A RETROSPECTIVE
ASSESSMENT OF ARTIFICIAL,
FORMULATED AND
SYNTHETIC SEDIMENT

Adrian M. Gonzalez™

Department of Civil and Environmental Engineering,
University of Tennessee, Knoxville, TN 37996, USA

Received June 20, 2012; accepted November 16, 2012

ABSTRACT

Understanding aquatic sediment’s inherent complexity
requires multiple assessment tools and lines of
evidence to explain its composition, character and
function. Data quality of sediment assessments can
suffer from a lack of suitable “control” or “reference”
sediment material; natural sediment is too dynamic
and heterogeneous to serve this role. One promising
solution is to create surrogate sediment substrates (3S)
composed of synthetic materials. The development of
3S has not progressed beyond a few decades-old
approaches. Taking inventory of current conditions
often can clarify context and goals, and inspire new
ideas to overcome the current stagnation. To this end,
the author reviewed 114 articles that report using 3S
in studies of sediment mechanics, sediment ecology
(habitat), and toxicity and bio-assimilation of
sediment-associated chemicals. The review disclosed
an apparent systematic error in previous synthetic
sediment formulations: the presumed silt components
were actually clay minerals, perhaps leading to
misinterpretation of results under invalid composition
assumptions. Organic matter composition and other
higher-level sediment characteristics continue to be
major challenges to progress. The review identified a
few solitary efforts at incorporating high-level
sediment properties in 3S formulations, such as
inherent nutritional value of synthetic sediment, acid-
volatile sulfide content, oxidation-reduction potential,
reproducible conditioning and equilibration, and
microbiological populations. It also revealed an
underlying presumption that a single (currently
elusive) universal formulation can meet all sediment
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study objectives. This unspoken presumption has
imposed unnecessarily daunting expectations. An
alternative proposal is to develop multiple 3S
materials, each formulated with assessment- or DQO-
specific characteristics pertinent to their intended use.
The information consolidated in this review can be a
platform for future progress in the field.
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reference sediment, control, formulation

1. INTRODUCTION

Environmental media are not mutually isolated
entities; chemical stressors in one (e.g., surface water
or groundwater) can affect the condition of others
(e.g., aquatic sediment) [1,2]. As a result, sediment
quality management (SQM) has become an important
component of many industrialized nations’ environ-
mental policy framework [3-8]. Aquatic sediment
serves multiple functions simultaneously. Among the
more obvious are 1) a dynamic geologic formation
created by deposition of materials from up-gradient
sources; 2) a habitat structure for aquatic flora and
fauna; 3) a link in the biosphere’s energy flow
continuum; 4) a substrate that interacts with chemical
stressors. Sediment is influenced by external environ-
mental conditions, and is composed of numerous
factors that are inter-related through highly complex
processes and relationships [9]. Understanding its
inherent complexity requires a comprehensive
approach, including deconstruction and detailed
analysis of individual factors (“reductionist”) and
integration of advances in multiple fields (“holistic”)
[9]. The former generates and tests hypotheses for
details of the aquatic sediment composition, character
and function (CCF); the latter serves as a check on
intra- and inter-consistency of results across multiple
fields of study.

SQM has matured as a discipline over time in
parallel with expanding regulatory oversight of the
environment, advances in engineered mitigation
techniques, and improvements in scientific tools
available to researchers and managers of sediment
quality [10-12]. There is no indication that this trend
will change substantially in the foreseeable future;
advances in SQM and sediment science are needed for
many currently unanswered questions, and will be
needed for currently undisclosed problems [8].
Collectively, sediment-specific assessment tools (both
reductionist and holistic) provide lines of evidence for
describing sediment CCF. The weight of these lines of
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evidence depends on factors such as the represent-
ativeness of sediment samples of conditions in the
broader environment, sampling density (either spatial
or temporal) to adequately capture a range of
conditions at the sampled location(s), and quality and
reliability of data obtained from sediment-specific
analytical tools [13]. Obtaining high quality data from
aquatic sediment systems can be challenging because
of the complexity of its CCF; the inherently large
number of components, processes and functions
makes it an arduous environmental medium to
characterize with high levels of precision. Thus, these
two objectives, understanding sediment substrate
complexity and precise control of study variables,
appear to be intractable with currently available tools.
New tools are needed if we are to make progress in
providing greater control of study variables to aquatic
sediment scientists or sediment quality managers.

Current sediment quality management suffers
from limitations in data quality, specifically by the
lack of a suitable “control” or “reference” sediment
material for some sediment assessments. One
promising solution to this dilemma is the use of
entirely synthetic materials. Surrogate sediment
substrates (3S) (i.e., artificial sediment, formulated
sediment, synthetic sediment) have been proposed as
potentially useful tools for sediment studies; however,
current guidances for their use are essentially
conceptual descriptions of how the concept can
improve sediment data quality [4,12,14,15]. If this
concept is to reach its full potential there needs to be a
shift from generalities to specific details. To this end,
the literature was reviewed for information on
previous work with 3S materials. The value of this
review is in compiling a comprehensive overview of
3S development to date and perhaps inspiring new
ideas and renewed interest in the topic.

2. LITERATURE SURVEY AND OVERVIEW

The author has compiled a database of over 2600
articles  (inclusive of journal papers, reports,
dissertations, publications, etc.) associated with
sediment science and related fields of study. From that
database, 114 articles, having direct relevance to 3S
materials were culled and evaluated [16-129]. These
114 articles were published over a 46-year period,
authored or co-authored by some 244 individuals from
dozens of countries or provinces, and published in
nearly 100 journals, reports, governmental agency
guidance documents, or conference proceedings.
Other published works on the topic may exist and may
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have been overlooked by the author; however, these
114 articles are a robust representation of the history
and status of 3S development.

The 114 articles [16-129] were organized
chronologically and by study category (Table 1). The
period covered by the time-line starts at 1964, the
earliest known example of the use of surrogate
particles for studying natural aquatic sediment. The
numbers in the main body of Table 1 correspond to
the references listed at the end of this paper.

Three categories of references are displayed in
Table 1: numbers in parentheses correspond to
references that report new procedures for creating
synthetic sediment materials; underlined numbers
correspond to references that report on ancillary
concepts or methods that this author judged will be
useful to future 3S development work (discussed later
in this article); and numbers with no special
formatting correspond to references that report the
application of surrogate materials that were created
using existing 3S protocols; new procedures are not
presented in those references.

Numbers in the far right column and near the
bottom of Table 1 represent count totals: the number
of studies in each Study Category (in the far right
column) and total number of studies published in the
indicated year (at the bottom of each column). The
two rows at the very bottom of Table 1, below the
main time-line area, identify the publication years of
either work on synthetic soil (indicated by check
marks) or governmental guidance documents that
suggest the use of 3S materials (indicated by capital
letters). The information in the two bottom-most rows
is included to provide additional context for
understanding the history of 3S materials.

The scope and study objectives of most of these
114 articles were found to belong to one of four
general categories defined later: 1) studies of physical
processes in the environment; 2) studies of ecological
functions or processes of specific aquatic organisms
(independent of chemical stressors); 3) toxicological
studies of the biological effects of chemical stressors
on specific aquatic organisms; and 4) “bio-
assimilation” studies of uptake of chemical mass into
organism tissues. A miscellaneous category is
included to capture the few studies that could not be
assigned to any of the other four. Articles in three of
the categories (ecology, toxicity and bio-assimilation)
were further delineated by organism class investigated
aquatic macro-flora (e.g., submerged or emergent
plants in wetland or marsh environments), aquatic
macro-invertebrates (benthic or epibenthic), and
microbial species (flora or fauna: bacteria, algae, etc.).
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Year Published (Decade & Last Digit of the Year): Table entries correspond to References Listed at End of Paper

Totals ¢d
Pre-1980 1980s 1990s 2000s 2010s by Study
o
Study Category ® EE22 01234567 8901234567 890123 45¢67 89 0 1 2 Category
. 88 102 s
Phys!cal Processes (e.g., 16 17 20 2 2% 28 52 61 67 69 78 90 9 107110 17 126 29
sorption) 56 63 74 80 91 109 11 119
— 120
(33)
Ecology of Flora (e.g., 18 19 2 (29) 35 (37 8
wetlands) 36
Ecology of MACRO- o 9
24 27 (31) (34) (38)  (42) 51 60 2 76 92 9% 105 17
Invertebrates (39) 95
Ecology of Microbial 78 104
Invertebrates 30 58 66 73 79 89 98 108 10
Toxicity to Flora (e.g., 32) 47 65 3
wetlands)
Toxicity to MACRO- (3(1)) 5% o (%) (2;) % 114 (125)
y 46 53 59 65 77 83 94 99 106 123 38
Invertebrates 43 (48) 54 68 72 84 100 115 128
(44) (75)
57 87 101
Toxicity to Microbial 65 1
Invertebrates
Bio-assimilation® in Flora
112 1
(e.g., wetlands)
. PR 59 83
Bio-assimilation® in MACRO- 2 25 61 74 76 85 88 103 110 113 116 124 126 129 2
Invertebrates 62 80 86 107 121 127
Bio-assimilationc in Microbial 20 22 2
Invertebrates
Miscellaneous Studies 55 1;2 3
Annual Study Totals? 1 1 1 1 2 4 1 1 1 1 1 3 5 4 5 4 10 7 7 9 8 8 6 4 7 9 4 3 8 2 5 1 134
3S Development Work f¢ 2 3 3 31 1 T4 1 2 2 1 1 2 1 1 29
Synthetic Soil work Y v oA Y V
Guidance Documents® A B C D E F GH

a) 3S = surrogate sediment substrates (any combination of materials intended to represent or simulate the composition, characteristic(s) and/or function(s) [CCF] of natural aquatic sediment); b)
Numbers in the timeline-table correspond to numbered references listed at the end this paper. A paper can appear in a column more than once, if judged to apply to multiple Study Categories; c) Bio-
assimilation is a collective term for any of the following processes: bioconcentration (water-to-organism), bioaccumulation (diet-to-organism) or biomagnification (organism-to-organism) pathways; d)
Totals correspond to total number of instances, not total number of citations [see Note (b)], and do not include references reporting synthetic SOIL work; €) Letters correspond to the following reference
or guidance documents: A - OECD, 1984 (No. 207); B - USEPA, 1994 (EPA 600/R-94/025); C - CCME, 1995 (No. EPC-98E); D - CCME, 1997 (Tissue Residue Guidelines); E - USEPA, 2000
(EPA/600-R-99-064); F - OECD, 2004 (No0.218); G - ASTM, 2010 (Method E 1706-05); H - OECD, 2010 (No.233); f) Values in parentheses correspond to references with a primary focus on
developing 3S materials; g) Underlined values correspond to references that report a procedure or concept that can be used to improve 3S materials.
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As mentioned earlier, some articles contain
results that pertain to multiple study objectives, or
yielded results pertinent to more than one hypothesis.
In these few cases, the article’s reference number is
listed in Table 1 multiple times under its publication
year column, once in each pertinent Study Category
row. Thus, there are 134 study objectives addressed in
the 114 articles culled from the database.

Research addressing physical processes (29 total
instances) report on geo-physical factors related to
topics such as stream bed mechanics, influence of
wave energy on sediment mobility, or the interactions
between chemicals and particle-surfaces (i.e.,
partitioning/absorption, adsorption, desorption, hyster-
esis effects, etc.). Studies addressing “ecology of”
topics (35 total instances) focus on physical or
geochemical factors in a substrate that influence an
organism’s performance (survival, growth, reproduc-
tion, etc.) when exposed to that substrate. They consist
of lab-based studies of “sediment habitat” require-
ments for culturing benthic and epibenthic organisms,
as well as studies of sediment factors affecting
species’ performance in the field. Chemical stressors
were not included in the study designs of “ecological
function” studies. They were included in studies in the
“toxicity” category (42 total instances), which
evaluated biological response(s) of organisms exposed
to chemical stressors, at any level of injury: acute,
chronic, sub-chronic, systemic damage, etc. The
fourth category is “bio-assimilation” (25 total
instances), a term used in this paper to identify any of
the processes by which organisms acquire increased
body burdens of chemical stressors: bioconcentration
(water to organism), bioaccumulation (diet to
organism) and biomagnification (trophic-level to
trophic-level).

2.1. The Beginning: Pre-1990

Few pre-1990 articles were found that reported studies
using any type of 3S material, and no pre-1990 articles
were found whose primary objective was to create
realistic synthetic sediment (Table 1). The 13
identified pre-1990 articles represent relatively
isolated instances of 3S use, with no coordinated or
long-term intention of continued or expanded use of
the concept. The studies reported in these 13 articles
used surrogate particles (singly or in simple mixtures)
for the following objectives:
e Evaluate particle responses to physical
perturbations [16,17,22,26,28];
e Serve as support and nutrient release substrate for
macrophyte root-systems [18,19,21] or microbial
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growth [20,22];

e Serve as an inert substrate in studies of pesticide
bioconcentration from spiked water [23,25]; or
e Evaluate particle ingestion processing of benthic

invertebrates [24,27].

One notable study [20] used a mixture of potting
soil and clay as a surrogate sediment material to study
its interaction between bacteria and metal
contaminants. This article is the earliest direct attempt
at simulating natural sediment; their simple soil/clay
mixture did not achieve a good degree of realism to
natural sediment.

2.2. The Early Period: 1990 — 1992

Use of 3S materials in environmental studies began in
earnest after 1990 (Table 1), partly in response to
maturing environmental policies in industrialized
nations [2]. In the years leading up to 1990, a number
of foundational environmental laws were enacted in
the U.S.: the Great Lakes Water Quality Agreement
(1972), Clean Water Act and amendments (1972,
1977, 1987), Toxic Substances Control Act (1976),
the Resource Conservation and Recovery Act (1976),
the Comprehensive Environmental Response, Com-
pensation and Liability Act (1980) and its reauthoriza-
tion in 1986, and the Ocean Dumping Ban Act (1988).
This legislative activity is reflected in Table 1 by
capital letters in the “Guidance Documents” row along
the bottom of Table 1; each letter represents a
governmental agency guidance document published in
the indicated year (see Note (e) in Table 1).
Compliance with these regulatory requirements
created the need to evaluate environmental media,
including aquatic sediment. The number of published
articles involving some form of 3S material increased
from 13 disparate publications in all years prior to
1990, to over 50 in the 1990 decade alone, and the
specificity of study objectives in those articles
expanded and deepened as well (Table 1).
Development of surrogate soil material by soil
scientists likely inspired the idea of creating
uncontaminated synthetic aquatic sediment. Workers
from Corvallis, Oregon created microcosm chambers
containing synthetic soil and used them to study the
distribution and fate of pesticides [130], fungicides
[131] and herbicides [132] in plants, water,
invertebrates and voles. The soil recipes in their
studies were the forerunner of synthetic soil
formulations recommended in government guidance
documents [133-135] and the scientific literature [136-
139]. Those synthetic soil formulations, in turn, were
the basis for many synthetic sediment formulations
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(e.g., [97] and [128]).

The three years between 1990 and 1992 were
marked by concerted efforts to create surrogate
aquatic sediment. Several papers from that time period
report work associated with wetland ecology and
toxicology studies by Walsh, Weber and associates at
USEPA in Florida [29,32,33,37] and the pioneering
hexagenia culturing work by Ciborowski, Corkum,
Hanes and others at the Ontario Ministry of the
Environment in Canada [31,34,38,39]. This
productive 3-year period generated 12 articles
describing the creation and use of synthetic sediment,
eight of which were specifically focused on reporting
components and procedures for creating such
materials (Table 1). These two groups of investigators
were responsible for all activity related to using or
developing 3S materials in the aquatic sciences during
this early period. Their work served as the foundation
for most 3S work done since then.

2.3. Recent Work: 1994 — 2011

The 1993/1994 period marked the beginning of a

notable expansion in the number and scope of studies

involving 3S materials. The number of articles

reporting studies using 3S materials increased in

almost every Study Category (Table 1). The following

statistics compare numbers of published 3S-related

articles before and after 1993:

e  Physical processes: 6 before / 23 after

e Ecology of aquatic flora or fauna: 16 before / 19
after

e Ecotoxicology (effects of chemicals on aquatic
biota): 1 before / 40 after

e Bio-assimilation: 4 before / 21 after (representing
all bioaccumulation, bioconcentration and
biomagnification processes)

Activity in the “ecology of” Study Category
(using 3S materials in ecological function studies)
moderated after 1993; almost as many articles dealing
with infaunal ecology were published between 1994
and 2005 as were published in the brief but productive
1990-1992 period (Table 1). The more striking (but
not surprising) observation is the sudden and
simultaneous publication of articles reporting 3S-
related studies of toxicity to aquatic/benthic
organisms, physicochemical mechanisms between
contaminants and abiotic sediment components, and
bio-assimilation of toxicants into aquatic/benthic
organisms (Table 1). These three fields of study are
inter-related, and the sudden popularity of applying 3S
materials reported in those studies undoubtedly
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reflects deepening interest of sediment quality
managers in gaining better understanding of the
chemical-sediment-benthos relationship, as well as
availability of sophisticated experimental techniques
and analytical instrumentation.

The production rate of studies incorporating 3S
materials has been steady to slightly declining since
1994. Use of 3S materials in benthic and epibenthic
ecology studies appears to have lost its value or
popularity; the last published work in this category
found by the author was in 2005 (Table 1). No articles
were found from the post-1993 time period that used
3S material to study ecological function(s) of aquatic
or semi-aquatic macrophytes (e.g., wetland or marsh
flora) or bio-assimilation of contaminants by
microbiological species (Table 1). Only single
publications were found addressing: chemical toxicity
to rooted/vascular aquatic plants [47]; chemical
toxicity to phytoplankton and bacteria [65]; the
response of the Microtox® chemilluminescent
bacterium to commercially available contaminated
reference sediment [118]; and bio-assimilation of a
pesticide by the common cattail [112].

Most published 3S work since 1993 has focused
on physicochemical processes between chemical
contaminants and physical component(s) of 3S
material (23 articles), ecology of macro-invertebrate
species (10 articles) and micro-invertebrate species (9
articles), toxicity of contaminants to benthic macro-
invertebrates (37 articles), and bio-assimilation of
contaminants by benthic macro-invertebrates (20
articles). Clearly, since 1994 the most popular (i.e.,
well-funded) areas of research that incorporate 3S
materials are macro-invertebrate toxicity, macro-
invertebrate bio-assimilation, and understanding the
fate of contaminants in the aquatic sediment
compartment (Table 1).

3. STANDARD TERMINOLOGY

The literature review exposed inconsistent use of
terminology related to 3S development. The terms

“formulated,” “artificial,” “synthetic,” “reference,”
“control” and “amended” have been used
interchangeably and loosely; “formulated” and

“artificial” are the most commonly used terms to
identify 3S material. In the spirit of scientific rigor,
the author proposes standardizing the definitions of
these terms, as follows:

Let reference sediment refer to field-collected,
presumably uncontaminated, natural sediment used
without modification (except perhaps for minor
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alteration such as manually removing stones, twigs,
and other bulk objects). The quality of reference
sediment depends entirely on all known and unknown
environmental processes that may have acted on the
sediment at that field location.

Let amended sediment describe any field-
collected natural sediment that is later amended with
one or more extraneous materials. Presumably, any
such modification would be implemented so as to
meet a specific study objective. The quality of
amended sediment depends on the CCF of the field-
collected material and of extraneous material(s) added
to it.

Reserve the term artificial sediment for sub-
strates comprised of simple homogeneous materials
(e.g., sand, glass beads, silica gel, shredded paper
towels, clay, etc.). It would be understood that
“artificial” material is never intended to simulate the
CCF of natural whole sediment. Rather, these
individual homogeneous materials serve very specific
study objectives; e.g., to serve as an innocuous solid
substrate in an experiment or to represent one specific
component of natural sediment. The quality of
artificial sediment depends on the CCF of the
homogenous material used as substrate, which often
can be documented with product specification sheets
provided by suppliers.

Synthetic sediment should be the standard term
for a composite 3S material, prepared (i.e., synth-
esized) by combining more than two homogenous
materials (i.e., “surrogate components”) with the
singular objective of simulating natural aquatic
sediment. Each component material used in synthetic
sediment should represent one or more natural
sediment components, and can consist of a single
homogenous material (e.g., commercially available
materials such as sand, silt, clay, a mineral, a pure
chemical, etc.), or of an intermediate composite
material. An intermediate composite material is a
single material prepared from two or more simple
homogenous materials (e.g., silica gel particles coated
with hematite; glass beads coated with protein). The
quality of synthetic sediment depends on the CCF of
all components included in the composition, as well as
protocol-specific quality objectives for preparation
methods.

The terms surrogate sediment or surrogate
sediment substrate (3S) are proposed as broad
generic terms for prepared or amended materials (i.e.,
non-native) intended for use in sediment studies.
Three of the four categories defined previously
(amended, artificial and synthetic) should be thought
of as subsets of the 3S category. Reference sediment,
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as defined in this paper, is natural, unmodified field-
collected sediment, and thus does not belong in the 3S
category.

The word formulated in the literature is used
most commonly as an adjective (e.g., “formulated
sediment”); however, that particular usage can be
ambiguous. Formulated could describe a natural
sediment sample that was amended, a particulate
material that was coated with another substance, or a
true synthetic material comprised of several individual
components. To avoid ambiguity, the word
“formulated” should be reserved for use as a verb
describing the process by which 3S material is
prepared (e.g., “synthetic sediment is formulated from
uncontaminated components”). The word “formula-
tion” can be used as a noun synonymous with recipe
(“The synthetic sediment formulation accurately
replicated the natural sediment sample’s properties™).

4. LITERATURE CONTENT

The various substrates documented in the 3S literature
classify into one or more of the four defined 3S types
(reference, amended, artificial or synthetic). Several
articles report using substrates from more than one of
these categories; thus, there are 159 reported uses of
3S substrates among the 114 articles [16-129].

4.1. Reference Sediment (REF)

The author’s literature database contained 37
references to the use of field-collected natural
sediment as reference material; many more probably
exist in the literature at large. No particular sediment
type was identified as more likely to be “pristine”
(free of contamination) or more suitable as reference
sediment. With very few exceptions (e.g., [140]),
reference sediment was qualified as acceptable by
either assumption or direct history/knowledge of the
location (i.e., direct analysis, distance from any known
source of pollution, prior history of use as reference
material; etc.).

The natural sediment samples used in these
studies apparently met the study-specific objectives
(e.g., acceptable organism survival in control
treatments using reference sediment; [140]). Using
superficially or infrequently characterized natural
sediment as reference material carries some risk of it
being a source of error in studies. Obvious sources of
error include uncertainty in the materials’ history or
total contaminant load, the inherent variability in
sediment CCF, and potentially limited availability
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from one collection location or season to the next.
Synthetically replicating the CCF of field-sampled
reference sediment was not a study objective in any of
the 37 references.

4.2. Amended Sediment (AMD)

Nine references to using modified natural sediment
were found in the 3S literature. The most frequent
reason for modifying the original sediment was to
study the influence of the altered characteristic on
some study endpoint (e.g., toxicity, partitioning
capacity or strength, bioaccumulation, etc.). Some
modifications included adding extraneous material to
the field-collected sediment (e.g., increasing the
proportion of organic matter in the sediment), while
others physically altered the natural sediment in some
way (e.g., homogenizing or sieving or drying). The
amended sediment used in these 9 studies apparently
met the study-specific performance-based objectives;
however, the error potential and uncertainty in CCF of
natural field-collected sediment also applies to
amended sediment.

4.3. Artificial Sediment (ART)

A number of studies (44) required a physical substrate
on which to create the experimental conditions. In
these studies, homogeneous single-component or two-
component solid materials included sand, glass beads,
metal oxides and silica gel. Their purpose was not to
replicate characteristics of natural sediment; they
served various purposes, for example as an aquatic
plant growth medium, a benthic invertebrate culture
substrate, a particle-surface on which humic sub-
stances were coated, a homogenous material to study
mechanical or physical perturbations in streams, etc.
The purity of these relatively simple materials was
controlled or well-characterized.

4.4. Synthetic Sediment (SYN)

The author identified 70 references to developing new,
or using existing, synthetic sediment; 66 report
original peer-reviewed research and four are
government agency guidance documents that
recommend use of synthetic sediment. The study
objectives reflected in the 66 research articles
classified into one of two categories: developing or
demonstrating new formulations or recipes (the
“developer group”; 30 papers), or using existing
formulations to answer toxicological or ecological
questions (the “user group”; 36). In all cases, the
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selected formulation was prepared specifically for
simulating natural whole sediment; those in the user
group relied on the work of the developer group.

4.5. Synthetic Component Materials

The 114 references reporting use of artificial (44) or
synthetic (70) sediment represent a large diversity of
methods and study objectives. It seemed instructive to
list the materials used in those studies. The list of
materials in Table 2 is divided into mineral phase
materials and organic phase materials. The entries are
listed roughly in order of frequency used among these
studies, but an entry’s position within Table 2 has no
other significance.

The 31 materials listed under “Mineral Phase
Components” include seven varieties of sand and
eight varieties of clay. Although most of the varieties
may be chemically equivalent (e.g., most sand
varieties may be silica-based), they are transcribed
exactly as shown in the corresponding article. Doing
so reveals the variety of sources used by 3S users to
date. Apparently, the oft cited admonition to
standardize materials and sources used to prepare
synthetic sediment (e.g., [4,12,14,15]) has not been
followed to date. The reviewed articles implied that
convenience, familiarity and local availability dictated
use of a particular source of mineral component.
There was no explicit documentation of attempt to
acquire mineral (abiotic) materials from one specific
source in the articles reviewed.

Despite the wide range of sources of mineral
components reflected in the literature to date, no
serious source-dependent issues with the 3S materials
were apparent from this review. This casts doubt on
the criticality of using materials from a single
universal source. In fact, one article [138] reported the
need to study quality differences in organic matter
from various sources because the investigator’s
original potting soil source was no longer available.
This weakens the argument for single universal
sources for individual components. It is counter-
productive  to  constrain  synthetic  sediment
development with a universal source requirement. A
practicable alternative is to use “performance criteria”
to demonstrate and document the quality of synthetic
sediment components. Component function is more
important than source.

The organic phase entries in Table 2 consist of 23
individual materials, 16 of which are complex,
uncharacterized mixtures of natural organic matter
(e.g., “humus”; lamb manure; etc.).
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Table 2 Materials Used as Surrogate Substrates (Years: 1964-2012)

Mineral Phase Components

Organic Phase Components

Sand - quartz, play, industrial, foundry
Sand - sterilized, marine, silica (sil-co-sil)
Clay - kaolin, bentonite, illite, chlorite
Clay - DMDA-substituted montmorillonite
Clay - potter's, sculptors’, modeling
Calcite, natural chalk

Dolomite

Sulfur

Mineral Oxides - aluminum, manganese
Iron oxides - Fe,0s, Fe;0,4

Titanium oxide (anatase)

Glass beads

Commercial resin - Dowex 50W
Commercial resin — 1 x 8-400

Commercial resin - SP-650M, phenyl 650M
Metal sulfides - iron, manganese

Natural soil - topsoil, potting soil
Natural algae, Spirulin

"Leafy shoots"

Leaves - maple, stinging nettle

BSA (bovine serum albumin)

Peat humus (commercial; dried)
Sphaghum peat moss

Compost - cow manure, lamb manure
Humic acid (Aldrich), particle-coated
Fulvic acid

Humus (commercial)

Bran cereal

Commercial - Preparative C-18
Alpha-cellulose

TetraMin flakes (fish food)

Meat extracts

Cholesterol

Use of such material is an attempt to simulate
sediment organic matter heterogeneity; however, their
representative-ness of actual sediment organic matter,
or their source/quality consistency, is questionable. As
with the mineral phase, the organic phase suffers from
a lack of consistent or standardized source. Complying
with the “single source” constraint is even more
daunting for the organic matter component. Natural
sources of organic material are subject to numerous
natural processes that can affect the quality of the
material from batch to batch (e.g., “manure” from the
same animal might change over time due to dietary
and other natural physiological changes). Using
simpler materials (e.g., alpha-cellulose or humic acid)
gives greater control of composition and quality, but it
reduces the degree of realism in terms of
heterogeneity and complexity.

5. DEVELOPMENT OF SYNTHETIC
SEDIMENT

As mentioned earlier, 36 of the 66 synthetic sediment
articles report using existing formulations in their
studies (the “user” group) (Table 1). The other 30 of
the 66 articles (the “developer” group) report new
recipes (16) or evaluate the limitations of existing
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formulations (14). These 30 articles represent the core
synthetic sediment development literature to date.
They are discussed in the following sections.

5.1. Materials and Methods of Synthetic Sediment
Formulation

The 16 articles that reported a new synthetic sediment
recipe were reviewed in greater detail to extract
information on compositions and components.
Compositions and component properties were
compared and contrasted, with the objective of
identifying relationships among the current synthetic
sediment formulations. Any underlying presumptions
or patterns in thinking should be revealed by this
analysis. The results are compiled in Table 3.

Each composition is associated with a literature
article represented at the top of the table by its
assigned reference number (and year of publication).
Formulation components are listed in the left column
(within subcategories: sand phase, silt phase, clay
phase, organic phase and other phase). Also included
is a count of instances that a particular component was
used (under the “Use Freg[uency]” column). For
reference, the right-most column (“OECD Soil”)
indicates components of synthetic soil used for
terrestrial earthworm toxicity tests [133-135].
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Table 3 Compositions of Synthetic Sediment Formulations
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Reference Number and Year Published

Component

Use
Freq

38 39 41 42 44

1990 (3

1990 [®

1991

1991

1991

1992 |9

1992
1994
1994
1994

N
D
—

1995 &

1999 @

1999 |54

2001

2010 |3

OECD
Soil 1

SAND Phase

Silica (2000-500 um)

Silica (250 - 50 um)

Silica (500 - 250 um)

Play sand (limestone based?)
"Sand (acid washed)"

Quartz (White quartz No.1)
Calcinated sea sand (400-100 um)
Calcitic Sand (industrial; 50-190 um)
SILT Phase

Attacote (attapulgite clay > 2um)
ASP400 (kaolin-based clay > 2jum)
CLAY Phase

Attagel (attapulgite-based)
Attasorb LVM (attapulgite-based)
"Potter's" Clay?

"Sculptor's” Clay?

ASP900 (kaolin-base)

ASP600 (kaolin-base)
Montmorillonite

"Artist's" Clay 2

Kaolinite Clay

Chlorite Clay

ORGANIC MATTER Phase
Peat humus (commerecial; dried)
Sphagnum moss peat

Cow manure/compost

Humic acid

Potting soil

Organic humus

Bran cereal (ground fine)
alpha-Cellulose

Humic acid coating on clay
Cellulose fibers

OTHER Phase

Dolomite

Food supplements provided
Calcite (CaCOs)

Aluminum oxide (Al03)

Iron (I1l) oxide (Fe203)

_ W, LoD __ e, LN W ~N w S, AN, OONOe

—_—_ WO

X X X

x X

x X

x

>

<
X X X
X X X

x
>

<

x

X
X

1 Organisation of Economic Cooperation and Development (OECD) Soil Testing Guidelines: No. 207 [Reference 133], No. 222 [Reference 134] and No. 317 [Reference 135]; 2 Unknown

composition.
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Table 3 does not identify the only instances of the

use of these particular components; it identifies what
is believed to be the first identified use of these
components in studies that claim to report a new
synthetic sediment recipe. Studies in the “user” group
of articles also used one or more of these same
components.
The four general categories in Table 3 are universally
invoked when sediment composition and quality are
discussed. Most associate the terms sand, silt and clay
with relative particle size, not with geochemical
composition. In most cases, this imprecision is not
important; however, simulating natural sediment with
synthetic materials to a greater level of realism and
specificity will require careful definition of terms and
rigorous attention to detail. The silt phase category in
Table 3 provides a clear and relevant example of this
need. A quick search on the geochemical composition
of the two “silt” components, “attacote” and
“ASP400,” reveals that both are compositionally and
structurally clay minerals. Attacote is a commercial
name for attapulgite, a non-swelling mineral hybrid of
smectite and palygorskite clays, consisting of
magnesium aluminum phyllosilicate in a three-
dimensional, needle-like structure [141]. ASP®
products (ASP®400, ASP®600 and ASP®900) are
marketing labels for a material composed of impure
kaolin clay (ASP® is derived from “Aluminum
Silicate Particle™) [142]. In fact, the specification
sheet for ASP®400 directly states that the 90"
percentile particle size (D90; 90 percent of particles
are smaller than the given value) is 2 microns [143].

The significance of this is that synthetic sediment
formulations reported in the literature appear to have
lacked a true silt component, and instead contained a
greater proportion of clay than the preparers intended
or knew. Their experimental results have been
characteristic of essentially sand-clay substrates and
not of sand-silt-clay substrates as they presumed. The
systematic error from underestimating the clay content
and overestimate the silt content is not trivial. Calling
clay mineral “silt” because its median particle size is
above the operationally defined 2-um silt-clay margin
ignores the unique geochemical properties associated
with true silt mineralogy, and could lead to distorted
conclusions regarding synthetic sediment
functionality. Unknowingly, this may have hindered
substantive progress in developing compositionally
and functionally realistic synthetic sediment material.
This is remotely analogous to the colloid-dissolved
issue, which to some degree is complicated by the
operationally defined boundary at 0.45 um (e.g.,
[144]).
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A substantial proportion of natural silt particles
has a composition that is geochemically closer to
sand, (i.e., non-clay minerals quartz, oxides,
carbonates, feldspar, and mica, among others), than to
clays [145]. The geochemical composition of particles
has a profound influence on their behavior and
function in natural settings [146, 147]; the
fundamentals of sedimentation and sediment transport
modeling derive in large part from particle
composition and the resulting surface properties [148,
149]. Simulating natural sediment with greater realism
and specificity must incorporate distinctions of this
type.

The data in Table 3 indicate a slight temporal
trend in component selection. The time frame
represented can be divided into two periods
demarcated at about 1994. There was very little
variation in the materials used to represent sand and
pseudo-silt phases; the clay phase was composed of
essentially one of three types of clay mineral:
montmorillonite/bentonite, kaolin or attapulgite. Most
variation in composition was in the organic matter
phase, reflecting some trial-and-error exploration. The
brief but productive 3-year period (1990-1992)
yielded formulations with practically identical
components. Formulations after 1994 were created
with a few more components: sands were still
predominantly silica-based, the pseudo-silt component
was still based on ASP, but a few supplements
(dolomite, calcite or food material) began to be added
to formulations. Some studies used sophisticated,
composite materials (e.g., humic acid coated clay) to
represent the sediment organic matter phase.

5.2. Limitations of Current Formulations

In addition to the 16 articles reporting methods and
materials for preparing synthetic sediment, another 14
articles reported on auxiliary topics or concepts
relevant to aquatic sediment. Those studies
demonstrate how current formulations are deficient in
simulating many characteristics of natural sediment
such as diversity of organic matter quality or type,
nutritional value of synthetic sediment to benthic
organisms,  acid-volatile  sulfide, equilibration
conditions and time, or the microbiological aspects of
natural sediment. The implied conclusion in each case
is: Because current synthetic sediment formulations
do not simulate these higher-level characteristics, their
degree of realism is low and therefore their usefulness
to sediment assessment is limited.
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5.2.1. Factor: Organic Matter Character (quality
and type)

It had been suspected early on that the effectiveness of
synthetic sediment to serve as a standard reference
material was directly related to its degree of realism,
and that accurately simulating natural sediment is not
a trivial exercise. This hypothesis has been tested
experimentally by several investigators. Fleming,
Holmes and Nixon [68] prepared several synthetic
formulations ~ with  varying  organic  carbon
concentrations and clay content equal to that of a
sample of natural sediment, but using two different
types of organic matter (peat versus alpha-cellulose).
Besser et al. [94] studied the fate, bioavailability and
toxic effects of metal contaminants in numerous
synthetic sediment formulations having varying
concentrations and types of organic matter. Authors of
a third study [119] synthesized a humic acid-mineral
particle complex and used it to study the effect of the
organic coating on the fate of uranium ion in the
system. All of these studies clearly demonstrated the
importance of organic matter quality (type): they
showed marked differences in contaminant sorption/
binding to sediment or in contaminant bioavailability
to macro-invertebrate test species. The quality (type)
of organic matter profoundly influences the degree of
realism achieved by synthetic sediment formulations.

5.2.2. Factor: Nutritional Requirements from
Substrate versus External Supplements

A corollary of the organic matter quality factor is the
question of whether synthetic sediment can be
formulated with organic matter that has inherent
nutritional value to test invertebrates, or if exogenous
nutritional supplements will always be required. A
study by Lacey, Watzin and Mclintosh [70] exposed
benthic invertebrates to multiple uncontaminated
synthetic sediment batches prepared using one of three
types of organic matter (peat, alpha-cellulose or maple
leaves) and at varying concentrations, and observed
that their survivorship varied widely relative to the
organic matter type and concentrations in the substrate
samples. A Master’s thesis by Wastlund [72]
addressed the same question and showed that different
organic matter types incorporated into synthetic
sediment formulations greatly influenced the test
invertebrate’s  ability to meet its nutritional
requirements and thereby survive, even in the absence
of any chemical toxicant. Arrate, Rodriguez and
Martinez-Madrid [96] investigated the relationship
between amount of food supplements and
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water/sediment quality during a 28-day chronic and
sub-chronic toxicity test, and found a direct
correlation between food added, ammonia levels and
invertebrate behavior and growth.

5.2.3. Factor: Is One Universal Formulation a
Reasonable Objective?

Two studies have addressed the question whether it is
reasonable to expect that a single synthetic sediment
formulation is sufficiently versatile to meet all
possible sediment test requirements. Fleming, Holmes
and Nixon [68] and Gratzer and Ahlf [81] observed
marked differences in sediment performance (i.e.,
binding of contaminant or bioavailability to macro-
invertebrate test species) in response to varying the
organic matter content of several synthetic sediment
formulations. The latter group showed that native
sediment could be better simulated by adjusting
formulation components. Both groups concluded that
it was unreasonable to expect one formulation to apply
to all study objectives.

5.2.4. Factor: Acid-volatile sulfate (AVS) and
Oxidation-Reduction Potential (ORP)

Gonzalez [57] incorporated synthetically-prepared
metal sulfide salts into synthetic sediment
formulations, and demonstrated that (depending on the
cation used) synthetic AVS/sediment combinations
behave quite similarly to their natural counterpart. The
results of that study suggest that bulk synthetic
sediment’s ORP profile can be controlled consistently
and systematically. The ability to control and
systematically manipulate sediment ORP is another
aspect of raising the level of realism in synthetic
sediment formulations.

5.2.5. Factor: Conditioning Protocol(s)

Developing a realistic surrogate for the complex and
dynamic medium that is aquatic sediment may never
be feasible without addressing the issue of controlling
equilibrium  conditions in  synthetic sediment
formulations. Two options for addressing this issue
are: (1) use synthetic components with characteristics
that reflect “aged” components in natural sediment
(e.g., use organic matter that has the character of
humified or stabilized natural organic matter) or (2)
include a conditioning period in the formulation
protocol(s) wherein the synthetic formulation is
allowed to “age” under controlled conditions (e.g.,
during which time labile components in the synthetic
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mixture presumably can stabilize or equilibrate).

A reference to a conference abstract was found in
the literature [87], the subject of which was synthetic
sediment conditioning, equilibration and component
quality, and their influence on benthic invertebrate
toxicity. Results similar to those briefly described in
that conference abstract are found in a paper published
the following year by the same investigators [89]. In
that paper, they describe studying temporal changes in
synthetic and natural sediment by measuring various
physicochemical and biological parameters as a
function of time. When comparing their synthetic
materials to natural sediment aged for the same period
of time, they observed that physical parameters related
to hydrolysis equilibrated in 10 to 15 days.

5.2.6. Factor: Active Microbiological Populations
in Synthetic Formulations

One of the most advanced factors in synthetic
sediment development is the development and control
of microbiological conditions in a completely
fabricated matrix. Rudimentary attempts at addressing
this complex factor have been limited to providing
conditions for the synthetic substrate to recruit natural
microbial populations from natural sources. This has
been attempted either by (1) including natural organic
matter (presumably containing indigenous micro-
biological populations) in the formulation, or (2)
recruiting natural bacterial species into synthetic
sediment by exposing it for a “conditioning period” to
natural water containing indigenous microbial
organisms. Data or results of the success of this
method are limited.

Verrhiest et al. [79] monitored the micro-
biological activity in several samples of synthetic and
natural sediment in response to toxicant concentra-
tions and to various types and concentrations of
organic matter. They reported that after allowing the
synthetic sediment material to be inoculated with
naturally recruited micro-organisms, the material
successfully sustained some level of microbiological
activity over the 4-week study period. Another group
[108] published a study in which they compared
microbiological community abundance and activity in
synthetic sediment formulations wversus those in
natural sediment. Not surprisingly, the activity in
synthetic sediment materials was less than that in
natural sediment. They conclude that the micro-
biological factor could have direct influence on the
effectiveness or usefulness of synthetic sediment for
toxicological testing and study.

112

5.3. Novel Uses for Synthetic Sediment

Two studies found in the literature represent isolated
examples of novel potential uses for synthetic
sediment. One paper [88] reported the use of synthetic
substrates for more accurately determining the fate
(distribution) of cadmium within the system by using
a stable isotope of the metal as a radio-isotope tracer.
Using synthetic material in this study gave the
investigators a priori and complete knowledge of
available compartments and phases for contaminant
distribution and partitioning. Another paper [109]
used a synthetic sediment formulation as a well-
characterized medium with which to develop an
improved pore water extraction method.

6. DISCUSSION

This review confirms that the current status of
synthetic sediment development is lethargic and
deficient in precision and realism. After more than 45
years of effort, the collective energy for developing
realistic synthetic sediment material has waned. Many
presume that further progress in 3S development is
intractable, and that the current state of 3S technology
must be endured.

The progression of sediment assessment and
SQM activity since the late 1980s (Table 1) implies an
ever-expanding demand for greater measurement
precision, statistical power and control of
“background noise” in various types of sediment
assessments. Synthetic sediment development has not
kept pace with this demand. Because resources are
often unavailable or diverted to other pressing needs,
the sediment assessment community defaults to
existing synthetic sediment formulations that are
convenient but limiting in the value of data and
information they can support.

This review seems to hint at a presumption
unconsciously operating in the sediment assessment
community: that the ultimate objective is to develop a
single universal formulation that will satisfy any and
all sediment assessment data quality objectives
(DQO). The most common formulations currently in
use were identified and reviewed. The components of
those formulations, listed in Table 3, are ones used to
create synthetic soil [133]. Those four- to six-
components can not accurately simulate the magnitude
and complexity of natural sediment CCF. Few investi-
gators have attempted new materials or methods
[57,75,89]. If this apparent presumption is real, such
an expectation is a serious impediment to progress.
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In light of the constraints on resources and
impracticable expectations for synthetic sediment,
perhaps future development can proceed by a
“multiple-parallel” approach (i.e., multiple “standard”
formulations, developed independent of each other,
each developed for more narrowly defined purposes or

functions). The universe of possible sediment
assessment activities includes: culturing macro-
invertebrates; investigating chemical-sediment

interactions; testing sediment for chemical toxicity
using sediment bioassays; studying physical habitat
parameters for benthic organisms; identifying toxicity
sources using sediment toxicity identification
evaluations (TIES) [12]. Each has activity-specific
DQOs, and would likely require activity-specific
procedures and tools. By extension, each of these
activities might benefit from their own synthetic
sediment, specifically tailored to meet their DQO-
specific criteria. Each formulation can be standardized
for its specific purpose, and its development would
not be constrained by having to attain criteria related
to other sediment assessments.

As an example, synthetic sediment used for
culturing benthic fauna (a relatively less time-critical
and complex activity) may not require a complex
sediment formulation, or it may require organism-
specific CCF that are not necessary for other sediment
assessment activities. Further along the complexity
continuum, sediment remediation decisions that rely
on understanding the stressor identity, levels and
effects within the unique context of local site
conditions may call for a sophisticated sediment
bioassay program to obtain the necessary information.
Such scenarios would require sophisticated site-
specific synthetic sediment formulations. Similarly,
detailed study of site-specific nuances in physical-
chemical sediment properties (e.g., [150, 151]) would
benefit from highly sophisticated sediment materials.

As an experimental control treatment, such
material could reduce background variability “noise”
to sufficient extent that fine details in causal or
correlative relationships can be discerned. As an
experimental tool, investigators could accurately
replicate observed conditions in field-collected
sediment (e.g., simulating a contaminated field
sediment by spiking a detailed synthetic sediment
formulation), thereby confirming or refuting
hypotheses with greater statistical power. These
potential applications of synthetic sediment have been
recognized for a long time [41, 42, 50], but the
concept of developing multiple formulations, each
standardized for a specific application, should be
considered as a practicable path to attaining those
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long-envisioned goals.

This review also confirms the long-recognized
importance of particulate organic matter CCF to
synthetic sediment realism and utility, as it is to
natural sediment [152]. Current practice of using bulk
total organic carbon (TOC) concentrations as a
normalizing parameter has performed the valuable
service of allowing sediment scientists to model the
influence of organic matter in natural sediment at a
gross- or bulk-level [153, 154]. Used as an
analytically pragmatic surrogate for the entire
sediment organic matter phase (i.e., determined using
laboratory furnaces or carbon analyzer instrument-
ation), TOC as a normalizing parameter is too coarse
for deducing finer details in sediment processes. This
is implied by the residual scatter in TOC-normalized
data (e.g., [155]).

The inability to correlate bulk TOC concentra-
tions to concentrations of true organic matter
components in natural sediment, or to use TOC and
total inorganic carbon data to deduce organic matter
type is directly relevant to synthetic sediment
development. Pulverized tree bark will interact with a
contaminant very differently than will fish food flakes
or commercial humic substances or charcoal. With
advances in instrumentation and methods, we should
see more examples appearing in the literature of
sediment data modeling and analysis using actual
organic components rather than the old TOC surrogate
(i.e., lipids; [156-158]). In the context of synthetic
sediment development, quantifying and qualifying
sediment organic matter in new formulations can be
achieved with methods other than bulk TOC. Working
with specific organic components comparable to those
found in natural sediment will significantly elevate the
level of realism in synthetic sediment.

7. CONCLUSIONS

The 3S literature was reviewed to understand previous

approaches and rationale, to instigate renewed interest

in synthetic sediment development, and to provide
suggestions for future progress. The results of this
review provide the following information:

e The terminology in the 3S literature is imprecise
and could be standardized to facilitate
communication. Standard definitions are
proposed.

e  Use of surrogate materials in environmental
studies is not new. They have been used in
sediment assessments for over 45 years.

e The literature indicates that work in developing or
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using 3S materials was sparse before 1990. The
sudden and spontaneous increase in activity in the
early 1990s has waned somewhat, likely due to
lack of significant advances in synthetic sediment
development.

The basis for synthetic sediment development in
the early 1990s likely was the existence of a
synthetic soil matrix developed for soil toxicity
testing using earthworms.

3S materials have been used in over 130 studies.
They classify into one of four categories of study:
physical sediment mechanics; sediment ecology
(habitat); sediment toxicity; and sediment “bio-
assimilation” (mostly bioaccumulation studies).
The materials presumed to represent the silt
component in almost all synthetic sediment
formulations published to date were actually clay
minerals. Thus, those formulations may have
lacked a true silt component composed of non-
clay minerals (e.g., quartz, oxides, carbonates,
feldspar and mica, among others). The
misrepresentation of silt by “large clay particles,”
might have lead to misinterpretation of study
results, particularly when study outcomes were
correlated to mineral content.

The organic matter content of synthetic sediment
continues to be a major challenge to further
progress in synthetic sediment development.
Attempts to address this factor have been random
and ineffective. What makes this factor so
challenging is the simultaneous need for
source/quality consistency and realistic
complexity and heterogeneity.

Factors such as inherent nutritional value of
synthetic sediment, acid-volatile sulfide content,
control of oxidation-reduction potential in
synthetic sediment, reproducible conditioning and
equilibration, and microbiological components
represent potential areas for future development
as the level of realism grows.

There may be an underlying presumption to
development work up to the present, namely that
we need to identify or create one single universal
material to meet any and all sediment assessment
DQOs. This constraint may be hindering further
progress.

An alternative approach may be to develop
assessment-specific or DQO-specific synthetic
materials with controllable characteristics
pertinent only to its intended use. This could open
avenues for incorporating new materials into the
synthetic sediment development process.

It is hoped that the information compiled in this
review will challenge the status quo and spark

renewed

enthusiasm for developing synthetic

sediment.
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