested, Plants degrade organics
stormwater some nutrients and from stormwater run-off
extracted inorganics can

be removed from site

Inorganics trapped in
soil matrix and plant Nitrogen transformed to
roots gas by bacteria

Figure 4.15 Stormwater Filter

Held in soillplants: Metals [ll, Phosphorus [}, POPs @

Slowly extracted over time if plants are harvested: Some Metals [l], some Phosphorus [, Nitrogen [
Contaminants not effectively treated: Salts [

Contaminated stormwater is most often generated by rainfall on impervious surfaces such as roads and
sidewalks. Debris on these surfaces is picked up by the rain and is mobilized. Stormwater Filters capture
the run-off near the targeted impervious surface before the pollutants mobilize into other water bodies
or groundwater.

Stormwater Filters are also referred to as bio-swales, vegetated swales, vegetated filter strips, rain
gardens and detention basins. These various types of Stormwater Filters are solutions tailored to the
particular contaminant(s), stormwater flow volume and speed, climate and space available for the
installation. In addition, traditional grey-infrastructure engineering solutions are often paired with
planted Stormwater Filter components to maximize treatment. Both the grey-infrastructure components
and green Stormwater Filters are frequently referred to as Best Management Practices (BMPs). They are
often combined to create a ‘treatment train,” where each selected BMP targets a particular segment of
the contamination and the BMPs are linked together to provide the best sequence of treatment in the
space available.

Since Stormwater Filter design techniques and removal capacities have been greatly documented,

they will not be covered in detail here. Much of the treatment success of these systems has to do with the



design of the soil media and water retention times, in addition to selecting plants that will survive

the stormwater and contaminants. A general overview is provided below.

Typical applications

* Roadsides and parking lots: Stormwater Filters are often used at the edges of impervious surfaces
to collect and remove pollutants mobilized by the water. The most typical contaminants encountered
include Nutrients (Phosphorus and Nitrogen) |, Petroleum PAHs @, and Metals [l

* Agricultural fields: Due to heavy fertilizer and pesticide use, stormwater run-off from agricultural
fields is a significant threat to adjacent water bodies and groundwater. Stormwater Filters can be

applied at field edges to target removal of Nutrients || and Pesticides

Plant selection

Most Stormwater Filter plants are selected based on their survival characteristics and ability to
withstand the amount of water coming into the system, periods of drought (since they are usually
not irrigated) and general lack of maintenance activities. In addition, some further criteria can be

considered.

1 Degradation/Removal: Organic contaminants such as petroleum, chlorinated solvents and pesticides
can be degraded by plants and their associated microbes. In addition, nitrogen can be removed from
the system by denitrifying bacteria that turn the nitrogen into a gas. In general, species that produce
the greatest biomass, root depth and root growth will remove the most pollutants from the system
(Read et al., 2009). If degradation of organics is a priority, maximize species diversity within a system
and choose plants that maximize biomass production so as to achieve target goals. In addition, some
specific species have been used to target some of the organic compounds that are more recalcitrant
and difficult to break down.

2 Stabilization: In Stormwater Filters, inorganic contaminant removal generally occurs because
contaminants are captured and held within the Stormwater Filter. The contaminant is not degraded
or removed, but instead the system acts like a sponge, holding the contaminant while the water passes
through. The filtration happens in two ways:

Physical: By controlling water speed and retention time, particles can be settled out of the system
as sedimentation. This is one of the best mechanisms to catch inorganics. The sedimentation
that results must be removed, so that as new water passes through, it is not re-suspended and
released from the Stormwater Filter. Selecting plants that have a scrubbing, slowing effect on
water velocity may help with physically removing inorganics from the stormwater.

Chemical: As water infiltrates into the soil, contaminants can chemically bind with soil
particles. The media of Stormwater Filters can be manipulated to maximize the immobilization
of inorganic contaminants. At some point the media ‘fills up’ and reaches its carrying capacity
if no plants are provided. By integrating plants into the system, new receptors for binding
contamination can continually be created, using the plants’ organic matter and oxygen

released through the roots. This is why systems with plants typically perform better over time
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than systems without plants. Because most of the work is done in the rhizosphere of the
plants, systems with the greatest diversity of soil biology tend to perform better, therefore
systems thickly planted with a variety of species tend to perform better than monocultures.

3 Extraction: Inorganic contaminants, such as metals, can be extracted by plants in very small
quantities. Plant species can be selected to remove metals more quickly than others; however, in
order to remove the contaminants from the system, the plants must be harvested. Typically, even
with hyperaccumulator plants, the amount of metals removal by the plants will be quite small,
as compared to the total amount of metals in the system. For this reason, Stormwater Filters are
generally designed to catch and stabilize metals, rather than extract them. To enhance pollutant
removal, choose species that have deep and thick root systems (Read et al., 2009). However, if a
particular target metal is of concern and annual harvesting can be accomplished, some systems may
be designed with hyperaccumulator species to slowly remove some portion of the contaminant over
time (see Chapter 3).

4 Nitrogen and phosphorus can be removed from the system with plant harvesting, though typically
this is not utilized, as the amount extracted in the plant biomass is typically small in comparison
to the amount removed by other mechanisms in a Stormwater Filter. For example, maximizing
the denitrification process of soil bacteria turning nitrogen into a gas is a much more efficient
mechanism than harvesting the plants. For phosphorus, maximizing stormwater contact with
the soil for stabilization via infiltration is the best mechanism. The amount extracted in the plant

238 biomass is so small in comparison to the amount removed via soil contact and infiltration that
plant extraction and harvesting is generally not worth the effort. However, if even small portions
of nitrogen or phosphorus are targeted for removal from the system, the plants should be harvested
each year before they die back/decompose and release the nutrients back into the system. Since
nitrogen and phosphorus are essential plant nutrients, no plant is considered a hyperaccumulator
of these nutrients. The general rule is that if more biomass is produced, typically the nitrogen and
phosphorus extraction is maximized, so fast-growing plants with lots of biomass production for
harvesting are the most useful species. If harvest is considered, high-biomass species typically use
more nitrogen and phosphorus, so nutrient removal is often greatest with high biomass-producing

species.

Other design considerations

1 Evapotranspiration: Consider maximizing evapotranspiration within the system so as to have the
capacity to treat greater volumes of water. Plants with high evapotranspiration rates can move a large
amount of water out of the system through evapotranspiration. See plant list in Figure 2.18, p. 48,

for plants with high evapotranspiration rates.

Typology 4.16: Surface-Flow Constructed Wetland

Description: Water is directed through a series of planted marshes and engineered soil media at varying

depths to remove contaminants. The objective is to clean the water as it passes through the system.
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Some organic contaminants and nitrogen can be removed/degraded completely and other inorganic

contaminants can be filtered out and held in the soil.
Target: Stormwater, wastewater, groundwater
Primary mechanisms at work: Rhizofiltration 7%
Contaminants addressed:

Degraded/removed: Nitrogen [, Petroleum @, Chlorinated Solvents (", Pesticides @, other organic

contaminants of concern

Held in soillplants: Explosives @, Most Metals i}, Phosphorus [, POPs @

Slowly extracted over time, if plants are harvested: Some Metals [}, Phosphorus ], Nitrogen [
Contaminants not effectively treated: Salts [

Surface-Flow Constructed Wetlands closely mimic the ecosystem of a natural wetland by utilizing
plants to filter water through plant root zones, a planted medium and open water zones. They are
highly engineered to obtain treatment capacities. Most of the treatment does not occur within the
plants themselves, but rather, in the biofilm on the roots of the plants and within the biology and
chemistry of the water and planted media. Often, separate wetland cells are provided with different
types of media with or without oxygen (acrobic or anaerobic) in a treatment train to address the specific
contaminants within the water. The remediation role of plants in these systems supports the microbial
life and soil media in the wetland. The plants deliver organic matter, oxygen, nutrients, sugars and other

root exudates to the system.

Plants provide oxygen
and organic matter

Varying deep and shallow Inorganics trapped in planted
water levels create aerobic media and organics may be
(with 0,) and anaerobic degraded

(without 0,) environments

Figure 4.16 Surface-Flow Wetland
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These systems have been thoroughly detailed in other publications and will be only briefly referenced

here. The hydrology and media must be designed by an experienced constructed wetlands specialist
to achieve required removal rates. Failures of constructed wetlands to date have been high, due to
improper design, implementation or maintenance. It is critical to engage an experienced engineer when

taking on these projects.

Typically the main treatment mechanisms in Surface-Flow Constructed Wetlands are similar to those

described above in Stormwater Filters.

1 Many organic contaminants can be degraded.

2 Nitrogen is removed as a gas, via the denitrification process in anaerobic cells.

3 Inorganic contaminants are filtered out of the water and stabilized and held in the soil or in the plants

themselves. They remain on site, but the water is cleaned.

4 Phytoextraction of inorganic contaminants is typically not an objective, since the plants would need

to be harvested to obtain removal. Typically the amounts extracted are minimal in comparison to the
amount of inorganics filtered out and held in the soil. In addition, phytoextraction of inorganics is
often seen as a potential detriment, since animals can access the above-ground portions of the plants

and an exposure pathway is created.

5 For all plants, phytometabolism of nitrogen and phosphorus into the plant biomass does occur each

year. The amount of nitrogen and phosphorus in the plant biomass can be removed from the wetland

if the plants are harvested each year, but it is typically not significant enough to render this useful.

Typical applications

* Municipal and industrial wastewater: Wastewater from municipal sewer systems and industrial

applications has been successfully treated with Surface-Flow Constructed Wetlands. The contaminants

treated range from excessive nutrients to temperature and heavy metals.

* Landfill leachate: Water leaking out of municipal and industrial landfills can be laden with

contamination. This landfill leachate can be pumped into a constructed wetland and treated.

* Stormwater wetlands: Constructed wetlands can be effectively utilized as part of the treatment train

for stormwater run-off.

Plant selection

1 Specificity: Since constructed wetlands can be designed to remove any number of contaminants, plant
selection will respond to the specific media selected, hydrology and climate. Reference peer-reviewed
publications on constructed wetlands to aid in plant selection (see Chapter 6). Emergent species as

well as submerged aquatic or floating-leaved aquatic species should be considered.

Other design considerations

1 Consider pairing constructed wetland systems with upland Groundwater Mitigation Tree Stands or

Phytoirrigation systems so as to maximize treatment capacity.



PHYTOTYPOLOGIES: PHYTOTECHNOLOGY PLANTING TYPES

Typology 4.17: Subsurface Gravel Wetland

Description: Contaminated water is treated by pumping the water slowly through subsurface gravel
beds, where it is filtered through plant root zones and soil media in a vertical or horizontal flow pattern.
Some organic contaminants and nitrogen can be degraded/removed completely and other inorganic

contaminants can be filtered out and held in the media.

Target: Stormwater, wastewater, groundwater

Primary mechanisms at work: Rhizofiltration %, Phytostabilization @ @
Contaminants that can be addressed

Degraded/removed: Nitrogen |, Petroleum @. Chlorinated Solvents (), Pesticides and other

organic contaminants of concern held in soil/plants; Metals [l], Phosphorus [, POPs @.
Slowly extracted over time if plants harvested: Some Metals [l], Phosphorus [I7], Nitrogen
Contaminants not effectively treated: Salts ||

Contaminated water is treated by pumping the water slowly through subsurface gravel beds, where
it is filtered through plant root zones and soil media. The water flows 3-8 inches under the surface
to prevent exposure to the water, mosquito breeding and odors. These systems require less land area
than traditional Surface-Flow Constructed Wetlands and often can have better removal efficiencies for
certain contaminants, but are typically more expensive to build and offer less habitat for waterfowl and

other aquatic animals and organisms.
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degraded, and inorganics
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Figure 4.17 Subsurface Gravel Wetland

Water enters subsurface | Plants provide oxygen No water exposed Horizontal flow (creates
and organic matter to on surface anaerobic systems
system without oxygen)

Vertical flow (creates
aerobic systems with
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Water is pumped to flow horizontally or vertically through subsurface systems. The pattern of flow
has a significant effect on the amount of oxygen in the system, which thereby drives contaminant
removal efficiencies. Subsurface flow systems are often combined with other conventional treatment

train add-ons such as aeration devices to obtain maximum removal efficiencies.

Typical applications

¢ See Surface-Flow Constructed Wetlands (4.16): Subsurface Gravel Wetlands can be used in the
same applications as traditional surface-flow systems, but typically require much less space. They are
often utilized in land-restricted environments where constructed wetland technology is desired for

contaminant removal.

Plant selection

1 See Surface-Flow Constructed Wetlands (4.16).
2 Rooting depth: It is important to match the rooting depth of selected species to the depth of the gravel
media. Only emergent wetland plant species with deeper rooting zones tend to be used in Subsurface

Gravel Wetlands, as their roots will reach the water in the gravel beds.

Other design considerations

1 Winter function: Because the water is below the surface in these systems, contaminant removal
through the winter months is often possible, since the system does not freeze. An additional mulch
layer is sometimes added during cold temperatures to provide insulation so as to maintain treatment

effectiveness in winter months.

Typology 4.18: Floating Wetland

Description: Plantings installed on structures are floated on existing water bodies to filter contaminants
out of the water. Organic pollutants may be degraded and nitrogen contamination in water may be
converted to a gas and removed. Inorganic contaminants are immobilized and remain attached to
the roots or floating structure substrate or are extracted into plants. The Floating Wetlands may be
harvested to remove any pollutants extracted from the water. The biomass produced is often rich
in essential elements and may be composted and reused for nutrient recycling, if not found to be

too toxic.

Target: Existing surface water bodies: lakes, rivers, ponds, streams and other basins of water

Primary mechanisms at work: Rhizofiltration



PHYTOTYPOLOGIES: PHYTOTECHNOLOGY PLANTING TYPES

Contaminants addressed:

Degraded/removed: Nitrogen [, Petroleum @), Chlorinated Solvents (, Pesticides @

Held in soillplants: Explosives @, Metals [l], Phosphorus [, POPs @

Slowly extracted over time if plants are harvested: Some Metals [Jl], Phosphorus [, Nitrogen .
Contaminants not effectively treated: Salts [}

Existing contaminated water bodies may be treated with Floating Wetlands. Often local species can be
utilized to provide other ecosystem services such as water cooling and habitat creation while removing

contaminants.

Typical applications

e Urban rivers: Inundated with pollutants from both historic and current uses, urban rivers can often
contain excessive levels of nutrients and metals in the water column. Floating Wetlands can be
installed to filter out many pollutants as the water flows by. In addition to the pollutants covered in
this book, living biological contamination, pathogens, viruses and emerging pollutants of concern like
pharmaceuticals may also be able to be treated with proper sizing, filtration media and plant selection.

* Canals, ponds and rivers connecting agricultural fields and golf course water hazards: Due to

heavy fertilizer and pesticide use, water bodies adjacent to agricultural fields and golf courses often

Floating structure placed
on surface of water to
support growing plants

Water filtered by plant Current Organics may be degraded
root zone as current and inorganics trapped in root
flows by zones and growing media.

Nitrogen in water may be
returned to atmosphere as gas
by bacteria

Figure 4.18 Floating Wetland
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contain high levels of nutrients and pesticides. Floating Wetlands can be installed on the surface to
target removal.

* Wastewater treatment facilities: Both municipal wastewater facilities for human waste and industrial
food processing facilities have utilized Floating Wetlands, or some version of Floating Wetlands, for
pollutant removal. Living machines and eco-machines are a combination of Floating Wetland and
other constructed wetland technology (see 4.16 and 4.17) to treat water with a series of vegetated

tanks that target both abiotic and biological pollutants (Todd, 2013).

Plant selection

Most Floating Wetland plants are selected based on the particular contaminants being targeted, their
survival characteristics and ability to withstand the encountered water inundation, pH and general lack

of maintenance activities. In addition, some further criteria can be considered.

1 Degradation/removal: Organic contaminants such as petroleum, chlorinated solvents and pesticides
can be degraded by plants and their associated microbes. In addition, the root system is a home
for beneficial bacteria and microbes that remove nitrogen from the water and turn it into a gas. In
general, the more biomass and growth produced by the plants, the more degradation and removal
will occur. If degradation of organics is a priority, maximizing species diversity within the system
and choosing plants that maximize biomass production can help to achieve the desired goals. In
addition, some specific species have been used to target some of the organic compounds that are more
recalcitrant and difficult to break down.

2 Stabilization and extraction: In Floating Wetlands, inorganics removal generally occurs because
contaminants are captured and held in the root system of the plant, or in the substrate of the Floating
Wetland. In some limited cases, the inorganics may be transported into the above-ground portions
of the plant. Floating Wetlands act as large filters that must eventually be removed to remove the
pollutants from the system.

3 Nutrients: In addition to the conversion of nitrogen to gas by beneficial microbes, nitrogen and
phosphorus can be removed from the system by plant growth and harvesting. The amount extracted
in the plant biomass is typically small, but repeat crops may be cultivated in one growing season
to maximize the amount of nutrients metabolized and harvested. The biomass produced may be
collected, composted and harvested for use as organic fertilizer. In freshwater systems, the contaminant

of concern is typically phosphorus, whereas in saltwater systems, nitrogen is more problematic.

Other design considerations

1 Aeration: Many Floating Wetland systems are combined with aeration to maximize the beneficial
biological processes occurring in the root zones of the plants. Aeration is usually maximized if placed
in the bottom of the water rather than on the surface.

2 Habitat: Floating Wetlands may provide enhanced cover to promote fish, turtle and insect populations,

as well as creating a food source for waterfowl.
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5.  Site programs and land use

In the varied built environment, many different site programs are encountered that could potentially
release contaminants. Site uses such as gas stations, dry cleaners and industrial manufacturing sites
are obvious potential offenders, but there are other less obvious landscapes such as cemeteries and

residential back yards that can host a range of pollutants.

This chapter introduces the application of the plants and planting typologies covered in previous chapters
to a broad range of sites, land uses and contaminants. Sixteen land-use categories are illustrated to
consider what pollutants can be anticipated on these types of sites. Planting typologies developed in
Chapter 4 are then applied, and aesthetic composition and consideration of natural and cultural systems
are integrated. The objective of this chapter is to consider where opportunities exist for phytotechnology
integration into site design practice. This will assist the landscape architect, engineer or site owner in

developing tools to address the cleanup of pollutants for the reuse and development of such sites.

Organization

This chapter provides an overview and description of sites as land-use programs and, in particular,
describes the industrial or infrastructural activities that occur on the sites, followed by a listing of the
contaminants found in the soils and groundwater commonly associated with these land uses. The

anticipated use of phytotechnology planting methods to remediate potential contamination is illustrated.

The land uses identified are generally for landscapes and planting zones in North America; however, the
principles developed on this short list of site programs can also be applied to other site programs that
are found internationally. Through the use of site typologies and identification of prior land use, the site

designer will be able to link the following three elements:
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1 cleanup of commonly found pollutants on a range of landscape types
2 environmental engineering techniques such as stabilization, capping or degradation planting and their
purpose and logic in application

3 landscape design layouts using plants and phytotechnology applications combined.

This will allow the landscape architect to collaboratively engage with other site engineering
disciplines and integrate these approaches into design strategies for the site, rather than carrying
out landscape design after the initial civil and environmental engineering design has taken place. In
addition, these typologies allow landscape architects to be pre-emptive in their planting approaches,
and to anticipate potential pollution that may arise from future land uses on site. In this way,
design work can be projective, based on evolving conditions, ultimately able to be both pragmatic and

visionary.

Site land-use programs

In order to review the complex and varied nature of the built environment, 16 distinct site programs are
described and illustrated in this section. The land uses are as follows:

Roadways and parking lots

248 Parks, open spaces, lawns and golf courses
River corridors and greenways

Railroad corridors

Light industrial and manufacturing sites
Gas stations and auto-repair shops

Dry cleaners

Funeral homes and graveyards

© 00 N O o b~ W N R

Urban residences

[EN
o

Vacant lots

[
[EN

Community gardens

[N
N

Agricultural fields

[EN
w

Suburban residences
Landfills

Former manufactured-gas plants

e
o a

Military uses

Source control

In addressing these various site types, the mostimportant issue is to control the source of the pollution. For

example, iffertilizers and pesticides are being used on the site formaintenance purposes andare contributing



contaminants to the environment, can organic maintenance practices instead be utilized? If bluegrass lawns
continually need cutting, causing excessive use of lawn mowers that burn and leak fuel, can low-mow, low-
maintenance lawns be considered instead to prevent the fuel contaminant release? Ways to minimize source
pollutants should always be considered first, including organic landscape maintenance practices, low-
maintenance plant variety selection, and low-emission equipment specifications, to name a few. Below is a

review of the 16 land-use programs.

5.1 Roadways and parking lots

Roads, roadsides and the finished surfaces of parking areas are varied in context, width, vehicle speed and
slope, as well as their location, development and the vegetation cover on their sides. They can be considered
singular as well as linked together as a continuous seam across the country, acting as conveyance routes for
pollutants as well as people. According to the Federal Highway Administration, in 2008 there were 2,734,102
miles of paved public roads in the United States and the majority of Americans used a motor vehicle as their
primary, if not only, mode of transportation. Cars themselves generate much of the pollution that is found
along roadways. This includes heavy metals released from the brake linings of cars, tire debris, gasoline, oil
leaks and drips onthe road surface,and emissions, as well as other depositions of atmospheric constituents
and particulate material onto the roadside. Often, vehicles emit heavy metals and petroleum products from
incomplete combustion. These emissionsbindtoformone componentof particulate matter (PM)air pollution.
After several days suspended in the air, particulates fall to the surface and pollute surrounding soil and water.
In parking areas and roadside soils, the contaminants generated from cars can include organic compounds,
petroleum hydrocarbons and VOCs. The soil can also contain inorganic metals such as aluminum, cadmium,
chromium, copper,lead, mercuryand zinc. Cars made before 1993 may contain chlorofluorocarbons (CFCs—a
widely used chlorinated solvent) in their air conditioning systems. Other sources of contamination include
loosened pieces ofthe road surface or roadway base preparation itself (including recalcitrant PAHs generated
from asphalt wear), nutrients from atmospheric deposition adhering to sediments, discarded objects, heat

from road surfaces, de-icing materials and herbicides from seasonal maintenance activities.

The ecological effects of roadways on the environment are profound. In their seminal book, Road Ecology,
Forman et al. illustrate that roadway pollutants have elevated effects up to 100 meters away from roadway
edges (Forman et al., 2003, p. 205). In addition, there is a direct correlation between air pollution and
highway capacity: the greater the capacity, the greater the air pollution in a metropolitan area (US PIRG,

2004). Refer to Chapter 3, p. 189 for more information on air pollution and roadways.

The presence of existing vegetation in drainage swales in both parking areas and roads is of potential
use to phytotechnology design, as is the introduction of additional strategies to allow for the removal of

contaminants at the source, thereby decreasing the effects of the pollutants downgradient.
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SITE PROGRAMS AND LAND USE

Figure 5.1a Roadways and Parking Lots: Sources of Contamination

A Salt and De-icing Chemicals

/D \ Emissions

A\ Road and Car Debris

/ C \ Corridor Control - Weeds and Insects

/EN Lawn and Landscape Care

WAL,
g

S

A\ Road and Car Debris

Key

Source

Description

Contaminants

>

Road and car debris

The following debris migrates to water, soil and air:

¢ Tire debris: nutrients (phosphorus and nitrogen) and metals (especially
mercury and zinc) picked up from atmospheric deposition and other sites

* Road surface wear: petroleum

e Brake lining and car parts: asbestos, nickel, copper, chromium

e Metal plating and tires: metals including nickel, iron, copper, chromium, zinc,
lead, cadmium, manganese

e Fuel and oil: petroleum, salt, lead (formerly added to gasoline).

Nutrients (phosphorus and nitrogen): Ch. 3, p. 125
M Metals: Ch. 3, p. 136
@ Petroleum: Ch. 3, p. 65
Air pollution: Ch. 3, p. 189

Salt and de-icing
chemicals

Materials spread onto roadways, walkways and other surfaces to prevent ice
formation.

¥ Salt (sodium, chloride and other additives): Ch. 3,
p. 179

Corridor control:
weeds and insects

Pesticides, including insecticides and herbicides, are applied to control

weed growth along roadsides and infestations of unwanted insects. These
substances usually include salts and metals, which build up on sites over time.
Historic applications may have deposited elevated levels of arsenic and lead or
persistent organic pesticides such as DDT, DDE or Chlordane.

@ Pesticides and POPs: Ch. 3, p. 111

I Salt (sodium, chloride and other additives):
Ch. 3, p. 179

M Metals: Ch. 3, p. 136

@ POPs: Ch. 3,p. 118

Emissions

Release of chemicals and particles into the air from automobiles. In addition,
areas where gasoline emissions may have been historically concentrated may
have lead contamination in soils.

Air pollution: Ch. 3, p. 189

> [

Lawn and landscape
care

Fertilizers and pesticides applied by site owners to ornamental landscapes can
migrate into stormwater and groundwater. In addition, maintenance equipment
for application of these products generates emissions and may leak fuel.

@ Pesticides and @ POPs: Ch. 3, pp. 111 and 118
I Salt (sodium, chloride and other additives):
Ch.3,p. 179
M Metals: Ch. 3, p. 136

Nutrients (phosphorus and nitrogen): Ch. 3, p. 125




SITE PROGRAMS AND LAND USE

Figure 5.1b Roadways and Parking Lots: Phytotechnologies to Address Contaminants

}4.2 Evapotranspiration Cover

i4.12} Air-Flow Buffer

Multi-Mechanism Buffer £ Surface-Flow Wetland Phytoirrigation

{7

Subsurface Gravel Wetland

415 Stormwater Filter

4. Stormwater Filter

Typology Description Addresses Plant Lists
Evapotrans- | High evapotranspiration-rate species are planted to quickly transpire Within stormwater: p.48,2.18
piration stormwater into the air, preventing contaminants from migrating off site. Where | B Nutrients (phosphorus and | High evapotranspiration-rate
Cover de-icing activities occur, salt-tolerant species must be utilized. nitrogen); M Metals; species
® Petroleum
Phyto- Stormwater is collected and irrigated onto plants to prevent contaminants from | Within stormwater: p. 48, 2.18 High
irrigation migrating off site. A solar-powered pump with drip tubing can be used for the ¥ Nutrients (phosphorus evapotranspiration-rate
irrigation system. Where de-icing activities occur, salt-tolerant species must and nitrogen); M Metals; species
be utilized. ® Petroleum
Degradation | Plants with thick, fibrous root zones are used along the edges of the parking ® Petroleum p. 74, 3.5 Petroleum
Hedge lot to intercept and degrade hydrocarbons in water run-off.
Degradation | Deep-rooted perennials are used along the edges of the parking lot to ® Petroleum p. 74, 3.5 Petroleum
Cover degrade any hydrocarbons that might run off from the parking lot.
Air-Flow Tree species that trap particulate matter from air in the canopy can be used as | Air pollution: particulate p. 196, 3.60 Air pollution,
Buffer street trees to prevent pollution from migrating beyond the road corridor. matter particulate matter
Multi- Road pollutants have been shown to affect environments as far as 200 [¥ Nutrients (phosphorus and | p. 46, 2.17 Nutrients: high-
Mechanism meters away from the road edge (Ministry of Environment, 2006: 9). Heavily nitrogen); M Metals: stabilized | biomass species
Buffer vegetating this area with a mix of species can prevent the spread of pollutants. | on site; @ Petroleum; p. 140, 3.37 Metals p. 74, 3.5
Inorganic contaminants may be held on site in the root zone and soil, while Air pollution: particulate Petroleum
organic contaminants may be degraded. Particulate matter in the air may be matter; ® Pesticides p. 195, 3.59-3.60 Air pollution
captured and held on leaf surfaces. p. 113, 3.23 Pesticides
Stormwater Plants and the soil filter out pollutants from the stormwater in a swale or linear | Within stormwater: Stormwater/Wetland
Filter filter strip. Where de-icing activities occur, salt-tolerant species must be ¥ Nutrients (phosphorus and | species not included in this

utilized; salt is typically not removed in these systems.

nitrogen); M Metals;
® Petroleum; ® Pesticides

publication

Surface-Flow
Wetland

Plants and the soil filter out pollutants in a series of open water ponds and
cells. Where de-icing activities occur, salt-tolerant species must be utilized;
salt is typically not removed in these systems.

Within stormwater:

I Nutrients (phosphorus and
nitrogen); M Metals;

® Petroleum; @ Pesticides

Stormwater/Wetland
species not included in this
publication

Subsurface
Gravel
Wetland

Plants and associated media filter out pollutants in a series of gravel cells
below the surface. No water is visible and the treatment footprint is typically
smaller than in Surface-Flow Wetlands. Where de-icing activities occur,
salt-tolerant species must be utilized; salt is typically not removed in these

systems.

Within stormwater:

I Nutrients (phosphorus and
nitrogen); M Metals;

® Petroleum; @ Pesticides

Stormwater/Wetland
species not included in this
publication
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5.2 Parks, open spaces, lawns and golf courses

The land use and programs in this section — parks, open spaces, lawns and golf courses — are a broad
range of designed landscape types that cover generally permeable, open and planted areas of varying
scales from domestic and small-scale sites to larger, district-scale sites set within urban, suburban and
rural contexts. These sites often contain graded topographic surfaces, roads, pathways, planting areas,
modest public structures and storage areas, and water bodies ranging from vast lakes to smaller-scale
pools and fountains. As such, they are the targets of multiple pollutants from ongoing maintenance
activities involving excessive nutrients and pesticides in the soil, salt and de-icing solutions, and petroleum
products from maintenance equipment such as industrial-scale grass mowers. Additional factors that
contribute to pollution in parks include the previous or historic land use of the site, the construction
materials used in building the park, atmospheric deposition and adjacent and nearby industrial land

uses.

Parks inherently have a number of characteristics that prevent human exposure to contaminants that
may exist below ground. For example, paved areas, dense turf grass and thickly mulched beds prevent
direct exposure to users. However, the pesticides and fertilizers that are regularly and repeatedly
applied to open spaces, especially golf courses, are a cause for concern. According to the Golf Course
Superintendents of America, golf courses in the US spend over $8 billion each year on lawn chemicals
and equipment (GCSAA, 2013). Many of the applied chemicals and nutrients migrate into the soil and
groundwater, where they may eventually pollute nearby water bodies and drinking water. Planting schemes
in parks are often performing some level of remediation, however, these systems can be enhanced and

optimized to intercept these pollutants using phytotechnologies.

Pesticides

The US EPA permits the use of over 200 chemical pesticides to control weeds, fungus and insects,
many of which are banned in the European Union because of health and ecological concerns. Nearly 80
million pounds of pesticides are used on US lawns every year, with the 30 most popular pesticides being
used in over 90% of lawn-care treatment (Wargo et al., 2003). An estimated 5-10% of total applied
pesticides are lost to run-off, most often ending up in local surface waters and aquifers (Haith and Rossi,
2003). While source control (preventing the application of these materials) is one way to mitigate these
contaminants, remediation strategies include vegetated buffers and filters that prevent pesticides from

leaching and traveling off site.

Fertilizers

Opver-fertilization of lawns due to commercialized ‘step’ programs, social pressures and lack of knowledge
is well documented (Spence et al., 2012). Nitrogen and phosphorus pollution occur mainly off site,
once these nutrients leach away from the original application site, into water bodies and drinking-

water sources. Nutrient overloading in water bodies causes algal blooms, eutrophication, lack of oxygen



and degradation of both native plant and animal species (Rosen and Horgan, 2013). The ecological
effects of nutrient loading and eutrophication can be devastating to the ecosystem economies on which
many people depend. Vegetation remediation efforts should be sited surrounding surface waters and
along downward slopes to intercept moving water, and above areas of high groundwater tables where

nutrients can easily reach the water below the surface.

Maintenance equipment

Motorized machines for lawn care and maintenance commonly use petroleum products, such
as gasoline and lubricants. Wherever these machines are stored and refueled, some level of
hydrocarbon contamination can be expected. Americans use about 800 million gallons of gasoline
annually in power mowers, with an estimated 17 million gallons spilled during refueling (US EPA,
1996). In addition, contaminant spills when filling machinery with pesticides or fertilizers should
also be considered. Planted buffers can potentially control and degrade these contaminants around

maintenance areas.

Contaminant source control

To prevent pollutant generation in these environments, low-maintenance landscapes that require
less ongoing care can be designed from the outset of the project. For those looking to replace the
conventional turf grass environment, a host of new, low-growing, low-mow species composed of
fescues and warm-season grasses such as Buffalo Grass (Buchloe dactyloides) require minimal water and
mowing, significantly reducing run-off and chemical applications. In addition, minimizing irrigated
water should be considered. High irrigation rates not only allow contaminant migration but prevent
the development of robust plant root systems and often consume potable water supplies. Changing
irrigation rates to water deeply and infrequently promotes deeper, more extensive root growth, with
healthier plants that require fewer chemical treatments. These plants may then pre-emptively be ready
to deal with small-scale spills with their large root biomass and associated root biology, rather than their
highly irrigated counterparts, with their associated smaller root systems. Organic maintenance practices

can additionally be mandated, and low fuel-consumption maintenance machinery can be specified.

253



254

SITE PROGRAMS AND LAND USE

Figure 5.2a Parks, Open Spaces, Lawns and Golf Courses: Sources of Contamination

{ D} Emissions

Lawn and Landscape Care

Ty
e \\\\‘:\\ WL gy

£\ Maintenance Equipment Road and Car Debris

Salt and De-icing Chemicals Parking Lots

See 5.1

Key

Source

Description

Contaminants

Road and car debris

See 5.1: Roadways/Parking Lots

Nutrients (phosphorus and nitrogen):
Ch. 3, p. 125

M Metals: Ch. 3, p. 136

® Petroleum: Ch. 3, p. 65

Air pollution: Ch. 3, p. 189

Salt and de-icing
chemicals

See 5.1: Roadways/Parking Lots

¥ Salt (sodium, chloride and other
additives): Ch. 3, p. 179

Emissions

Release of chemicals and particles into the air from maintenance equipment and
automobiles. Emissions include particulate matter, partially combusted petroleum and
metals. Emissions may settle out as solids in open water bodies.

Air pollution: Ch. 3, p. 189

Lawn and landscape
care

Fertilizers and pesticides applied during maintenance can migrate into water supplies
and build up in soil. Pesticides, including insecticides, fungicides and herbicides
usually include metals and sometimes salts, which build up on sites over time. Applied
fertilizers may quickly leach into soils and water, causing excessive nutrient loading in
local surface-water bodies and groundwater.

Pesticides and @ POPs: Ch. 3,
ﬁ). 111 and 118

Metals: Ch. 3, p. 136

Nutrients (phosphorus and nitrogen):
Ch.3,p. 125

> P B

Maintenance equipment

Lawn maintenance equipment such as mowers, tractors and trailers generates
emissions and fuel leaks. In addition, accidental spills of fertilizer and pesticides can
occur when maintenance equipment is filled. Repeat occurrences of spills in the same
area may create hot spots of pollutants.

® Petroleum: Ch. 3, p. 65

Pesticides and @ POPs: Ch. 3,
ﬂp. 111 and 118

Metals: Ch. 3, p. 136

Nutrients (phosphorus and nitrogen):
Ch.3,p. 125




SITE PROGRAMS AND LAND USE

Figure 5.2b Parks, Open Spaces, Lawns and Golf Courses: Phytotypologies to Address Contaminants

Degradation Cover

Surface-Flow Wetland

Multi-Mechanism Buffer Stormwater Filter

Multi-Mechanism Buffer

P4 Phytoirrigation

Floating Wetland

© Pesticides;
® Petroleum; M Metals

Key Typology Description Addresses Plant Lists
Organically Eliminate source pollutants wherever possible. Organic pesticides tend to be I Nutrients; @ Pesticides;
Maintained less toxic, and slow-release fertilizers may prevent migration into surrounding | Il Metals
Landscape water and soils.
4.3 Phytoirrigation Groundwater around parks and golf courses can become polluted with Within groundwater: Irrigate onto any plant
(p. 207) excessive levels of nutrients. This nutrient-rich water can be pumped up [ Nutrients (phosphorus species preferring high
b to the surface and irrigated onto existing golf courses to provide fertilizer- and nitrogen) macro-nutrient levels
enriched water. The grasses use some of the nutrients in the irrigated water,
allowing cleaner water to pass back down to the groundwater. Solar-powered
pumps for irrigation can be considered to reduce energy consumption for the
irrigation operation.
4.9 Degradation Perennials with thick, fibrous root systems can be used along the edges of the | E Nutrients (phosphorus p. 46, 2.17 Nutrients: high-
299 Cover golf course to trap and remove excess nutrients and pesticides before they and nitrogen); biomass species
(p. ) migrate into stormwater or groundwater. High biomass-producing species © Pesticides p. 113, 3.23 Pesticides
tend to remediate nutrients at the highest rates.
4.14 Multi- The highest concentrations of pesticides and nutrient run-off from sites occurs | I Nutrients (phosphorus | p. 46, 2.17 Nutrients: high-
Mechanism during the first rain event after application or during prolonged periods of and nitrogen); M Metals; biomass species
(p. 234) Buffer irrigation (Smith and Bridges, 1996). Heavily vegetated buffers around golf ® Petroleum; Air pollution: | p. 113, 3.23 Pesticides
courses and other lawn areas may prevent the spread of pollutants. Dust particulate matter p. 195, 3.60 Air pollution
particles from pesticides may be intercepted with these buffers.
4.15 Stormwater Around impervious surfaces where stormwater becomes contaminated run- Within stormwater: Stormwater/Wetland
Filter off, provide stormwater filters. Where de-icing activities occur, salt-tolerant I Nutrients (phosphorus species not included in this
(p. 235) species must be utilized; salt is typically not removed in these systems. and nitrogen); M Metals; publication
® Petroleum
416 Surface-Flow Where open water bodies exist on site, create Surface-Flow Wetlands at the Within water: Stormwater/Wetland
Wetland edges to filter out pollutants in a series of open water ponds and cells. With [ Nutrients (phosphorus species not included in this
(p. 238) proper design, nitrogen may be returned to the atmosphere as a gas and and nitrogen); publication
phosphorus can be bound to soils. © Pesticides;
® Petroleum; M Metals
4.18 Floating Where open water bodies exist on site, Floating Wetlands can be placed on Within water: Stormwater/Wetland
Wetland the surface to help extract and degrade pollutants that have leached into the ¥ Nutrients (phosphorus species not included in this
(p. 242) water body. and nitrogen); publication
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5.3 River corridors and greenways

The river corridor and corresponding greenway is a special type of landscape element that is found as
part of the living infrastructure of regions, cities and local landscapes. The typology consists of linear
sections of planted soft banks and grassed edges, and transitions from land to a watercourse of varying
width, depth and character. A greater variety of vegetation may thrive along these corridors, as compared
to the landscapes beyond. This variety may range from park-like swatches of grass-covered banks dotted

with mature canopy trees and shrubs, to river-edge buffers and emergent plants.

Consistent with every river corridor is the role that the watercourse plays in channeling pollutants that
are discharged from local industries, roadways, overflow pipes, illegal discharges of chemicals and
waste products, and general atmospheric emissions. Contamination may be found in the water bodies
themselves through discharges of polluted groundwater and from adjacent seeping soils. Many older
communities contain combined sewer overflow systems (CSO) that can discharge human waste materials
into rivers during storm events. Continual stormwater discharges create an influx of phosphorus, nitrogen,
heavy metals, hydrocarbons and pesticides from roads and adjoining land uses including agricultural
fields. The corridors are, unfortunately, also the venue of continuous illegal waste dumping along their
length that can include metals such as lead, paint and construction waste materials and hydrocarbons.
Finally, the range of emissions that can be adjacent to river corridors includes airborne particulate matter
and metals and all six of the priority air pollutants identified by the US EPA (see Chapter 3, p. 189).
Atmospheric deposition can cause these pollutants to appear within the water column of the river corridor

and in the surrounding greenway.

Contaminant source control

The most important consideration for cleanup in these environments is to stop the point source
and non-point source pollutants entering the corridor. Disconnecting CSOs from local waterways,
or at least minimizing the amount of stormwater entering these systems, is a critical improvement.
Industries must be regulated and dumping activities monitored to ensure prevention of future

pollutant releases.

5.4 Railroad corridors

Collectively, railroad corridors make up a significant amount of the post-industrial land area found in urban
and ex-urban locations. As a linear open space system of passenger and freight train lines and storage
yards, all threaded through varied landscapes, railroad corridors connect other post-industrial sites along
their routes, creating a network of adjoining smaller sites of differing land uses, histories and pollutant
paths. A typical railroad corridor or right of way (ROW) consists of three major elements in the width and

extent of the corridor.



The first is the flat, layered rail bed, comprising a lower ballast with top coat of aggregate which support
a surface system of precast concrete or wooden ties upon which lie the continuous metal rail sections.
Historically, wooden railroad ties (also called sleepers) were preserved with creosote, a form of coal tar
that is a difficult form of petroleum to degrade, or with copper arsenate, which leaches arsenic into the
soil surrounding the sleepers. The ballast, created from gravel or urban fill, can contain heavy metals and

PAH hydrocarbons such as coal ash.

The second element is the adjacent sloped banks on either side, containing drainage swales and a
variety of planted ground surfaces, gradient changes, edge conditions, pathways and boundary fences
and walls. These areas often contain traces of adjacent land uses where loading or unloading of raw

materials or manufactured goods may have occurred.

The third element is volunteer vegetation and support soils. Historically, herbicides have been used to
maintain a clear, safe corridor for the passage of trains, and traces of heavy metals and salts can be
found in the wake of their use. Railroad corridors are also supported in the ROW by a large number of
switching boxes, electrical panels, signals, viaducts, bridges, crossings and rail station infrastructure,
which can leach POPs and PCBs (from transformers), chlorinated solvents, petroleum products and heavy

metals.

The most common pollutant in railway corridors is PAHs (Ciabotti, 2004). These are often generated by
both the creosote, noted before, and the train operation itself, with most PAHs being derived from the
incomplete burning of fuel sources such as coal, oil or wood. As an example, sooty exhaust from diesel
engines can settle along the tracks, creating PAH deposits. Lead and mercury contamination are also
often found in historic emissions from diesel combustion. Contamination from emissions is correlated
to the distance from the track, with the most heavily contaminated zone being 10 meters (32 feet) or
less away from the track, a moderate pollution zone 10-50 meters (32-165 feet) away and a slightly
polluted zone 50-100 meters (165-330 feet) away (Ma et al., 2009). The trains also emit heavy metals
from operations and from old, flaking paint surfaces (Pb, Cd, Cu, Zn, Hg, Fe, Co, Cr, Mo), combined with
the PAHs in the form of fuel oils, combustion and exhaust, lubricant oils, condenser fluids, machine
grease and transformers oils (Wilkomirski et al., 2011). Concentrations of contaminants tend to be
higher in rail yards and stations, where cars sit idle and slow leaks can occur over time (Wilkomirski et
al., 2011).

Outside of the ROW, over time a continuous series of complementary land uses will have grown up along
the railroad corridor. A heterogeneous mix of contaminants can exist where transfer siding tracks were

present, not to mention the potential for contamination from the adjacent land uses themselves.

The railroad corridor offers a range of opportunities for individual phytotechnology site applications,
as well as repetitive remediation opportunities along its continuous length. While the typology in this
section illustrates still-active corridors, planting typologies for cleanup can also be integrated into railroad

corridor recreation-conversion projects, such as rails to trails.
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SITE PROGRAMS AND LAND USE

Figure 5.3a River Corridors and Greenways: Sources of Contamination

iDE Emissions

iB } De-icing Chemicals iE E Lawn and Landscape Care

Roadways lllegal Dumping

See 5.1

Corridor Control

Parks/Open Spaces/
Lawns/Golf Courses
See 5.2

/Y Qutfall: Stormwater or Combined Stormwater/Sewer

i D } Atmospheric Deposition

A

ey

Source

Description

Contaminants

Road and car debris

See 5.1: Roadways/Parking Lots

Nutrients: Ch. 3, p. 125
M Metals: Ch. 3, p. 136
® Petroleum: Ch. 3, p. 65
Air pollution: Ch. 3, p. 189

Salt and de-icing
chemicals

See 5.1: Roadways/Parking Lots

¥ Salt (sodium, chloride and other
additives): Ch. 3, p. 179

Emissions/atmospheric
deposition

Release of chemicals and particles into the air from automobiles and industrial sources.
Rivers can be sinks for contaminated air particles that have settled out and deposited
onto water surfaces.

Air pollution: Ch. 3, p. 189

Lawn and landscape
care

Maintenance of riverside pathways and adjacent parklands, See 5.2: Parks/Open
Spaces/Lawns/Golf Courses.

Pesticides and @ POPs: Ch. 3,
. 111 and 118

Metals: Ch. 3, p. 136
Nutrients: Ch. 3, p. 125

lllegal dumping/buried
debris and waste

River corridors are often back yards for current or former polluting industrial operations.
lllegal dumping and industry overspills should be expected, although pinpointing hot
spots of contamination may be challenging.

All contaminants possible —see Ch. 3

> ] P B> B

Outfall: stormwater
or combined sewer/
stormwater (CSO)

Many stormwater drains from adjacent roadways and parcels directly discharge to
river corridors. Combined stormwater and sewer systems are common in older urban
areas and may overflow into adjacent waterways during large storm events. Significant
releases of nutrients, metals and other biological pollutants are common with CSOs.

Nutrients
Ch. 3, p. 125
M Metals: Ch. 3, p. 136
® Petroleum: Ch. 3, p. 65
Air pollution: Ch. 3, p. 189
Total Suspended Solids (TSS)
Bacteria, BOD and living organisms




SITE PROGRAMS AND LAND USE

Figure 5.3b River Corridors and Greenways: Phytotypologies to Address Contaminants

Stabiliazation Mat
(with excavationand
removal of hot spots)

i Stormwater Filter

16; Surface-Flow Wetland

i Floating Wetland

Key Typology Description Addresses Plant Lists
41 Stabilization Due to the unknown nature of river-bank soils and buried materials, M Metals p. 140, 3.37 Metals excluders
202 Mat vegetative capping to hold pollutants on site, away from risk of exposure | Air pollution (deposited)
(p. ) to humans and wildlife, can be an effective option. Where hot spots of
contamination are known, excavation and removal of heavily polluted
soils should occur before remaining soils are stabilized.
414 Multi- Riparian Buffers along river corridors prevent pollution migration All: see Ch. 3 All: see Ch. 3
Mechanism from adjacent land uses. In addition to contamination removal, these [(J L EXY) || (Select plants to address
(p. 234) Buffer vegetated areas can serve important wildlife corridor functions. specific adjacent land uses)
415 Stormwater On the downhill side of paved surfaces and compacted landscapes, Within stormwater: Stormwater/Wetland
Filter stormwater filters can be used to filter out the pollutants closer to the I Nutrients (phosphorus and | species not included in this
(p. 235) source before they compound in river systems. nitrogen); M Metals; publication
® Petroleum
4.16 Surface-Flow Polluted outfall waters and contaminated river water can be directed Within water: Stormwater/Wetland
Wetland through Surface-Flow Wetlands constructed along the edges of rivers to | [ Nutrients (phosphorus and | species not included in this
(p. 238) filter out pollutants. nitrogen); ® Pesticides; publication
® Petroleum; M Metals; BOD/
Bacteria
4.18 Floating Place Floating Wetlands on the surface of rivers to act as filters as Within water: Stormwater/Wetland
Wetland polluted water passes through. In addition, plants can be harvested from | [ Nutrients (phosphorus and | species not included in this
(p. 242) these systems, composted and nutrients recycled. nitrogen); ® Pesticides; publication
® Petroleum; M Metals
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SITE PROGRAMS AND LAND USE

Figure 5.4a Railroad Corridors: Sources of Contamination

i D } Emissions

ix } Train Operation Debris

Light Industry
See 5.5

i CE Corridor Control — Vegetation

A Track Ballast/Urban Fill

A Treated Lumber

KGE lllegal Dumping

Key

Source

Description

Contaminants

Corridor control:

Herbicides are often utilized along rail corridors to control vegetation growth. They often

©® Pesticides and @ POPs: Ch. 3, pp.

vegetation include metals (most typically lead and arsenic) and salts, which build up on sites over 111 and 118
time in addition to the pesticides themselves. M Metals: Ch. 3, p. 136
¥ Salts: Ch. 3, p. 179
Emissions Release of emissions into air from train engines and partial fuel combustion. Air pollution: Ch. 3, p. 189

lllegal dumping/buried
debris and waste

Rail corridors often link heavily polluting industrial operations, and overtopping of
freight cars and accidental spills can result in buried debris and waste. Adjacent land-
use activities where on- and off-loading occurred can often provide insight into what
contaminants may be encountered.

® Petroleum: Ch. 3, p. 65
@® POPs: Ch. 3, p. 118

M Metals: Ch. 3, p. 136
[ Nutrients Ch. 3, p. 125

Treated lumber

Railroad ties, historically treated with creosote or copper arsenate to prevent rotting, may
be found under current or historic tracks. Many historic railroad beds still have creosote
ties or debris present, and arsenic levels 10x natural background levels

(Ma et al., 2009).

® Petroleum: creosote: Ch. 3, p. 65
M Metals: arsenic and copper, Ch. 3,
p. 136

Track ballast/urban fill

The base of track areas is often built up with urban fill, often including coal ash. Ballast
may contain metals.

® Petroleum, especially PAHs: Ch. 3,
. 65
E Metals: Ch. 3, p. 136

|| B B> &

Train operation debris

Operation of train engines and cars, especially brake dust, can release petroleum
products, lubricants and metals.

® Petroleum-PAHs: Ch. 3, p. 65
M Metals: Ch. 3, p. 136
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Figure 5.4b Railroad Corridors: Phytotypologies to Address Contaminants

Light Industry
See 5.5

Degradation Hedge 14} Multi-Mechanism Buffer Multi-Mechanism Mat
Key Typology Description Addresses Plant Lists
4.8 Degradation To buffer adjacent land uses from surface soil contaminants in rail ROWs, ® Petroleum; © Chlorinated p. 74, 3.5 Petroleum
Hedge add degradation hedges to remove hydrocarbons or chlorinated solvents. | solvents p. 97, 3.13 Chlorinated
(p. 220) Since only a thin line of vegetation may be possible, the concentration of solvents
contaminants may not be totally degraded, but some remediation may be
possible. Hedges may be pruned or left to grow naturally.
4.11 Multi- Between and around tracks it may be possible to install low-growing ® Petroleum: PAHS; p. 140, 3.37 Metals excluders
Mechanism vegetation to stabilize, degrade or even extract existing pollutants on site. | ® Pesticides: herbicides: p. 74, 3.5 PAHs: degradation
(p- 227) Mat Degradation of PAHs should be provided, potentially some extraction/ M Metals; Air pollution p. 146, 3.38 Arsenic:
harvesting for arsenic and stabilization of other non-bioavailable (deposited) extraction
contaminants by creating a thick vegetation mat to control pollution
dispersal via erosion. A yearly mowing regime where clippings are
collected and removed from site can slowly remove bioavailable metals
from sites over time. A research program called “Green Tracks” is being
developed in Berlin, in which tolerant plant species are planted between
rails to capture and hold and potentially degrade pollutants as they are
emitted by trains (Gorbachevskaya et al., 2010).
4.14 Multi- Heavily vegetated buffers along rail corridors can prevent pollution All: see Ch. 3 All: see Ch. 3
Mechanism migration to adjacent land uses. Organic contaminants such as prevalent (J 1 rXyrjjl (Select plants to address
(p. 234) Buffer PAHSs can potentially be degraded, while inorganics such as lead and specific adjacent land uses)

arsenic are captured and held in soils. Particulate matter in air pollution
may be captured on leaf surfaces, buffering adjacent lands. In addition
to contamination remediation, these vegetated areas can serve important
wildlife corridor functions.
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9.5 Light industrial and manufacturing sites

Light industrial sites contain a complex mixture of building structures, in-ground infrastructure, storage
structures, haulage areas and fuel areas to support a full range of manufacturing activities. Light industrial
sites differ from heavy industrial locations which have on-site activities such as steel-making, shipbuilding
and metal-refining factories, by using partially processed materials that are shipped to the site to be further
worked and assembled. Finished goods such as clothing, prepared food, household appliances, furniture
and electronics for domestic and overseas markets are produced on light industrial sites. In
addition, these sites have a less intense impact on the environment than do heavy industrial activities,
which often cause significant groundwater and waste contamination over longer periods of time. Light
industrial sites require a relatively small amount of raw materials, factory size and power usage. While light
industry can cause relatively little pollution, particularly when compared to heavy industries, some light
industrial sites can cause significant risk of contamination through their soils, sediments and groundwater.
Electronics manufacturing can create potentially harmful levels of lead and other metal or chemical
wastes in soil, due to improper handling of solder and waste products such as cleaning and degreasing
agents used for machinery and factory equipment. The types of activities on light industrial sites change
often, as manufacturing cycles change. It is therefore likely that over time a site in this category has had
multiple occupancies with a range of often unrelated manufacturing activities with varying types and levels

of contaminants.

Some common contaminants on many of these sites are leaky underground or above-ground storage tanks
with fuels (petroleum) or chlorinated solvents; air conditioning or heating units (chlorinated solvents);

transformers leaking PCBs; road debris from shipping trucks (see 5.1); and emissions.

5.6 Gas stations and auto-repair shops

Gas stations are ubiquitous across the North American landscape, creating the physical network required
to support an American lifestyle heavily reliant on the automobile. Consequently, gas stations occupy key
real estate at highly visible street corners and transportation intersections. Because of their location, as
well as the high probability of their contamination, abandoned gas stations are both highly visible and

highly contaminated sites whose remediation costs can hinder redevelopment.

Internationally, there have been efforts to reduce contamination from gas stations either through
the process of modifying the gas station infrastructure or through legislation regulating fuel
additives such as lead and MTBE. Most filling stations, wherever they are located in the world, are
built in a similar manner, with most of the fueling infrastructure underground and pumping machines in
the forecourt (the part of the filling station where vehicles are refueled). Many of the facilities also
house garage and auto-repair facilities with storage and disposal of degreasers, waste oils and air

conditioning fluids.



According to the US EPA, the three main sources of contaminant release on gas station sites are
“product delivery piping failures, corrosion of unprotected tanks, and spills and overfills” (US EPA Office of
Underground Storage Tanks and Office of Brownfields and Land Revitalization, 2010). The US EPA warns
that gasoline vapors getting into the air is also a major concern, resulting from both normal operation

and spills that vaporize.

Fuel storage

Single or multiple fuel storage tanks are typically located underground. Pre-1998, the majority of
gas station contamination events in the US were due to Leaky Underground Storage Tanks (LUSTs).
Underground storage tanks (USTs) were required to comply with new federal US standards to provide
more durable corrosion resistant tanks by 1998. For this reason, many smaller locally owned gas stations
closed in the late 1990s, due to their inability to comply with the new double-lined tank and other
environmental regulations. Many of the old underground tanks are still in place and potentially leaking.
Even those USTs up to federal standards still experience leaks. As of 2013, 436,406 of 514,123 reported
LUSTs have been cleaned up, with 77,717 releases remaining (US EPA, 2013).

Fuel transfer and pumping

Fuel is usually offloaded from a tanker truck into the tanks through a valve located on the filling station’s
perimeter. Fuel spills in this location can occur during filling. Fuel from the storage tanks travels to the
retail pumps through underground pipes located in a service channel that usually connects the forecourt
and the tanks. Fuel tanks, dispensers and nozzles used to fill car tanks often employ vapor-recovery
systems which prevent releases of vapor into the atmosphere. The area around the fuel dispensers has
a drainage system, since fuel sometimes spills on the ground. Any liquids present on the forecourt will
flow into a channel drain before they enter a petroleum interceptor, which is designed to capture any

pollutants and filter them from rain-water.

Gas additives

Leaded gas was used in gas stations until the 1970s, before being phased out, due to concerns about lead
poisoning, as well as the advent of the catalytic converter and new gasoline additives. Leaded gasoline
historically moved into soils and groundwater from spills and leaks in USTs, and also was released into
the atmosphere during combustion, as emissions. High lead concentrations can still be found in soils
around gas stations, toll booths and other areas where cars repeatedly idled and emitted fumes before
the 1970s. Currently MTBE and other additives which replaced lead in gasoline are of concern, since
they can quickly migrate into groundwater when spilled.

In addition, buried debris and waste disposal from any service garages on site is of concern. Auto-
repair shops are associated with a number of chlorinated solvents such as methylene chloride and
tricholoroethylene, which are used as paint removers, brake oil cleaner and degreasers, as well as CFC
recharge for air conditioners. Shop owners or workers may release chlorinated solvents into soil and

waterways through illegal dumping or accidental spills.
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Figure 5.5a Light Industry: Sources of Contamination

iK } Window Caulking/Old Machinery

Roadways
See 5.1
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Air Conditioning f } l Salt and De-icing Chemicals
Road and Truck Debris
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Source

Description

Contaminants

Road and truck debris

See 5.1: Roadways/Parking Lots

Nutrients: Ch. 3, p. 125
M Metals: Ch. 3, p. 136
® Petroleum: Ch. 3,p. 65
Air pollution: Ch. 3, p. 189

Salt and de-icing
chemicals

See 5.1: Roadways/Parking Lots

¥ Salt (sodium, chloride and other
additives): Ch. 3, p. 179

Emissions

Release of chemicals and particles into the air from industrial operations and trucking.

Air pollution: Ch. 3, p. 189

lllegal dumping/buried
(or unburied) debris and
waste/trash overspills

Both accidental and intentional spills, buried debris and waste can be found on light
industrial sites. The historic and current industries on site should be investigated to
determine what contaminants may be encountered.

Anything is possible and depends upon
the current and past industrial use. The
most common include the following:
® Petroleum: Ch. 3, p. 65

Chlorinated solvents: Ch. 3, p. 94
M Metals: Ch. 3, p. 136

Storage tanks

Any underground or above-ground storage tank or container used to store fuel or
industrial products can leak or rupture.

® Petroleum: Ch. 3, p
Chlorinated solvents Ch 3,p. 94

Air conditioning and
refrigeration units/window
caulking/old machines

Air conditioning units or refrigeration units, especially older or decommissioned units,
can leak coolants. Historic caulking on buildings or old transformers and machines can
be laden with PCBs.

Chlorinated solvents (CFCs and
freon): Ch. 3, p. 94
® POPs (PCBs): Ch. 3, p. 118

> B | B

Machinery and
manufactured products:
operations and spills

On-site machinery and fabrication lines can leak fuel, lubricants, coolants and solvents.
In addition, if the machines require chemical inputs, spills and overtopping can

occur during the transfer. Areas directly under machinery and areas where chemicals
are transferred or disposed during the industrial process should be considered as
potentially polluted sites.

Anything is possible and depends upon
the current and past industrial use. The
most common include the following:
® Petroleum: Ch. 3, p. 65

Chlorinated solvents: Ch. 3, p. 94
M Metals: Ch. 3, p. 136
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Figure 5.5b Light Industry: Phytotypologies to Address Contaminants

{41 Stabilization Mat

i4.17%  Subsurface Gravel Wetland

i Degradation Cover i Multi-Mechanism Buffer

‘4, Green Roof

i Groundwater Migration Tree Stand

Surface-Flow Wetlan

{415 Stormwater Filter
Key Typology Description Addresses Plant Lists
4.1 Stabilization | Where highly recalcitrant pollutants exist, vegetation with thick, fibrous root systems can be used |® POPs, including p. 140, 3.37 Metals
(p. 202) Mat to hold pollutants on site. Thickly established vegetation may prevent erosion and migration of PCBs; M Metals excluders
: pollution.
4.4 Green Roof Large, flat, industrial buildings are ideal locations for Green Roofs. The primary purpose is to Stormwater vector Green Roof species
(p. 210) evapotranspire water, preventing generation of stormwater that would otherwise run through the not included in this
. site, and pick up contaminants. publication.
45 Groundwater | If contaminants leach into groundwater, consider tree stands downgradient of the plume to Groundwater vector: |p. 45,2.15
Migration Tree |naturally pump up the water, degrading organic contaminants and/or filtering out inorganic especially Phreatophytes
(P-213)  |stand pollutants. A detailed Water Mass Balance must be completed by an engineer to calculate how ® Petroleum and
many trees will be needed to make the plume capture effective. Chlorinated solvents
4.9 Degradation |Petroleum and chlorinated solvents may be able to be degraded through targeted plantings, ® Petroleum; p. 74, 3.5 Petroleum
(p. 222) Cover especially when done soon after spills. This may be effective especially where old fuel tanks and Chlorinated p. 97,3.13
: barrels of organic liquids were stored. solvents
414 Multi- Heavily vegetated buffers along property lines can prevent pollution migration to adjacent land All: see Ch. 3 All: see Ch. 3
Mechanism uses. Organic contaminants such as fuels and chlorinated solvents can potentially be degraded, OETe0o@NT ((Select plants to
(p-227) | Buffer while inorganics such as metals can be captured and held in soils. Particulate matter in air address specific
pollution can be filtered out onto leaf surfaces of select species. These vegetated areas can adjacent land uses)
additionally serve important wildlife corridor functions.
4.15 Stormwater | Impervious surfaces prevail on industrial sites, and stormwater filters can be installed Within stormwater: Stormwater/
Filter downgradient to filter out pollutants. Wherever possible, stormwater generated from industrial [ Nutrients; Wetland species
(p. 235) uses should be disconnected from city collection systems and treated on site. In stormwater M Metals; not included in this
filters, inorganic contaminants are filtered in the soil media, while organic contaminants may ® Petroleum; publication
be degraded. Where de-icing activities occur, salt-tolerant species must be utilized; salt is not Chlorinated
typically removed in these systems. solvents
416 gng Surface-Flow | Both manufacturing wastewater and site stormwater can be directed into Surface-Flow (open Within wastewater and | Stormwater/
and | and Subsur- | water) and Subsurface (gravel) Constructed Wetlands to remove pollutants. With proper design, stormwater: Wetland species
417 face Gravel contaminants may be mitigated. Where de-icing activities occur, salt-tolerant species must be [ Nutrients; not included in this
(pp. 241 | Wetland utilized; salt is not typically removed in these systems. M Metals; publication
and 242) ® Petroleum;
Chlorinated

solvents
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Figure 5.6a Gas Stations and Auto-Repair Shops: Sources of Contamination
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Source

Description

Contaminants

Road and car debris

See 5.1: Roadways/Parking Lots

¥ Nutrients: Ch. 3, p. 125
M Metals: Ch. 3, p. 136

® Petroleum: Ch. 3, p. 65
Air pollution: Ch. 3, p. 189

Salt and de-icing
chemicals

See 5.1: Roadways/Parking Lots

M Salt (sodium chloride and other
additives): Ch. 3, p. 179

Emissions

Release of chemicals and particles into air from automobiles. Lead in surrounding soils
is common at gas stations, due to historic leaded gas emissions.

Air pollution: Ch. 3, p. 189

lllegal dumping/buried
(or unburied) debris and
waste

On older gas station sites, buried debris and waste can sometimes be found in back
corners of sites, behind the buildings, including lead batteries, old car parts and paint-
stripping and degreasing products made from chlorinated solvents.

® Petroleum: Ch. 3, p. 65
M Metals: Ch. 3, p. 136

Chlorinated solvents (paint stripping/
air conditioning): Ch. 3, p. 94

Leaky underground
storage tanks (LUSTs)

LUSTs are the most common source of contamination releases at gas stations and can
impact around water.

® Petroleum: Ch. 3, p. 65

> > B

Product: fuel and oil
spills, formerly used
degreasers

Fuel spills are frequent at transfer points for delivery trucks and retail fueling pumps.

In addition, auto-repair shops generate spills, including oil and air conditioning fluids.
Historic locations of spills may be polluted with lead from past use of leaded gasoline.
In addition, chlorinated solvents were historically often used as degreasers in autobody
repair shops.

® Petroleum: Ch. 3, p. 65
Chlorinated solvents: Ch. 3, p. 94
M Lead: Ch. 3, p. 172
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Figure 5.6b Gas Stations and Auto-Repair Shops: Phytotypologies to Address Contaminants
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i Living Fence
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{ . .‘Degradation Cover

Key Typology Description Addresses Plant Lists
4.1 Stabilization | Where old buried waste exists, vegetation can be used to hold pollutants on site, M Metals p. 140, 3.37 Metals
(p. 202) Mat away from risk of exposure. Thickly established vegetation can prevent erosion and excluders
p- migration of pollutants. p. 86, 3.5 Petroleum
tolerant
4.3 Phyto- Polluted groundwater at gas stations can be pumped up and irrigated onto gas station | @ Petroleum; p. 74, 3.5 Petroleum
(p. 207) irrigation plantings targeted to degrade petroleum/chlorinated solvents. Solar-powered pumps for Chlorinated solvents p. 97, 3.13 Chlorinated
P. irrigation can be considered to reduce energy consumption for the irrigation operation. solvents
4.4 Green Roof Green Roofs can be installed to evapotranspire water, preventing generation of Stormwater vector Green Roof species
(p. 210) stormwater that would otherwise run over paved areas and migrate contaminants. not included in this
p- publication.
4.6 Interception | Downgradient of LUSTs and auto-repair service bays, Interception Hedgerows can ® Petroleum p. 74, 3.5 Petroleum
(0. 216) Hedgerow be created to degrade gasoline in groundwater. Since only a thin line of vegetation p. 97, 3.13 Chlorinated
P along the property line may be possible, the concentration of contaminants may not solvents
be totally degraded, but some remediation may be possible.
4.7 Degradation | Degradation Bosques can be installed around transfer points to break down freshly ® Petroleum p. 74, 3.5 Petroleum
(p. 218) Bosque spilled fuel before it contaminates groundwater.
4.8 Degradation | Around edges of auto-repair shops, Degradation Hedges can break down fuel and ® Petroleum; p. 74, 3.5 Petroleum
(. 220) Hedge chlorinated solvent spills that may leach out from the inside of the garage. Chlorinated solvents p. 97, 3.13 Chlorinated
’ solvents
4.8 Living Fence | At the property line, attractive living fences can be installed to break down fuel spills ® Petroleum,; Use Salix spp.
(p. 220) generated uphill of the plantings. Chlorinated solvents
4.9 Degradation | Fuel spills washed into adjacent landscape areas can be broken down with targeted | @ Petroleum; I Nitrogen p. 74, 3.5 Petroleum
(p. 222) Cover plantings. Many ornamental grasses with large root systems and petroleum-
p- degradation capabilities can create attractive entry landscapes. Vegetation must be
thickly planted and maintained with no visible mulch, to maximize root-zone coverage.
4.12 Air-Flow Heavily vegetated buffers along property lines can prevent migration of pollution from | Air pollution p. 195, 3.59-3.60 Air
(p. 229) Buffer adjacent land uses. Particulate matter in air pollution can be filtered out and trapped pollution
P on leaf surfaces of select species to keep pollutants on site.
4.15 Stormwater | Stormwater filters can be installed downgradient of impervious surfaces to remove Within stormwater: Stormwater/Wetland
(p. 235) Filter pollutants. Wherever possible, stormwater generated from gas stations should be [ Nutrients; l Metals; species not included in

disconnected from city collection systems and treated naturally on site.

® Petroleum;
solvents

Chlorinated

this publication

267



268

5.7 Dry cleaners

Modern dry cleaning uses non-water-based solvents to remove soil and stains from clothing and
fabrics. Early dry cleaners used a greater variety of solvents, including gasoline and kerosene. This
required a larger industrial-complex building structure and infrastructure to be constructed, with storage,
delivery and waste disposal areas for chemicals, oils and solvents. Since World War Il, the use of
chlorinated solvents carbon tetrachloride and trichloroethylene (TCE) have given way to perchloroethylene
(Perc, or PCE), which became the predominating solvent of choice within the industry. Perc systems
required smaller equipment, less floor space and could be installed in retail locations. As a result of
this innovation, today the majority of clothes are cleaned by Perc. Some dry cleaners promoting ‘green’
methods typically substitute glycol ethers for the Perc. The primary source of contamination in dry-cleaning
facilities is equipment failures and equipment operations, including removal or replacement of parts.

Together these sources account for about two-thirds of the cases of contamination (Linn et al., 2004).

Perc can quickly pollute groundwater when it is spilled and leached into soils on a site, and can
quickly volatize into the air, releasing VOCs that can negatively affect air quality. When TCE or PCE are
in groundwater below the surface of buildings, these chlorinated solvents continually migrate from the
groundwater into a gas form that can penetrate building floors, affecting indoor air quality. The US EPA
has required elimination of any ground-level Perc dry cleaners within predominantly residential buildings

by 2020 because of air quality concerns in residential units.

5.8 Funeral homes and graveyards

These land uses are one of the least-considered sites for potential contamination, although they
traditionally have substantial prospective pollutants. Together they represent a largely invisible source
of pollution and yet, because of varied cultural norms and the delicate nature socially and culturally of
the land use, this has not been a topic for discussion and research. Funeral homes, as a light industry,
use potentially carcinogenic ‘occupational liquids’ such as formaldehyde and embalming materials.
Graveyards function less as resting grounds than as specialized landfills for the materials of embalming
and encasement. The typical cemetery ground, for example, contains enough coffin wood to construct
more than 40 homes, 900-plus tons of casket steel and 20,000 tons of vault concrete (Harris, 2008).
Add to that enough embalming fluid to fill a small swimming pool and pesticides and herbicides to keep
the graveyard preternaturally green, and you have a pollution mix similar to those found on other light

industrial and manufacturing sites.

In older cemeteries, arsenic may be the longest-enduring contaminant. A highly toxic and powerful
preservative, arsenic was a mainstay of early embalming solutions in the pre- and post-Civil War years.
By 1910, so many embalmers had perished from their efforts to preserve the dead with arsenic that the
federal government stepped in and banned its use in embalming solutions. Arsenic is less likely to taint

the environs of newer graveyards. Elevated concentrations of copper, lead, zinc and iron, the metals used in



casket construction, can still be discovered. In addition, formaldehyde is the main ingredient of practically
all embalming solutions on the market today. Formaldehyde is nonetheless a human carcinogen, and
because of its potentially toxic effect when released into the environment, the US EPA regulates it as a
hazardous waste. The funeral industry, however, legally buries over three gallons of formaldehyde-based
‘formalin” embalming solution every time it inters an embalmed body. Like the contents of any landfill, the
embalmed body’s toxic cache escapes from its host and eventually leaches into the environment, tainting
surrounding soil and groundwaters. Cemeteries bear the chemical legacy of their embalmed dead well

after the graves have been filled.

5.9 Urban residences

Another commonly overlooked site with pollutants in its exterior spaces is the urban residence. These
landscape spaces, whether private gardens, paved yards, storage areas, parking areas or planting
beds, are in direct daily contact with families, including children and seniors. Urban residences can be
separate single-family structures or multiple apartment buildings standing side by side on smaller lots.
While there is great variation of building types nationally and internationally, depending on location,
climate, materials and cultural needs, the types of elements found on site are rarely as varied. The issue
of the presence of lead in household paint was brought to light in the 1970s and its use was banned
in 1978 in the United States. Areas of typical lead contamination in urban lots include the drip line
around the edge of residences to about 3 feet (1 meter) from the face of the building. The soils here can
contain flakes or particles of lead paint in the top horizons of the soils, up to 18 inches (45 centimeters)
in depth. They may be mixed in with exterior wall shingles or old caulking that has hardened and fallen
from doorjambs and windows. Older caulking contained PCBs, and asbestos in shingles is common in
older homes. Regulatory authorities for removal and disposal. Finally, within the ground conditions of an
urban lot the ground fill can contain lead, arsenic and PAHs as well as old buried domestic oil tanks that

may be corroded or ruptured.
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SITE PROGRAMS AND LAND USE

Figure 5.7a Dry Cleaners: Sources of Contamination

/ A\ Road and Truck Debris
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L\ Dry Cleaning Solvents
Vaporizing into Air
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Product:
Spilled Dry Cleaning Solvents

Roadways/Parking Lots
See 5.1

Key

Source

Description

Contaminants

Road and truck debris

See 5.1: Roadways/Parking Lots

[ Nutrients: Ch. 3, p. 125
M Metals: Ch. 3, p. 136

® Petroleum: Ch. 3, p. 65
Air pollution: Ch. 3, p. 189

Salt and de-icing
chemicals

See 5.1: Roadways/Parking Lots

additives): Ch. 3, p. 179

Lawn and landscape
care

See 5.2: Parks/Open Spaces/Lawns/Golf Courses

¥ Nutrients: Ch. 3, p. 125
© Pesticides: Ch. 3, p. 111
M Metals: Ch. 3, p. 136

> [ >

Product: dry-cleaning
solvents

Spilled dry-cleaning solvents can migrate quickly into groundwater or volatilize into
harmful VOC air pollutants. Solvent contamination can often be found near the rear entry
of dry cleaners, where delivery spills or historic ‘dumping out the back door’ occurred.
In addition, areas around dumpsters where solvents were improperly discarded may be

contaminated.

M Salt (sodium, chloride and other

Chlorinated solvents: Ch. 3, p. 94
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Figure 5.7b Dry Cleaners: Phytotypologies to Address Contaminants
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Key Typology Description Addresses Plant Lists
43 Phytoirrigation | Polluted groundwater can be pumped up and irrigated onto dry cleaner plantings targeted Chlorinated solvents p.48,2.18
(p. 207) to degrade chlorinated solvents. Solar-powered pumps for irrigation can be considered to High evapo-
p- reduce energy consumption for the irrigation operation. transpiration
rate
species
4.4 Green Roof Green Roofs can be planted to evapotranspire water, preventing generation of stormwater Stormwater vector: Green Roof
(0. 210) that could further mobilize dry-cleaning solvents in groundwater. More importantly, dry- Chlorinated solvents species not
’ cleaning solvents released into the air as VOCs may be able to be degraded in the root included in this
systems of rooftop plants. As the VOCs pass through the roof structure, interaction with the publication.
plants’ root microbiology may break down the VOCs.
45 Groundwater When solvents leach into groundwater, stands of trees can be placed downgradient of the Groundwater vector: p. 45,2.15
(p. 213) Migration Tree | plume to naturally pump up the water, degrading dry-cleaning products. A detailed Water Chlorinated solvents Phreatophytes
P. Stand Mass Balance must be completed by an engineer to calculate how many trees will be needed
to make the plume capture effective.
4.6 Interception Interception Hedgerows can be installed along property lines to degrade migrating solvents. Chlorinated solvents p.97,3.13
(p. 216) Hedgerow Since only a thin line of vegetation may be possible, the concentration of contaminants may Chlorinated
P. not totally be degraded, but some remediation may be possible. solvents
4.8 Degradation At edges of pavement and lot lines, hedges with thick, fibrous roots can be installed to Within stormwater: p.97,3.13
(p. 220) Hedge mitigate potential stormwater run-off. ¥ Nutrients (phosphorus | Chlorinated
P and nitrogen); solvents
® Petroleum;
Chlorinated solvents
4.8 Living Fence At the property line, attractive Living Fences can be installed in conjunction with Stormwater Chlorinated solvents Use Salix spp.
(p. 220) Filters to address pollutants in site run-off. In addition, Living Fences may also address
p- adjacent shallow groundwater plumes contaminated with dry-cleaning solvents.
413 Green Wall Dry-cleaning solvents that are dissolved in air as VOCs may be able to be degraded in the VOCs in air Green Wall
(p. 231) root systems of plants. As the VOCs pass through Green Walls, any interaction with the plants’ species not
P. root microbiology may break down the VOCs. These systems can also be incorporated into included in this
interior HVAC systems to improve air quality, as long as the air is drawn through the root zone, publication.
rather than just being passively exposed to leaf and soil surfaces.
4.15 Stormwater Stormwater Filters can be installed downgradient of impervious surfaces, such as sidewalks, | Within stormwater: Stormwater/
(p. 235) Filter parking lots and traditionally maintained lawn areas to remove pollutants. Where de-icing M Nutrients (phosphorus | Wetland species
P. activities occur, salt-tolerant species must be utilized; salt is not typically removed in these and nitrogen); Bl Metals; | not included in
systems. ® Petroleum; this publication
Chlorinated solvents
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SITE PROGRAMS AND LAND USE

Figure 5.8a Funeral Homes: Sources of Contamination
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Description

Contaminants

Road and truck debris

See 5.1: Roadways/Parking Lots

Nutrients: Ch. 3, p. 125
M Metals: Ch. 3, p. 136
® Petroleum: Ch. 3, p. 65
Air pollution: Ch. 3, p. 189

Salt and de-icing
chemicals

See 5.1: Roadways/Parking Lots

¥ Salt (sodium, chloride and other
additives): Ch. 3, p. 179

Lawn and landscape
care

See 5.2: Parks/Open Spaces/Lawns/Golf Courses

Nutrients: Ch. 3, p. 125
Pesticides and @ POPs: Ch. 3,

ap. 111 and 118
Metals: Ch. 3, p. 136

> || B

Product: embalming
fluids

During preparation processes at funeral homes, embalming fluids released or spilled
can migrate quickly into groundwater. Contamination may be found near the tools used
for the embalming process or at delivery points.

Other contaminants of concern,
embalming fluids: Ch. 3, p. 124
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Figure 5.8b Funeral Homes: Phytotypologies to Address Contaminants

i4.15 ] Stormwater Filter

{ X i Degradation Cover

{ : Degradation Hedge

i Interception Hedgerow

Key Typology Description Addresses Plant Lists
4.6 Interception Interception Hedgerows can be installed along property lines to degrade Other organic pollutants of p. 45, 2.15 Phreatophytes
(0. 216) Hedgerow migrating fluids downgradient of the building. Since only a thin line of concern
p- vegetation may be possible, the concentration of contaminants may not be
totally degraded, but some remediation may be possible.
4.8 Degradation At lot lines or building edges, deep-rooting hedges may degrade potential | Other organic pollutants of p. 46, 2.17 High-biomass
(0. 220) Hedge embalming fluid spills. concern species
4.9 Degradation Around the edges of the embalming building where processing occurs, Other organic pollutants of p. 46, 2.17 High-biomass
(p. 222) Cover ornamental grasses with degradation capabilities can be installed in concern species
P- traditional landscape swaths. Vegetation must be thickly planted and
maintained to maximize root-zone coverage.
4.15 Stormwater Install Stormwater Filters downgradient of impervious surfaces, such as Within storm water: Stormwater/Wetland
(p. 235) Filter sidewalks, roadways, parking lots and traditionally maintained lawn areas ¥ Nutrients (phosphorus and | species not included in this
p. to remove pollutants. Where de-icing activities occur, salt-tolerant species nitrogen); M Metals; publication
must be utilized; salt is typically not removed in these systems. ® Petroleum; Other organic
pollutants of concern
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SITE PROGRAMS AND LAND USE

Figure 5.8c Graveyards: Sources of Contamination
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See 5.1
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Open Space/Lawns
See 5.2

A

ey

Source

Description

Contaminants

Road and car debris

See 5.1: Roadways/Parking Lots

Nutrients: Ch. 3, p. 125
M Metals: Ch. 3, p. 136
® Petroleum: Ch. 3, p. 65
Air pollution: Ch. 3, p. 189

Lawn and landscape
care

See 5.2: Parks/Open Spaces/Lawns/Golf Courses

Nutrients: Ch. 3, p. 125
Pesticides and
® POPs: Ch. 3, pp. 111 and 118
M Metals: Ch. 3, p. 136

Coffins

Metals are often used in coffin construction and can affect nearby soils and water.
In addition, prior to 1900 arsenic was used in the embalming process.

M Metals: Ch. 3, p. 136

2| > B

Leachate: embalming
fluids and nutrients

As bodies decompose, embalming fluids and nutrients can leach into groundwater.

Nutrients: Ch. 3, p. 125
Other organic contaminants of concern:
Ch. 3, p. 124
M Metals: Ch. 3, p. 136
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Figure 5.8d Graveyards: Phytotypologies to Address Contaminants

i Stormwater Filter

Interception Hedgerow

Groundwater Migration |
Tree Stand

i Stabilization Mat

Key Typology Description Addresses Plant Lists
Organically Eliminate source pollutants wherever possible. Organic pesticides I Nutrients; @ Pesticides and
Maintained tend to be less toxic, and slow-release fertilizers may prevent @ POPs; M Metals
Landscape migration into surrounding water and soils.
4.1 Stabilization Mat The thick turfgrass typically covering graveyards can function M Metals p. 140, 3.37 Metals excluders
(0. 202) well to stabilize interred metals. The vegetation cover should be
p- maintained as thickly as possible. Grass clippings may contain
higher levels of pollutants; care should be taken if grass clippings
are composted for reuse.
45 Groundwater Tree stands can be placed downgradient of graves to help Groundwater vector: p. 45, 2.15 Phreatophytes
(p. 213) Migration Tree Stand | intercept and clean any leachate generated from decomposition. @ Chlorinated solvents
p- A detailed Water Mass Balance must be completed by an engineer
to calculate how many trees will be needed to make the plume
capture effective.
4.6 Interception Interception Hedgerows can be installed as street plantings along © Chlorinated solvents; p. 45, 2.15 Phreatophytes
(p. 216) Hedgerow roadways to intercept leachates. ¥ Nutrients
4.15 Stormwater Filter Stormwater Filters can be installed downgradient of roadways and Within stormwater: Stormwater/Wetland
(0. 235) traditionally maintained lawn areas to remove pollutants. ¥ Nutrients (phosphorus and | species not included in this

nitrogen); M Metals;
® Petroleum; @ Chlorinated
solvents

publication
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SITE PROGRAMS AND LAND USE

Figure 5.9a Urban Residences: Sources of Contamination
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See 5.1 C\ Control: Insecticides O\ Paint Flakes Lines G\ Overspills
Key Source Description Contaminants

Termite and insect
control: insecticides
Vegetation control:
herbicides

Both historic and present spraying for termites, roaches, ants, wasps and other insects
can leave pesticide and POPs residues. Until 1988, Chlordane, a carcinogenic POP,
was used for termite control in wood-built residences and can still frequently be found
in soils around wooden buildings. In addition, arsenic was a common component of
historic pesticides. Where vegetation, especially invasive plants, is found along back
property lines, herbicides may have been utilized.

Pesticides: Ch. 3, p. 111
@® POPs: Ch. 3, p. 118
M Metals: Ch. 3, p. 136
Nutrients: Ch. 3, p. 125

Atmospheric deposition/
dust

Chemicals and particles released into the air from automobiles and industrial sources
can settle out onto urban rooftops. When it rains, these contaminants can get picked up
in the stormwater.

Air pollution: Ch. 3, p. 189

Lawn and landscape
care

Traditional gardening and lawn care with fertilizers and pesticides can also generate
excess nutrients and leave chemical residues in soil and groundwater. See 5.2: Parks/
Open Spaces/Lawns/Golf Courses

Nutrients: Ch. 3, p. 125
Pesticides and @ POPs: Ch. 3,
ﬁ). 111 and 118
etals: Ch. 3, p. 136

Trash overspills

Trash overspills in and around dumpster and garbage areas have the potential to leach
contents. Decomposing organics create nutrients.

Nutrients: Ch. 3, p. 125

Air conditioning units/
window caulking

Air conditioning units or refrigeration units, especially older or decommissioned units,
can leak coolants. Historic caulking on buildings often contains PCBs.

Chlorinated solvents (CFCs and freon):
Ch. 3, p. 94
® POPs (PCBs): Ch. 3, p. 118

Lead paint/paint flakes
and asbestos

Wooden homes painted before 1978 contain lead in old paint on the structure and paint
flakes within soils. Even when old paint is no longer on a home, soils within the drip line
of the building (about 3 feet from the building face) can be highly contaminated with
lead from old flakes and previous removal activities. In addition, asbestos shingles are
still commonly found on older residences.

M Lead: Ch. 3, p. 172
Asbestos

> | B ] [

Leaking sewer lines

Leaking sewer pipes leach raw, untreated sewage into soils and groundwater.

Nutrients: Ch. 3, p. 125
Bacteria, BOD and living organisms
Other organic contaminants of concern:
aharmaceutw’cals: Ch. 3, p. 124

Metals: Ch. 3, p. 136
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Figure 5.9b Urban Residences: Phytotypologies to Address Contaminants
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Stabilization Mat | 4.1 | {415} Stormwater Filter

{ X i Degradation Hedge

Key Typology | Description Addresses Plant Lists
41 Stabilization | Around wooden structures previously painted with lead paint or shingled with M Lead, asbestos, arsenic p. 140, 3.37 Metals
(p. 202) Mat asbestos, thick vegetation may prevent soil exposure. This essentially caps the excluders
P site with vegetation. Alternatively, impervious pavements can be used to prevent
human contact with the impacted soils. It is especially important to ensure that
children are not exposed to this soil. Lead cannot be taken up and remediated
with plants, so minimizing risk of exposure is the best management practice.
4.4 Green Roof/ | Green Roofs/Blue Roofs can be installed to evapotranspire water, preventing Stormwater vector: Green Roof species
(p. 210) Blue Roof generation of stormwater that could further mobilize dust particles accumulating |l Metals and @ POPs settled from | not included in this
p- on rooftops and ground-level pollutants. air/dust publication
4.8 Degradation | Around sewer lines and trash areas, where nutrient releases can be found, [ Nutrients p. 46, 2.17 Nutrients:
(p. 220) Hedge consider deep-rooting hedges. high-biomass species
413 Green Wall | In some innovative communities, Green Walls are being used to filter out ¥ Nutrients (phosphorus and Green Wall species
(0. 231) pollutants from grey wastewater along interior and exterior building walls. The nitrogen): Ch. 3, p. 000; Bacteria, not included in this
P- water, once filtered by the plants, can be reused on site for irrigation and other BOD and living organisms; publication
non-potable uses. Wastewater is run through the planted walls to remove excess |Emerging contaminants: including
nutrients, BOD and emerging contaminants. pharmaceuticals
4.14 Multi- Heavily vegetated buffers along shared lot lines can mitigate on-site-generated [ All: see Ch. 3 All: see Ch. 3
(p. 234) Mechanism | pollutants. Organic contaminants, such as some herbicides and pesticides, can (J L rXrJ il (Select plants to
p- Buffer potentially be degraded, while inorganics such as lead and arsenic are captured address specific
and held in soils. Particulate matter in air pollution may be able to be captured on adjacent land uses)
leaf surfaces, buffering adjacent lands. In addition to remediating contamination,
these vegetated areas can serve important wildlife corridor functions.
4.15 Stormwater | Stormwater Filters can be installed downgradient of impervious surfaces such as | Within stormwater: Stormwater/Wetland
(0. 235) Filter sidewalks and traditionally maintained lawn areas to remove pollutants. ¥ Nutrients (phosphorus and species not included

nitrogen); M Metals; ® Petroleum;
Chlorinated solvents

in this publication
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5.10 Vacant lots

An increasing number of sites, by virtue of their abandonment and idle nature, are now considered vacant.
This is a temporary state, but likely to have an impact on the concentrations and perpetuation of soil and
groundwater pollution. Many examples of this land use can be found in the shrinking city of Detroit, MI,
with 25 square miles of vacant land, comprising 19 square miles of purely empty land, 5 square miles
with vacant residential structures and 1 square mile of underutilized industrial land (Detroit Future City,
2012). Vacant land has mainly had previous occupancies by residential, some form of manufacturing,
extraction industries or waste storage. This is likely to have caused a range of contamination, including
the full range of petroleum products, oils and greasing agents, as well as chemicals used in industrial
processes, such as solvents and PCBs. Vacant sites also have the potential for ongoing illegal dumping
of waste materials on the ground surface. This can generate a range of conditions from piles of urban fill
and construction rubble to the illegal disposal of chemical wastes (often at night), creating a ‘cocktail’ of

pollutants in the upper layer of soils and into the groundwater.

By virtue of shifting economic markets or the shrinkage of cities, many sites have vacant residential
structures in a dilapidated state, simply standing empty and slowly weathering. The buildings themselves
provide sources of contaminants while breaking down, particularly lead, copper and zinc, as well as
products from construction materials such as lead paint. Add in buried and forgotten domestic oil tanks,
abandoned cars, and asbestos in older residential construction, and you often have an uncertain mixture

of contaminants.

5.11 Community gardens

Community gardens in North America are typically constructed in urban areas and promote flower and
vegetable growing through a collective community group. They are now often part of an open space
network of green spaces/corridors that were formerly abandoned sites (see 5.10 Vacant lots). In other
countries, these sites are also set within residential neighborhoods or close to community facilities such
as schools. Many governmental agencies have specific organizations and guides available for addressing
urban food gardening in contaminated soils, and these should be referred to when taking on urban

agriculture projects.

Many of the contaminants found on these sites are the result of existing urban fill materials and can
contain ashes, lead, arsenic, metals and PAHs. Former railroad ties used to construct low walls and
planter areas can contain creosote and coal tar, and pressure-treated lumber treated with arsenic may
have been utilized if these were constructed before 2004. Metals and pesticides may exit from compost
and plant debris, and fertilizer and pesticides from gardening activities. Lastly, lead-paint flakes from
adjacent and previous structures can be a significant contaminant of concern, as well as lead from leaded

gasoline and zinc from tire debris.



5.12 Agricultural fields

In agriculture, a field is an area of arable land, enclosed or otherwise, used for agricultural purposes
such as cultivating crops, as an enclosure for livestock or left to lie fallow for future use. The presence
of pollutants from agricultural practices in food production and water management on agricultural fields
of all scales and types is increasingly global. Pollution arises from the application of fertilizers, composts
(including animal manure), herbicides and pesticides, as well as a range of localized contamination
arising from the storage of chemicals and the use of heavy machinery in crop production. This includes
all manner of petroleum products, oils, lubricants and solvents. Over one-third of the world’s workers
are employed in the agriculture industry, although the percentages of agricultural workers in developed
countries have decreased significantly over the past several centuries, due to mechanization. Modern
agronomy, plant breeding, agrochemicals and technological improvements have sharply increased yields
from cultivation, but at the same time have caused the widespread presence of pollutants, leading
to ecological damage and negative human health effects. Selective breeding and modern practices in
animal husbandry have similarly increased the output of meat, but have raised concerns about the health
effects and environmental disposal of the antibiotics, growth hormones and other chemicals commonly

used in industrial meat production.

5.13 Suburban residences

The suburban residential lot has fewer pollutants than are found in the urban residence typology built
on city fill (see 5.9 Urban residences). Past agricultural uses prior to suburban development, however,
may have left traces of pesticides and arsenic in the soils through the spraying of orchards or other
agricultural practices. Growth pressures from urban areas often led to the use of agricultural lands for
suburban residences, as well as the recycling of available abandoned lands such as former landfills,
quarries, mining sites and abandoned military training and munitions-proving grounds on the urban
fringes. It should be noted that although these prior uses are scattered throughout the landscape, the

suburban residence is more likely to be located on former agricultural sites.

The layout of the suburban residence may be comprised of a detached dwelling with adjacent outlying
structures such as storage and a garage, a significant amount of lawn and planted areas, including
potential canopy trees as well as in-ground septic systems. Contaminants from individual septic systems
that support housing development are significant sources of concern, releasing large amounts of
unregulated nutrients, pharmaceuticals and other emerging contaminants of concern. If an individual
well for water supply exists on the property, it can potentially be impacted by groundwater pollutants.
For example, arsenic contamination in drinking-water wells is common in areas where the bedrock is
naturally high in arsenic, and pesticides can leach into drinking water supplies. Adjacent to the main
house structure can be a range of balcony, deck, patio and overhead timber structures. Pressure-treated
wood containing arsenic may have been used prior to 2004, and areas under existing decks may be

contaminated with the residue in the upper soils.
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SITE PROGRAMS AND LAND USE

Figure 5.10a Vacant Lots: Sources of Contamination
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Key

Source

Description

Contaminants

lllegal dumping/buried
(or unburied) debris and
waste

lllegal dumping is a common occurrence on unmonitored vacant sites. Buried debris
and waste can include almost anything, but difficult or expensive to dispose of building
materials, such as asbestos shingles, lead- and arsenic-impacted soils and creosote-
impregnated timber are common.

® Petroleum: Ch. 3, p. 65
M Metals: Ch. 3, p. 136

Chlorinated solvents: Ch. 3, p. 94

>

Leaky underground
storage tanks (LUSTs)/
above-ground storage
tanks and barrels

Abandoned underground storage tanks are commonly found on vacant lots. They are
especially prevalent where oil fueled previous buildings.

® Petroleum: Ch. 3, p. 65

Urban fill

Almost any contaminant can be found in urban areas that were historically landfilled.
The more difficult-to-degrade contaminants may be found in these soils, including coal
ash and other PAHs, metals and POPs. Lead from old paint and arsenic and Chlordane
from old pesticides are also common.

® Petroleum-PAHs: Ch. 3, p. 65

M Metals: Ch. 3, p. 136
@® POPs: Ch. 3, p. 118




SITE PROGRAMS AND LAND USE

Figure 5.10b Vacant Lots: Phytotypologies to Address Contaminants

{4111 Multi-Mechanism Mat

Tanks

{ X Interception Hedgerow

Remove Underground

existing pollutants on site. If pollutants on site are not known, some
assumptions about potential contaminants can be made. Degradation

of petroleum and pesticides should be integrated, potentially some
extraction/harvesting for arsenic and stabilization of other non-bioavailable
contaminants, including Chlordane, POPs and lead. Vegetation should
create a thick mat by which pollution dispersal via erosion is controlled.

A yearly mowing regime where clippings are collected and removed from
site can slowly remove bioavailable metals over time.

Key Typology Description Addresses Plant Lists

4.6 Interception Interception Hedgerows can be installed as street plantings along the ® Petroleum p. 45, 2.15 Phreatophytes
(0. 216) Hedgerow property edges to intercept contaminated groundwater plumes

p- from leaky underground storage tanks or buried waste on site.

411 Multi- While vacant sites remain unused, Multi-Mechanism Mats can be installed | @ Petroleum; ® Pesticides; p. 140, 3.37 Metals excluders
(p. 227) Mechanism as a holding strategy to start remediating pollutants. A low-maintenance, M Metals; Air pollution p. 74, 3.5 Petroleum

p- Mat urban meadow mix can be designed to stabilize, degrade or even extract | (deposited in soils); @ POPs p. 97, 3.13 Chlorinated

solvents

p. 113, 3.23 Pesticides:
degradation

p. 146, 3.38, 3.42, 3.43,
3.45, 3.47 Arsenic, cadmium
and zinc, nickel, selenium:
extraction
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SITE PROGRAMS AND LAND USE

Figure 5.11a Community Gardens: Sources of Contamination

Pressure-Treated Wood ~ / H \

Compost

Lawn and Landscape Care:
Excess Fertilizers and Pesticides

/ I\ UrbanFill

L Roadways Lawn and Landscape Care:
/ D\ Emissions See 5.1 E '\ Excess Fertilizers and Pesticides
Key Source Description Contaminants
Emissions Release of chemicals and particles into the air from automobiles. Protect gardens from Air pollution: Ch. 3, p. 189

this air pollution source wherever possible.

Lawn and landscape care

Excess fertilizer and pesticide applications in community gardens can leach into
groundwater and contaminate local soils.

© Pesticides: Ch. 3, p. 111
M Metals: Ch. 3, p. 136
1

a
¥ Nutrients: Ch. 3, p. 125

Maintenance/storage spills

In the structure where community gardens store shared tools and equipment, product

spills can occur, including fuel for mowers and other gas-powered equipment, fertilizers,

herbicides, insecticides and fungicides.

® Petroleum: Ch. 3, p. 65

© Pesticides: Ch. 3, p. 111
M Metals: Ch. 3, p. 136

I Nutrients (phosphorus and
nitrogen): Ch. 3, p. 125

Treated lumber

Landscape timbers used to create gardening beds can be treated with anti-rot
chemicals that can migrate into soils. In pressure-treated lumber made before 2004,
arsenic is a common contaminant that leaches from the copper-arsenate preservation
material. In some gardens, old creosote-impregnated railroad ties can be found

M Metals: arsenic Ch. 3, p. 143
® Creosote: petroleum PAHSs:
Ch. 3, p. 65

> > B PP

Urban fill Community gardens are often built on vacant lots, where urban fill is prevalent in soils. ® Petroleum: PAHs: Ch. 3, p. 65
Coal ash and other PAHs are common as well as metals and POPs. Lead from old paint | Bl Metals: Ch. 3, p. 136
and arsenic and Chlordane from old pesticides are frequently found. @® POPs: Ch. 3, p. 118

Compost Some pollutants will not break down during composting of garden wastes. Where M Metals: Ch. 3, p. 136

pesticides and man-made fertilizers have been used, metals and salts can sometimes
be compounded over time. In addition, use of human biosolid compost should be
avoided in community gardens, due to its likely metal content.
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Figure 5.11b Community Gardens: Phytotypologies to Address Contaminants

412 Air-Flow Buffe

48 Living Fence

Organically
Maintained
Plots

Raised Beds

Thick Gravel, Mulch
or Grass Pathways

Stormwater Filter

{ Degradation Cover

Extraction Plot

Key Typology Description Addresses Plant Lists
Organically Eliminate source pollutants wherever possible. Organic pesticides tend to be less toxic | Nutrients;
Maintained and slow-release fertilizer less migratory. © Pesticides and
Gardens @ POPs; M Metals
Raised Beds | Where existing soils are impacted with lead, arsenic or other contaminants that can He Al
endanger edible food crops, construct raised beds, a minimum of 12 inches deep and
fill with clean soils for growing edibles.
Thick Gravel, |Minimize all potential contact with existing soils by providing a minimum 3-inch thick He Al
Mulch or Grass |layer of gravel, mulch or grass over all walking surfaces or other areas where existing
Pathways soils could be exposed. Minimize dust generation as much as possible.
4.1 Stabilization Where urban fill with potential lead and arsenic impact exists, vegetation can be used to |@ POPs including p. 140, 3.37 Metals excluders
(0. 202) Mat hold pollutants on site, away from risk of exposure. PCBs; M Metals
4.7 Degradation Near storage and maintenance areas, install degradation trees and shrubs to break ® Petroleum; p. 74, 3.5 Petroleum
(p. 218) Bosque down spilled fuel, pesticides and excess nutrients. M Nutrients; p. 113, 3.23 Pesticides
P- ® Pesticides p. 46, 2.17 Nutrients: high-
biomass species
4.8 Living Fence | At the property line, attractive Living Fences can be installed to break down any excess |B Nutrients; Use Salix spp.
(p. 220) fertilizer or pesticides that may be present within the garden. @ Pesticides and
’ ®POPs
4.9 Degradation Degradation Covers can complement Living Fences at the property line, creating M Nutrients; p. 113, 3.23 Pesticides
(0. 222) Cover attractive, non-edible borders that buffer on-site-generated contaminants. They can also | ® Pesticides and p. 46, 2.17 Nutrients: high-
p- help to break down any bioavailable PAH petroleum that may be in soils from urban fill. Cut | @ POPs biomass species
flowers can be integrated into these borders to provide attractive neighborhood edges.
4.10 Extraction Plots | In a few cases of low-level contamination with highly bioavailable metals, plants may be |l Highly p. 146, 3.38 Arsenic
(0. 524) used to extract, harvest and remove these metals. This may be effective if polluted soils | bioavailable metals: |p. 162, 3.45 Nickel
p- are piled along the edges of a site and extraction plots are grown and harvested over arsenic, nickel, p. 168, 3.47 Selenium
many years to slowly clean the piled soil over time. Soil chemistry, plant selection, metals | selenium, cadmium, |p. 154, 3.42-3.43 Cadmium
concentration and long-term maintenance will greatly affect the outcome. zinc and zinc
412 Air-Flow Buffer | A tree buffer along the street edge can prevent migration of air pollution from adjacent [ Air pollution p. 195, 3.59-3.60 Air pollution
(0. 229) roadways onto the site.
4.15 Stormwater Install Stormwater Filters on the downhill side of the garden to trap excess fertilizers Within stormwater: | Stormwater/Wetland species
(0. 235) Filter and pesticides that may run off during irrigation. Vegetable gardens tend to generate M Nutrients; not included in this publication
p- significant excess nutrients when conventional fertilizers are used. Over-irrigation quickly | ll Metals;
leaches these fertilizers into water run-off. ® Petroleum
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SITE PROGRAMS AND LAND USE

Figure 5.12a Agricultural Sites: Sources of Contamination

Agricultural Run-off Agricultural Applications:
Fertilizers and Pesticides

284
Roadways River Corridors Equipment Servicing, Spills ii
See 5.1 See5.3 and Storage
Key Source Description Contaminants
Equipment servicing, Where farm equipment, trucks, fertilizers and pesticides are stored and loaded, product | @ Petroleum: Ch. 3, p. 65
spills and storage spills can occur. This includes fuel for equipment, fertilizers, herbicides, insecticides © Pesticides: Ch. 3, p. 111
and fungicides. M Metals: Ch. 3, p. 136
[ Nutrients: Ch. 3, p. 125
@® POPs: Ch. 3, p. 118

Agricultural applications/ | Excess fertilizer, manure and pesticide applied in agricultural production can leach into | @ Petroleum: Ch. 3, p. 65
{f \ p. 11

run-off groundwater and contaminate local soils. In addition, it can collect in field-side ditches @ Pesticides: Ch. 3, 1
and become more concentrated in local streams and rivers. Alga blooms from excess M Metals: Ch. 3, p. 136
phosphorus leaching are common in adjacent waterways and the effects become ¥ Nutrients: Ch. 3, p. 125

compounded downstream.
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Figure 5.12b Agricultural Sites: Phytotypologies to Address Contaminants

{414} Multi-Mechanism
414 e
L. Buffer—Riparian

5'"14"': Multi-Mechanism
...+ Buffer — Upland

{ 3 E Phytoirrigation

Degradation Hedge ; 4,

Surface-Flow Wetland

Key Typology | Description Addresses Plant Lists
Organic Eliminate source pollutants wherever possible. Carry out soil testing and add nutrients only ™ Nutrients; @ Pesticides;
Agricultural | when levels are low and it is required. If conventional products are utilized, continual monitoring | ll Metals
Practices, of pests, moisture and soil fertility can allow for more accurate application of fertilizers and
Integrated pesticides. This reduces both contamination and the product cost to farmers.
Pest Manage-
ment
4.3 Phyto- Groundwater impacted with excess nitrogen or phosphorus can be pumped up to the surface [ Nutrients (phosphorus p. 48, 2.18 High
(p. 207) irrigation and watered onto buffer plantings, providing nutrient-enriched water. The water will promote fast | and nitrogen); Bl Metals; evapotranspiration-
P growth and the irrigated crop can be sold or used for biofuel production. Willow can be effectively | @ Petroleum rate species
used for this application because it can be cut and baled every few years, and pelletized for fuel
to heat farm buildings. A solar-powered pump drip can be used for the irrigation system. Nutrient-
rich surface waters may also be pumped out of ditches and used for this purpose.
4.8 Degradation | Around edges of barns, maintenance and storage structures, deep-rooting hedges can be I Nutrients (phosphorus p. 74, 3.5 Petroleum
(p. 220) Hedge installed to degrade potential product and fuel spills. and nitrogen); ® Pesticides | p. 113, 3.23 Pesticides
: and @ POPs; ® Petroleum |p. 46, 2.17 High
Biomass Species
414 Multi- Vegetated buffers as little as 20 feet wide installed between agricultural fields and waterways [ Nutrients (phosphorus | All: see Ch. 3
(p. 234) Mechanism can be beneficial in removing excess nutrients and pesticides. These buffers can be designed and nitrogen); B Metals;
P Buffer as mixed-species wildlife corridors, or a single species like willow can be installed to provide an | @ Petroleum; Air pollution:
alternative buffer cash crop for biofuel production. Buffers ideally should be greater than 50 feet | particulate matter
wide.
415 Stormwater | These systems can be installed along roadways and agricultural fields, wherever run-off is found. | Within stormwater: Stormwater/Wetland
: Filter Where de-icing activities occur, salt-tolerant species must be utilized; salt is typically not removed | ¥ Nutrients ; Bl Metals; species not included
(p. 235) in these systems. ® Petroleum; ® Pesticides |in this publication
4.16 Surface-Flow |Remediation wetlands can be installed along waterways to help filter out pollutants. In addition, ® Petroleum Stormwater/Wetland
’ Wetland these wetlands can serve as temporary holding and sedimentation ponds for farm run-off before species not included
(p. 238) it enters surface-water bodies. in this publication
4.18 Floating In surface-water bodies and ditches, floating wetlands can be placed on the surface to help Within water: Stormwater/Wetland
' Wetland extract and degrade pollutants that have run off from fields. In addition, each year at the end ¥ Nutrients ; @ Pesticides; |species not included
(p. 242) of the season, the plants can be harvested from the floating structures and composted. The ® Petroleum ; B Metals in this publication

compost generated can then be applied to fields for nutrient recycling, both cleaning up the river
and feeding agricultural soils.
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Figure 5.13a Suburban Residence: Sources of Contamination

Roadways
See 5.1

Former Agricultural Land

with Pesticide Use &’
&

;g

£ :

/ A\ Roadand Car Debris / E\ Lawnand Landscape Care / K\ AC units

/ H\ Pressure-Treated Wood

Septic System Leaching
into Groundwater

A

ey

Source

Description

Contaminants

Road and car debris

See 5.1: Roadways/Parking Lots

Nutrients: Ch. 3, p. 125
M Metals: Ch. 3, p. 136
® Petroleum: Ch. 3, p. 65
Air pollution: Ch. 3, p. 189

Lawn and landscape
care

See 5.2: Parks/Open Spaces/Lawns/Golf Courses

Pesticides and @ POPs: Ch. 3,
. 111 and 118

Metals: Ch. 3, p. 136
Nutrients: Ch. 3, p. 125

Wood decks: treated
lumber

Timber that has been pressure treated with anti-rot chemicals is often used for decks.
Arsenic contamination is common beneath any pressure-treated wood deck constructed
before 2004.

M Metals: arsenic, Ch. 3, p. 143

Air conditioning units

Air conditioning units can leak coolants.

Chlorinated solvents (CFCs and
freon): Ch. 3, p. 94

Septic systems

Wastewater in many suburban homes, especially in the Northeastern US, is treated with
on-site septic systems and leach fields. While BOD and pathogens are removed from
the liquids before they migrate to groundwater, nutrients (nitrogen and phosphorus) are
not removed. In addition, contaminants like pharmaceuticals are often not removed.
These constituents can compound with many nearby septic systems and can greatly
affect groundwater and drinking water.

Nutrients: Ch. 3, p. 125
Bacteria, BOD and living organisms
Other Organic contaminants of concern:
ﬂharmaoeuticals: Ch. 3, p. 124

Metals: Ch. 3, p. 136

> BB P B

Former agricultural use/
orchards with pesticide
use

Many suburban homes are built on land that was once used for agriculture, including
orchards. Old pesticides may remain on these sites, including lead and arsenic, two
common additives to historic pesticides. It is especially important to consider this where
children utilize the back yard areas and may be exposed to these metals.

Pesticides and @ POPs: Ch. 3,
pp. 111 and 118
B Metals: Ch. 3, p. 136
Nutrients: Ch. 3, p. 125
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Figure 5.13b Suburban Residence: Phytotypologies to Address Contaminants

Extraction Plot

287

Groundwater Migration { " ¢
Tree Stand &7}

{ 15 Stormwater Filter { . Multi-Mechanism Buffer

Key Typology | Description Addresses Plant Lists
Organically | Eliminate source pollutants wherever possible. Use non-toxic pesticides to address 1 Nutrients; ® Pesticides
Maintained insect problems in the home. and @ POPs; M Metals
4.5 Groundwater | Tree stands can be placed downgradient of septic systems to tap the groundwater and | Groundwater vector: p. 45,2.15
213 Migration leachate and naturally transform the excess nitrogen in water back into atmospheric ¥ Nitrogen Phreatophytes
(P. ) Tree Stand nitrogen. In addition, the tree stand may be able to help degrade other emerging
contaminants such as pharmaceuticals.
4.8 Degradation | Around garages or sheds where lawn mowers, cars, fuel, or landscape products may | Nutrients (phosphorus and | p. 74, 3.5 Petroleum
200 Hedge be stored, Degradation Hedges can be installed to quickly break down any spills that nitrogen); ® Pesticides; p. 113, 3.23 Pesticides
(p. 220) may occur. ® Petroleum p. 46, 2.17 High
Biomass Species
4.10 Extraction Arsenic-hyperaccumulating ferns can be planted where old decks existed (or under M Arsenic p. 146, 3.38 Arsenic
Plots decks) to extract the metal. Once harvested, the ferns may need to be landfilled at a
(p. 224) hazardous waste site if the arsenic concentration in the ferns is above regulatory limits.
4.11 Multi- Where agricultural land uses may have existed previously, typically, the main © Pesticides: herbicides; p. 140, 3.37 Lead and
207 Mechanism | contaminants of concern will be arsenic, lead and POPs once used in pesticides. The |l Metals: @ POPs POPs: stabilization
(p. ) Mat primary objective should be to stabilize the soil with a thick vegetative mat, preventing p. 146, 3.38 Arsenic:
soil exposure. Second, extraction species may be able to be designed into the planting extraction

mix to slowly extract the arsenic over time. These plants would need to be cut and
harvested at the end of each growing season.

414 Multi- Heavily vegetated buffers along property lines can help to treat excess fertilizers and All: see Ch. 3 All: see Ch. 3
Mechanism | septic contaminants on site, before they migrate. In addition to remediating contamination, olNNeoconmn

(p. 234) Buffer these vegetated areas can serve important privacy and wildlife corridor functions.

4.15 Stormwater | Install Stormwater Filters on the downhill side of roadways, driveways and lawns to trap | Within stormwater: Stormwater/Wetland
Filter road run-off and excess fertilizers and pesticides. ¥ Nutrients (phosphorus species not included

(p. 235) and nitrogen); M Metals; in this publication

® Petroleum

417 Subsurface | Subsurface Gravel Wetlands can be designed to treat single-family wastewater loads, to | Within water: Wetland species
Gravel amend traditional engineered septic systems. The advantage is that more contaminants | Nutrients; ® Petroleum; not included in this

(p. 241) Wetland can be treated and the area required for these subsurface systems is often small. Plant |l Metals; BOD/Bacteria; publication

dormancy may affect functionality in winter months. Pharmaceuticals
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5.14 Landfill

Landfills are one of the most commonly used methods around the world of managing and disposing
of the many forms of waste generated through human settlements and industrial processes, including
daily municipal household wastes as well as hazardous wastes and demolition and construction wastes.
Landfills are also part of the larger system of collection, transport, processing or disposal, management
and monitoring of waste materials. The waste-disposal process is generally undertaken to reduce the
effect of wastes on health, the environment or aesthetics. One land use that is most closely associated
with these sites of transformation and landscape-design work is the varying array of municipal solid-
waste landfills derived from household and business waste, featuring nonhazardous materials including
all manner of food scraps, paper, cardboard, clothing, packaging. These range in scale from the small,
local town ‘dump site’ on the fringes of built-up areas or in suburban districts, to larger landfill landscapes

that serve entire cities and conurbations.

Waste-management practices can differ significantly for developed and developing nations, for urban and
rural areas and for residential and industrial producers. The US currently has 3,034 active landfills (US
EPA, 2014d) and over 10,000 closed municipal landfills (US EPA 1988). Before 1960, however, every town
(and many businesses and factories) had its own dump, creating many smaller landfills with unknown
locations from that time period. Landfills were often established in abandoned or unused quarries, mining
voids and borrow pits, or in low-lying wetlands and marshlands. A well-designed and well-managed landfill
can still be a hygienic and relatively inexpensive method of disposing of waste materials, but in time even

these landfills and their liquid leachate and air emissions can become hazardous.

Landfills are typically composed of a set of common elements including landfill ‘cells’ or defined mounds
of daily trash disposed in cumulative layers, a circulation network of access and truck-haul roads to
the cells and out again, a leachate collection and on-site treatment plant and facilities for security,
control of vehicles and supporting structures for personnel and storage. Disposal of waste in a landfill
involves burying the waste with ‘day covers’ of soil, where deposited waste is compacted daily to increase
its density and stability and covered with a soil cover to prevent the attraction of vermin. The site is
eventually capped with a ‘final cover’ of some combination of soil, clay or bituthene. This process remains

the common practice in most countries.

Common throughout all landfills, irrespective of size, location or age, are two types of engineering and
construction practices which are significant for the success of phytotechnology installations. Older
landfills, especially those started before 1980, were unlined, meaning that the base of the waste fill
was located on the existing ground surface, allowing the free passage of liquids and wastes down into
the subsurface and groundwater. Furthermore, historic landfills used a final closing treatment of the
waste cells of a simple earth cover. While unsafe by current standard landfill practices, this allows a
good opportunity for retrofitting these structures with Evapotranspiration Covers on the landfill surface
to prevent water from entering the waste pile, as well as the potential use of Phytoirrigation to remediate

leachate from the landfill. Landfills after 1980 were lined with a range of clay, bituthene and mechanical



products. In these situations, phytotechnology applications are limited, due to the engineering constraints
of the liner and the avoidance of root penetration. In these cases planting can be carried out only at the
edges of the landfill.

The design characteristics of a modern landfill include methods to contain leachate, such as clay or a
plastic lining material. All landfills will likely eventually fail and leak leachate into ground and surface
water. State-of-the-art plastic (HDPE) landfill liners 100ml thick and plastic pipes allow chemicals and
gases to pass through their membranes, but will still become brittle, swell and break down in time. Lined
landfills leak in very narrow plumes, whereas unlined landfills will produce wide plumes of leachate. Both
lined and unlined landfills are often located next to water bodies such as rivers, lakes and ponds,
making leakage detection and remediation difficult. Plume detection by monitoring wells can also be

very difficult.

Another common product of landfills is gas composed of methane, carbon dioxide and leachate. The gas
that is produced as organic wastes are anaerobically digested can kill surface vegetation. Many landfills
have landfill gas-extraction systems installed. Gas is pumped out of the landfill using perforated pipes
and flared off or burned in a gas engine to generate electricity. Wastes with high moisture content or
which receive artificial irrigation or rain-water, surface or groundwater infiltration produce both leachate

and methane gas at a significantly increased rate.

Finally, while all landfills could require remediation, landfills built in the last 60 years will often require a

thorough cleanup, due to the disposal of highly toxic chemicals manufactured and sold since the 1940s.

5.15 Former manufactured-gas plants

Manufactured fuel-gas utilities were founded first in England, and then in the rest of Europe and in
North America in the 1820s. From the late nineteenth century to the mid twentieth century, hundreds of
manufactured-gas plants (MGPs) in North America, Europe and in urban centers internationally supplied
fuel gases to homes and industry for domestic heating, cooking and lighting, and for public street lighting
and power. Coal gas was produced through the distillation of bituminous coal in heated, anaerobic vessels
called retorts. In this process, coal is broken down into its volatile components through the action of heat
in a nearly oxygen-free environment. The fuel gases generated were mixtures of a number of chemical
substances, including hydrogen, methane, carbon monoxide and ethylene. Coal gas also contained
significant quantities of unwanted sulfur and ammonia compounds, as well as heavy hydrocarbons.
Gases were drawn off from the retort and some of the vapors were converted to liquids consisting of
water and coal tar, while others remained in a gaseous state. Sources estimate that between 1880 and
1950 approximately 11 billion gallons of coal tar were generated by the manufactured-gas industry in the
US (Lee et al., 1992). The coal gas, however, still contained impurities, primarily gaseous ammonia and
sulfur compounds. These were removed by cleaning the gas in water and by running the gas through beds

of moist lime or moist iron oxides. One solution to disposing of these impurities was to dump them in
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/ N\ Leachate

SITE PROGRAMS AND LAND USE

Sources of Contamination

Methane Gas

Road and Truck Debris
Fallina from Trucks

A Leachate Holding Pond

Key | Source

Description

Contaminants

Road and truck debris

See 5.1: Roadways. Garbage trucks tend to track more pollutants than the average car
or truck, due to the dumping of trash and potential leaking of pollutants.

Nutrients:
Ch. 3, p. 125
M Metals: Ch. 3, p. 136
® Petroleum: Ch. 3, p. 65
Air pollution: Ch. 3, p. 189

Leachate

When rain-water runs through buried waste, the water picks up pollutants along the way,
leaching out sideways and at the base. This polluted water is referred to as leachate,
and is commonly collected through a piping system and directed into a holding pond
or tanks, from where it is pumped and taken to a hazardous waste facility. The most
common pollutants in municipal landfill leachate are nitrogen (usually in the form of
ammonia), salt and metals; however, any pollutant that is soluble in water can become
mobilized in the leachate.

Most common:
Nitrogen: Ch. 3, p. 125
[ Salt (sodium, chloride and other
additives): Ch. 3, p. 179
M Metals: Ch. 3, p. 136
All pollutants possible

Methane gas

As landfills decompose, they release combustible methane gas that is usually collected
and vented to the air through pipes and control valves. Occasionally, the gas is
collected, purified and used as a local energy source.

Methane gas
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Figure 5.14b Landfill: Phytotypologies to Address Contaminants

i 42§ Evapotranspiration Cover

i'4.153 Stormwater Filter

Groundwater Migration Tree Stand

43 Phytoirrigation

Multi-Mechanism Buffe

.16; Surface-Flow Wetland

Key Typology | Description Addresses Plant Lists
4.0 Evapotran- | Where landfills are unlined, high evapotranspiration-rate species can be planted on the |Leachate p. 48, 2.18 High
spiration surface of the landfill to quickly transpire into the air any rain that falls on the landfill. This evapotranspiration-rate
(p. 204) Cover prevents the generation of leachate, preventing contaminants from migrating off site. In species
addition, if species with a high leaf-area index are utilized (see Figure 4.2a), the canopy
of leaves can also help prevent the water from infiltrating into the soil.
4.3 Phyto- Leachate from landfills can be collected in holding ponds and irrigated onto plantings Within leachate: p. 48, 2.18 High
irrigation to both remove the pollutants from the leachate and produce an economic crop. 7 Nutrients evapotranspiration-rate
(p. 207) For example, fast-growing poplars or willows may be grown to produce biofuels or (phosphorus and species
hardwood. Some metals and salts may also be able to be removed during the irrigation | nitrogen); Some
process. The salts and metals are bound to the soils and roots, while the nitrogen is M metals and ¥ salt
transformed back into organic nitrogen or atmospheric nitrogen, removing it from the
water. Phytoirrigation species can be planted on top of the landfill so that irrigated water
is recycled and reused in a closed system.
4.5 Groundwater |In lined landfills that are cracking and allowing small amounts of leachate to be Leachate: I nitrogen p. 48, 2.18 High
Migration generated, or in non-lined landfills where leachate is not being effectively collected and evapotranspiration-rate
(p. 213) Tree Stand controlled, Groundwater Migration Tree Stands may be installed to naturally pump up species
and degrade the contaminated leachate. This system works best when nitrogen is the
main contaminant of concern. A detailed Mass Water Balance must be conducted by
an engineer to determine if this is possible and how many trees are needed to stop the
migrating plume.
414 Multi- Heavily vegetated buffers around the edges of the landfill can help mitigate airborne ™ Nutrients All: see Ch. 3
Mechanism | and groundwater-borne contaminants before they migrate. In addition to remediating (phosphorus and
(p. 234) Buffer contamination, these vegetated areas can serve important screening and wildlife corridor | nitrogen); Bl Metals;
functions. ® Petroleum; Air
pollution: particulate
matter
4.15 Stormwater | Along access roads and near paved areas, plants and associated media filter out Within stormwater: Stormwater/Wetland
Filter pollutants from the stormwater in a swale or linear filter strip. Where de-icing activities 7 Nutrients species not included in
(p. 235) occur, salt-tolerant species must be utilized; salt is typically not removed in these (phosphorus and this publication
systems. nitrogen); Ml Metals;
® Petroleum
4.16 Surface-Flow | Vegetation may be able to be added to leachate-holding ponds to transform and Within leachate: all Stormwater/Wetland
Wetland degrade contaminants. Often, leachate-holding ponds are too toxic for plant growth. A pollutants species not included in
(p. 238) series of wetland cells may be constructed to remove pollutants in a stepped system. this publication
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SITE PROGRAMS AND LAND USE

Figure 5.15a Former Manufactured-Gas Plants: Sources of Contamination

/ 1\ UrbanFill

/ T\ (Gas Tank Foundations A Leachale

Monitoring Wells

/ T\ Buried Waste: Coal Tar

can pick up pollutants along the way and generate a leachate plume. Over time, this
plume usually becomes less concentrated because most of the PAHs remaining in aged
soils after long periods of time will not mobilize in water. The most common pollutants in
MGP leachate are petroleum; however, any pollutant that is soluble in water can become
mobilized in the leachate.

Key Source Description Contaminants
Urban fill MGPs were often constructed at river edges where sites were filled with debris to create | @ Petroleum-PAHs: Ch. 3, p. 65
usable land. Almost any contaminant can be found in urban fill areas. The more difficult- | Bl Metals: Ch. 3, p. 136
to-degrade contaminants are what typically remain in these soils, including coal ash and | @ POPs: Ch. 3, p. 118
other PAHs, metals and POPs. All pollutants possible
Leachate When rain-water or groundwater runs through buried waste at old MGP sites, the water Most common:

® Petroleum: Ch. 3, p. 65

Gas tank foundations/
buried coal tar

Old tank foundations and various areas of buried waste around former MGP sites
typically contain coal tar, a highly recalcitrant sticky, black petroleum that persists on
site. In addition, heavy metals such as arsenic and cyanide may be mixed in with the
coal tar.

® Petroleum: Ch. 3, p. 65
M Metals: Ch. 3, p. 136
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Figure 5.15b Former Manufactured-Gas Plants: Phytotypologies to Address Contaminants
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9§ Degradation Cover { 31 Phytoirrigation
Key Typology Description Addresses Plant Lists
43 Phytoirrigation Leachate around MGP sites can be pumped up and irrigated onto Within leachate: p. 48, 2.18 High
plantings to potentially remove the pollutants from the leachate and ® Petroleum; some M metals | evapotranspiration-rate
(p. 207) prevent the plume from migrating. Solar-powered pumps can be species
considered.
45 Groundwater Trees can be installed to tap into polluted groundwater and plumes, Leachate: p. 48, 2.18 High evapotrans-
Migration Tree take up the water and degrade the petroleum. A detailed Mass Water ® Petroleum piration-rate species
(p. 213) Stand Balance must be conducted by an engineer to determine if this is
possible and how many trees are needed to stop the migrating plume.
4.7 Degradation Within old MGP foundations where coal tar is likely, Degradation ® Petroleum p. 74, 3.5 Petroleum-PAH
Bosque Bosques can be installed to break up the petroleum and slowly degrade
(p. 218) it over time. In addition, this same strategy can be used where buried
coal tar waste is found.
4.9 Degradation Under bosques of trees, or where open sight lines must be maintained, ® Petroleum p. 74, 3.5 Petroleum-PAH
Cover shorter plants can be used to create a Degradation Cover to remediate
(p. 222) petroleum found in surface soils.
4.11 Multi- Multi-Mechanism Mats installed on MGP sites can be designed to ® Petroleum: PAHs; Ml Metals | p. 140, 3.37 Metals excluders
(p. 227) Mechanism Mat | stabilize non-extractable metals, while slowly degrading tough PAH p. 74, 3.5 Petroleum:

petroleum.

degradation
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waterways on site, while another solution was to dispose of them in vast pits or holding ponds at or near
the gas plant. The sheer volume of waste products generated soon overwhelmed on-site storage capacity

at most plants, but the stored contaminants often remain to this day.

Pipelines from natural gas fields were eventually built in the 1880s, linked to cities, and natural gas was
used to supplement manufactured fuel-gas supplies, eventually completely displacing it. Manufactured

gas ceased to be made in North America by the mid 1960s, but continued in Europe until the 1980s.

Today, many communities are home to these former manufactured-gas plants, long since abandoned
yet still highly toxic with subsurface coal tars, creosote and heavy metals, often buried in site pits or
in adjacent landfills; yet few in the surrounding community know of this potential hazard. Abandoned
gas-works were demolished and the external steel skeletons surrounding the gas storage holders were
removed for scrap metal, while new facilities were constructed on the sites, such as electrical substations
built by utility companies. This left MGP sites with a complex mixture of soil and subgrade pollutants:
coal tar lagoons often buried and not visible, as well as a mixture of old infrastructure from the gas-plant
period, including railroad lines, gantries, cranes, coal storage and gasification equipment as well as
potential pollutants from new industries located on the former MGP lands. More than 50,000 gas-works
operated in the US at various times during that period. During the life span of the industry, billions of

gallons of extremely hazardous wastes were generated and stored.

Coal tar and its associated wastes are extremely resistant to biodegradation. The chemicals and
compounds that comprise this waste are extremely persistent and long lasting and the hazards presented

by manufactured-gas wastes remain on many urban sites, hidden below the ground.

5.16 Military uses

Land that was previously or is currently occupied by military activities may contain a range of
contamination arising from industrial processes, including intense areas of pollutants from fire-training
exercises, munitions storage, proving grounds for test-firing weapons and the disposal of munitions and
wastes. In very limited cases radionuclides will be present, usually within landfill areas. There are over
9,800 sites in the United States that have been reviewed by the DOD for evidence of contamination;
over 2,650 of these properties were determined to be in need of environmental cleanup and restoration,
at an estimated cost of $18 billion (Albright, 2013). The large areas and remoteness of DOD lands
give the subject of site contamination an added dimension. Starting with ordinary types of activities,
DOD sites contain all forms of manufacturing and industrial processes related to their active mission.
These range from repair shops to road-construction bays and temporary housing for large-scale equipment
including excavators, bulldozers and specialized troop vehicles. These are all supported by metal and
fabrication shops employing the full range of oils, lubricants, coolants and refrigeration liquids. Many of
these products can find their way into the groundwater if they are not disposed of according to regulatory

practices. Bearing in mind that many of these sites have been continuously occupied since the 1930s and



regulatory practices are not nearly as old as this, a build-up of pollutants is likely to have occurred in soils

and groundwater, down to a considerable depth.

Specialized activities such as fire training and munitions and explosives testing have left large tracts of
land contaminated with lead and explosives pollution, such as RDX and TNT. RDX is significantly mobile in
water, and the very nature of an explosives test means that the contaminant is often injected almost directly
into groundwater. Furthermore, the presence of airfields and runways brings concerns of groundwater
contamination from fuel spills, as well as chemicals and de-icing solutions. Elsewhere on some sites,
military cemeteries offer all of the same contaminants as are possible on other graveyards (see 5.8
Graveyards). Many of these sites function much like small cities, with all of the potential contamination of

such urban systems.

Summary

This chapter has demonstrated that in urban and suburban environments multiple land uses are
encountered that can release pollutants into the environment. After considering specific contaminants
and their corresponding species types and phytotechnologies in Chapters 3 and 4, the objective is
to not create a series of planting templates for particular site programs, but to instead think about
where there may be opportunities for integrating phytotechnology applications into day-to-day design
practice. The landscape architect, site designer, engineer or owner can develop tools to address the
cleanup of pollutants that are also integrated with planting solutions for the reuse and development
of such sites. Larger opportunities for the use of phytotechnologies on contaminated lands are likely
to become available to the design professions in the coming years. These opportunities will arise from
the application of phytotechnologies on sites internationally to mitigate climate change and its expected
modifications to plant zones and the growth patterns of vegetation, the land banking of polluted land and

the continued pressures of urbanization on contaminated sites.

1 With the growing globalization of design and planning services related to contaminated sites, the
application of phytotechnologies will increase in a broader scope of environments, within a range of
legal and regulatory conditions and a wide set of climatic conditions. The authors conclude that this
will be an important professional design and planning opportunity for landscape architects and site
designers in the coming years.

2 The modification of temperature and planting zones through climate change and the increase
oftemperatures and lengths of growing seasons will not only affect the range of species and types of plants
that can be used in phytotechnology projects but also reduce the periods of dormancy in northern climes
when installations will not be operating. While the authors believe this will not lead to significant
changes in phytotechnology projects in the coming decade, it will give designers the ability to use a
larger palette of plants, which will support the expansion of plant-based remediation.

3 Land banking, or the accumulation of contaminated sites by local authorities and private entities to

aggregate adjacent smaller polluted sites, such as along railway corridors or in docklands, provides
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Figure 5.16a Military Uses: Sources of Contamination

Leaky Storage Tanks f J }

Auto Repair Pink Water

See 5.6
Roadways/
F\ Vehicle and Parking Lots
Equipment Servicing See 5.1

Landfill and Waste Burial A
A Fire Service Chemical Training

F)

ey

Source

Description

Contaminants

Roadways: road and
truck debris

See 5.1: Roadways/Parking Lots

I Nutrients: Ch. 3, p. 125
M Metals: Ch. 3, p. 136

® Petroleum: Ch. 3,p. 65
Air pollution: Ch. 3, p. 189

> B

Salt and de-icing
chemicals

Salt and de-icing chemicals are frequently used on airfields during cold winter
months. These pollutants can quickly leach into groundwater if not controlled.

M Salt (sodium, chloride and other
additives): Ch. 3, p. 179

De-icing — other organic contaminants of
concern: Ch. 3, p. 124

Leaking underground
storage tanks (LUSTs)/
above-ground storage
tanks and barrels

Any underground or above-ground storage tank or container used to store fuel or
solvents used in military activities may leak over time.

® Petroleum: Ch. 3, p
Chlorinated solvents Ch 3,p.9%4

Machinery and trucks:
operations and servicing

See 5.6: Gas Stations and Auto-Repair Shops. Truck and equipment servicing can
leak fuel, as well as other fluids.

® Petroleum: Ch. 3, p
Chlorinated solvents Ch 3,p. 94

Munitions: burning and
disposal/landfill and
waste burial and firing
ranges

When unused or unexploded munitions are discarded, they may be disassembled
and landfilled on site. Munitions testing often leaves unexploded remnants which
remain in soils and groundwater.

Chlorinated solvents: Ch 3,p.9%4
® Explosives: Ch. 3, p. 1
M Radionuclides: Ch. 3, p 182
M Metals: Ch. 3, p. 136

Fire and chemical
training

Drills for fire, chemical fires and chemical warfare control may be conducted at
military bases. TCE was historically used as a common fire retardant.

Chlorinated solvents: Ch. 3, p. 94

2| 2> =

Pink water

Explosives and radionuclides that have leached into water are called ‘pink water’
since the color of the leachate is a bright pink. Pink water can be generated from
landfilled munitions or unexploded ordnance or unintentionally buried munitions.

Chlorinated solvents: Ch. 3, p. 94
® Explosives: Ch. 3, p. 103
M Radionuclides: Ch. 3, p. 182
M Metals: Ch. 3, p. 136
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Figure 5.16b Military Uses: Phytotypologies to Address Contaminants
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Key Typology Description Addresses Plant Lists
43 Phytoirrigation Excess run-off and polluted water generated from de-icing activities can be collected in holding Within water: p. 48, 2.18 High
ponds and irrigated onto plants for degradation of the de-icing fluids. ® Petroleum evapotrans-
(p. 207) piration-rate
species
45 Groundwater Military sites often need to remain spare of trees for training and defense purposes. However, on Leachate: p. 48, 2.18 High
Migration Tree the downgradient side of bases, where the military site meets the public, trees can be installed ® Petroleum evapotrans-
(p.213) Stand to intercept polluted groundwater and provide privacy screening. RDX and HMX explosives piration-rate
and propellants used on military sites can quickly travel and migrate in groundwater. Having species
an established tree stand around active sites creates the potential for intercepting any new
contaminant that may be released. The trees act as pumps, controlling the water and potentially
degrading the RDX and HMX. The metabolites produced in the degradation process must be
carefully monitored, as they may still be toxic. A detailed Mass Water Balance must be conducted
by an engineer to determine how many trees are needed to stop the migrating plume, and if it is
possible.
4.11 Multi- Where training grounds and firing ranges need to be left open, low-growing species can be Chlorinated p. 140,
Mechanism Mat | installed to help stabilize contaminants. At this time, degradation of RDX and HMX has been solvents; 3.37 Metals
(p. 227) shown to be possible in low-growing grass species; however, there are significant challenges with | @ Explosives; Excluders
applying this in the field. Usually the soil is also contaminated with TNT or other substances that M Radionuclides; | p. 106, 3.19
prevent plant growth. In addition, the metabolites that the RDX and HMX are broken down into M Metals; Explosives
can still be toxic. Radionuclides, if present, cannot be extracted, only stabilized on site. Plantings | @ Petroleum
may be designed to create a thick vegetated mat to help cap pollutants on site.
4.16 Surface-Flow Pink water has been shown to be effectively remediated with carefully designed Surface-Flow ® Explosives Wetland
Wetland Wetlands. A series of ponds/cells is created to break down and trap the explosives, producing species not
(p. 238) filtered water. included in this
publication
417 Subsurface De-icing chemicals can be successfully broken down in wetland systems. However, open-water De-icing Wetland
Gravel Wetland Surface-Flow Wetlands are not desired near runways, since they tend to attract birds. In these chemicals species not
(p. 241) scenarios Subsurface Gravel Wetlands can be used instead to collect and break down the de- included in this
icing fluids. Subsurface Gravel Wetlands have no open water and therefore are not as attractive to publication

birds and wildlife.
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phytotechnology projects with increased scale and opportunity for phased installation/harvesting. The
authors suggest that this offers an important area for landscape architects and site designers to plan
and implement larger phytotechnology installations over time.

4 The evolution of the applied science, installation protocols and maintenance of phytotechnology will
advance in coming years, despite the restrictions in funding mentioned earlier in the book. Other
technologies to address groundwater and soils pollution are currently being developed using a wide
range of methods, including bioremediation, thermal and electrical techniques. The authors consider
that the growing interest, invention and investment in remediation technologies in general will assist
the development of phytotechnology, which has an inherent ability to be twinned with other emerging

methods in remediation treatment trains.
For the landscape architect and site designer there remains a need for a level of support via resources

on phytotechnology in printed and digital media. Chapter 6, which follows, will outline a range of useful

resources for the professional or student engaged in phytotechnology research or projects.
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6. Additional resources

As has been noted in the Preface of this book and in subsequent chapters, the field of phytotechnology
still requires the further development and documentation of a significant amount of applied research. The
further evolution of phytotechnology installations and their monitoring need to be tested out in a variety
of site conditions. This will continually change and will require access to largely dispersed information
both nationally and internationally. In this chapter a list of resources from which to source information
about phytotechnologies is provided for readers who may be pursuing their own research or attempting
to carry out phytotechnology applications as part of design and development projects. These resources

are divided into the following three areas.

1 Organizations: Alist of governmental,academic, private and non-profit entities supporting phytotechnology
research and innovation.

2 Documents: A summary of documents, books or journals that may be particularly helpful in specific
areas of the phytotechnology field.

3 Plant lists: Resources to find additional plants for phytotechnologies, not listed in this book.

1 Organizations

International Phytotechnology Society (IPS)
http://www.phytosociety.org

This is the most important and relevant non-profit organization for the field. It is a worldwide professional
society comprised of individuals and institutions engaged in the science and application of using plants
to deal with environmental problems. Every year, the IPS holds an annual conference bringing together the

latest scientific researchers and consultants, and all members of the public are welcome.
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US Environmental Protection Agency (US EPA)
http://www.cluin.org

The US EPA was actively involved in funding research and investigating opportunities for phytotechnologies
in the 1990s. This US government regulatory agency continues to provide some outreach and support to
the field. Its website provides links to overview documents on the science and a project database of over

165 installed phytoremediation field sites.

Offshoots, Inc.

http://www.offshootsinc.com

Kate Kennen, co-author of this book, founded Offshoots, Inc. as a landscape architecture practice
dedicated to consulting on phytotechnology projects. The studio is based in Boston and assists other
designers and engineers in completing phytotechnology work nationally. Information on phytotechnologies

is continually updated on the firm’s website.

Greenland Project

http://www.greenland-project.eu

This is a collaboration of scientists working in Europe to share research on the gentle remediation of
lands contaminated with metals. (See Chapter 3, pp. 159 and 171 for additional information on two case
studies participating in this project.) The objective is to develop plant-based approaches to remediate

large areas of polluted soils at low cost and without significant negative effects for the environment.

European Union COST (Cooperation in Science and Technology) Groups: Cost Action 837
(Phytoremediation), 859 (Phyto and Food Safety) and FAO901 (Putting Halophytes to Work — From
Genes to Ecosystems)

http://Ibewww.epfl.ch/COST837, http://w3.8re.ac.uk/cost859/ and http://www.cost.eu/domains_actions/
fa/Actions/FA0901

These three groups funded by the European Union consist of scientists collaborating to research
phytoremediationissues specifically affecting Europe. Although these groups are no longer active, theirnotes

and research are available online, as well as links to international resources.

Association for Environmental Health and Sciences Foundation

http://www.aehsfoundation.org

Dedicated to the challenge of soil, sediment and water cleanup and protection, this organization is a
professional society of scientists and consultants investigating all kinds of sustainable remediation
practices, not just phytotechnologies. It is a larger, more broad organization than IPS that addresses the

field of remediation in general, and this non-profit holds two annual conferences each year.



2 Documents

International Journal of Phytoremediation

http://www.tandfonline.com

This journal is strictly dedicated to the field of phytoremediation. The latest peer-reviewed science and

literature on plant-based systems can be found here. It is published on a quarterly basis.

Additional publications are listed by subject below. Many additional books are written on the subject of
phytotechnologies; however, most are very scientific and quite technical. Included here are only overview
materials that may be more accessible for designers. For a thorough list of applicable references, refer
to the Bibliography on page 313.

A Upland, land-based phytotechnology systems

ITRC - PHYTO 3 (Interstate Technology and Regulatory Council, Phytotechnology Technical
and Regulatory Guidance and Decision Trees, Revised)

http:/fwww.itrcweb.org

This free, online ‘how to’ document is a step-by-step practical guide that details how to go about
designing an upland phytotechnology installation. It lists critical regulatory, site analysis and site

planning considerations, and additionally provides a good overview of the phyto field in general.

B Groundwater

Introduction to Phytoremediation of Contaminated Groundwater: Historical Foundation,
Hydrologic Control, and Contaminant Remediation
Book by James E. Landmeyer (Springer, 2012 edition)

This book is a comprehensive text for understanding and evaluating the design, implementation and

monitoring of phytoremediation projects for sites with contaminated groundwater.

C Constructed wetland systems

Treatment Wetlands, 2nd edition
Book by R. H. Kadlec and S. D. Wallace (Boca Raton, FL: CRC Press, Lewis Publishers, 2009)

This book is the seminal text on constructed wetlands, often referred to by regulatory agencies for its

documentation of contaminant removal rates and case studies.
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ITRC — WTLND-1 (Interstate Technology and Regulatory Council, Technical and Regulatory
Guidance Document for Constructed Treatment Wetlands)

http:/lwww.itrcweb.org

This free, online ‘how to’ document is a step-by-step practical guide that details the regulatory and

technical processes for creating constructed wetlands.

ITRC — WTLND-2 (Interstate Technology and Regulatory Council, Characterization, Design,
Construction, and Monitoring of Mitigation Wetlands)

http:/fwww.itrcweb.org

This free, online ‘how to’ document is a step-by-step practical guide that details the characterization,

design, construction and monitoring practices of constructed wetlands.

D Phytoforensics

Users Guide to the Collection and Analysis of Tree Cores to Assess the Distribution of Subsurface
Volatile Organic Compounds
hitp://pubs.usgs.gov/sir/2008/5088

This free, online document is a technology transfer describing the process and techniques of using trees

to track volatile subsurface organic contaminants. Case studies are included.

Plant lists

NDSU Phytoremediation Plant Database

http://www.ndsu.edu/pubweb/famulari_research/

This online database of potential phytoremediation plants species was compiled by Stevie Falmulari, a

professor of Landscape Architecture, and her students at North Dakota State University from 2007 to 2011.

Some of the plants included are from older studies and the plant species may no longer be viable, butitis the

only known online database that includes photos of the plants with the species name and that is searchable

by contaminant.

A Organics

PHYTOPET

PHYTOPET was a database developed by the University of Saskatchewan, Canada and its partners in
the late 1990s as an interactive electronic database of plant species that degrade petroleum hydrocarbons
in soil, sediment and water. This database is no longer available online but a copy may be obtained by

contacting the University.



B Inorganics

Global Metallophyte Database (Plants that can tolerate high levels of metals)
http:/fwww.metallophytes.com

Maintained by the International Serpentine Ecology Society and Centre for Mined Land Rehabilitation,
this is a recently established database of metal-tolerant plants and will be enhanced and added to in

coming years (Van der Ent et al., 2013).

PHYTOREM

PHYTOREM was a database developed by Environment Canada and its partners in 2003 as a
worldwide interactive electronic database available on CD of more than 700 plants, lichens, algae,
fungi and bryophytes with a demonstrated capacity to tolerate, accumulate or hyperaccumulate a range

of 19 different metals. It is no longer available online, but may be requested by contacting Environment

Canada.

Tropical nickel- and selenium-hyperaccumulating species
Roger D. Reeves. ‘Tropical hyperaccumulators of metals and their potential for phytoextraction.” Plant and
Soil 249 (2003), pp. 57-65.

This journal article is a review of many research studies and provides a list of many nickel- and selenium-

hyperaccumulating species found in tropical environments.

Halophyte species with potential for metals accumulation
Eleni Manousaki and Nicolas Kalogerakis. ‘Halophytes — an emerging trend in phytoremediation.”
International Journal of Phytoremediation, 13 (2011), pp. 959-9609.

This journal article is a review of several research studies and provides a list of some salt-accumulating

plants that also have been considered for metals extraction in polluted soils.

C Air pollution

How to Grow Fresh Air: Plants that Purify Your Home or Office
Book by Dr. B. C. Wolverton (London/New York: Penguin, 1997)

This book lists the top 50 tropical plant species that can be grown indoors for air-quality improvement.

Mitigating New York City’s Heat Island with Urban Forestry, Living Roofs, and Light Surfaces,
Appendix A
Compiled by David ]. Nowak of the USDA Forest Service (Syracuse, NY: USDA Forest Service, 2006)

This publication lists approximately 200 of the best urban tree species for the city of New York, ranked
by functional attributes including: air pollution removal, air temperature reduction, tree shade, building
energy conservation, carbon storage, pollen allergenicity and life span. The list considers the removal of

air pollutants, but it also considers other important functions for urban trees.
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Afterword
Dr. Lee Newman and Dr. Jason White

As in all aspects of life, there are tasks that can be completed very well by the individual, and tasks that are
best accomplished by working as a member of a team. The discipline of phytotechnologies is very much
of the second variety. The most effective and successful projects are those that bring together a suite of
professionals, each with their own areas of expertise, to accomplish what none of them could do alone.
For many years, it was difficult to get traditional remediation professionals to view phytoremediation as it
truly is — a multidisciplinary team effort. Not only does phytoremediation work best as a multidisciplinary
effort, but in fact that is the only way it works. To complete the field assessment, design the remedial
strategy, implement the plan, and perform long-term maintenance and monitoring requires not only the
accomplished engineer, but also the soil scientist, the agronomist, the forester, the analytical chemist
and the plant physiologist to get it right. But as phytoremediation has moved beyond the laboratory and
grown through the hype, more of these teams are working together to bring the knowledge and expertise

to construct and implement remedial systems which are both biological and engineered.

However,evenwithinthisteamof professionals,mostifnotall ofthese siteslackedanaestheticandcommunity
engagementvisionand perhaps a broader perspective beyond achieving a cleanup goal. Plants were selected
for the job that they would do, thus monocultures were the norm. And while there certainly is a majestic
beauty in rows of towering poplar trees cleaning the groundwater, or a field of mounding herbaceous plants
accumulating heavy metals or nourishing the microbes thatin turn are degrading organic contaminants, sites
were designed solely and completely as engineered systems to achieve a regulatory goal. And for sites with

large amounts of contamination, this is likely how the vision will remain.

However, not every site is a Superfund site, and not every site poses dramatic risks to the health of a person
walkingthe site. Infact, the vast majority of sites are marginally to moderately contaminated. Some sites need
final polishing steps; some need some long-term stabilization efforts. Some sites simply need an economical
and resource-friendly solution. And perhaps most forgotten, many sites need to be brought back into the

public sphere; to move from ‘contaminated site’ to ‘useful site’.
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And this is where the current team of expertise falls short. We as scientists and engineers are very good
at designing installations to meet a regulatory target but not often are we very aesthetically creative
or do we think long term about other relationships with larger human and natural systems. We see the
beauty of the clean site, but not often beyond. This is where it becomes apparent that we need to include
new team members, and the field of landscape architecture will provide the team members we need to

embrace.

As a cautionary note, just as it was important for the engineers and the scientists to learn that we could
not do this alone, it is equally important for the landscape architects to realize that they need to be
a part of or build their own teams that bring together the required multidisciplinary expertise as well.
And in a sentence, that is the goal of this text. By creating a single source containing the essence of
phytotechnological approaches, including an historical perspective on both successes and failures, this
text can serve as the primary tome for landscape architects, from the student to the practitioner, to
guide effective, functional and aesthetic site design and implementation. This text serves to emphasize
the point that no one person or group has the ability to do this alone, but that we need to consistently

evaluate our teams and recognize when new knowledge is needed so as to achieve success.

In this, the landscape architects bring a whole new area of expertise to the table. By working with
remediation experts, they can design sites that will not only meet the goals of regulatory cleanup or
stabilization, but also bring the potential for the location to become a park, or a walking trail, or a nature
preserve. They can work with the engineers and the scientists to design systems that enhance the
remediation efficiency, promote plant productivity and biodiversity and, at the same time, open the lands

back up for public use and appreciation. Lands taken from society can be returned.

Just as every site is not a candidate for phytotechnology, not every phytotechnology site is a candidate
for a design scheme that would allow for public access and appreciation. But on the vast majority of sites
where this approach is an option, it is time to open up the teams to accept and welcome new expertise;
members that allow us not only to utilize a plant-based system for remediation, but to design that system

in such a way as to bring the public back to these newly accessible lands.



Glossary

(* = Definition from ITRC, 2009)

absorption* The process of one substance actually
penetrating into the structure of another substance. This
is different from adsorption, in which one substance
adheres to the surface of another substance.

adsorption* The physical process occurring when liquids,
gases, or suspended matter adhere to the surfaces of,
or in the pores of, an adsorbent material. Adsorption is a
physical process which occurs without chemical reaction.

aerobic* An environment that has a partial pressure of
oxygen similar to normal atmospheric conditions.

aliphatic Organic compounds joined together in straight
chains, branched chains, or non-aromatic rings.

anaerobic* An environment without oxygen or air.

anion A negatively charged ion.

anoxic* An atmosphere greatly deficient in oxygen.

bacteria* A group of diverse and ubiquitous prokaryotic
single-celled microorganisms.

bioaccumulation* Intracellular accumulation of
environmental pollutants such as heavy metals by living
organisms.

bioavailability The proportion of a contaminant that is
available for uptake by a plant.

biodegradation* The breakdown of organic substances by
microorganisms.

bioremediation* The process by which living organisms
are used to degrade or transform hazardous organic
contaminants.

brownfield An abandoned, idled, or underused industrial or
commercial facility where expansion or redevelopment
is complicated by a real or perceived environmental
contamination.

capillary fringe* The porous material just above the water
table which may hold water by capillarity (a property of
surface tension that draws water upward) in the smaller
soil void spaces.

cation A positively charged ion.

chelate* Chelating agents are used to remove ions from
solutions and soil. The type of coordination compound
in which a central metallic ion (CO%*, Ni®*, or Zn?*) is
attached by covalent bonds to two or more nonmetallic
atoms in the same molecule, called ‘ligands.’

The Comprehensive Environmental Response,
Compensation, and Liability Act (CERCLA) See
Superfund.

creosote* An antifungal wood preservative used
frequently to treat telephone poles and railroad ties.
Creosote consists of coal tar distillation products,
including phenols and PAHs.

deed restriction A limitation on the use of a property that
is recorded on the deed to the property. The limitations
on use are legally enforceable against the owner of the
property; but who may enforce the limitation depends
on state law.

due diligence Evaluation of the environmental condition
of a parcel of land, often as part of a real estate
transaction. This is required in order for a purchaser
to qualify for federal liability protection as an innocent
purchaser. See also environmental assessment.

ecotype A genetically distinct geographic variety,
population, or race within species.

environmental assessment A site evaluation or
investigation conducted for purposes of determining
the extent, if any, of contamination on a property. An
assessment can be informal or formal, and can consist
of several stages. For example, a Phase | assessment,
or basic study of possible contamination at a site, is
limited to collecting information about past and present
site use and inspecting present conditions. A Phase
Il assessment can follow up a Phase | assessment
with sampling and analysis of suspected contaminated
areas of a site. A Phase Il assessment can follow up a
Phase Il assessment either by gathering information on
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the exact extent of the contamination or by preparing
plans and alternatives for site cleanup.

Environmental Protection Agency (EPA) Federal
government regulatory agency in the United States
responsible for enforcing laws pertaining to the
natural environment and regulating the cleanup of
contaminated sites.

enzyme* Protein that acts as a biological catalyst. These
chemicals produced by living organisms bring about the
digestion (breakdown) of organic molecules into smaller
units that can be used by living cell tissues.

evapotranspiration* Water lost to the atmosphere from
the ground surface, evaporation from the capillary
fringe of the groundwater table, and the transpiration
of groundwater by plants whose roots tap the capillary
fringe of the groundwater table.

exsitu On site and using excavation to assemble a
contaminated medium.

excluder A plant that will not extract a certain kind of
contaminant but can live in soils elevated with that
contaminant.

exudate* Soluble organic matter released from the roots
of plants to enhance availability of nutrients or as a by-
product of fine-root degradation.

greenfield Land that has not been previously used for site
development or infrastructure.

greenhouse or lab study* Study conducted to evaluate
the ability of green plants to grow in toxic soil or
water environments. Greenhouse studies are normally
conducted during treatability studies.

groundwater* Water found beneath the surface of the
ground. Groundwater is primarily water which has
seeped down from the surface by migrating through the
interstitial spaces in soils and geologic formations.

halophytes Salt-tolerant plants that grow in saline
environments such as salt water, soils with high salt, or
come into contact with salt spray.

hot spots Specific areas where the level of contamination
is very high.

hydrocarbon An organic compound consisting entirely of
hydrogen and carbon.

hydrophobic* Repelling, tending not to combine with, or
incapable of dissolving in water.

in situ* In place, without excavation.

infrastructure The roads, utility lines, and other public
amenities that support property use.

inorganic contaminants Inorganic pollutants are naturally
occurring elements on the periodic table such as
lead and arsenic. Human activities such as industry
production and extraction mining create a release of
inorganic pollutants into the environment, causing
toxicity. These are elements, so they cannot be
degraded and destroyed; instead they can sometimes
be taken up and extracted by plants. If extraction is
possible, the plants must be cut down and harvested to
remove the pollutant from a site.

institutional controls Legal and administrative
mechanisms designed to reduce exposure to
contamination. Examples include: deed restrictions,
easements, warning signs and notices, and zoning
restrictions.

ion An atom or molecule in which the total number of
electrons is not equal to the total number of protons,
giving the atom a net positive or negative electrical
charge.

Leaf Area Index (LAI) LAl is a measure of plant canopy
thickness. A high LAl indicates that the plant generates
significant leaf material between the ground and the top
of the plant, so that a raindrop will hit a larger number
of leaves or greater leaf area before it finally reaches
the ground.

Licensed Site Professional (LSP) An engineer,
environmental scientist, or geoscientist licensed by the
State, who is qualified to assess contamination and
conduct cleanups. An LSP certifies compliance with the
MCP by issuing a final opinion at the completion of a
cleanup.

log K, * The octanol-water partition coefficient, a
dimensionless constant which provides a measure of
how an organic compound will partition between an
organic phase and water. A low log K indicates that
a chemical readily partitions into a water phase; a
high log K,,, indicates that the chemical prefers to stay
in the organic phase. It provides an indication of the
quantity of the chemical that will be taken up by the
plants.

metabolite The intermediates and products of chemical
transformations generated within the cells of living
organisms such as soil microbes and plants.

microorganism* Includes bacteria, algae, fungi, and
viruses.

National Priorities List (NPL) The Environmental
Protection Agency’s list of the most serious
uncontrolled or abandoned hazardous waste sites.

No-Further-Action (NFA) Letter A written statement by
a state government that it has no present intention
to take legal action or require additional cleanup by a
party that satisfactorily cleans up a property under a
state brownfield or voluntary cleanup program.

Nonresidential Use Standard A cleanup standard, usually
expressed as a numerical ratio of parts of a specific
contaminant to parts of the medium of concern (e.g.,

5 parts of lead per million parts of soil) that describes
the maximum concentration of the contaminant in the
medium that will not present an unacceptable risk to
the health of humans engaging in any activity other than
residential or those other activities considered to be
substantially similar to residential. The Nonresidential
Use Standard is usually a less strict cleanup standard
than the Residential Use Standard, and a site that
meets the nonresidential standard is limited in its uses
to nonresidential activities.



nutrients* Elements or compounds essential as raw
materials for organism growth and development.
Nitrogen, phosphorus, potassium, and nhumerous
other mineral elements are essential plant nutrients.

organic contaminants Compounds that typically contain
bonds of carbon, nitrogen, and oxygen, are man-
made and foreign to living organisms. Many organic
contaminants can be degraded with phytotechnologies,
breaking them down into smaller, less toxic
components. Organic contaminants may be degraded
outside the plant in the root zone, taken into a plant,
bound to the plant tissues, degraded to form non-
toxic metabolites, or released to the atmosphere. If
persistent, organic contaminants may not be able to be
degraded by plants.

parts per billion* (ppb) A measure of proportion by
weight which is equivalent to one unit weight of solute
(dissolved substance) per billion unit weights of the
solution. One liter of water weighs 1 billion micrograms,
and 1 ppb is the equivalent of 1 microgram per liter
(ug/L) when used for water analysis.

parts per million* (ppm) A measure of proportion by
weight which is equivalent to one unit weight of solute
(dissolved substance) per million unit weights of the
solution. One liter of water weighs 1 million milligrams,
and 1 ppm is equal to 1 milligram per liter (mg/L) when
used for water analysis.

persistent Chemical which accumulates in the
environment due to its stability.

petrochemicals Petroleum-derived chemicals.

phreatophyte A deep-rooted plant that obtains a
significant portion of the water that it needs from
groundwater. Phreatophytes are plants that often have
their roots constantly in touch with moisture.

phytoaccumulation* The accumulation of pollutants on
plant tissues.

phytobuffer An area planted before a contamination event
occurs to preventatively attempt to treat pollution that
may occur in the future.

phytodegradation* The process whereby plant-produced
enzymes break down dissolved organic contaminants
that are in the plant through the uptake of water.

phytoextraction* The uptake and accumulation of
inorganic elements into the plant tissues.

phytoforensics Use of plant sampling to track subsurface
contaminants.

phytoremediation* Use of plants to remediate contaminated
soil, sediments, surface water, or groundwater.

phytosequestration* The ability of plants to hold and
stabilize certain inorganic elements in the plant and the
root zone.

phytostabilization* See phytosequestration.

phytotoxic* Harmful to plants.

phytovolatilization* The uptake and subsequent
transpiration of volatile contaminants through the plant
leaves.

polycyclic aromatic hydrocarbon (PAH) A hydrocarbon
compound with multiple benzene rings. PAHs are typical
components of asphalts, fuels, oils, and greases.

radionuclides Inorganic elements with an unstable
nucleus, characterized by excess energy available.

recalcitrant Does not break down easily, persistent.

Residential Use Standard A cleanup standard, usually
expressed as a numerical ratio of parts of a specific
contaminant to parts of the medium of concern (e.g.,
5 parts of lead per million parts of soil) that describes
the maximum concentration of the contaminant in
the medium that will not present an unacceptable
risk to the health of humans residing on the site, or
engaging in activities on the site that are considered
to be substantially similar to residing on the site.
The Residential Use Standard is usually the strictest
cleanup standard, and a site that meets this standard
can usually be used for any purpose.

The Resource Conservation and Recovery Act (RCRA)
A federal statute that regulates the generation,
transportation, storage, treatment, and disposal
of hazardous waste. RCRA programs include the
Corrective Action and Underground Storage Tank
Programs.

restrictive covenant A specific type of deed restriction.
For example, a restrictive covenant could prohibit
commercial uses.

rhizodegradation* Biodegradation of organics
by the soil organisms. Exuded plant products
through phytosequestration can lead to enhanced
biodegradation in the rhizosphere.

rhizofiltration* Trapping of contaminants by the roots of
plants immersed in water and soils.

rhizosphere* Soil in the area surrounding plant roots
that is influenced by the plant root. Typically a few
millimeters or, at most, centimeters from the plant
root. Important because this area is higher in nutrients
and thus has a higher and more active microbial
population.

risk assessment A study or evaluation that identifies and
in many cases quantifies the potential harm posed
to health and the environment by contamination on a
property.

site assessment or site characterization Identification
of contaminants and evaluation of the extent of
contamination on a hazardous waste site.

sorbtion A physical and chemical process by which one
substance becomes attached to another, including both
absorbtion, adsorption and ion exchange.

Superfund The Comprehensive Environmental
Response, Compensation, and Liability Act (CERCLA
or ‘Superfund’). A federal statute that governs the
investigation and cleanup of sites contaminated with
hazardous substances. The law establishes a trust fund
that can be used by the government to clean up sites
on the National Priorities List (NPL).
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total petroleum hydrocarbon (TPH) Term used for any
mixture of hydrocarbons that are found in crude oil.
There are several hundred of these compounds, but not
all occur in any one sample. Crude oil is used to make
petroleum products, which can range from gasoline
to diesel to oil. Because there are so many different
chemicals in crude oil and in other petroleum products,
it is not practical to measure each one separately.
However, it is useful to measure the total amount of
TPH at a site.

toxic substances* Chemical elements and compounds
such as lead, benzene, dioxin, and others that have
toxic (poisonous) properties when exposure by
ingestion, inhalation, or absorption into the organism
occurs. There is a large variation in the degree of
toxicity among toxic substances and in the exposure
levels that induce toxicity.

translocation* Cellular transport through the plant
vascular system (xylem) from roots to other plant
tissues.

transpiration* The plant-based process involving the
uptake, transport, and eventual vaporization of water
through the plant body.

treatment train Remediation techniques executed in
sequence to clean up a polluted site.

volatile organic compound* (VOC) Synthetic organic
chemical capable of becoming vapor at relatively low
temperatures.

voluntary cleanups Cleanups of identified contamination
that are not court or agency ordered. Most states have
voluntary cleanup programs that encourage voluntary
cleanups and that may provide benefits if volunteers
meet specified standards.

water table* The level at the top of the zone of
groundwater saturation.

zone of saturation* The layer in the ground in which all
available interstitial voids (cracks, crevices, and holes)
are filled with water. The level at the top of this zone is
the water table.
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