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Executive Summary

Product: U.S. Geological Survey Open-File Report 96-040, 1996:
Metal fluxes across the sediment-water interface in Terrace Reservoir, Colorado

The exchange or flux of dissolved metals across the sediment-water interface was
examined at three sites in Terrace Reservoir, Conejos County, Colorado during June, July,
August, September 1994 and June 1995. This report presents the approaches used for
determining dissolved fluxes across the sediment-water interface, field sampling and
laboratory methods, analytical results, and results of flux calculations. In addition, there are
discussions addressing the direction and magnitude of dissolved copper (Cu), zinc (Zn), cobalt
(Co), and manganese (Mn) fluxes in Terrace Reservoir, the significance of those fluxes
relative to transport of dissolved metal by inflowing or outflowing Alamosa River water, and
the influence of sorption of dissolved metal by iron oxyhydroxide surfaces and pH variations
within the reservoir on the direction and magnitude of those fluxes.

Form of Product: USGS Open-File Report 96-040, Typed Report, 8'2 x 11 inches, 92 pages,
including 17 tables and 28 figures.
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Conversion Factors
Measurement values in the International (metric) System (meter/kilogram units) used in this
report may be converted to the U.S. Customary System (inches/pounds units) by using the
following factors:

To convert from To . Multiply by
centimeter (cm) inch (in) 0.3937
meter (m) foot (ft) 3.281
yard (yd) 1.094
kilometer (km) mile (mi) ' 0.6214
kilometer® (km?) mile? (mi?) 0.3861
gram (g) ounce avoirdupois (oz avdp) 0.03527
kilogram (kg) pound avoirdupois (Ib avdp) 2.205
liter (L) quart (qt) 1.057

Degree Celsius (°C) is converted to degree Fahrenheit (°F) as follows: °F = 1.8(°C) + 32



Abbreviations
The following terms and abbreviations also are used in this report:

day (d)

hour (hr)

micrograms per liter (ug/L)

micrometer or micron (um)

milligrams per liter (mg/L)

millimeter (mm)

parts per billion (ppb) is the same as pg/L
parts per million (ppm) is the same as mg/L
rpm (revolutions per minute)

year (y)

Chemical elements or species are as follows:

aluminum (Al) lithium (Li)
ammonia (NH,) magnesium (Mg)
arsenic (As) manganese (Mn)
antimony (Sb) mercury (Hg)
boron (B) molybdenum (Mo)
barium (Ba) nickel (Ni)
beryllium (Be) nitrate (NO;)
calcium (Ca) potassium (K)
cadmium (Cd) silicon (Si)
cesium (Cs) silver (Ag)
chloride (Cl) sodium (Na)
chromium (Cr) sulfate (SO,)
cobalt (Co) strontium (Sr)
copper (Cu) titanium (Ti)
iron (Fe) vanadium (V)
lead (Pb) zinc (Zn)
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Introduction

Underground workings and past open-pit mining activities at the Summitville Mine in
the San Juan mountains of southwestern Colorado have produced highly acidic, metal-
enriched drainage. The studies of Plumlee and others (1995a) during 1990 to 1994 (i.e.,
before and during remediation of the mine site) indicate that pH values of waters draining
adits, waste dumps, or seeps near the mining pit were between 1.7 and 3.8. Dissolved
concentrations of metals in these waters ranged from hundreds to thousands of mg/L for Fe
and Al tens to hundreds of mg/L for Cu and Zn, and hundreds of pg/L to tens of mg/l. for
As, Cd, Cr, Co, Ni, and rare earth elements. Plumlee and others (1995b) have suggested that
the geology and associated geochemistry of the Summitville area can account, in part, for
present and future environmental problems. Critical geochemical factors contributing to
environmental problems in the Summitville area include the abundance of acid-generating
sulfide minerals such as pyrite, the formation and dissolution of soluble metal salts such as
iron and copper sulfates, the low buffering capacity of the host rocks, and the alteration and
permeability of the deposit.

Some of the water draining the Summitville mine site flows into the Wightman Fork,
which in tum, enters the Alamosa River (Fig. 1a). Other tributaries draining highly
mineralized areas both above and below the confluence of the Alamosa River and Wightman
Fork also contribute to the acidic, metal-enriched drainage carried by the Alamosa River
(Kirkham and others, 1995; Bove and others, 1995).

Terrace Reservoir is the only reservoir on the mainstem of the Alamosa River. It is

- located about 19 km downstream of the confluence of the Wightman Fork and Alamosa River

at an elevation of about 2610 m above sea level (Fig. 1a). It was constructed in 1912 by
damming the Alamosa River canyon. The reservoir is approximately 2.9 km long and varies
from 45 to 430 m in width (Fig. 1b). The Alamosa River enters the reservoir at the
northwest end. The level of the water in the reservoir is regulated by inflow due to runoff
and by controlled release through a bottom-draining dam at the southeast end. Depths are
deepest in the spring and shallowest in the fall.

Terrace Reservoir is a repository for metal-enriched sediments carried by the Alamosa
River. Surface sediments in Terrace Reservoir contain many elements (Al As, Cd, Cu, Fe,
Hg, Pb, Sb, and Zn) that are enriched relative to background samples in the United States
(Horowitz and Elrick, 1995; Horowitz and others, in review). The water in Terrace Reservoir
is primarily used for the irrigation of alfalfa, barley, and wheat and is a source of drinking
water for sheep and cattle in the southwestern part of the San Luis Valley. Recent work
indicates that Cu concentrations of soils irrigated with water from Terrace Reservoir are
statistically higher than control samples, but within the range of geochemical baselines
observed in other soils from the westemn United States (Erdman and others, 1995; Stout and
Emerick, 1995). In addition, levels of Cu and Mn in alfalfa grown in fields irrigated with
Terrace Reservoir water and used as cattle feed are higher than in control samples, but below
the maximum tolerable levels for cattle (Erdman and others, 1995).

Virtually nothing is known about the transport and cycling of metals in Terrace
Reservoir. In 1994, the U. S. Environmental Protection Agency funded the U.S. Geological
Survey to cellect basic data concerning metal distributions in the water and sediment column,
define the transport of dissolved metals between the water column and porewater of the
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sediment, estimate the volume of sediments, and provide information about processes
controlling metal distributions in the Reservoir. Primary constituents of concern in the
Alamosa River, as identified by Morrison and Knudsen Corporation (1994), are Al, Cd, Cu,
Fe, Mn, and Zn. Information from the Terrace Reservoir study will be used by others to
develop remediation plans for the reservoir.

This report addresses one component of the Terrace Reservoir study; specifically, the
transport of dissolved metals between the water column and the porewater of the sediment.
The direction of this transport is needed to assess whether the sediments supply dissolved
metals to the water column or remove them from the water column. The magnitude of this
transport is necessary for assessing how important the exchange of metals across the
sediment-water interface is relative to other processes affecting metal distributions in the
reservoir (e.g., loading caused by inflow of metal-enriched Alamosa River water). In
addition, this report examines pH dependent sorption of dissolved metals by Fe oxyhydroxide
phases as a possible mechanism for controlling the exchange of dissolved metals between
porewater and the water column in Terrace Reservoir. Information about other components of
this study can be found in Edelmann and Ferguson (in review), Horowitz and others (in
review), Stogner and Edelmann (in review), and Watts, (in review).

Theory of determining dissolved metal fluxes across the sediment-water interface

This section discusses two approaches for determining the flux or exchange of
dissolved metals across a sediment-water interface. The first approach calculates the flux
using Fick's First Law whereas the second approach directly measures the flux using a benthic
flux chamber. Both approaches were used in this study to provide information about the
mechanism of transport (i.e., diffusion versus bioturbation and irrigation) and because each
method has its own advantages and disadvantages as outlined below. In addition, generalized
cases concemning the direction of metal fluxes are presented. Note that the specific details of
sample collection and analyses used to determine fluxes in Terrace Reservoir are discussed in
the Methods section and Appendix 1.
Fluxes calculated from Fick's First Law

The determination of fluxes from Fick's First Law is quite simple in theory. Fick's
First Law defines the exchange of dissolved elements across the sediment-water interface by
molecular diffusion; i.e.,

Js = '(DDS [&/OX] (1)
where J; is the flux (g cm? d"'), @ is the porosity at the sediment-water interface, D is the
diffusion coefficient for the element in the sediment (cm” d"), and OC/0x is the concentration
gradient of the element across the sediment-water interface (g cm™) (Berner, 1980). The
diffusion coefficient in the sediment (D,) is related to the molecular diffusion coefficient in
water (D,) as follows:
D, =Dy/(DF) ()

where F is the sediment resistivity and, for high porosity sediments, can be approximated as
@? (Ullman and Aller, 1982). Values of D, at infinite dilution for a variety of ions are
tabulated in Li and Gregory (1974). These values are temperature corrected using the Stokes-
Einstein relationship (Li and Gregory, 1974). Thus, one needs to measure the porosity of the
sediments and the concentration gradient of elements across the sediment-water interface.
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The fluxes are then calculated from these data and using temperature corrected literature
values for the diffusion coefficients.

The gradient is determined by measuring the dissolved concentration of an element in
the water column and in porewater just below the sediment-water interface (Fig. 2). Ideally,
one needs to measure the concentration of elements in the porewater within millimeters both
above and below the sediment-water interface for an accurate diffusive flux calculation. In
reality, the concentration gradient can be difficult to determine because of limits in sampling
resolution across the interface. Other potential concerns with determining this gradient are:

1) disturbing the sediment-water interface during sampling. Care must be taken to
maintain the integrity of the interface during sample collection.

2) extracting porewater from the sediments. Several methods can be used to separate
porewater from sediments (Hesslien, 1976; Murray and Grundmanis, 1980; Bender and others,
1987; Jahnke, 1989). These methods include pressure squeezing the core, slicing sediment
sections and centrifuging them to separate sediment and porewater, in-situ dialysis using
peepers, and in-situ suction using harpoons. Small sample volumes result from these methods
when fine resolution near the sediment-water interface is required.

3) maintaining in-situ redox conditions. These conditions are required to maintain the
in-situ speciation of elements (e.g.; to eliminate possible oxidation of ferrous Fe (Fe**) and
precipitation of Fe oxyhydroxides). In-situ redox conditions can be maintained by performing
all sample manipulations in a glove bag with an oxygen free environment.

Fluxes determined from benthic flux chambers

Benthic flux chambers, commonly known as landers, are designed to directly measure
changes in the concentrations of dissolved elements across the sediment-water interface as a
function of time. These chambers eliminate problems with determining concentration
gradients across the interface. In addition, fluxes determined from these chambers account for
enhanced fluxes (i.e., greater than those due to molecular diffusion) caused by bioturbation
and irrigation by benthic organisms.

The design and operation of benthic flux chambers are discussed in Smith and others
(1976) and Devol (1987). Briefly, a benthic flux chamber consists of a box that isolates a
volume of water in contact with the sediments (Fig. 3). A known amount of an inert tracer
(e.g., KCl, CsCl, or tritium) is added to determine the volume of the trapped water. This
isolated water is gently stirred and sampled using spring actuated syringes as a function of
time. Sampling is electronically controlled with a multi-event programmable timer (i.e.,
tattletale) in « pressure case and is accomplished using "dissolving link" releases. The need
for highly specialized electronics and long deployment times are the main disadvantages of
benthic flux chambers.

Temporal changes in the dissolved concentration of an element in the box and the area
and volume of the chamber are used to calculate the flux of the element across the sediment-
water interface:

J; = [V/A][oC/ot] €))
where J; is the flux (g cm? d), V is the volume of the benthic flux chamber box (L), A is
the area of the box (cm?), and OC/0t is the change in concentration of the element in the box
as a function of time (g L' d*). Comparisons of fluxes calculated from Fick's First Law and
measured by benthic flux chambers in environments devoid of benthic organisms are in good
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agreement suggesting that:

1) diffusion, not bioturbation or irrigation, is the primary mechanism of transport of
ions across the interface in environments with no benthic organisms;

2) benthic flux chamber measurements are determining exchange across the sediment-
water interface rather than processes only occurring in the trapped water, and

3) the method of isolating water overlying the sediment does not appear to
significantly influence the exchange of elements across the interface (Devol, 1987).

Flux direction and magnitude: Generalized cases

The driving force for the exchange of elements across the sediment-water interface is
the difference in concentration of the element in the porewater and in the water column. Ions
diffuse from higher concentrations to lower concentrations. Thus, the direction of the flux
depends on the relative magnitude of the concentrations on either side of the interface. The
magnitude of the flux depends on the difference in concentration across the interface; the
larger the difference, the greater the flux.

There are three scenarios for the direction of fluxes across the sediment-water
interface. Each of the three cases and the associated water column/porewater or benthic flux
chamber observations are discussed below.

Case I (positive flux): Dissolved metal is transferred from the porewater to the water
column when metal concentrations in the porewater are greater than those in the water
column. In this case the sediments act as a source for dissolved metal. The field
observations are that water column concentrations are lower than in the porewater and that
concentrations in the benthic flux chamber increase as a function of time (Fig. 4a,d).

Case II (negative flux): Dissolved metal is transferred from the water column to the
porewater when metal concentrations in the water column are greater than those in the
porewater. In this case the sediments act as a sink for dissolved metal. The field
observations are that metal concentrations in the porewater are less than those in the water
column and that concentrations in the benthic flux chamber decrease as a function of time
(Fig. 4b,e).

Case III (no flux): No dissolved metal is transferred between the porewater and the
water column when the concentrations of metal in the porewater and water column are equal.
The sediments do not act as either a source or a sink for dissolved metal. The field
observations for this case are that the concentration of metal in the porewater is the same as
in the water column and that concentrations in the benthic flux chamber do not change as a
function of time (Fig. 4¢,{.

Methods

Field sites

Three sites in Terrace Reservoir were established for sampling the water and sediment
column (Fig. 1b). One site (T5; 37°22.13'N 106°18.31'W) was located in the upstream portion
or riverine zone of the reservoir. This site was the shallowest; water depths ranged from 1.2
to 11.3 m during our samplings. The second site (T2B; 37°21.46'N 106°17.50'W) was located
about mid-reservoir. Depths at this site varied from 12.5 to 22.2 m. The deepest site (T1A; -
37°21.43'N 106°17.9'W) was located near the dam at depths of 20.1 to 30.5 m. Flux
determinations and water column measurements were made at these sites during the weeks of
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June 13, July 18, August 15, September 26, 1994, and June 5, 1995.

Water column sampling

The profiling and water column sampling and results are discussed in detail elsewhere
(Stogner and Edelmann, in review). Briefly, each site was profiled for pH, temperature,
dissolved oxygen, and specific conductance using an in-situ multimeter prior to collection of
three to four water column samples. One of the water column samples was collected as close
as possible to the bottom of the reservoir without disturbing the bottom sediments. These
deepest samples will be referred to as bottom water (BW) samples throughout the remainder
of this report. Only the results from the dissolved (<0.4 pm) bottom water samples are
presented in this report as they are used to calculate fluxes.

Water column samples were collected with a 4 L, non-metallic hydrobottle, transferred
into plastic churns, and transported to a field-based laboratory that was located about 3.2 km
upstream of the reservoir. At the laboratory, portions of the water samples were filtered
through 0.45 um filters into acid-cleaned plastic bottles. The samples were then acidified to
pH < 2 using concentrated nitric acid and kept on ice during transport to the analytical
laboratory.

Of particular interest to the flux study is that oxygen was present in the bottom water
samples during all collection times and that the underflow from the Alamosa River appeared
to act as a river in itself within the Reservoir. Thus, there are both vertical and horizontal
gradients of temperature and pH within the reservoir.

Sediment and porewater sampling

Three sediment cores were collected at each site after the water column profiling and
sampling were completed. The sediment cores were collected in pre-washed, acid-cleaned
10.2 cm diameter, acrylic butyrate core liners placed in a gravity corer. The gravity corer
was slowly lowered into the sediment to avoid disturbance of the sediment-water interface.
Visual examination of the interface upon retrieval of the cores indicated that there was very
little, if any, disturbance. The lengths of the cores varied from about 0.3 to 0.9 m. The cores
were kept upright and carefully transported to the field-based laboratory.

Two cores were sectioned for sediment and associated porewater within 8 to 24 hours
of collection while the third was reserved as a backup. For the cores that were sectioned, the
water overlying the sediment was first siphoned off to within 1 to 10 cm of the interface
using tygon tubing. A sample of this uverlying water was then taken with a 10 mL plastic
syringe. These samples are referred to as overlying water (OW) throughout the remainder of
this report. Note that they are distinct from the bottom water samples collected with the
hydrobottle. The cores were extruded and sectioned into 0.5 cm (0-2 cm), 1 cm (24 cm),
and 2 cm (4-6 cm) intervals in a nitrogen-filled glove bag. The glove bag was used to
eliminate any possible oxidation of the porewater samples. Because only the very surface
sediment and associated porewater were needed for flux determinations, only the upper 6 cm,
at most, were extruded and sectioned. The individual core sections were then placed in
nitrogen-filled S0 mL centrifuge tubes. For one core, subsamples of sediment were also
placed into pre-weighed glass vials for the determination of water content. The centrifuge
tubes were removed from the glove box and centrifuged at 1500 rpm for 20 minutes to
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separate porewater and sediment. The tubes were then returned to the glove box. Porewater
then was extracted with pre-cleaned 10 mL plastic syringes and filtered through 10 mm or 25
mm, 0.4 pm Nuclepore filters. All filters, except those used in June 1994, were loaded into
pre-cleaned Swinnex holders in a laminar flow clean hood at the School of Oceanography,
University of Washington in Seattle, Washington before the sampling trip. Filters used in
June 1994 were loaded at the field laboratory during the sampling trip. Porewater volumes
ranged from 6 to 21 mL depending on the interval size and porosity of the sediment. One
mL portions of unfiltered porewater were placed into. 5 mL polystyrene test tubes for pH
measurements while 5 mL filtered portions were placed into acid-cleaned 30 mL polyethylene
bottles for metal determinations. During the June 1995 sampling, 1 mL portions of porewater
were also taken for alkalinity and anion determinations, if there was sufficient volume. The
porewater samples were removed from the glove box and pH measurements were immediately
made using an Orion model 290A meter and Orion semi-micro combination electrode
standardized with pH buffers of 4.0, 7.0, and 10.0. The porewater metal samples were
acidified to pH < 2 with re-distilled, concentrated nitric acid. Alkalinity samples collected
during June 1995 were determined in the field by Gran titrations using 0.01 N hydrochloric
acid (Stumm and Morgan, 1981). Porewater and associated sediment samples were then
packed for transport to the analytical laboratory. The third core was typically extruded in the
open air onto a plastic sheet and split open length wise. There was no sulfide smell in any of
the extruded cores.

Benthic flix chanber

The benthic flux chamber used in this study consisted of a teflon-coated, stainless-steel
box with an area of 412 cm? and a hinged lid. A magnetically coupled, solid state motor in
the lid stirred the trapped water at 60 rpm. Four 50 mL spring-actuated plastic syringes were
used to sample the trapped water. In addition, a spring-actuated glass syringe was used to
inject a known volume of a 90 mM KCl tracer. This tracer was used to determine the
volume of water in the box. Total volumes trapped by the box were between 1.9 and 3.2 L.
The six "dissolving link" releases sequentially closed the lid, sampled the box for the initial
metal concentrations, injected the tracer, and then sampled the box at 5, 10, and 15 hour
intervals. Because of problems with the electronics, the benthic flux chamber samples were
obtained only in July and August, 1994 and for 0 and 5 hours in June, 1995.

The sample volumes from the benthic flux chamber ranged from 33 to 41 mL.
Unfiltered portions were taken for pH (1 mL) and wltered (47 mm, 0.4 pm Nuclepore filter)
portions were collected for anions (5-10 mL), nutrients (15 mL), and metals (5-10 mL)
determinations. Measurements of pH were done immediately upon arrival at the field-based
laboratory. Nutrient samples were placed on ice for transport to the analytical laboratory.
Metal samples were acidified to pH < 2 using redistilled, concentrated nitric acid and
packaged along with anion samples for transport to the analytical laboratory.

Laboratory Analyses

As noted above, the volumes of the porewater samples were very small (6-21 mL).
The 0.5 cm intervals typically had the lowest volumes. This problem was anticipated before
the project began and a priority for analyses of porewater was established. Determination of
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metals in the porewater was the highest priority. Because of costs, these metal analyses were
done by inductively coupled plasma-atomic emission spectrometry (ICP-AES) versus
inductively coupled plasma-mass spectrometry (ICP-MS). The tradeoff was that the ICP-AES
analyses required a volume of at least 5 mL. The second priority was pH and these
measurements required 1 mL. The third and fourth priorities were sulfide and alkalinity,
respectively. Each of these analyses required 1 mL. There was insufficient volumes,
especially for the upper 0.5 cm sections, to do more than metal and pH determinations.
Althoush data concerning other constituents in the porewater (e.g., oxygen, dissolved ferrous
Fe (Fe**) and ferric Fe (Fe**), nutrients) would have added to our understanding of processes
occurring in the sediments of Terrace Reservoir, there were insufficient volumes of porewater
to do these analyses.

The dissolved concentrations of 24 major ions and metals were determined in all water
samples by inductively coupled plasma-atomic emission spectrometry (ICP-AES). The
samples were not concentrated prior to analysis. Detection limits for the ICP-AES analyses
are given in Table 1. Sulfate and chloride were determined by ion chromatography. Metal
and anion concentrations in overlying water, porewater, and benthic flux chamber samples
were determined by the U.S. Geological Survey, Geologic Division, Analytical Chemistry
Services Group in Denver, Colorado (Arbogast and others, 1990) whereas the metal
concentrations in the bottom water samples were determined by the Environmental Protection
Agency, ESD laboratory in Denver, Colorado. Nutrient (i.e., ammonia and the sum of nitrate
and nitrite) concentrations were determined by Quanterra Laboratory in Denver, Colorado
using standard aquatic colorimetric methods (Strickland and Parsons, 1972).

Total metal contents of sediment samples from one core per site per sampling
(specifically, core 2) were determined using modifications of the methods of Horowitz and
others (1989). Briefly, dried sediment was digested in a combination of HF, HCIO,, and aqua
regia in Teflon beakers at 200°C. The resulting salts were dissolved in 2% HCI and analyzed
for 11 elements by ICP-AES. Determinations of As and Sb concentrations were made on
similarly digested sediment. However, the resulting salts were dissolved in 50% HCl. As
and Sb were determined by hydride generation atomic absorption spectrometry (HG-AAS)
after addition of urea and oxalic acid/hydroxylamine solutions and reduction by KI. Hg was
determined by cold vapor HG-AAS after the dried sediment was digested by aqua regia at
100°C. Standard reference materials were included with the samples and one duplicate per
core was done. Sediment analyses were done in the U.S Geological Survey Sediment-Trace
Element Laboratory, Water Resources Division, in Atlanta, Geoi zia. Water content for core 2
was determined as the difference between wet and dried (100 °C) weights. Porosity was
calculated assuming a water density of 1 g cm™ and a dried sediment density of 2.65 g cm?, a
value close to that of average crustal material and used by Pedersen (1983) in a lacustrine
mine tailings deposit.

A partial chemical extraction was done on the surface sediments in Terrace Reservoir
in order to estimate the reactive fraction of metals. These geochemical partitioning data were
needed to assess the importance of sorption as a process for controlling metal fluxes across
the interface. Wet surface sediments (0-0.5 cm) from core 1 at all sites and for all sampling
times were 1eached with 1 M HCI for 16 hours at room temperature following the procedure
of Huerta-Diaz and Morse (1990). This operationally defined reactive fraction likely contains
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iron monosulfides, amorphous and crystalline iron oxyhydroxides, manganese oxides,
carbonates, and hydrous aluminosilicates (Huerta-Diaz and Morse, 1992). The leach solution
was analyzed for Co, Cu, Fe, Mn, and Zn by atomic absorption spectrometry (AAS) in a
laboratory at the School of Oceanography, University of Washington in Seattle, Washington.

Chain-of-custody procedures were followed during the collection, transport, analysis,
and storage of all samples. In addition to the quality assurance (QA) and quality control
(QC) procedures of the individual laboratories, the field study quality control included the
submission of procedural blanks, duplicates (if there was sufficient volume), and control
samples (i.e., two previously collected river samples) for each batch of overlying water,
porewater, and benthic flux chamber samples from a given sampling time. Procedural blanks
for the cores were treated the same as overlying water and porewater and consisted of
distilled, de-ionized water that was put into 50 mL centrifuge tubes, suctioned with 10 mL
plastic syringes, passed through 0.4 pm Nuclepore filters into 30 mL polyethylene bottles, and
then acidified to pH < 2 using redistilled, concentrated nitric acid. Blanks for the benthic flux
chamber samples consisted of distilled, de-ionized water placed in 50 mL syringes, passed
through a 0.4 pm Nuclepore filters into 30 mL polyethylene bottles, and then acidified to pH
<2 using redistilled, concentrated nitric acid.

Results
Water column and porewater

Bottom water, overlying water, and porewater data are tabulated for each site and each
sampling time in Tables 2 through 6. The samples are coded with the station identification
preceded by a 1, 2, 3, 4, or 5 (e.g., 2T5 or 4T1A) that represents the consecutive sampling
trips (i.e., 1 = June 1994, 2 = July 1994, 3 = August 1994, etc.). The number 1 or 2 after the
station identification (e.g., T51 or T1A2) indicates the specific core from each site. Note that
the upper 2.5 cm of core 1 is sectioned into 0.5 cm intervals whereas the upper 6 cm of core
2 is sectioned into intervals of 0.5 cm (0-2 cm), 1 cm (24 cm), and 2 cm (4-6 cm). The
porewater data indicate that major and only a few minor (Co, Cu, Fe, Mn, and Zn) elements
are present at concentrations above the detection limits of the ICP-AES.

Concentrations of elements in blank samples processed during the sampling of
porewater are also presented in Tables 2 through 6. In general, 1 or 2 blanks were done with
each set of cores from a given site. These blank samples include contamination from
centrifuge tubes, syringes, filters and acid. The concentrations of most elements in these
blanks are below the detection limits of the ICP-AES indicating no contariiration. The
exceptions are discussed by sampling date as follows:

- June 1994: Measurable concentrations (i.e., above the ICP-AES detection limits) in
the blanks associated with the processing of certain cores are observed for Fe, Mn, Si, and
Zn. Fe concentrations in the blank for TS5 cores are < 2% of the measured Fe concentrations
in the porewater. For the T2B blank, Fe concentrations in the overlying water and 0-0.5 cm
interval for core 2 are lower or slightly above the blank levels indicating contamination; the
other data indicate that the Fe blank is < 6.1% for the overlying water and < 2.5% of the
porewater concentrations. Blank concentrations of Mn for the TS cores are < 1% of either
the overlying water or porewater. The Si blanks for all cores are < 1.6% of the overlying and
porewater concentrations. The Zn blanks for all cores collected during June 1994 are high.
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Although the porewater data show downcore trends that are consistent with data from other
sampling times when Zn blank concentrations were below the ICP-AES detection limits, the
porewater Zn data from June 1994 are not included in the flux calculations due to the high Zn
concentrations in the blank. '

- July 1994: Measurable concentrations of Ba, Fe, Mn, and Si are observed in the
blanks for this sampling time. The porewater Ba data for T2B and T1A cores is questionable
because the blank concentrations are either higher than or at most one third of most of the
porewater concentrations. Fe co.icentrations in blanks are < 2.8% of the overlying water or
porewater concentrations. The Mn and Si concentrations in the blank for T2B cores are,
respectively, < 1.4% and < 1% of the overlying water or porewater concentrations.

- August 1994: Measurable concentrations of Al, Ca, Fe, Mn, Na, and Si are observed
in the blanks. Most of the Al concentrations in the porewater, except in the T51 core, are at
or near the blank levels. However, these blank concentrations are only 1.5 to 2.9 times the
detection limits of the ICP-AES. The Ca, Mg, Na, and Si concentrations in the blanks are,
respectively, < 2.1%, < 2.2%, < 5.9%, and < 1.6% of the overlying or porewater
concentrations. Blank concentrations of Mn are < 2.4% of the overlying water or porewater
for cores TS and T2B. Only one of the Mn blank concentrations for core T1A was
significant and amounted to about one half of the overlying water concentration. Fe
concentrations in blank samples for T5 indicate that the overlying water and 0-0.5 cm
porewater data for Fe in core 1 are questionable. The Fe data for T1A indicate that one blank
concentration is about equal to or greater than the overlying water samples and most of the
porewater data for core 1.

- September 1994: Measurable concentrations of Al, Ca, Fe, Mn, Na, and Si also are
observed in the blanks for this sampling time. Most of the Al concentrations in porewater are
either at or within a factor of 4 of the blank concentrations. The Ca, Mg, Mn, Na, and Si
concentrations in the blanks are, respectively, < 1.3%, < 1.9%, < 4.4%, < 4%, and < 1.8% of
the overlying or porewater concentrations. Fe concentrations in the blanks are < 7.3% of the
overlying water and porewater for cores TS5 and T1A. One blank sample for T2B has a high
Fe concentration while the other one is < 2.8% of all Fe data for overlying water and
porewater, except the 0-0.5 cm sample for core 1.

- June 1995: There are no measurable concentrations of elements in any of the blank
samples for this sampling time.

Benthic flux chamber

Data from the benthic flux chamber samples and associated procedural blanks are
summarized in Table 7. Once again, only major ions and a few minor elements (Co, Cu, Fe,
Mn, and Zn) are present at concentrations above the detection limits of the ICP-AES.
Concentrations of most elements in the blanks are below instrumental detection limits
indicating no contamination. The exceptions for July 1994 are Fe and Mn. Blanks for Fe
and Mn are, respectively, < 17% and < 4.8% of the concentrations in the benthic flux
chamber. The exceptions for August 1994 are Al, Fe, Mn, and Si. Concentrations of Al, Fe,
Mn, and Si account for, respectively, up to 30%, < 20%, < 1%, and < 1.2% of the
concentrations in the benthic flux chamber. Subtraction of these blank values from the
benthic flux chamber data makes no difference on the flux calculations because it is the slope
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or change in concentration as a function of time that is used to determine the fluxes.

Control samples

Water samples collected in June 1993 from the Wightman Fork and from the Alamosa
River about 2 km upstream of Terrace Reservoir were used as control samples. These
samples were submitted to the laboratory with the overlying water and porewater samples for
each sampling period. Although they are not standard reference materials, the results provide
an indication of the consistency of the data over the long term. The major ion and metal data
for these control samples are presented in Table 8. Better detection limits were obtained
when these samples were analyzed during the Terrace Reservoir study as compared to when
they were originally submitted to the laboratory in June 1993 as part of a wetland study
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