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PREFACE

The first edition of this Primer originally was developed in 1983, and published in
1985 as a U.S. Geological Survey Water Supply Paper 2277. It was designed to serve as
a companion training volume for a U.S. Geological Survey short course on sediment-trace
element chemistry. The purpose of the course was to expose the participants to the basic
principles and techniques that control and are used to elucidate trace element-sediment inter-
actions. Participants were not expected to walk away from the course as experts in sedi-
ment chemistry; however, they were expected to have a good working knowledge of the
basic principles governing this complex subject.

The first edition was organized in the same way as the instructional sessions, contained
all the diagrams and tables used for the course, along with a descnptlve text, and was de-
signed to be self-teaching. To that end, it was produced using a 'stop' format with text on
one page and supporting material, diagrams, and/or tables appearing on the facing page. It
also included a large list of selected references on the subject of sediment-trace element
chemistry. This list was by no means exhaustive. Many of the references were used in
developing the material in the course and in the Primer. The other references were pro-
vided for information on techniques and methods, and as examples of how sediment chem-

istry could be used to deal with various types of environmental studies.
* It has been more than seven years since the preparation and publication of the first edi-
tion. The basic course has been taught more than ten times and, in addition, a more com-
prehensive team-taught solid-phase course has been introduced. Further, as in any active
scientific field, much research has been carried out and, as a result, our understanding of
this complex subject has increased commensurately. These factors have led to the produc-
tion of this second revised edition.
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Glossary

Bioavailability — In general, refers to that portion of dissolved, biologically-, or sedi-
ment-associated chemical constituents that are readily accessible to biota either
through physical contact or by ingestion; this is an operationally defined term.

Bottom sediment, bed sediment, bed material — Interchangeable terms that refer
to material that temporarily is stationary in the bottom of a water course.

Dissolved load, dissolved constituent — Operationally defined as that material that
passes through a 0.45-pum (micrometer) filter.

Geochemical factors — Refers to various physical and chemical characteristics which

can affect a sediment's chemical concentration.

Geochemical substrate — Refers to the compounds or substances that are important in
providing a sediment with the capacity to collect and retain trace elements.

Isokinetic — A term used to describe a type of suspended sediment sampling in which a
whole water sample is collected such that no acceleration or deceleration is imparted
to the mixture as it enters the sampling device.

Operationally defined — Refers to the quantitation of a physical or chemical constituent
or property which is dependent on the method used for its determination. If the
method is altered the measurement changes also; many of the physical and chemical
determinations performed on sediment/solid samples fall into this category.

Sediment — Particles derived from rocks or biological materials that have been
transported by a fluid, or solid material suspended in or settled from water.

Suspended load, suspended constituent — Operationally defined as that material
that is retained by a 0.45-um (micrometer) filter during the filtration of a whole water
sample.

Suspended sediment, seston, particulates — Interchangeable terms that refer to a
material actively transported by a fluid.

Total concentration —Refers to the true concentration of a constituent in a sediment/
solid sample; geochemists further define total as 295 percent of the actual concentra-
tion in the material being analyzed. Certain analytical procedures, or digestion tech-
niques can produce a measure of total concentration without the complete dissolution
of a solid sample. Unless otherwise stated, concentrations in this Primer are totals.

Total recoverable concentration — Refers to the concentration of a constituent in a
sediment/solid sample that has been extracted with a reagent(s) that does not com-
pletely solubilize the constituent; in other words, this is an operationally defined
concentration, the definition being dependent upon the extraction procedure.

Trace element, trace metal, heavy metal, metal — Terms that are used inter-
changeably throughout the sediment-chemical literature and this Primer.



INTRODUCTION

The basic goals of most chemically oriented water-quality studies are to describe or
evaluate existing environmental conditions and to attempt to identify the source or sources
of the constituents under investigation. An equally important goal is to attempt to predict or
determine potential effects. This heading could accommodate such subjects as bioavailabil-
ity, amount of constituent transport, location of chemical sinks, ultimate fate, and potential
toxic effects.

Historically, most water quality investigations have attempted to assess trace elements
in aquatic systems by analyzing water samples. This assessment has entailed determining
concentrations of total and dissolved elements and compounds through the collection and
analysis, respectively, of unfiltered and filtered water. Concentrations associated with sus-
pended sediment (particulates, seston) are determined indirectly by the difference between
total and dissolved concentrations. It is recognized that this approach casts doubt on the
reliability of reported suspended-sediment chemical analyses. As a result, water quality
tends to be evaluated on the kinds and concentrations of various constituents found in solu-
tion (Feltz, 1980). Further, current federal, state, and local regulations usually only pro-
vide limits for dissolved trace element concentrations; concerns about regulations tend to be
the cause for many studies. However, in most aquatic systems, the concentrations of trace
elements in suspended sediment and the top few centimeters of bottom sediment are far
greater (by orders of magnitude) than the concentration of trace elements in the water col-
umn. The strong association of numerous trace elements (e.g., As, Cd, Hg, Pb, Zn) with
seston and bottom sediments means that the distribution, transport, and availability of these
constituents can not be evaluated intelligently solely through the sampling and analysis of
the dissolved phase.

Additionally, because bottom sediments can act as a reservoir for many trace ele-
ments, they must, for several reasons, be given serious consideration in the planning and
design of any water-quality study. First, an undisturbed sediment sink contains a historical
record of chemical conditions. If a sufficiently large and stable sink can be located and
studied, it will allow an investigator to evaluate chemical changes over time and, possibly,

" to establish area baseline levels against which current conditions can be compared and con-
trasted. Second, under changing environmental or physicochemical conditions (e.g., pH,
Eh, dissolved oxygen, bacterial action), sediment-bound trace elements can dissolve into
the water column, possibly enter the food chain, and have significant environmental ef-
fects. Third, several relatively inert or otherwise environmentally harmless inorganic con-
stituents can degrade, or react with others, to form soluble and potentially more toxic forms
(e.g., the conversion of elemental mercury to methyl mercury, the conversion of arseno-
pyrite to iron oxide-associated arsenic). Fourth, bottom sediments should be regarded as a
major source of suspended sediment. Therefore, they must be investigated to determine
transport potential. Under changing hydrologic conditions (such as a heavy storm or
spring runoff), a localized pollution problem suddenly can become widespread and result in
substantial environmental impacts. Finally, bottom sediment sampling and subsequent
chemical analyses can provide fundamental regional geochemical information for use in
identifying potential environmental effects due to both point and non-point sources of con-
tamination.

The foregoing discussion indicates that data on suspended and bottom sediments, as
well as on the dissolved phase, are a requisite for the development of a comprehensive un-
derstanding of the effects of trace elements on water quality. Through the use of such ad-
ditional data, it may be possible to begin to identify sources and sinks and the fate and po-
tential effects of toxic or environmentally necessary trace elements. Similarly, sediment-
chemical data are a requisite for transport modelling, for estimating geochemical cycles, and
for inferring the availability of various trace elements in and to an ecological system.



1.0 IMPORTANCE OF SEDIMENTS TO AQUATIC TRACE ELEMENT CHEMISTRY

1.1 Monitoring Studies

Table 1.1-1 has been extracted from an article by Chapman et al. (1982) dealing with
the design of monitoring studies for priority pollutants. They divide the aquatic environ-
ment into three distinct compartments: water, sediment, and biota. Further, the authors
point out that, to design an effective monitoring program, an investigator must first answer
two basic questions: what samples should be collected, and for what should they be ana-
lyzed? This decision requires an understanding of the relative importance of each con-
stituent on the basis of its chemical behavior and biological significance. These factors, in
turn, determine what type of sample(s) should be collected (water, sediment, biota). All
the U.S. Environmental Protection Agency trace element priority pollutants, with the
exception of antimony, are persistent and can bioaccumulate, and all tend to be concentrated
in either sediment (bottom and suspended) or biota (Table 1.1-1).

-1.0 IMPORTANCE OF SEDIMENTS TO AQUATIC TRACE ELEMENT CHEMISTRY

1.2 Suspended versus bed sediments - utility for various types of studies

Table 1.2-1 lists a number of different types of environmental/water quality studies
in which sediment sampling and subsequent chemical analysis could and should be includ-
ed. In almost all cases, with the possible exception of studies designed to evaluate the
transport of (including the calculation of trace element fluxes) or short-term temporal varia-
tions in sediment-associated trace elements, either suspended or bed sediments could be
used. However, given an option, bed sediments tend to be preferable to suspended sedi-
ments. There are two major reasons for this selection: 1) when suspended sediment con-
centrations are relatively low (<100 mg/L) it is usually far simpler and easier to collect suf-
ficient amounts of bed sediment than suspended sediment to meet the mass requirements
for all requisite physical and chemical analyses, and 2) suspended sediments tend to display
much more marked spatial and temporal chemical and physical variability than do bed sedi-
ments (Forstner and Wittmann, 1981; Salomons and Forstner, 1984; Ongley, et al., 1988;
Horowitz, et al., 1989c, 1990). Although there are several ways to collect and process
sufficient amounts of suspended sediment to meet most analytical requirements, the proce-
dures involved and/or the equipment necessary, are either very time consuming and/or very
expensive (Carpenter, et al., 1975; Etchebar and Jouanneau, 1980; Ongley and Blachford,
1982; Horowitz, 1986; Horowitz, et al., 1989b).



Table 1.1-1. Recommendations for Types of
Environmental Sampling for Monitoring Purposes
(Data from Chapman, et al., 1982)

Trace Element  Category/Rank’ Water Sediment Biota

Antimony (Sb) 3 X

Arsenic (As) 1 X X
Beryllium (Be) 1 X X
Cadmium (Cd) 1 X X
Chromium (Cr) 1 X X
Copper (Cu) 1 X X
Lead (Pb) 1 X X
Mercury (Hg) 1 X X
Selenium (Se) 1 X X
Silver (Ag) 1 X X
Thallium (T1) 1 X X
Zinc (Zn) 1 X X

Category/Rank’: 1 and 2 - persistent and may bioaccumulate
3 and 4 - persistent and nonaccumulative
5 - nonpersistent

Table 1.2-1. Various Types of Trace Element-Studies in Which
Sediment Sampling and Analysis Should be Included

Type
Bed Sediment of Study Suspended Sediment
X Geochemical Cycles X
Transport
Fluxes
X Reconnaissance Surveys
X Spatial Distributions

X Temporal Changes (Long Term)
Temporal Changes (Short Term)
X Biological Effects

o4 K M M




1.0 IMPORTANCE OF SEDIMENTS TO AQUATIC TRACE ELEMENT CHEMISTRY

1.3 Partitioning of trace elements between dissolved and solid phases

As stated previously, both bottom and suspended sediments contain significantly
higher concentrations of trace elements than are found in the dissolved phase. Hence, fluv-
ial transport of these constituents can be dominated by suspended sediment. Figure 1.3-1
is based upon the analysis of dissolved and suspended loads for selected trace elements in
the Amazon (Brazil) and Yukon Rivers (Alaska) and graphically displays this phenomenon
(adapted from Gibbs, 1977). In addition, Martin and Meybeck (1979) and Meybeck and
Helmer (1989) have looked at the ratio of natural dissolved to total elemental fluvial trans-
port of a substantially larger number of trace elements and rivers (Table 1.3-1). Sb appears
to be the most soluble of all the priority trace element pollutants (roughly 50 percent of Sb
transport is associated with solid phases) while Hg appears to be the least soluble (>99.9
percent of Hg transport is associated with solid phases). The other trace elements fall
somewhere in between, but for the great majority, 90 percent or more of their transport is

- associated with solid phases. This statement is an oversimplification and somewhat mis-
leading because trace element transport in aquatic systems is dependent on several factors
including: discharge, dissolved trace element concentrations, suspended sediment-assoc-
iated trace element concentrations, as well as the concentration of suspended sediment
(e.g., see Section 1.6).



Figure 1.3-1. Transport Phases of Selected Trace
Elements in Rivers (Data from Gibbs, 1977)

Chromium Manganese

Cobalt

Nickel

Amazon  Yukon
Rivers
Dark Areas: % in suspended sediment
Light Areas: % in solution

Table 1.3-1. Ratio Between Natural Dissolved and Total
Elemental River Transport® (from Meybeck and Helmer, 1989)

9% 90% 50% 10% 5%

ci|Br s| Nasr ¢ caLi|sbMg N B Mo as F Ba k|cup|Nisi Rb U co cd

Mn Th V Cs|GanLu|TiGd La Ho Yb Tb Er Sm Cr Fe Eu Ce Zn Al| ScHg
1% 0.5% 01% 0.05%

'The higher the percentage, the greater the partitioning into the dissolved phase



1.0 IMPORTANCE OF SEDIMENTS TO AQUATIC TRACE ELEMENT CHEMISTRY

14 Fluvial transport of trace elements by suspended sediments

As a further indication that fluvial transport of trace elements may be dominated by
the suspended-sediment load, it is worthwhile to determine, in relatively simple terms,
what order of magnitude of material is being transported. Examine the data in Table 1.4-1.
The discharge equation comes from Porterfield (1972), and the basic data for the actual cal-
culations come from U.S. Geological Survey annual data reports from Pennsylvania
(Susquehanna River), Oregon (Willamette River), and Louisiana (Mississippi River). Note
that even relatively low concentrations of trace elements associated with suspended sedi-
ment can involve significant weights of constituent transport. For example, the As concen-
tration in Willamette River suspended sediment is only 0.002 mg/L (2 ppb), and yet this
translates into 0.9 metric tons/day of As being transported by the river. At the other end of
the spectrum, examine the Fe data for the Mississippi River. The suspended-sediment Fe
concentration is 46 mg/kg (46 ppm); thus some 75,000 metric tons/day of Fe are trans-
ported. As the chemical concentrations for the suspended sediment were determined on

- whole water samples, using a total recoverable procedure, the values for daily transport are
almost certainly underestimates relative to total trace element transport.



Table 1.4-1. Transport (in metric tons/day) of Trace Elements
Associated with Suspended Sediment in Selected Rivers

Element _ Susquehanna River 3/8/79 Willamette River 1/16/80 Mississippi River 1/18/81
Discharge! 346,000 CFS 189,000 CFS 671,000 CFS
Concentration’ Transport®  Concentration® Transport® Concentration?> Transport®
in mg/L in metric in mg/L in metric in mg/L in metric
tons/day tons/day tons/day
Sediment 406 344,200 106 49,100 641 1,050,000
Iron 12 10,200 4.4 2,040 46 75,600
Manganese 0.59 500 0.10 46 1.3 2,140
Zinc 0.07 59 0.03 14 0.09 148
Lead 0.018 15 0.005 23 0.03 49
Copper 0.015 13 0.006 2.8 0.018 30
Cobalt 0.010 8.5 - - 0.005 8.2
Chromium 0.003 25 0.010 4.6 0.028 46
Nickel - - 0.004 1.9 0.035 58
Arsenic - - 0.002 0.9 0.012 20

Discharge - in cubic feet per second

Concentration - total recoverable, in milligrams per liter

3Sediment and chemical transport in metric tons per day, calculated from Porterfield, 1972:
(concentration, in milligrams per liter)(discharge, in cubic feet per second) 0.00245



1.0 IMPORTANCE OF SEDIMENTS TO AQUATIC TRACE ELEMENT CHEMISTRY

1.5 Comparison of trace element concentrations in suspended and bottom sediments versus
dissolved levels

Bottom and suspended sediments contain substantially higher concentrations of trace
elements than are found in solution. What is meant by substantially higher? Examination
of the data presented in the accompanying tables provides an approximate answer to this
question. Table 1.5-1 contains data from the Elbe River in the Federal Republic of
Germany (data from Forstner and Wittmann, 1981), and compares and contrasts dissolved
trace element concentrations with those associated with bottom sediments. The bottom
sediment concentrations are more than 100,000 (5 orders of magnitude) times higher than
the dissolved levels (see, for example, Pb levels for water and sediment for Hamburg).
During the Schuylkill River Basin assessment study, similar results were obtained for
dissolved and total recoverable levels (Table 1.5-2, from Feltz, 1980). Table 1.5-3 shows
data from the Amazon and Yukon Rivers and compares and contrasts dissolved trace
element concentrations with those associated with suspended sediment. The suspended
sediment concentrations for the Amazon and Yukon are approximately 10,000 and 7,000
times higher, respectively, than the dissolved load.



Table 1.5-1. Comparison of Trace Element Concentrations in
River Water and Bottom Sediments from the Elbe River,
FRG (Data from Forstner and Wittmann, 1981)

Location Tvype Cd Cr Cu Pb Zn

Stade w)’ 005 003 .005 .005 .025
(s) 5 100 100 200 600
Hamburg (w) 0007 010 .012 .005 .120
(s) 32 500 450 500 1600
Hitzacker (W) 0008 .020 .020 .008 .140
(s) 23 250 200 200 750

(W)* - water, trace element concentrations in milligrams per liter

(S)’ - sediment, trace element concentrations in milligrams per
kilogram

Table 1.5-2. Comparison of Trace Element Concentrations in
River Water and Bottom Sediments from the Schuylkill Basin
(Data from Feltz, 1980)

Location Tvpe Cd Cr Cu Db Zn
Phoenixville (W) 013 .001 .005 .190 .080

(s 30 130 190 250 1000
Norristown (W) 010 <.001 .007 110 .120

(s). 10 30 70 400 1000
Philadelphia (W) 002 <.001 .004 .001 <.001
(s) 10 50 80 180 170

(W)* - water, trace element concentrations in milligrams per liter

(S)* - sediment, trace element concentrations in milligrams per
kilogram

Table 1.5-3. Comparison of Trace Element Concentrations in River
Water and Suspended Sediment from the Amazon and Yukon Rivers
(Data fromn Gibbs, 1977)

Location Type Cr Mn Fe Co Ni Cu
Amazon W) 019 110 51  .004 .010 .026
(s) 195 1100 56,000 41.4 105 265
Yukon ) 019 200 89 .006 .020 .060
(S) 115 1300 63,000 406 135 415

(W)" - water, trace element concentrations in milligrams per liter

(S)* - sediment, trace element concentrations in milligrams per
kilogram




1.0 IMPORTANCE OF SEDIMENTS TO AQUATIC TRACE ELEMENT CHEMISTRY

1.6 Effect of suspended sediment concentration on fluvial transport of trace elements

The partitioning (percentage association) of various trace elements between liquid
and solid phases, during transport, is a function of three factors: 1) the concentration of
suspended sediment (mg/L, ppm), 2) the dissolved trace element concentration (ug/L,
ppb), and 3) the sediment-associated trace element concentration (ug/g, mg/kg, ppm). Al-
though suspended sediment-associated trace element concentrations are orders of magni-
tude higher than dissolved trace element concentrations, there are orders of magnitude more
water than sediment. Thus, for purposes of transport, the contributions from the sub-
stantially higher concentrations of sediment-associated trace elements may be balanced by
the substantially lower concentrations of suspended sediment, relative to the amount of
water, in typical fluvial systems. Table 1.6-1 contains data on trace element partitioning for
a set of hypothetical whole water samples which substantiates this statement. The
dissolved data come from a selection of unpolluted rivers around the world (Forstner and
Wittmann, 1981) and the sediment data comes from a selection of bed sediment samples
from unpolluted rivers in the U.S. (Horowitz, et al, 1989a). The data clearly show that as
suspended sediment concentrations increase, the percentage contribution from suspended
sediment-associated trace elements also increases. In the case of such elements as Pb, Zn,

-Cr, Co, and Cu, solid phase contributions are greater than 50 percent, even when
suspended sediment concentrations are as low as 10 mg/L. On the other hand, suspended
sediment concentrations must be 100 mg/L or higher, before the solid phase contributions
for such elements as Se, Hg, As, and Sb begin to approach or exceed 50 percent (Table
1.6-1). These results indicate why the data in Table 1.3-1 from Meybeck and Helmer
(1989) can be misleading regarding the importance of sediment-associated concentrations,
relative to dissolved concentrations, for the fluvial transport of trace elements.

10



Table 1.6-1. Solid Phase Contributions to Riverine Transport of Trace Elements for Var-
ious Suspended Sediment Concentrations [Dissolved trace element data from Forstner and

Wittmann (1981); solid phase trace element data from Horowitz, et al. (1989a)]

10 mg/Ll! 100 mg/L! 500 mg/L}! 1000 mg/L!

Dissolved | Solid | Solid Total Solid |Solid Total Solid |Solid Total Solid | Solid Total Solid
Conc.? | Conc.?] Cont.* Conc.’ Cont.5|Cont. Conc. Cont.|]Cont. Conc. Cont.] Cont. Conc. Cont.

Element] ug/l, e/l | ue/l, ue/l, % lue/l, ue/l. % lus/ ue/l, % |us/L usl %
Cu 02 25 025 045 56 |25 27 93 | 125 12.7 98 | 250 252 >99
Zn 02 90 090 1.10 82 190 9.2 98 | 45 452 5991900 902 >99
Cd 0.01 0.6 0.006 0.016 38 1006 007 8| 03 031 97| 06 061 >99
Cr 0.07 20 0.2 0.27 74 120 2.07 97 1100 10.07 >99] 20.0 20.07 >99
Pb 0.05 50 0.5 0.55 91 |50 5.05 99 | 25.0 25.05 >99 | 50.0 50.05 >99
Co 0.05 18 018 0.23 78 |18 1.85 971 9.0 9.05 >99 | 18.0 18.05 >99
Ni 0.3 25 025 0.55 46 |25 28 89 | 125 128 98 | 25.0 253 >99
As 0.5 7 0.07 0.57 12 107 12 58| 35 40 88| 70 175 93
Sh 0.05 0.6 0.006 0.056 11 |0.06 0.11 551 03 035 8| 06 065 92

. Se 0.08 0.4 0.004 0.084 5 10.04 0.12 331 02 028 71} 04 048 83
Hg 0.006 0.05 | 0.0005 0,0065 8 10005 0011 461 00250031 81 1 005 0,056 89

ISuspended sediment concentration

Dissolved Conc. - dissolved trace element concentration

3Solid Conc. - suspended sediment-associated trace element concentration
“Solid Cont. - solid contribution, see formula below
5Total Conc. - total trace element concentration for the whole water sample, see formula below

¢Solid Cont. - solid contribution, calculated by dividing the solid contribution by the total sample

concentration and multiplying by 100

Solid Trace Element Cont. (ug/L) = [Trace Element S.S. Conc. {(ug/g)] [S.S. Conc. (g/L)]
Total Conc. (ug/L) = [Solid Trace Element Cont. (ug/L) ] + [Dissolved Conc. (ug/L)]

11



1.0 IMPORTANCE OF SEDIMENTS TO AQUATIC TRACE ELEMENT CHEMISTRY

1.7 Historical trace element levels

An undisturbed sediment sink can contain a historical record of chemical conditions.
If a sufficiently large and stable sink (one in which physical, biological, nor chemical alter-
ations have occurred) can be found and studied, an investigator can establish the occurrence
of chemical changes over time and may establish area baseline levels with which existing
conditions can be compared. When chemical analyses are used together with radiometric

dating techniques (Pb210, C14), historical changes in water quality can be elucidated. Fig-
ure 1.7-1 gives two examples of historical records detailing changes in Hg concentration
through time. The data from Lake Ontario (Thomas, 1972) indicate that high concen-
trations of Hg occur in the top 6 cm; below 8 cm, the concentration decreases significantly.
The levels found below 30 cm are believed to reflect natural background levels of 0.3 to
0.4 mg/kg (300 to 400 ppb). At about 25-cm in depth, the concentration reaches a low of
0.140 mg/kg (140 ppb), which corresponds to a period of active deforestation by settlers
around 1800 to 1820. That activity, in fact, diluted the Hg levels below normal back-
ground for the area through increased erosion and deposition of non-Hg-bearing material.
Industrial input is believed to have begun around 1900 (~9 cm); there ensued a steady rise
in Hg input until around 1940 (~5 cm), when concentrations leveled off at about 4 times
natural levels.

A similar pattern can be seen in sediments from Lake Windermere in England
(Aston, et al., 1973). Since 1400, Hg levels have risen steadily as a result of erosion, in-
dustrialization, mining, quarrying, use of fossil fuels, and sewage disposal. The onset of
industrial input occurred around 1880 (~24 cm), and today's levels are about 4 to 5 times
higher than natural background concentrations. It is interesting to note that this is roughly
the same level of enhancement as seen in Lake Ontario sediments.

12



_-figure 1.7-1 Examples of Mercury Concentration éhanges ﬁrough
Time [Lake Ontario, Canada data from Thomas (1972); Lake
Windermere, United Kingdom data from Aston et al. (1973)]

Mercury in Lake Bed Sediments in Milligrams per Kilogram

00 02 04 06 08 1.0 1.2 14

Ambrosia Horizon

]

Depth in Centimeters

30 ~

40 -

Lake Ontario, Canada

1960
1940
1920
1900

1880
1860
1840
1820
1800

13

00 02 04 06 08 10 1.2 14
| 1 ] 1 1 l

Depth in Centimeters

1440 - 1800

2 R
Ll

520 - 1260 70 =

Lake Windermere, England



2.0 PHYSICAL AND CHEMICAL FACTORS AFFECTING SEDIMENT-TRACE
ELEMENT CHEMISTRY

2.1 Introduction

The preceding material is based on the determination of total bottom or suspended
sediment chemical concentrations. These types of chemical data are typical and standard
starting points for most water-quality studies. However, a number of sedimentary physical
and chemical measurements (geochemical factors) should be considered as a requisite for
understanding sediment-trace element chemistry. These measurements enable an invest-
igator to address such topics as trace element transport and potential environmentsl effects,
and permit the comparison of sample data from the same or different areas. These factors
describe and/or are measurements of the various chemical or compositional components
and physical properties of a sediment.

The identification and quantitation of various sedimentary geochemical factors is
sometimes called partitioning. Physical partitioning refers to the separation of a sediment
sample (bottom or suspended) into various categories (by grain size, surface area, specific
gravity, magnetic properties, etc.,Table 2.1-1). Chemical partitioning refers to the sep-
aration, identification, and quantitation of the various chemical components (sometimes
called geochemical substrates) found in sediments as well as to the type(s) of association
various trace elements have with these geochemical substrates. Chemical partitioning is
further subdivided into a chemical phase group which deals with the identification and

" quantitation of various geochemical substrates such as carbonates, clay minerals, organic
matter, iron and manganese oxides and hydroxides, silicates, etc. and into a chemical
mechanistic group which deals with the type(s) of association that exist between trace ele-
ments and various geochemical substrates such as adsorption, precipitation, organometallic
bonding, incorporation in crystal lattices, etc. (Table 2.1-1).

Although the two separate definitions imply that the physical and chemical factors are
independent of each other, they are, in fact, strongly interrelated (Fig. 2.1-1). As such, the
separation into physical and chemical categories is somewhat arbitrary. For convenience,
the two types of partitioning initially are discussed separately (Section 2.2 for the physical
factors and Section 2.3 for the chemical factors); the inter- and intrarelations between and
among the various physical and chemical factors will be discussed later (see Section 2.4).
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Table 2.1-1. Examples of Types of
Physical and Chemical Partitioning

Chemical Chemical
Physical Mechanistic Phase
Grain Size Adsorption Interstitial Water
Surface Area Precipitation Carbonates
Specific Gravity Co-Precipitation Clay Minerals
Surface Charge Organometallic Bonding Hydrous Fe and Mn
Cation Exchange Oxides
Incorporation in Crystalline Sulfides
Minerals Silicates
Figure 2.1-1. Geochemical Factors Affecting

Sediment-Trace Element Chemistry

GRAIN SIZE
Cu Zn

Pb Cr

Sediment-

Cd

Co
Sb
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Hg Fe
Ti

Trace Element

Ni
As

Se
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SURFACE AREA

"

GEOCHEMICAL
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2.0 PHYSICAL AND CHEMICAL FACTORS AFFECTING SEDIMENT-TRACE
ELEMENT CHEMISTRY

2.2 Physical factors
Sediments can be analyzed for a wide variety of physical attributes (Table 2.2-1). How-

ever, from both a water quality and a geochemical perspective, only two physical factors
require substantial evaluation. These are grain size and surface area.

2.0 PHYSICAL AND CHEMICAL FACTORS AFFECTING SEDIMENT-TRACE
ELEMENT CHEMISTRY

2.2 Physical factors

2.2.1 Grain-size ranges and the effect of grain size

One of the most significant factors controlling both suspended- and bottom-sediment
capacity for concentrating and retaining trace elements is grain size (Goldberg, 1954;
Krauskopf, 1956; Goldberg and Arrhenius, 1958; Hirst, 1962; Jenne, 1968; Kharkar, et
al., 1968; Gibbs, 1977; Jones and Bowser, 1978; Filipek and Owen, 1979; Jenne, et al.,
1980; Thorne and Nickless, 1981; Horowitz and Elrick, 1987). Table 2.2.1-1 lists the
sediment particle-size classes (names) and the size ranges the names represent. In lakes,
rivers, estuaries, and oceans—and in sediment chemistry in general-——most sediments tend
to be composed of materials smaller (finer) than 2,000 pm (very coarse sand)

There is a very strong positive correlation between decreasing grain size and increas-
ing trace element concentrations. This correlation results from numerous physical and

* chemical factors. Clay-sized sediments (<2 to 4 um, Table 2.2.1-1) have surface areas
measured in square meters per gram as opposed, for example, to sand-sized particles with
surface areas commonly measured in tens of square centimeters per gram (Grim, 1968;
Jones and Bowser, 1978). Surface chemical reactions are extremely important to aquatic
trace element-sediment interactions; thus, fine-grained sediments, because of their large
surface areas, are the main sites for the collection and transport of inorganic constituents
(Krauskopf, 1956; Jenne, 1968; Gibbs, 1973; Jones and Bowser, 1978; Jenne, et al.,
1980). However, Jenne (1976) indicates that clay-sized particles may be viewed simply as
mechanical substrates upon which trace elements can concentrate (without chemical interac-
tion). Bear in mind that trace element concentrations can and do accumulate on coarse ma-
terial as well, including sand, pebbles, cobbles, and boulders (Filipek, et al., 1981; Robin-
son, 1982); nevertheless, high concentrations are more commonly associated with fine-
grained material.

A number of other factors also have substantial effects on trace element concentra-
tions (see Table 2.1-1); however, there is a 'common thread' for all these factors: grain
size. As grain size decreases, these additional factors become more important, and a posi-
tive correlation usually exists between them and increasing trace element concentration
(Jones and Bowser, 1978; Forstner and Wittmann, 1981; Salomons and Forstner, 1984;
Horowitz and Elrick, 1987). In some instances, it is impossible to differentiate between ef-
fects caused by factors like surface area, cation exchange capacity, surface charge, and the
increasing concentration of various geochemical substrates and effects due to grain size.
Hence, if only one physical property is to be determined to aid in interpreting chemical
data, grain size is by far the property of choice, because it seems to integrate all the others.
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Table 2.2-1. Examples of Types of
Sedimentary Physical Measurements

Grain Size

Surface

Area

Specific Gravity
Surface Charge
Bulk Density
Sheer Stress

Poros

ity

Permeability

Table 2.2.1-1. Sediment Particle Sizes and Class
Names (modified Wentworth - Udden Scale)

Class Name Millimeters Micrometers
Boulders >256

Large Cobbles 256 - 128

Small Cobbles 128 - 64

V. Coarse Gravel 64 - 32

Coarse Gravel 32- 16

Medium Gravel 16- 8

Fine Gravel 8- 4

V. Fine Gravel 4- 2

V. Coarse Sand 2000 - 1000
Coarse Sand 1000 - 500
Medium Sand 500 - 250
Fine Sand 250 - 125
V. Fine Sand 125 - 625
Coarse Silt 625 - 31
Medium Silt 31 - 16
Fine Silt 16 - 8
V. Fine Silt 8 - 4
Coarse Clay 4 - 2
Medium Clay 2 - 1
Fine Clay 1 - 05
V. Fine Clay 05 - - 0.25

2° - many sedimentologists consider that the silt/clay break occurs at 2jum rather

than at 4um.
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2.0 PHYSICAL AND CHEMICAL FACTORS AFFECTING SEDIMENT-TRACE
ELEMENT CHEMISTRY

2.2 Physical factors

2.2.2 Chemical analysis of various grain sizes in bottom sediments

How significant is the effect of grain size on chemical composition in bottom sedi-
ments? Table 2.2.2-1 contains data for a marine sample that was broken down into various
size fractions; each fraction was then subjected to chemical analysis. The sediment displays
a bimodal grain-size distribution with peaks in the ranges of <2 pm and 10 to 20 pm; this is
typical for marine material (Rex and Goldberg, 1958).

For example, the <2-um fraction has, by far, the highest Cu concentration of all the
fractions. Although the <2-um fraction represents only some 20 percent of the bulk
sediment, its Cu contribution amounts to 75 percent of the total Cu in the sample. The 10
to 20-pum fractional contribution amounts to only 9 percent of the total Cu, although it is the
largest single size fraction in the sample. This type of pattern is similar to ones for other
trace elements such as Cd, Ni, Co, Zn, and Pb.

2.0 PHYSICAL AND CHEMICAL FACTORS AFFECTING SEDIMENT-TRACE
ELEMENT CHEMISTRY

2.2 Physical factors

2.2.3 Chemical analysis of various grain sizes in suspended sediments

Are the patterns just described for bottom sediments also typical of suspended mat-
ter? Data presented in Figure 2.2.3-1 should clarify this point. All the trace elements in-
vestigated—Mn, Fe, Cr, Ni, Cu, and Co—have their highest concentrations in the <2-um
fraction. Despite this, the figure also shows that the majority of the trace element transport
can be attributed to the 2-pum fraction. This occurred because, although the trace element
concentrations associated with the size fractions finer than 2 pm were significantly higher
than those found in the 2-pum fraction, the mass of sediment in these finer fractions was
relatively small, compared to the mass of the 2-pm fraction. Thus, the transport of selected
size-fraction sediment-associated trace elements depends on both chemical concentration as
well as size-fraction sediment masses. These data could also imply that most chemical
transport may occur under relatively low discharge/velocity conditions because high trace
element concentrations are associated with fine-grained material, which, in turn, dominates
suspended sediments during low-flow.
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Table 2.2.2-1. Distribution of Copper by Size Fraction in a
Bottom Sediment Sample from the Pacific Ocean

Chemical Contribution
Size Fraction Percent of  Concentration to Sample’
(Lm) Sample (mg/kg) (mg/kg)
<2 20 750 150
2 -6 15 60 9
6 - 10 18 110 19.8
10 - 20 30 60 18
20 - 32 10 25 25
32 - 64 7 20 1.4
100 200.7

* - Calculated by multiplying chemical concentration by percent of

sample.

Figure 2.2.3-1. Distribution of Trace Elements by Particle
Size and Relative Mass Transport by Suspended Sediment
in the Amazon and Yukon Rivers (Data from Gibbs, 1977)
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2.0 PHYSICAL AND CHEMICAL FACTORS AFFECTING SEDIMENT-TRACE
ELEMENT CHEMISTRY

2.2 Physical factors

2.2.4 Effect of grain size on trace element concentrations in samples collected from the
same basin

The effect of grain size on sediment-trace element concentrations should be fairly evi-
dent now, in light of the preceding discussions. Further, it should be apparent that the
finer grain sizes can contain the majority of the trace elements associated with sediments.
However, it is important to understand the significant implications such interrelations have
for such common practices as trying to trace the extent of pollutant discharge from a point
source, and for comparing sediment-chemical concentrations within and between deposi-
tional basins.

The data in Figure 2.2.4-1 come from bottom sediments collected from the River Ems
in Europe (de Groot, et al., 1982). For example, the Mn concentrations cover a wide
range, from 700 to about 2500 mg/kg; Co, Fe, and Hg also show wide concentration
ranges. Solely on the basis of bulk chemical analysis, there appears to be no interrelation
between the various samples, and all that an investigator could report would be the wide
range of concentrations. However, if the chemical data are plotted against grain-size infor—
mation, very distinct patterns emerge. Obviously, there is a strong positive correlation be-
tween increasing chemical concentration and the increasing percentage of fine-grained mate-
rial; however, note that the slopes of the lines for each of the elements are different, which
implies that trace element-grain size relations differ for each element. This interrelation
(positive correlation between decreasing grain size and increasing trace element con-
centration), which is common in sediments, can provide a means for tracing the extent of
pollutant transport or dispersion from a point source because, as material moves away from

“ the source, it is usually diluted by other constituents and other grain sizes. As a result, the
use of bulk chemical data would make it difficult to trace the extent of dispersion because of
the effects of dilution. However, these dilution effects could be reduced, and the extent of
transport determined, either by separating out the constituent-bearing size fraction or by
determining the percentage of the constituent-bearing size fraction in a bulk sediment sam-
ple and recalculating the bulk data accordingly. Recalculation methods are discussed in
Section 3.0 of this Primer.

The pattern displayed by the River Ems sediments, a strong positive correlation be-
tween trace element concentrations and the percentage of <16-|m material, should not be
viewed as an endorsement for the universal use of the <16-im fraction to reduce or elimi-
nate grain-size effects. Studies in other areas have indicated a wide variety of grain-size
fractions may be useful in dealing with the grain-size effect. Recommendations cover a
broad range of size fractions including: <2um, <16pm, <20pum, <63um, <70um, <125
pum, and <200pm; mean and median grain sizes have been proposed as well (Banat, et al.,
1972; Copeland, 1972; Renzoni, et al., 1973; Cameron, 1974; Chester and Stoner, 1975;
Webb, 1978; Jenne, et al., 1980; deGroot, et al, 1982; Ackermann, et al., 1983; Beeson,
1984; Horowitz and Elrick, 1987; Horowitz and Elrick, 1988). A further discussion of the
selection of the most appropriate grain-size fraction or range can be found in Section 2.4
and 3.3 of this Primer.

20



Figure 2.2.4-1. Interrelation Between Trace Element
Concentration and the Percent <16-um Fraction for
the River Ems, FRG (Data from deGroot, et al., 1982)
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2.0 PHYSICAL AND CHEMICAL FACTORS AFFECTING SEDIMENT-TRACE
ELEMENT CHEMISTRY

2.2 Physical factors

2.2.5 Comparison of samples having similar bulk chemistries but differing grain-size
distributions

Bear in mind that two sediments with the same bulk chemical concentrations are not
necessarily the same. The sources for the constituents in question may be different, the
constituents may be held in different chemical forms, they may be associated with different
size fractions, etc. As an example, examine the data in Table 2.2.5-1. Both samples are
marine in origin. Sample AD 600 comes from a hydrothermally active area, while sample
AD 500 comes from a non-hydrothermal area. Both samples have similar Mn concentra-
tions (~3500 mg/kg) and similar grain-size distributions. However, the chemical data for
each grain-size range indicate significant differences between the two samples in the distri-
bution of Mn. Sample AD 600 has two major Mn peaks, one in the <2-um fraction, and
the other in the 10-to-20-um fraction. Sample AD 500, in contrast, has no Mn peak in any
of the size fractions ranging from 2 pum to 32 um. Subsequent mineralogical and chemical
analyses have indicated that manganese oxide coatings (<2 pm) and manganese micro-
nodules (10 - 20 um) caused the Mn peaks in AD 600, while the Mn in AD 500 came from
locally derived and aeolian transported volcanic ash and glass. Differentiation of the two
samples could not have been made solely on the basis of either grain-size distribution or
bulk chemical data, but could be made on the basis of size-fraction chemical analyses.

2.0 PHYSICAL AND CHEMICAL FACTORS AFFECTING SEDIMENT-TRACE
ELEMENT CHEMISTRY

2.2 Physical factors

"2.2.6 Effect of grain size on sediment-associated chemical transport at differing discharge
rates

It has now been reasonably well established that trace elements tend to be concen-
trated in the finer grain sizes of both suspended and bottom sediments. It also has been
shown that larger-sized material can act as a diluent for the constituent-rich finer grain
sizes. What, then, is the implication for suspended-sediment constituent concentrations
under differing discharge conditions? The immediate assumption might be that as both dis-
charge and the suspended sediment load increase, associated trace element concentrations
also increase. However, a little thought and an examination of the data presented in Figure
2.2.6-1 should dispel this assumption. As discharge increases, the size of sediment grains
being suspended and transported will also increase. When fine-grained material, rich in
trace elements, is diluted with relatively trace element-poor, larger-sized material, sus-
pended-sediment trace element concentrations decrease, as in the case of Cr (Fig. 2.2.6-1).
Remember that the mass of Cr, or other trace elements transported may not decrease and
may, in fact, increase (see Table 1.4-1 for calculations concerning transport); only the con-
centration in the suspended load will decrease (This interrelation is applicable to large
rivers; caution should be exercised in applying it to small rivers; further discussion of the
relations between discharge, concentration, and transport can be found in Section 4.3.2.4
in this Primer). The data presented in Figure 2.2.6-1, and as also shown in Figure 2.2.3-
1, reemphasize the point that most chemical transport may occur under relatively low flow
conditions, because of the high trace element concentrations associated with small size
fractions that do not require high velocities (discharge) to move them.
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Table 2.2.5-1. Comparison of Manganese Distributions
in Two Samples Having Similar Grain-Size Distributions
and Bulk Concentrations
AD-600 AD-500
Size Fraction Percent Conc.! Cont.? Percent Conc.! Cont.?
(m) of Sample (mg/kg) (mg/kg) of Sample (mg/kg) (mg/kg)

<2 20 5000 1000 18 4000 720
2- 6 12 1000 120 13 3800 494
6- 10 14 1000 140 15 3800 570

10- 20 30 7100 2130 25 4000 1000
20- 32 10 1000 100 15 4000 600
32- 64 7 500 35 5 2000 100
64 - 125 4 300 12 5 1000 50
125 - 250 3 300 9 4 500 20
100 3550 100 3550

!Conc. - concentration in milligrams per kilogram

2Cont. - contribution to sample in milligrams per kilogram, calculated by multiplying the
chemical concentration by the percent of sample

Figure 2.2.6-1. Effect of Stream Discharge on Chromium
Concentration for Suspended Sediments from the Rhine
River, FRG (Data from Forstner and Wittmann, 1981)
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2.0 PHYSICAL AND CHEMICAL FACTORS AFFECTING SEDIMENT-TRACE
ELEMENT CHEMISTRY

2.2 Physical factors
2.2.7 Measuring grain-size distributions

By now, it should be obvious that grain size is one of the most significant factors
controlling a sediment's capacity for collecting and concentrating trace elements. It should
also be apparent that during the course of various water-quality and geochemical studies, it
may be necessary to either separate out specific grain-size fractions for subsequent chemical
analysis and/or to determine the grain-size distributions of various sediment samples. Nu-
merous techniques are available to carry out either procedure (measurement or separation);
unfortunately, comparisons between these various techniques usually display marked dif-
ferences (e.g., Krumbein and Pettijohn, 1938; U.S. Interagency Committee on Water Re-
sources, 1941; Guy, 1969; Jackson, 1979; Stockham and Fochtman, 1979; Horowitz and
Elrick, 1986; Horowitz, 1990). Thus, a grain-size analysis falls into the category of an op-
erationally-defined property. In other words, there are a number of techniques available,
there is no single standard technique, and each method can produce a different set of results
(Todd, et al., 1963; Horowitz and Elrick, 1986; Horowitz, 1990). This is particularly true
when dealing with material finer than 63 pm (the silt/clay fraction).

Material coarser than 63 pm is readily sized by sieving; should subsequent trace ele-
ment analyses of the separated fractions be required, contamination from metallic sieves
(especially from the solder used to attach the sieve mesh to a metallic frame) can be elimi-
nated by using non-metallic ones. Stainless steel sieves, in which the mesh is held in place
by crimping, rather than by solder, may also be acceptable.

Grain-size analyses for material finer than 63 pum fall into two distinct categories:
those that involve a direct measurement of the grain sizes present and those that involve an
actual physical separation (Table 2.2.7-1). The basic assumptions for either type of pro-
cedure are engendered in Stokes Law which deals with the fall times of particles in a spe-

- cific medium (e.g. Krumbein and Pettijohn, 1938).

18uh

=
2
gp,-p)d
where

t =time, in seconds,
= dynamic or absolute viscosity of settling media, in poises,
h = depth of fall, in centimeters,
g = gravitational constant, in centimeters/square second,
Ppp = mass density of particle, in grams/cubic centimeter,
p1 = mass density of settling medium, in grams/cubic centimeter, and
d = particle diameter, in centimeters.

Stokes Law assumes that: particles are spheres, they all have the same density, they are
smooth and rigid, the settling medium is homogeneous in comparison to the size of the
particle, the particle must fall as it would in a medium of unlimited extent, fall occurs at a
constant settling velocity, and there are no gravitational effects between particles (in other
words, the sediment/settling medium mixture is sufficiently dilute). Few if any sediments
can meet all these assumptions; however, Stokes Law techniques are the norm for the
grain-size analysis and/or separation of material finer than 63 um.
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Table 2.2.7-1. A Listing of Various
Grain Size Analysis Techniques

=263 um Fractions
Sieving
Visual Accumulation

<63 um Fractions - Physical rati
Pipet Analysis
Decantation
Bottom Withdrawal
Centrifugation
Air Elutriation

<63 um Fractions - Measurements
Electrozone Counters
Sedigraph®
Microscopy
Hydrometers
Image Analyzers
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2.0 PHYSICAL AND CHEMICAL FACTORS AFFECTING SEDIMENT-TRACE
ELEMENT CHEMISTRY

2.2 Physical factors
2.2.7 Measuring grain-size distributions

2.2.7.1 DIFFERENCES IN GRAIN-SIZE DISTRIBUTIONS INDUCED BY USING DIFFERENT TECHNIQUES

As pointed out in the previous section, grain-size analyses can involve a measurement
of particle distribution, or they can involve an actual physical separation. Generally, the
measurement techniques are more rapid and less time-consuming; data from these types of
procedures can be used to normalize sediment-trace element concentrations to deal with the
effects of differences in grain size distributions among a group of samples (data normaliza-
tion techniques for dealing with the grain-size effect are discussed in Sections 3.3 - 3.6 of
this Primer). However, if any subsequent analytical procedures are required for specific
size fractions or ranges, then a physical separation must be carried out. This places certain
limitations on the separation technique to be selected; thus, the method should meet certain
criteria before it can be considered acceptable for subsequent analytical work. First, size
separations must provide a sufficiently large sample of each fraction to permit chemical an-
alysis, or any other determination required. Second, it is desirable to carry out the sep-
aration in a medium which will not alter the chemical composition of the sample. Third, it
is preferable to be able to, for example, chemically analyze individual size fractions of
interest directly, rather than to determine their chemical composition by difference, to

" reduce the cumulative analytical errors associated with multiple chemical analyses.

Remember, grain-size distributions/separations are operationally defined measure-
ments. That means that different procedures may produce markedly different measure-
ments of distribution and/or separated size fractions. The magnitude of the differences can
be quite extreme as illustrated in Table 2.2.7.1-1 and Figure 2.2.7.1-1. These differences
are of little consequence when comparing a set of samples that have all been treated in the
same way; however, they must be borne in mind when comparing data between different
studies where the exact same procedures have not been employed.
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Table 2.2.7.1-1. Comparison of Size Distributions Obtained by Air Elutriation (Elut.) and
Chemically Dispersed Pipet (Pipet) Analyses (Data from Horowitz and Elrick, 1986)

Doane Ned Mississippi
Size Lake Qutlet | Swan Island | Lake Bruin | Wilson Lake River
Fraction Elut. | Pipet | Elut. | Pipet | Elut.| Pipet | Elut. | Pipet Elut. | Pipet
(um) ()| (%) | ()] (%) | (%) ] (%) (%) | (%) (%) | (%)
<2 13 29 12 26 12 45 11 47 15| 45
2- 4 8 7 11 8 10 5 11 5 12 8
4- 8 11 9 13 10 9 5 15 9 12| 11
8-16 19 14 19 16 15 7 25 13 18 | 16
16-32 12 24 14 21 14 20 17 15 12| 16
32-63 36 17 30 20 39 18 22 11 31 4

Figure 2.2.7.1-1. Comparison of Size Fractions Produced by Air Elutriation

and Pipet Analysis (Data from Horowitz and Elrick, 1986)
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2.0 PHYSICAL AND CHEMICAL FACTORS AFFECTING SEDIMENT-TRACE
ELEMENT CHEMISTRY

2.2 Physical factors
2.2.7 Measuring grain-size distributions

2.2.7.2 DIFFERENCES IN GRAIN-SIZE DISTRIBUTIONS INDUCED BY SAMPLE PRETREATMENT

As demonstrated in the previous section, different grain-size analytical techniques can
produce markedly different measures of distribution and/or separated size fractions. Many
size-separation methods require some form of sample pretreatment prior to the actual sepa-
ration. Sample pretreatments can be of particular concern with respect to any subsequent
chemical analyses of the separated material. Many aqueous size-separation techniques re-
quire the use of some type of dispersing agent such that a homogeneous mixture is obtained
(e.g., Guy, 1969). One of the most commonly employed dispersing agents is sodium hex-

ametaphosphate (Calgon®). Unfortunately, this dispersing agent can alter the chemical
composition of the separated material by adding Na to and/or by displacing various trace
elements from the separated size fractions. Further, many techniques also require a pre-
treatment with hydrogen peroxide to destroy organic matter (e.g., Guy, 1969). This also
may be an unacceptable procedure because many trace elements are associated with the or-
ganic fraction of a sediment sample (see Sections 2.3.2 and 2.3.2.2 in this Primer).
Many size-separation techniques which usually call for some type of sample pretreat-
_ment can be performed without the use of the pretreatment step(s). However, it must be
clearly understood that the elimination of any pretreatment step(s) may produce an entirely
different size analysis than the same procedure which included the pretreatment. In other
words, the elimination of the pretreatment may cause a substantial change in the operational
definition of the sizing technique. The effects of omitting pretreatment are amply illustrated
in Table 2.2.7.2-1 and Figure 2.2.7.2-1. As with the variations that can occur when
alternate size analysis procedures are employed, these differences are of little consequence
when comparing a set of samples that have all been treated in the same way; however, they
must be borne in mind when comparing data between different studies where the same pro-
cedures have not been employed.
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Table 2.2.7.2-1. Comparison of Size Distributions Obtained by Chemically Dispersed (P/CD)
and Non-chemically Dispersed (Pipet) Analyses (Data from Horowitz and Elrick, 1986)

Doane Ned Mississippi
Size Lake Outlet |Swan Island |Lake Bruin | Wilson Lake River
Fraction P/CD | Pipet |P/CD|Pipet {P/CD |Pipet |P/CD | Pipet P/CD | Pipet
(Lm) (%) | (%) | (%) | (%) | (%) | (%) (%) | (%) (%) (%)
<2 29 13 26 10 45 11 47 5 45 |21
2- 4 7 7 8 10 5 9 5 7 8 12
4- 8 9 14 10 11 5 9 9 11 11 14
8-16 14 21 16 21 7 16 13 19 16 | 21
16-32 24 18 21 29 20 28 15 28 16 21
32-63 17 26 20 20 18 27 11 30 4 11

o0 OQORMD®

ODHT3MWL HHO

Figure 2.2.7.2-1. Comparison of Size Fractions Produced by Pipet Analysis

(Data from Love, 1960)
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2.0 PHYSICAL AND CHEMICAL FACTORS AFFECTING SEDIMENT-TRACE
ELEMENT CHEMISTRY

2.2 Physical factors
2.2.8 Effect of surface area

Surface area is almost indistinguishable from grain size; as grain size decreases, sur-
face area increases sharply. This would not be true if surface area was dependent solely on
an individual grain of a given diameter. Consider the surface area of two spheres, one hav-
ing a diameter (grain size) of 100 um and the other having a diameter of 10 um. Based on
the mathematical formula for the surface of a sphere (tD2), the 100-um particle would have
a surface area of 31,416 um?2 while the 10-um particle would have a surface area of only
314 um2 . However, surface area is reported as area per mass. A given mass of sediment
will contain many times more finer-diameter particles than coarser-diameter ones (Fig. 2.2.
8-1). Hence the surface area of sediments increases with decreasing grain size.

As an example, examine the data in Table 2.2.8-1. The surface areas for simple
spheres of differing diameters (grain size) have been calculated (Jackson, 1979). Sand-siz-
ed particles have surface areas on the order of tens to hundreds of cm?/g, silt-sized particles
have surface areas on the order of hundreds of thousands of cm?/g, and clay-sized particles
have surface areas on the order of tens of m2/g . Bear in mind that these numbers are for
spheres. QObviously, naturally occurring sediments are composed not of spheres, but of
irregular grains. Jackson (1979) has calculated that the surface area of montmorillonite (a
platey clay mineral) can theoretically be more than 800 m?/g (if it were a sphere of 2 um in
diameter, its surface area would only be 1.13 mZ%/g).

Actual measurement of naturally occurring materials, including montmorillonite, in-
dicate that surface area can be and usually is less than the theoretical value, but is still much
larger than that of a sphere of equivalent diameter (Forstner and Wittmann, 1981) This is
amply demonstrated in Table 2.2.8-2 where data for selected materials with diameters all
less than 2 um is presented. These data also illustrate that surface area is a function of both
the physical size of a sediment (grain size) as well as composition (e.g., kaolinite versus
illite versus montmorillonite which are all clay minerals yet each has markedly different
surface areas).
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Figure 2.2.8-1. Figure Demonstrating Why Surface Area Increases
with Decreasing Grain Size for a Given Mass of Sediment

Fine Grain Size Coarse Grain Size

Table 2.2.8-1. Calculated Surface Areas Assuming Sphericity (Data from Jackson, 1979)

Surface Area

Size Class Diameter (jum) (m%/g) (cm¥/g)
Very Coarse Sand 2000 0.00113 11.3
Very Fine Sand/Coarse Silt 62 0.036 360
Very Fine Silt/Coarse Clay 4 - 057 5,700
Medium Clay 2 1.13 11,300
Fine Clay 1 2.26 22,640
Very Fine Clay 0.5 4.52 45,280
Colloids 0.1 22.6 226,400

Table 2.2.8-2. Surface Areas of Selected Materials with |
Diameters <2 um (Data from Forstner and Wittmann, 1981)

_Material Surface Area (m*/g)

Calcite 12.5

Clay Minerals
Kaolinite 10- 50
Illite 30- 80
Montmorillonite 50 - 150

Iron Hydroxide - 300

Organic Matter 1900

31



2.0 PHYSICAL AND CHEMICAL FACTORS AFFECTING SEDIMENT-TRACE
ELEMENT CHEMISTRY

2.2 Physical factors

2.2.9 Importance of surface area to sediment-trace element concentrations

Why is surface area so important in controlling sediment-trace element concentra-
tions? It is because all the various means by which sediment tends to collect, concentrate,
and retain trace elements fall into the general category of so-called surface reactions or sur-
face chemistry. It follows that materials with large surface areas (small grain sizes) are the
main sites for the transport and collection of these constituents (Krauskopf, 1956; Jenne,
1968; Gibbs, 1973; Jenne, 1976; Jones and Bowser, 1978; Jenne, et al., 1980; Forstner
and Wittmann, 1981; Horowitz and Elrick, 1987). The major mechanism for the collection
of trace elements on surfaces is adsorption. This process entails the condensation of
atoms, ions, or molecules on the surface of another substance. Materials having large sur-
face areas are good adsorbers. Adsorption can occur with or without cation exchange (see
Section 2.3.1), and should not be confused with absorption, which involves penetration of
a substance into the body, or inner structure, of another material. Additionally, Jenne
(1976) indicates that materials with large surface areas can be viewed simply as mechanical
substrates upon which inorganic constituents can concentrate without any chemical interac-
tion between the material and the constituent. Thus, deposited materials like organic mat-
ter, and hydrous iron and manganese oxides, rather than the original surface, may act as a
trace element collector. Obviously, as surface area increases, so does the amount of these
- collectors, thus increasing the trace element-concentrating capacity of the surface.

An example of how surface area affects trace element concentrations is shown in
Figure 2.2.9-1. The data come from the Ottawa and Rideau Rivers and clearly show that
as surface area increases, the concentrations of both Ni and Cu also increase (Oliver,
1973). Please note that the relation between surface area and trace element concentration is
not linear, but is probably logarithmic (e.g., Horowitz and Elrick, 1987). This pattern of
increasing trace element concentration with increasing surface area also is typical for many
other trace elements such as Fe, Mn, Zn, Pb, As, Cr, and Hg (Horowitz and Elrick, 1987).
Also, note that the surface areas plotted in these figures (Fig. 2.2.9-1) are actual mea-
surements—they are not calculated. Therefore, do not assume, for example, that a surface

area of 22.6 m2/g implies a sediment particle size of some 0.1 tm, which would be the
case if the particle were a sphere (see Section 2.2.8).
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2.0 PHYSICAL AND CHEMICAL FACTORS AFFECTING SEDIMENT-TRACE
ELEMENT CHEMISTRY

2.2 Physical factors

2.2.10 Measuring surface area

Based on the foregoing discussions, surface area obviously is a significant factor in
controlling the capacity of a sediment to collect, concentrate, and retain trace elements. The
accurate determination of the surface area of minerals, soils, and sediments commenced in
1938 with the use of gas adsorption techniques and the development of the BET (Brunauer,
Emmett, Teller) equations (Brunauer, et al., 1938). Today, the same procedures are still
used, but there have been substantial improvements in the instrumentation used to make the
measurements.

As with grain-size measurements, surface area also is an operationally defined prop-
erty; there are numerous techniques available for its determination (Table 2.2.10-1). As
such, surface area determinations using different techniques will produce different values
for the same material (Table 2.2.10-2). In addition, there are substantial variations for each
technique depending on the type of gas used, or whether a single-point or multi-point pro-
cedure is employed to measure the sorptive capacity of a sample. Mixtures of nitrogen and
helium gas are the most commonly employed adsorbant, with adsorption taking place at a
temperature of -196°C (in a liquid nitrogen bath), and desorption taking place at room tem-
perature (e.g., Micromeritics, 1986). However, numerous other gases such as argon,
krypton, carbon dioxide, and n-butane have been mixed with helium for measuring surface
area (e.g., Micromeritics, 1986). The different gas mixtures require adsorption at different

_temperatures than the nitrogen/helium mixture. In addition, other techniques employing
various liquid adsorbants and dyes also have been used (Table 2.2.10-1; Jackson, 1979).
In general, the gas techniques measure what has been termed the ‘external’ surface area of a
solid because the gas molecules are usually too large to enter the interstices of, for example,
expandable clay minerals such as montmorillonite. On the other hand, most liquids and
dyes do enter mineral interstices and thus, provide a measure of 'total’ (external plus inter-
nal) surface area.

Surface area has been shown to correlate positively with decreasing grain size
(Horowitz and Elrick, 1987). As such, it could be used in lieu of grain-size determinations
to normalize sediment-trace element data to eliminate the 'grain-size effect'. One of the
major reasons for using surface-area measurements instead of grain-size data results be-
cause it has been demonstrated that gas adsorption surface area measurement techniques are
both non-contaminating and non-destructive (Horowitz and Elrick, 1987). This may not be
important in some situations; however, when sample sizes are relatively small, and a
number of different analyses are required, the need to sample mass while obtaining useful
information, may dictate the use of surface-area data instead of grain-size data.
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Table 2.2.10-1. Methods for Determining Sediment Surface Area

Gas Adsorption Techniques - Using Various Gas Mixtures

Single-Point Static Gas Adsorption \ Nitrogen/Helium

Multipoint Static Gas Adsoprtion Argon/Helium
Single-Point Flowing Gas Adsorption Krypton/Helium
Multipoint Flowing Gas Adsorption n-Butane/Helium

Liquid/Dye Adsorption Techniques - Using Various Solutions

Water
Ethylene Glycol
Glycerol
Ammonium Chloride

Table 2.2.10-2. Comparison of Sediment Surface Area
Measurement Techniques (Data from Horowitz, 1990)!

Single-Point Flowing Gas Technique

NIST RM 8570 : calcined kaolin
Certified by Round Robin Testing Using ASTM Method 3663

Single Point Flowing Gas Certified Surface Area = 10.3 m%/g
Single Point Flowing Gas Surface Area = 10.5+ 0.2 m%*/g (n = 10)

Static Gas vs. Single-Point Flowing Gas Techniques

NIST CRM M11-08 : o~ alumina
Static Gas Technique Certified Surface Area = 0.780 + 0.004 m%/g
Single-Point Flowing Gas Surface Area = 0.68 + 0.01 m%*/g (n = 10)

1Where the methods are the same, as for the calcined kaolin, the mean for
10 separate determinations is within analytical error, where the
methods differ, as with the alumina, the mean differs from the
certified value by significantly more than the analytical error.
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2.0 PHYSICAL AND CHEMICAL FACTORS AFFECTING SEDIMENT-TRACE
ELEMENT CHEMISTRY

2.3 Chemical factors

Now that we have discussed the major physical factors affecting the interactions be-
tween trace elements and sediments, as well as physical partitioning, it is time to examine
the chemical factors affecting the interactions between trace elements and sediments, as well
as chemical partitioning. Just as aquatic systems are physically dynamic (water moving in
a streambed, wind-created waves in a lake) they also are chemically dynamic. The key to
understanding and predicting trace element transport and environmental availability, as well
as to identifying sources and sinks for aquatic trace element constituents, is the identifica-
tion and quantitation of the trace element associations on/in sediments (suspended and bot-
tom) and the reactions among sediment, water, and biota.

A search of the sediment-chemical literature dealing with the chemical factors con-
trolling sediment-trace element associations indicates that two approaches have been used.
The first approach aims at determining how trace elements are retained on/in sediments—
the so-called mechanistic approach. According to Gibbs (1977) there are five major
mechanisms for trace element accumulation on/in sediments (Table 2.3-1). Adsorption was
discussed in Section 2.2.9. Precipitation and coprecipitation are readily understandable
terms. In aquatic systems both mechanisms tend to occur, in situ, and produce authigenic
solid phases. Organometallic bonding is the attachment of a trace element directly to car-
bon; such bonds can be formed by almost any trace element and by several major elements
(e.g., phosphorus, silicon). Examples are diethylzinc, methyl- and dimethyl mercury, and
tetraethyl lead. Some organometallics can occur naturally, in situ, either chemically or with
some biological mediation (e.g., bacterial action producing methyl- and dimethyl mercury)
while others may have an anthropogénic origin (e.g., tetracthyl lead from leaded gasoline).

- Incorporation in crystalline minerals is called substitution. This entails the replacement of
one element for another within a fixed crystal structure and is more common in solid solu-
tions than in water-solid interactions. Substitution is governed by ionic radius and charge
(e.g., Goldschmidt's Rules, Ramberg's Rules, both of which are empirical ). In general—
and there are exceptions—substitution may take place when ionic radii are within 15
percent and when the charge is the same, or differs by no more than +1. For example, of
the three cations: Na (charge = +1, ionic radius = 0.98A), K (charge = +1, ionic radius =
1.33A), and Ca (charge = +2, ionic radius = 1.06A), Na could substitute for Ca but not K,
and K could not substitute for either Na or Ca.

The second approach seeks to determine where trace elements are retained on/in sedi-
ments (phase or site)—the so-called phase approach (Table 2.3-2). This approach has been
attempted because individual constituents (e.g., Fe, Mn, Cd, Zn, Ni, Co, Cd) may be, and
usually are associated with several phases. The term phase is used in the thermodynamic
sense and incorporates categories like interstitial water, clay minerals, sulfides, carbonates,
organic matter, iron oxides, etc. (Table 2.3-2). Despite this relatively simple division into
two approaches, very few attempts to chemically partition complex sediment samples entail
a purely mechanistic or phase approach; rather, they combine aspects of both.
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Table 2.3-1. Mechanisms for Trace Element
Accumulation in Sediments (Data from Gibbs, 1977)

* Adsorption on Fine-Grained Material

* Precipitation of Trace Element Compounds

* Coprecipitation with Hydrous Iron and Manganese
Oxides and Carbonates

* Association Either by Adsorption or Organometallic
Bonding with Organic Matter

* Incorporation in Crystalline Minerals

Table 2.3-2. Examples of Trace Element
Accumulative Phases in Sediments

* Interstitial Water

* Carbonates

* Clay Minerals

* Organic Matter

* Hydrous Iron Oxides
* Manganese Oxides

* Sulfides

* Silicates
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2.0 PHYSICAL AND CHEMICAL FACTORS AFFECTING SEDIMENT-TRACE
ELEMENT CHEMISTRY

2.3 Chemical factors

2.3.1 Cation exchange capacity

Many different materials that are common components of sediments, and that have
large surface areas, such as clay minerals, iron hydroxides, manganese oxides, and organic
matter, are capable of sorbing cations from solution and releasing equivalent amounts of
other cations back into solution. This process is called ion exchange. Because most trace
elements behave as cations (have a positive charge), and the surfaces of most materials with
a capacity for this process have a net negative charge, the process is termed cation ex-
change. The capacity of a particular material to hold cations can be measured and is called
CEC (cation exchange capacity). The actual mechanism by which cation exchange occurs
is a matter of much research and debate, but appears to be due to the sorptive properties of
negatively charged anionic sites such as SiOH, A1(OH),, and A1OH (clay minerals), FeOH
(iron hydroxides), and COOH and OH (organic matter) (Forstner and Wittmann, 1981).
CEC may also occur between the layers of certain silicates, such as expandable clays
(montmorillonite, smectite, vermiculite), which, depending on how one chooses to define
the layers, might not be viewed as 'surfaces' (Grim, 1968).

CEC, like many other sedimentary properties, is operationally defined. It is usually
determined by measuring the concentration of a particular cation that a sample can remove
from a solution once the material and the solution have reached equilibrium (e.g., Jackson,

-1979). If the solute in the solution is changed, then the CEC also changes. Typical solutes
include Ca, K, Na, and NH4 (Jackson, 1979). CEC is normally reported as milliequiva-
lents of solute per hundred grams of solid (mEq/100 g).

The data in Table 2.3.1-1 include measured CEC's for selected materials commonly
associated with this phenomenon. The data also show that as grain size decreases and sur-
face area increases, CEC increases substantially (Tables 2.3.1-2 and 2.3.1-3). Note that
CEC results from the availability of 'unbalanced' negatively charged sites; thus, it could
readily be stated that it is the result of a net negative surface charge (an important physical
factor (see Section 2.1). The amount and sign (positive or negative) of charge on a solid
surface is called its zeta potential.
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Table 2.3.1-1. Cation Exchange Capacity of Selected Materials

Exchange Capacity

Material mEq/100g Reference
Kaolinite 3- 15 1
Itlite 10 - 40 1,2
Chlorite 20 - 50 1
Montmorillonite 80 - 120 1,2
Smectites 80 - 150 2
Vermiculites 120 - 200 2
Iron Hydroxide 10 - 25 1
Soil Humic Acids 170 - 590 1
Manganese Oxides 200 - 300 1

1 - From Forstner and Wittmann (1981)
2 - From Drever (1982)

“Table 2.3.1-2. Variation of Cation Exchange Capacity
with Particle Size for Kaolinite (Data from Grim, 1968)

Particle Size (11m) 10-20 5-10 _2-4 1-05_0.5-

0.25 _025-0.1 0.1-0.05
Cation Exchange Capacity
(mEq/100g) 24 2.6 3.6 38 39 54 9.5

Table 2.3.1-3. Variation in Cation Exchange Capacity
with Particle Size for Illite (Data from Grim, 1968)

Particle Size (jtm) 1-0.1 0.1-0.06 <0.06
Cation Exchange Capacity :
(mEq/100g) Sample A 18.5 21.6 33
Sample B 13.0 200 - 275
Sample C 20.0 30.0 41.7
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2.0 PHYSICAL AND CHEMICAL FACTORS AFFECTING SEDIMENT-TRACE
ELEMENT CHEMISTRY

2.3 Chemical factors

2.3.2 Significant sedimentary trace element collectors

As has already been shown (see Section 2.2), a number of physical factors affect the
capacity of a sediment to attract and concentrate trace elements. With these factors as a ba-
sis, plus additional chemical work, it is possible to identify the compounds and substances
(geochemical substrates) that are most important in providing a sediment with the capacity
to concentrate trace elements (Table 2.3.2-1). These geochemical substrates have large sur-
face areas, high cation exchange capacities, and high surface charges, and they all tend to
be concentrated in the finer size fractions. Further, sedimentary trace element collectors
tend to be thermodynamically unstable and are amorphous or cryptocrystalline (Jones and
Bowser, 1978). The most common materials meeting these criteria are hydrous manganese
oxides, and hydrous iron oxides, organic matter, and clay minerals (Table 2.3.2-1).

Forstner (1982a) has listed these various geochemical substrates in descending order
according to their capacity to collect and concentrate trace elements (Table 2.3.2-1). These
results are based upon sequential extraction studies (see Section 2.3.4.2). Within each cat-
egory there is substantial variability depending upon the geochemical character of the envi-
ronment (type of clay minerals present, concentration of organic matter, pH, Eh) and the
various trace elements involved. Horowitz and Elrick (1987) have also listed various geo-
chemical substrates in descending order according to their capacity to collect and concen-

- trate trace elements (Table 2.3.2-1). These results are based on a hierarchical ranking of
correlation coefficients between the geochemical substrates and various trace elements.
This listing is obviously different from the one provided by Forstner (1982a). The differ-
ences are due to a combination of factors including the source of the sediments (Forstner's
data come from marine material while Horowitz and Elrick's data come from freshwater
material) and the procedures used to define the various geochemical substrates (partitioning
methods employed different operational definitions, see Section 2.3.4.2). Neither set of
rankings is correct or incorrect, but they are different. These differences between the rank-
ings of the various geochemical substrates emphasizes some of the difficulties inherent in
comparing operationally defined data, as well as comparing data that come from different
environments.
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Table 2.3.2-1. Compositional Controls
on Trace Element Concentration

Important Features

Thermodynamically Unstable
Amorphous or Cryptocrystalline
Capable of Extensive Substitution
High Cation Exchange Capacity
Large Surface Area
High Surface Charge

Small Particle Size

Most Significant Collectors

Hydrous Iron Oxides
Hydrous Manganese Oxides
Organic Matter
Clay Minerals

Relative Capacity of Collectors (Data
from Forstner 1982a)

Manganese Oxides > Organic Matter >

Iron Oxides > Clay Minerals

Relative Capacity of Collectors (Data
from Horowitz and Elrick, 1987)

Amorphous Iron Oxides > Total Extractable Iron
> Total Organic Carbon > Reactive Iron > Clay

Minerals > Total Extractable Manganese >
Manganese Oxides
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2.0 PHYSICAL AND CHEMICAL FACTORS AFFECTING SEDIMENT-TRACE
ELEMENT CHEMISTRY

2.3 Chemical factors
2.3.2 Composition—significant sedimentary trace element collectors

2.3.2.1 IRON AND MANGANESE OXIDES

The significant characteristics of iron and manganese oxides are outlined in Table
2.3.2.1-1. These substances have long been known as excellent scavengers of trace ele-
ments from solution (Goldberg, 1954; Krauskopf, 1956). Although the most spectacular
demonstration of their significance is the manganese nodules located at the sediment-water
interface on deep ocean floors or on lake beds (Mero, 1962; Moore, et al., 1973), the sepa-
ration and identification of manganese micronodules and iron and manganese oxide coat-
ings on mineral grains in core and grab samples indicate that they are ubiquitous and play
an important role throughout the sediment column as trace element collectors in aquatic en-
vironments (Goldberg and Arrhenius, 1958; Chester and Hughes, 1967; Jenne, 1968;
Cronan and Garrett, 1973; Duchart, et al., 1973; Dymond, et al., 1973; Moore, et al,,
1973; Horowitz, 1974; Lee, 1975; Horowitz and Cronan 1976; Jones and Bowscr 1978;
Forstncr 1982a, b; Horow1tz and Elnck 1987). Micronodules have been found in a vari-
ety of size ranges but, as their name implies, tend to be concentrated in the smaller (<20
KUm) size ranges (Goldberg and Arrhenius, 1958; Chester and Hughes, 1969; Dymond, et

al., 1973; Horowitz, 1974).
: In s01ls suspended sediments, and in bottom sediments, iron and manganese oxides
also commonly occur as coatings on various minerals and finely dispersed particles (Forst-
ner and Wittmann, 1981; Salomons and Forstner, 1984; Horowitz and Elrick, 1987).
Those forms most capable of concentrating trace elements range from amorphous to micro-

crystalline to crystalline and have large surface areas—on the order of 200 to 300 m2/g
(Fripiat and Gastuche, 1952; Buser and Graf, 1955). Regardless of form, whether micro-
nodules or coatings, hydrous iron and manganese oxides are important concentrators for
trace elements in aquatic systems.
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Table 2.3.2.1-1. Physical and Chemical
Characteristics of Iron and Manganese Oxides

* Fine Grained

* Amorphous or Poorly Crystallized
* Large Surface Area _

* High Cation Exchange Capacity
 High Negative Surface Charge
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2.0 PHYSICAL AND CHEMICAL FACTORS AFFECTING SEDIMENT-TRACE
ELEMENT CHEMISTRY

2.3 Chemical factors
2.3.2 Composition—significant sedimentary trace element collectors

2.3.2.2 ORGANIC MATTER

The characteristics of aquatic and soil organic matter are outlined in Table 2.3.2.2-1.
The capacity of organic matter to concentrate trace elements in and on soils as well as sus-
pended and bottom sediments is well recognized (Goldberg, 1954; Krauskopf, 1956; Kon-
onova, 1966; Swanson, et al., 1966; Saxby, 1969; Schnitzer and Kahn, 1972; Gibbs,
1973; Bunazl, et al., 1976; Jenne, 1976; Singer, 1977; Stoffers, et al., 1977; Nriagu and
Coker, 1980; Ghosh and Schnitzer, 1981; Forstner 1982a, b; Horowitz and Elrick, 1987;
Himer, et al., 1990). Aquatic organic matter, generally termed humic substances, has been
subdivided by Jonasson (1977) into four categories: humins, humic acids, fulvic acids, and
yellow organic acids (Table 2.3.2.2-1).

Gibbs (1973), among others, has indicated the importance of organic molecules in
controlling trace element concentrations on/in suspended and bottom sediments, and in
sediment-water interactions. Saxby (1969) has shown that the relative attraction between
trace elements with colloidal, suspended, and bottom sediment-associated organic matter
can range from weak and readily replaceable (adsorption) to strong (chemically bonded).
The capacity of organic matter to concentrate trace elements varies with the constituent and
the type of organic matter (Swanson, et al., 1966; Saxby, 1969; Rashid, 1974; Bunzl, et
al., 1976; Jonasson, 1977). Organic matter can concentrate between 1 percent and 10 per-
cent dry weight of Co, Cu, Fe, Pb, Mn, Mo, Ni, Ag, V, and Zn (Swanson, et al, 1966,
Hirner, et al., 1990). This capacity to concentrate various trace elements appears to be re-
- lated to several factors, including: large surface area, high cation exchange capacity, high
negative surface charge, and physical trapping (Table 2.3.2.2-1). It is also related to the
stability of the organo-trace element constituent complex. In soils, the sequence in de-
scending order is represented by the so-called Irving-Williams series (Table 2.3.2.2-1;
Irving and Williams, 1948). Similar results have also been found for aquatic organic
matter (Swanson, et al., 1966; Saxby, 1969; Rashid, 1974; Bunzl, et al., 1976; Jonasson,
1977).

The concentration of aquatic organic matter, as indicated by such measurements as
total organic carbon and total organic nitrogen, tends to show a strong positive correlation
with decreasing grain size and increasing surface area (Kuenen, 1965; Forstner and Witt-
mann, 1981; Salomons and Forstner, 1984; Horowitz and Elrick, 1987). This relatively
simple picture is complicated by the fact that aquatic organic matter exists in two physical
forms: surface coatings which tend to concentrate in the finer size fractions and separate
particles which tend to be associated with the coarser size fractions (Horowitz and Elrick,
1987). Current techniques do not provide very adequate means for differentiating between
coatings and particulate organic matter, although some methods are available (e.g., some
type of flotation ).



Table 2.3.2.2-1. Physical and Chemical
Characteristics of Aquatic Organic Matter

Characteristics

» Concentration Increases with Decreasing
Grain Size

* Large Surface Area

* High Cation Exchange Capacity

» High Negative Surface Charge

» Capable of Physical Trapping

Types'

* Humins
* Humic Acids
 Fulvic Acids

* Yellow Organic Acids

Trace Element Affinities?

Lead > Copper > Nickel > Cobalt > Zinc >

Cadmium > Iron > Manganese > Magnesium

'. Data from Jonasson (1977)
2. Data from Irving and Williams (1948)

45
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ELEMENT CHEMISTRY

2.3 Chemical factors
2.3.2 Composition—significant sedimentary trace element collectors

2.3.2.3 CLAY MINERALS

The characteristics of clay minerals are outlined in Table 2.3.2.3-1. These materials
can act as important collectors and concentrators of trace elements in aquatic systems
(Goldberg, 1954; Krauskopf, 1956; Goldberg and Arrhenius, 1958; Hirst, 1962; Grim,
1968; Kharkar, et al., 1968; Gibbs, 1973; Jenne, 1976; Jones and Bowser, 1978; Forstner
and Wittmann, 1981; Forstner, 1982a, b; Salomons and Forstner, 1984; Horowitz and El-
rick, 1987). Clay mineral capacity for cation exchange is governed by broken chemical

bonds around the edges of mineral grains, the substitution of Al*3 for Si+4 with the assoc-
iated negative charge imbalance, and the presence of expandable lattices (Grim, 1968).

Hirst (1962) has pointed out the importance of different clay minerals in controlling
the background levels of trace elements in bottom sediments and has evaluated the capacity
of various types of clay minerals with respect to their ability as trace element concentrators
(Table 2.3.2.3-1). The actual process by which clay minerals concentrate constituents is
not thoroughly understood; however, laboratory studies indicate that it can be rapid (on the
order of tens of minutes), and depends upon a number of physicochemical factors such as
the valence of the dissolved constituents, their ionic radii, the concentration of the trace ele-
ment, the type of clay mineral, the pH of the solution, and the nature and concentration of

-competing substrates (Forstner and Wittmann, 1981; Salomons and Forstner, 1984; Cal-
mano, et al., 1988; Forstner, et al., 1989). An empirically derived affinity sequence for a
limited number of trace elements with clay minerals, in descending order, is Pb, Ni, Cu,
and Zn (Mitchell, 1964). In other words, if a solution contained all four trace elements, Pb
would be preferentially concentrated over Ni, Cu, and Zn by clay minerals; Ni would be
preferentially concentrated over Cu and Zn by clay minerals, etc.

The results from some recent studies in some European rivers suggest that clay min-
erals may not play a significant role in the direct chemical concentration of trace elements
by, for example, adsorption (Forstner and Wittmann, 1981). This conclusion has received
some support from additional studies carried out in the U.S. (Horowitz and Elrick, 1987).
All these results support the view of Jenne (1976) that the major role of clay minerals as
trace element concentrators is to act as mechanical substrates for the precipitation and floc-
culation of organic matter and secondary minerals (e.g., hydrous iron and manganese ox-
ides). In other words, the clay minerals are coated with material(s) that, rather than the
minerals themselves, actually carry out the concentration of trace elements.
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Table 2.3.2.3-1. Physical and Chemical
Characteristics of Clay Minerals

Characteristics

* Fine Grained

* Large Surface Area

* Moderate to High Cation Exchange Capacity
* High Negative Surface Charge

a. Broken Bonds on Mineral Edges
b. Substitution of Al** for Si*

Capacity for Trace Element Concentration!

Montmorillonite > Vermiculite > Illite =

Chlorite > Kaolinite

1. Data from Hirst (1962)
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2.3 Chemical factors

2.3.3 Introduction to, and utility of chemical partitioning

The subject of trace element-sediment partitioning entails all the various procedures
that can be used to determine how (mechanistic approach) and/or where (phase approach)
trace elements are associated with sediments (see Section 2.3). The goal of many water-
quality projects, at least initially, is to describe existing conditions at some point in time and
to attempt to infer their affect on the environment. However, because aquatic systems are
chemically dynamic, the goal of at least some water-quality projects will also entail an at-
tempt to predict likely occurrences later, or the effects of sediment movement downstream
from the original study site, or the effect(s) of physicochemical changes on sediment-trace
element chemistry. To meet these ends, an investigator must determine how and/or where
trace elements are associated with sediments (determine sediment-trace element partition-
ing).

Table 2.3.3-1 points out some of the potential uses of chemical partitioning and indi-
cates some of the potential changes that can result from altered physicochemical conditions.
The table is divided into three major categories: bioavailability, transport modelling, and
remobilization. Bioavailability is a common term encompassing a concept that most indi-
viduals can grasp. However, determining actual bioavailability is another matter entirely.
Bioavailability is always operationally defined, usually as the result of some chemical or
toxicological test. Unfortunately, no one has yet developed a universally-accepted method
of determining bioavailability, and thus, the concept remains subject to much interpretation
and argument (Baker, 1980; Forstner and Wittmann, 1981; Lichtenberg, et al., 1988;
Ongley, et al., 1988; Ahlf, et al. 1989; Forstner, 1989).

: Because aquatic systems are both physically and chemically dynamic, both aspects
must be considered when addressing sediment-associated chemical transport. The physical
aspects of sediment transport are, by far, simpler to deal with than the chemical aspects.
Physical transport involves hydrodynamics. There are a number of existing sediment
transport models and several have been tested and successfully employed to predict sedi-
ment movement. Unfortunately, many of these models are applicable only to sand-sized
(>63 pm) material and as already discussed, sediment-associated trace element transport is
likely to be greatest for the silt/clay fraction (material <63 pm). Further, to predict chemical
transport adequately, an effective model must be able to take into account chemical changes
that occur during sediment transport due to changing environmental conditions. Today, no
such model exists. The first step toward creating such a model is an understanding of all
the potential chemical reactions that can take place in an environmental system; further,
such a model would also require input regarding existing chemical phases and the way in
which trace elements are entrained. Data on existing phases and associations can only be
obtained by some form of chemical partitioning.

Under the heading "Remobilization”, Table 2.3.3-1 provides practical examples of
how changing physicochemical conditions might affect sediment-trace element concentra-
tions (Forstner and Wittmann, 1981; Salomons and Forstner, 1984; Calmano, et al., 1988;
Forstner, 1989). The types of changes listed are fairly typical of many common environ-
ments and should be familiar occurrences to most water-quality investigators.
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Table 2.3.3-1. Various Rationales for the Determination
of Chemical Partitioning

I. BIOAVAILABILITY
II. TRANSPORT MODELLING
1. REMOBILIZATION
A. Elevated Salt Levels - Alkali and Alkaline Earth
Displacement
1. Deicing Salts
2. Saline Effluents
3. Saltwater Intrusion
4. Estuarine, Fresh, and Saltwater Mixing
B. Redox Changes - Dissolution of Fe and Mn Oxides
and Hydroxides with Subsequent Trace Element
Release
1. Eutrophication
2. Organic Inputs
C. pH Reduction - Dissolution of Carbonates and

Hydroxides, Desorption by H*
1. Acid Mine Drainage
2. Acid Rain
3. Acidic Industrial Effluents
D. Increase in Complexing Agents - Formation of
Stable Trace Element Complexes
1. Tannic Acid
2. Peat and Lignite
3. Nitroacetic Acid (NTA) - Phosphate
Replacement
E. Microbial Activity - Solubilization of Trace
Elements by Direct and Indirect Action
1. Alkylation of Trace Elements (e.g., Hg, As, Pb,
Se)
2. Destruction of Organic Matter
3. Metabolic Activity Decreasing pH or Oxygen
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2.0 PHYSICAL AND CHEMICAL FACTORS AFFECTING SEDIMENT-TRACE
ELEMENT CHEMISTRY

2.3 Chemical factors
2.3.4 Chemical partitioning methods

Table 2.3.4-1 outlines the most common methods by which chemical partitioning is
ascertained. Conceptually, phase chemical partitioning is extremely simple. Imagine tak-
ing a sample, placing it under an optical microscope, sifting through the individual sedi-
ment grains, identifying the mineralogy of the individual grains, and picking out and plac-
ing grains of similar mineralogy in individual piles. Once all this sorting is accomplished,
each individual pile can be subjected to whatever physical and/or chemical test is required.
In actual practice, such a procedure would be unbelievably time-consuming and in many
cases, impossible (e.g., What happens to coated grains? How can cryptocrystalline
material be identified and sorted? Can grains as small as 2 um actually be physically
separated and removed from a microscope stage?). Therefore, most modern methods of
chemical partitioning attempt to identify the phase and/or the mechanism by which trace
elements are associated with sediments without optically examining the samples and pick-

“ing out individual grains. As such, many of the procedures represent compromises be-
tween a conceptual ideal, and practical limitations imposed by time, manpower, and cost.
Many of the various methods and their practical uses and limitations are discussed in the
following sections.
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Table 2.3.4-1. Methods for Determining Chemical Partitioning

* Manual Selection of Phases and Analysis

* Instrumental Selection of Phases and Analysis

* Partial Chemical Extractions

* Density Gradients and Analysis

* Statistical Manipulation of Bulk Chemical Data
* Mathematical Modelling '
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2.0 PHYSICAL AND CHEMICAL FACTORS AFFECTING SEDIMENT-TRACE
ELEMENT CHEMISTRY

2.3 Chemical factors
2.3.4 Chemical partitioning methods

2.3.4.1 CHEMICAL PARTITIONING -- INSTRUMENTAL METHODS

Relatively new instrumental chemical analytical techniques may be used to determine
chemical partitioning in sediments directly (Table 2.3.4.1-1). These methods permit the
quantitative analysis of various minerals or mineral assemblages in natural mixtures, in
many cases, without prior separation or preconcentration (e.g., without performing mag-
netic separations, heavy mineral flotations) and sometimes non-destructively from areas as
small as 1 me (Johnson and Maxwell, 1981). Such techniques as x-ray photoelectron
spectroscopy (ESCA, XPS) and scanning electron microscopy used in conjunction with
energy dispersive x-ray analysis (SEM/EDAX) have been used on many types of geologi-
cal materials, including sediments, with mixed success (Jones and Bowser, 1978; Johnson
and Maxwell, 1981; Horowitz, et al., 1988; Horowitz, et al., 1989d). Many of these pro-
cedures permit the user to select the analytical site visually, thus making possible the deter-
mination of phase associations for the derived chemical data.

Although these techniques are promising, several problems limit their utility. Fore-
most is the problem of determining correction factors for the various counting systems used
for both the actual analysis and to establish background interference levels. Because of the
complexity of these correction factors, detection limits can be as high or higher than 100
mg/kg (100 ppm) (e.g., Johnson and Maxwell, 1981). Further, many of these instruments

- were designed/developed to be used with manmade materials for purposes of quality con-
trol or quality assurance; thus, they usually require that the material under study have an
extremely smooth surface. Typical sediment grains, even those having extended contact
with water, are simply not smooth enough for use with many of these instruments. Thus,
the problems associated with detection limits, as well as the texture of the grains them-
selves, can limit the usefulness of many instrumental techniques only to major chemical
components while excluding environmentally significant trace elements having low con-
centrations (Table 2.3.4.1-1). On the other hand, if information is needed on a limited
number of mineralized components (e.g., examination of sediments affected by mine
waste), having well-defined chemistries, then instrumental chemical partitioning procedures
can be quite useful (e.g., identification and chemical analysis of arsenopyrite in sediment
mixtures showing elevated As levels, Horowitz, et al., 1988; Horowitz, et al, 1989d).
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Table 2.3.4.1-1. Instrumental Techniques for Determining Chemical Partitioning

* Electron Microprobe - electron beam producing x-ray emissions
* Scanning Electron Micrscope with Energy Dispersive X-ray Analyzer
(SEM/EDAX) - electrons producing x-rays

* X-ray Photoelectron Spectroscopy (ESCA, XPS) - photon producing electrons
 U.V. Photoelectron Spectroscopy - photon beam producing ionization and
electrons

* Auger Electron Spectroscopy (AES) - electron beam producing ionization and
-secondary electrons

" *» Secondary Ion Mass Spectroscopy (SIMS) - positive ion beam producing chemical
fragments

* Jon Scattering Spectroscopy (ISS) - ion beam producing primary ions
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2.0 PHYSICAL AND CHEMICAL FACTORS AFFECTING SEDIMENT-TRACE
ELEMENT CHEMISTRY

2.3 Chemical factors
2.3.4 Chemical partitioning methods

2.3.4.2 CHEMICAL PARTITIONING -- PARTIAL EXTRACTION METHODS

One of the oldest and most commonly used methods of chemical partitioning sedi-
ments involves the use of partial chemical extractions. The concept of sequential partial ex-
tractions is based on the idea that a particular reagent is either phase-specific or mechanism
specific (e.g., acetic acid will only attack and dissolve carbonates; ammonium acetate at pH
7 will only remove adsorbates). Much of the original work in this area was carried out on
marine material (Goldberg and Arrhenius, 1958; Hirst and Nicholls, 1958; Arrhenius and
Korkish, 1959; Chester, 1965; Lynn and Bonatti, 1965; Chester and Hughes, 1966; 1967;
1969; Chester and Messiah-Hanna, 1970; Cronan and Garrett, 1973; Horowitz, 1974;
Horowitz and Cronan, 1976). These early procedures usually involved two- or at most
three-step sequential extractions plus a total analysis, used in increasing strength, which at-
tempted to chemically partition sediment-associated trace elements. Table 2.3.4.2-1 lists
many of the extractants that have been used over the years to partition soils and sediments
chemically. Because there are numerous reagents that have been used to selectively sol-
ubilize the 'same geochemical substrate', trace element concentrations ascribed to particular
phases and/or mechanisms based on sequential extractions must be viewed as operationally
defined.

After the initial work on marine sediments, further applications in chemical partition-
ing using sequential partial extractions have been made in many diverse fields including:
environmental chemistry, pollution studies, water-quality studies, mineral exploration, tox-
icology, biology etc. (Bruland, et al., 1974; Gupta and Chen, 1975; Brannon, et al., 1976,

“ Chen, et al, 1976; Gambrell, et al, 1977; Luoma and Jenne, 1977a; Malo, 1977; Stoffers,
et al., 1977; Jones and Bowser, 1978; Tessier, et al, 1979; Nriagu and Coker, 1980;
Forstner and Wittmann, 1981; Diks and Allen, 1983; Chao, 1984; Forstner, 1989; Horo-
witz, et al., 1989a). These studies used sequential chemical extractions in an attempt to dif-
ferentiate between anthropogenic and natural trace element pollutants and to try to predict or
estimate environmental availability. The tendency was for the sequences to become more
and more complex as attempts to clarify chemical partitioning increased. Some procedures
involved six, seven, and even nine separate steps (Schmidt, et al., 1975; Brannon, et al.,
1976; Summerhayes, et al., 1976; Stoffers, et al., 1977; Forstner, 1982a, b).

Sequential extractions have been used widely on many types of material, but they are
not a panacea. The major problem is that the extraction reagents are not as 'selective' as
many users assert (Malo, 1977; Pilkington and Warren, 1979; Robbins, et al., 1984; Khe-
boian and Bauer, 1987). Also, as several investigators have shown, extraction efficiencies
vary according to length of treatment and sediment-to-extractant ratio, multiple extractions
can solubilize additional concentrations of trace elements, and initial solubilization is coun-
teracted by in situ resorption prior to analysis (Malo, 1977; Forstner, 1982a; Robbins, et
al, 1984; Gruebel, et al., 1988). However, sequential extraction procedures also have ad-
vantages. They permit differentiation between samples having similar bulk chemistries.
Also, they represent one of the few practical methods for the determination of concentration
mechanisms and thus provide a possible means of estimating bioavailability (Diks and
Allen, 1983; Tessier and Campbell, 1987; Campbell and Tessier, 1989). Finally, they
offer one of the few potential means of providing information on the concentration of such
amorphous materials as reactive iron, amorphous iron oxides, and manganese oxides (e.g.,
Horowitz and Elrick, 1987; 1989a). -
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Table 2.3.4.2-1. Selected Reagents Employed in
Sequential Partial Extractions

Classification Reagent
Adsorbates and 0.2M BaClz-tn'ethanolamine, pH 8.1
Exchangeables IM NH,OAc, ph 7
Distilled Deionized H,O
IM NH,OAc
IM MgClL, pH7
1M NaOAc, pH 8.2
Carbonates IM HOAc (25% v/v HOAc)
1M NaOAc, pH 5 (w/ HOAc)
CO, Treatment
Exchange Columns
Detrital/Authigenic EDTA Treatment
Hydrogenous/ 0.1IM HCl
Lithogenous 0.3M HCI
Reducible 1M NH,OHHCI w/ 25% v/v HOAc
Moderately Reducible  Oxalate Buffer
(hydrous Fe oxides) Dithionate/Citrate Buffer
Easily Reducible 0.1IM NH,OH'HCI w/ 0.01M HNO,

(Mn & amor. oxides)

Organics

Na Hypochlorite w/ Dithionate/Citrate
30% H,0, at 95, pH 2

30% H,0, w/ 0.02N HNO,, pH 2 ex-
tracted w/ IM NH,OAc in 6% HNO,
30%H,0, w/ 0.02N HNO,, pH 2, ex-
tracted w/ 0.01M HNO,

1:1 Methanol:Benzene

0.1IN NaOH

0.02M HNO, w/ H,0,, pH 2, w/ HNO,
at 85°, w/3.2M NH,OAc in 20% HNO,
30% H,0, in 0.5N HCI, heat

Sulfides 30% H,0, at 95°, extracted w/ IN
NH,OAc
0.IN HCI w/ air

Detrital Silicates HF/HCIO,/HNO,

Borate Fusion, extracted with HNO,
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2.0 PHYSICAL AND CHEMICAL FACTORS AFFECTING SEDIMENT-TRACE
ELEMENT CHEMISTRY

2.3 Chemical factors
2.3.4 Chemical partitioning methods
2.3.4.2 CHEMICAL PARTITIONING -- PARTIAL EXTRACTION METHODS

2.3.4.2.1 CHEMICAL PARTITIONING OF SUSPENDED SEDIMENTS BY PARTIAL EXTRACTION

For an example of the type of information that can be obtained using partial chemical
extractions, examine the data in Figure 2.3.4.2.1-1. The data were generated by a four-
step sequential extraction procedure on suspended sediment collected in the Amazon and
Yukon Rivers (Gibbs, 1977). Most of the Cr, Co, and Cu is concentrated in mineral lat-
tices (crystalline); most of the Mn and Ni is associated with ferromanganese coatings. Ad-
sorption was not a significant contributor to the concentration of any of the trace elements
studied, and organic matter was a significant concentrator only in the case of Co and Ni.

With these results as a basis, it is possible to discuss potential environmental availa-
bility. Trace elements associated with mineral lattices are essentially unavailable. Trace
elements associated with ferromanganese coatings probably will be stable or environment-
ally unavailable unless there is a significant decrease in dissolved oxygen or a significant
increase in biological activity. Ferromanganese-associated elements might be released in

“the digestive systems of certain organisms (e.g., Diks and Allen, 1983). Organics-associ-
ated trace elements could be available, particularly if ingested by an organism. Adsorbed
trace elements are readily available but, as can be seen, represent a relatively minor percent-
age of the trace elements present in the suspended sediment.
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Figure 2.3.4.2.1-1. Chemical Partitioning of Selected Trace Elements
Associated with Suspended Sediment (Data from Gibbs, 1977)

Amazon River Yukon River Amazon River Yukon River

BB EZ

Crystalline Solution Organics  Coatings Absorbed

Solid Phases, in Percent

Phase = Chromium Manganese Iron Cobalt Nickel Copper

Absorbed R 0.3 0.007 6.5 3.2 35 ¢
Coatings 5.2 54.8 436 288 47.2 5.7
Organics 11.0 6.7 9.0 16.4 15.0 4.5
Crystalline 80.3 37.8 474 483 346 86.2
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2.3.4.2 CHEMICAL PARTITIONING -- PARTIAL EXTRACTION METHODS

2.3.4.2.2 CHEMICAL PARTITIONING OF BOTTOM SEDIMENTS BY PARTIAL EXTRACTION

The data in Table 2.3.4.2.2-1 provide another example of the utility of partial chemi-
cal extractions. This information was generated by carrying out a four-step sequential ex-
traction on two marine bottom sediment samples, both having similar Mn concentrations.
One sample comes from a hydrothermally active region, and the other sample comes from a
hydrothermally inactive region. Ordinarily, hydrothermally active areas display relatively
high Mn concentrations. Two questions about these samples need to be addressed: Are the
samples geochemically similar, as implied by the bulk chemical results? If they are
dissimilar, why?

The acetic acid extraction is designed to remove trace elements held as adsorbates
and/or those associated with carbonate minerals. For this extraction, the two sediments are
similar. The hydroxylamine extraction is designed to break down manganese oxides. For
this extraction, it is obvious that the samples are dissimilar. The sample from the hydro-
thermally active area has three times as much Mn associated with manganese oxides as has
the samples from the inactive area. The hot HCI (hydrochloric acid) extraction is designed

-to solubilize all but the most resistant silicates and aluminosilicates. Here too, the sedi-
ments are dissimilar; much more Mn is held in this fraction in the sample from the hydro-
thermally inactive area than in the sample from the active area.

These results show that the sequential partial extractions provided a means of opera-
tionally defining how Mn is held in the two sediment samples; they also permitted the dif-
ferentiation of the two samples. This differentiation would have been impossible solely on
the basis of bulk chemical data. Finally, these data re-emphasize the point that sediments
which have similar bulk chemistries are not necessarily geochemically similar and that the
traclf elements associated with them may not have the same level of environmental avail-
ability.
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Table 2.3.4.2.2-1. An Example of Manganese Partitioning
in Bottom Sediment Using Partial Chemical Extractions

Active Hydrothermal Area  Inactive Hydrothermal Area
Concentration Percentage Concentration Percentage

: Remaining  of Total Remaining  of Total
Extraction (mg/kg)  Removed (mg/kg) Removed
Bulk 1,400 1,200
Acetic Acid 1,300 7 1,100 8
Hydroxylamine 600 50 900 17
Hot HCI 200 29 200 58
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2.0 PHYSICAL AND CHEMICAL FACTORS AFFECTING SEDIMENT-TRACE
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2.3 Chemical factors
2.3.4 Chemical partitioning methods

2.3.4.3 CHEMICAL PARTITIONING BY DENSITY GRADIENT AND MINERALOGY

Another method employed to determine chemical partitioning (usually phase rather
than mechanistic) uses a combination of physical separations, determination of mineralogy,
and subsequent chemical analysis (Muller and Burton, 1965; Francis, et al., 1972; Pilking-
ton and Warren, 1979; Dossis and Warren, 1980). Table 2.3.4.3-1 shows an example of
the results for this type of procedure. Each sample was broken down into four relatively
broad grain size fractions by settling in acetone (Pilkington and Warren, 1979; Dossis and
Warren, 1980). Each size fraction was further subdivided into density subfractions by
heavy liquid flotations using various dilutions of tetrabromoethane (bromoform). Each
density subfraction was then subjected to mineralogical analysis using a combination of x-
ray diffraction and differential thermal analysis techniques. Finally, each density subfrac-
tion was chemically analyzed. The data in Table 2.3.4.3-1 are the results from two sep-
arate sediment samples taken in the same general area (Spencer Gulf, South Australia).
Samples A and D represent the six density subfractions of the 1000-to-10-um size
separation of each sample. It is apparent that the lightest (least dense) fraction of sample A
contains the highest concentrations of the trace elements investigated, while the heaviest
(most dense) fraction of sample D contains the highest concentrations. This is true despite
the fact that in both cases, these density subfractions constitute only minor components of
each sample (8.5 percent for A, and 1.3 percent for D). The D1 subfraction is composed

- of organic debris, and aggregated particles of magnesian calcite containing varying amount
of quartz, feldspar, mica, kaolin, and goethite while the D6 subfraction is composed of
detrital grains of rutile, zircon, ilmenite, tourmalene, magnetite, hematite, and brookite as
well as some galena and sphalerite (Dossis and Warren, 1980). Because the mineralogy of
each density subfraction is known, establishing chemical partitioning is more direct and
certain than with, for example, partial chemical extractions.

This type of procedure also has drawbacks. It is not very useful when there are
large percentages of fine particles because of difficulties involved in carrying out density
separations on material finer than 10 pum (Pilkington and Warren, 1979). There is no as-
surance, without individual testing, that the acetone or bromoform will not alter the chem-
istry [in fact, analyses of the acetone indicate some trace element solubilization (Dossis and
Warren, 1980)]. Although knowledge of the mineralogy of each subfraction makes chemi-
cal partitioning more informed than, for example, inferring it by using a purely operational
definition such as with a partial extraction, the procedure still requires the user to infer par-
titioning because most density subfractions are mineralogical mixtures. Finally, the method
is obviously extremely labor-intensive and consequently, expensive to carry out.



Table 2.3.4.3-1. Density Gradients and Chemical Analysis - Concentration of
Trace Elements by Density Subfraction (Data from Dossis and Warren, 1980)

Weight Znin Pbin Cdin

Density  Distrib. Zn Pb Cd Fraction' Fraction' Fraction!
Sample Subfraction (percent) (ug/g) (ug/g) (ug/g) (percent) (percent) (percent)

AS2 D1? 8.5 486 436 22. 37 43 38
D2 6.5 204 166 94 12 13 13
D3¢ 45.7 74 45 1.9 30 24 18
D4 20.3 85 61 54 15 15 23
D5s* 0.1

DS2 D1? 23 1,580 1,370 253 3 4 4
D2} 275 1L,170 1,140 227 13 43 38
D3¢ 61.6 183 168 1.7 5 14
D4 3.6 648 992 4.1 1 5 1
D5* 3.6 740 1,100 7.3
D6’ 1.3 148,000 15,000 607 79 28 49

! Percent in fraction calculated by multiplying the concentration by the weight distribution
for each subfraction, and then dividing each fractional contribution by the total.

2 D1 subfraction has a density of <2.4 grams per cubic centimeter

3 D2 subfraction has a density of 2.4 to 2.55 grams per cubic centimeter

4 D3 subfracction has a density of 2.55 to 2.66 grams per cubic centimeter

5 D4 subfraction has a density of 2.66 to 2.75 grams per cubic centimeter

¢ D5 subfraction has a density of 2.75 to 2.95 grams per cubic centimeter

7 D6 subfraction has a density of >2.95 grams per cubic centimeter
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2.3.4.4 CHEMICAL PARTITIONING USING STATISTICAL MANIPULATION OF DATA

Attempts have been made to determine sediment-chemical partitioning using various
statistical manipulations of chemical data. Statistical manipulations may be used to clarify
the processes by which various trace elements are partitioned on/in suspended and bottom
sediments, especially when dealing with large data sets (e.g., Jones and Bowser, 1978,
Horowitz et al., 1989a). Statistical treatments of chemical and/or mineralogical data range
from the calculation of relatively simple correlation coefficients through highly complex
cluster and multivariate techniques.

For example, Rossman, et al. (1972) used correlation coefficients to partition bulk
chemical data for ferromanganese nodules from Green Bay. Because Fe and Mn are the
major chemical constituents in the samples, and the Fe and Mn display a strong negative
correlation, it is inferred that they form two distinct phases. Additional calculations indicate
that the Fe 'phase’ appears to concentrate Si and P while the Mn 'phase’ appears to concen-
trate Ba, Ni, Co, Mo, Mg, and Sr (Figure 2.3.4.4-1). Another example, at the other end
of the statistical spectrum, is represented by the work of Leinen, et al, (1980), Pisias and
Leinen (1980), and Leinen and Pisias (1984). They used a form of factor analysis to parti-
tion the chemical data from a large group of sediment samples collected on the Nazca Plate
in the Pacific Ocean. The procedure ‘identified’ five geochemically and mineralogically
separate end members (Figure 2.3.4.4-2). A last example is the work of Luoma and Bryan
(1981) who applied statistical techniques (linear regressions on log-transformed data) to
assess the 'competition’ between various geochemical substrates for different trace ele-
ments using data from various partial chemical extractions on estuarine bed sediments.

" Based on this study, geochemical substrate characterization seems best accomplished by Fe
and Mn, and humic acid extractions. Further, extractable Fe phases seem more important
than total Fe for the concentration of Ag, Cd, Cu, Pb, and Zn, while humic material is also
important for Ag and Cu. The results of this study indicate that various substrates 'com-
pete' for different constituents, and that the relative concentrations of differing substrates
can strongly influence chemical partitioning.

Statistical manipulations of sediment-chemical data pose some problems. For ex-
ample, when the Leinen and Pisias (e.g., 1984) procedures were applied to sediments from
other areas in the Pacific, the results were much more ambiguous. Another problem with
these types of procedures is similar to that encountered with partial extractions: that is phase
identification is indirect. It should be borne in mind that chemical partitioning in both the
relatively simple Green Bay study and the more complex Nazca Plate study is based on
inference. The fact that a statistical interrelation exists between or among chemical data for
a group of samples does not necessarily demonstrate a direct or causal association. At best,
and based solely on the statistics, the relations are only inferred, usually on the basis of
positive correlation coefficients between the identified ‘phases’ and their supposed major
constituents (e.g., Horowitz, et al., 1989a). Finally, even if various data manipulations
produce statistically significant results, they serve no useful purpose if the inferred relations
can not be ascribed to a rational environmental setting or process, or if they can not be
confirmed by either some other procedure, or a practical test on another data set. Applied
statistics should be viewed as an empirical tool used to clarify and evaluate processes or
hypotheses; they do not represent an end in themselves (Jones and Bowser, 1978).
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Figure 2.3.4.4-1. Statistical Chemical Partitioning of Ferromanganese
Nodules from Green Bay, Wisconsin (Data from Rossman, et al., 1972)

Ferromanganese Nodules

Fe Phase Mn Phase
Y Y
ISi, P I I Ba, Ni, Co, Mo, Mg, Sr|

Figure 2.3.4.4-2. Geochemical Endmembers For Sediments From the
Nazca Plate, Pacific Ocean (Data from Leinen and Pisias, 1984)

Authigenic Biogenic
Hydrogenous Residual

Nazca Plate Sediments

Detrital Biogenic

Hydrothermal
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2.3.4.5 CHEMICAL PARTITIONING USING MATHEMATICAL MODELLING

According to Luoma and Bryan (1981) the most viable approach to chemically parti-
tioning sediment-associated trace elements may be mathematical models. Others share this
view (Vuceta and Morgan, 1978; Leinen, et al, 1980; Swallow and Morel, 1980; Oakley, et
al, 1980; Benjamin and Leckie, 1981). The development of mathematical models and their
application for determining sediment-chemical partitioning depends on the: availability of
adequate thermodynamic and partial extraction data; ability to identify and quantify geo-
chemical substrates; development of constants that describe the strength and stability range
of trace element-substrate binding, and; quantification of trace element speciation (solid
phase and dissolved) under different physicochemical conditions (Table 2.3.4.5-1).

Numerous laboratory studies have examined the interaction of various trace elements
with a variety of geochemical substrates under a wide range of physicochemical conditions.
Swallow and Morel (1980) studied the behavior of Cu and Pb in the presence of hydrous
iron oxides in artificial seawater under varying pH conditions. The behavior of the iron
oxides was considered analogous to a three-dimensional 'sponge’ that sorbs trace elements
into/onto the solid as they hydrolize. A model predicting Cu and Pb uptake by iron oxides
was derived from the experimental work. Davis and Leckie (1978) studied the uptake of
Cu and Ag by iron oxides. They found that complexing ligands affected trace element
sorption and either enhanced or suppressed the concentrating capacity of the oxides
depending on whether or not they sorbed to the oxide surface (enhancement by providing
additional sorption sites) or remained in solution (suppression by 'competing’ with the

“oxides for available trace elements). These results were apparently confirmed for Cu, Pb,
Cd, Co, Ni, and Zn using purely mathematical models (Vuceta and Morgan, 1978;
Benjamin and Leckie, 1981) and partial extraction studies (Forstner, 1982a, b).

Using Cu and Cd and a three-part substrate system of clay (bentonite), humic sub-
stances (organic matter), and iron and manganese oxides, Oakley, et al. (1980; 1981) tried
to develop a mathematical model for predicting chemical partitioning and bioavailability.
Laboratory tests of the utility of the bioavailability model using a polychaete worm were
somewhat ambiguous; but, the authors claimed that substrate-associated trace elements
could be more bioavailable than dissolved trace elements, at natural concentrations.

Mathematical modelling shows some promise for elucidating the processes involved,
and for predicting chemical partitioning in aqueous-sedimentary systems. However, the
experiments and calculations on which the models are based were carried out using labora-
tory generated or purified substrates to eliminate interpretational ambiguities; even in multi-
phase systems (e.g., Oakl<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>