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Use of Multi-Parameter Sensitivity Analysis to
Determine Relative Importance of Processes
Involved in Transport of Mining Contaminants

By Jungyill Choi, Judson W. Harvey, and MarthaH. Conklin

ABSTRACT

Combining multi-parametric sensitivity analysis (MPSA) with stream transport modeling is
proposed to determine the relative importance of physical and biogeochemical processes controlling
transport of mining contaminants in natural stream systems. The MPSA is based on alarge number of
Monte-Carlo simulations to identify the sensitive parameters over a broad range of each parameter.
This combined approach can provide an integrated view of transport processes of contaminantsin
natural stream system.

INTRODUCTION

The fate and transport of contaminantsin streams and rivers are controlled by a variety of physical
and biogeochemical processes. The physical processes play an important role in determining the fate of
solutes in surface-water environments. These physical processes include advection, dispersion,
hyporheic exchange, and ground-water interaction. In many situations, however, the transport of
contaminants are also greatly affected by biogeochemical processes, such as sorption/desorption,
oxidation/reduction, volatilization, hydrolysis, biodegradation, and other biochemical reactions.
Therefore, transport of contaminantsin natural streams and riversis best described by considering all
of the relevant physical and biogeochemical processes simultaneoudly (fig. 1).
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Figure 1. Coupling MPSA with transport model to identify the relative importance of
physical and biogeochemical processes.

To answer the question about relative importance of factors, the sensitivity of a numerical transport
model needs to be tested for the physical and biogeochemical parameters (processes) that are involved
in the forward transport model. However, traditional parameter-sensitivity analysis pertainsto a
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particular point (localized) in the parameter space, which is defined by all possible combinations of
parameter values. Also, in the localized sensitivity analysis, the importance or sensitivity of a selected
parameter can be affected greatly by the values of other parameters, because the significance of one
selected process is usually dependent on other processes. Typically, the importance of biogeochemical
processes are highly dependent on the physical processes, whereas the physical processes are not
affected by the biogeochemical processes. For example, the biogeochemical reactions of solutesin the
hyporheic sediments are enhanced by the prolonged retention time of solutes in these sediments.
Therefore, to account for parameter interactions, the relative importance of the physical and
biogeochemical processes of the transport model can be evaluated more accurately by a generalized
(multi)-parameter sensitivity analysis, which encompasses the entire parameter space (fig. 1).

This paper presents the concepts and procedures of multi-parameter sensitivity analysis (MPSA)
that is used to determine the relative importance of transport processes

METHODOLOGY

A numerical transport model may include detailed field measurements as well as ill-defined
parameters that cannot be measured with a high degree of accuracy in the field or in the laboratory.
Theseill-defined parameters will severely limit the accuracy of any single simulation and increase the
difficulty of assessing the relative importance. In an attempt to overcome this difficulty and to
recognize the relative significance of parametersinvolved in the model, the sensitivities of simulations
results to input parameters need to be evaluated by assigning either arange of variation or a degree of
uncertainty to each parameter and implementing a generalized sensitivity analysis (Hornberger and
Spear, 1980; Chang and Delleur, 1992; Choi, et a., 1998; Choi, 1998). This multi-parametric
sengitivity analysis (MPSA) followed the procedure proposed by Chang and Delleur (1992) and Choi,
et a. (1998). The procedure includes the following steps:

» Select the parameters to be tested.

» Set the range of each parameter to include the variations experienced in the field and laboratory
measurement.

» For each selected parameter, generate a series of, for example, 500 independent random numbers
with auniform distribution within the design range.

* Run the model using selected 500 parameter sets and cal cul ate the objective function values.

» Determine whether the 500 parameter sets are ‘ acceptable’ or ‘unacceptable’ by comparing the
objective function values to a given criterion (R).

» Statistically evaluate parametric sensitivity. For each parameter, compare the distributions of the
parameter values associated with the acceptable and unacceptable results. If the two distributions
are not statistically different, the parameter is classified as insensitive; otherwise, the parameter is
classified as sensitive. Relative importance can be evaluated statistically if desired.

The objective function values of the sensitivity analysis usually are calculated from the sum of
squared errors between observed and modeled values:

f= ;[xo(i)-xc(i)]2
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where f is the objective function value and x(I) and x,(I) are calculated and observed values,
respectively. Observed values often are obtained from simulations that used the mid-points of the
characteristic range for each parameters. The ranges for each parameter are determined from minimum
to maximum values that are obtained from parameter estimations and field measurements through the
study reaches. If the objective function value obtained from the simulation is less than a subjective
criterion then the result is classified as acceptable, otherwise the result is classified as unacceptable.
Three different objective function values often are tested for a subjective criterion. Those values
typically define the 33, 50 and 66% divisions of 500 sorted objective functions.

The basic concept of MPSA isillustrated by using a hypothetical model with only two parameters
(Figure 2). In addition, the modeling procedure of MPSA described above is summarized using a
flowchart (Figure 3).
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Figure 2. Basic concept of multi-parametric sensitivity analysis (MPSA) selected parameter
using a hypothetical model with only two parameters. Figure 3. Flow chart illustrating the
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CONCLUSIONS

The combined efforts of forward modeling approach and generalized sensitivity analysis can
provide an integrated view and better understanding of contaminant transport processes in natural
stream systems. The multi- parametric sensitivity analysis especially helps identify the relative
importance of physical and biogeochemical processes controlling the transport of contaminants.
Furthermore, this methodology can provide a guide for future data-collection efforts and to order
research priorities.
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Measurements of Plant and Algal
Bioaccumulation of Metals in Pinal and Pinto
Creeks, Arizona

By Justin C. Marble, Timothy L. Corley, and MarthaH. Conklin

Dissolved Mn is an essentia element for higher plant systems and is involved in photosynthesis
(the Hill reaction) and activation of different enzyme systems (e.g., superoxide dismutase production)
(Mukhopadhyay and Sharma, 1991). Critical deficiency levels of Mn(11) range between 0.01 to 0.02
microgram Mn per gram (mg Mn(I1) g*) dry weight in dry mature leaves but vary tremendously
between plants (Mukhopadhyay and Sharma, 1991). Vascular plants and algae also require certain
amounts of other trace metals for normal plant growth (Zn, Ni, Cu, Fe, Co, Ca, and Mg).

Although Mn(Il) supplements can increase growth yields of plants, large amounts of Mn(l1) can
interfere with the uptake of other trace metals (Mukhopadhyay and Sharma, 1991). In addition, excess
concentrations of Zn, Ni, Cu, Fe, and Co can trigger an inherent defense mechanism that plants have
developed that involves production of phytochel atins—polypeptides that bind metals (Ahner, et a.,
1995). Phytochelatin production in response to high metal levels has been identified in land plants,
vascular aguatic plants, fungi, and marine and freshwater algae. This mechanism resultsin an
accumulation of the excess metals within the plants with the final metal concentration often being
significantly higher than found in water supplied to the plants.

The work reported in this paper focuses on bioaccumulation of metals by aquatic plants, algae, and
mossin Pina Creek, an Arizona State Superfund site, near Globe, Arizona, that has been contaminated
by acid-mining activities in the area. The primary purposes of this study were to determine the extent
to which metals were taken up by the diverse plant community at Pinal Creek and to determine which
plants were particularly effective at bioaccumulation of metals. To further aid in our assessment of the
potential role of plantsasasink for metal contaminantsin Pinal Creek (Figure 1), comparisons of
metal s uptake were made with other measurements reported for similar plantsin Pinto Creek, also near
Globe, Arizona. A comparison of typical surface

water datafor Pinal and Pinto Creeksisgivenin
Table 1 Pringle Diversion Dam JZ:: ;&-3Z11 N
Well Group 600
Plant grab samples were collected from several Ao b *
locations and rinsed with creek water to remove e
insects and loosely attached sediment material. At
Pinal Creek, plant samples were collected from
sites Z0, F-1, -5, F-15, and Z11 (Figure 1). At
Pinto Creek, grab samples were collected from two EXPLANATION z0 cotn
USGS stream gaging sites 09498501 (below —— Perennial Reach Corette rivenny.
Haunted Canyon near Miami, Arizonagyand |  — Intermittent Reach Ranch
09498502 (Pinto Creek near Miami, Arizona). A sampling Site (
Well Group 500"\
0 05 1 KILOMETER R

Figure 1. Study reach and sampling sites at Pinal
Creek. Median pH values are shown for the study
period.
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Pinal Pinto Table 1. Physical and Chemical Values for Pinal Creek
(20 on January 25, 1995) and Pinto Creek (near Miami,
Pararneter Vglzle V?Ige Arizona, on June 18, 1997, USGS). (mg L™ except for pH
OXF;/gen 6:9 9:0 which is in standard pH units).
Alkdinity* 51 180
TDS 2,640 531
Co(ll) 0.410 0.003
Cu(ll) 0.050 0.010
Fe(ll) <0.130 0.0053
Mn(ll) 72.0 0.0038
Ni(l1) 0.790 0.010
Zn(11) 0.500 0.0060
! Ascaco,.

After rinsing with creek water, the plant samples were placed in plastic bags and put into a cooler.
Upon arrival at the laboratory, samples were dried at 60°C for 24 hours. Dried samples were ground
and sieved, then digested with nitric acid. Digested plant samples were analyzed by flame or graphite
atomic absorption spectroscopy for different metal concentrations. Results are reported as
bioaccumulation, i.e., mg of metal per kg of dried plant material (mg kg™). The values reported
represent the average of 2 subsamples with the maximum and minimum values measured being within
12 percent of the average value.

The aquatic plant species found at Pinal Creek varied in type and density depending upon the time
of year and the location. Before plant sampling started in 1996, water speedwell (Veronica anagallis-
aquatica) and rabbitfoot grass (Polypogon monspeliensis[L.] [Desf.]) dominated the upstream portion
of Pinal Creek (-1) and algae (e.g., Microcystis, Vaucheria, and Oocystis) dominated in the
downstream section (F-15). However, over the study period (November, 1996 through June, 1997),
water speedwell, rabbitfoot grass, and algae were found along the entire study reach.

Water speedwell from Pinal Creek was collected from several field locations (Z0, F-1, and F-15)
over aperiod of 8 months and analyzed for Mn(11). There was no obvious correlation between
sampling date and bioaccumulation of Mn at F-1 and F-15 . A subset of the water speedwell samples
from sites -1 and F-15 were analyzed for other trace metals (Table 2). No trend with location was
observed for concentrations of Fe, but Zn and Ni were higher at F-15 than at #-1 and Cu was higher at
F-1 than at -15. Bioaccumulation of Mn and Co exhibited consistently higher bioaccumulation at F-
15 compared to F-1, about a factor of 2 difference.

Metal Date 2-1 J2-15 Table 2. Water speedwell bioaccumulation from Pinal
Creek collected on December 1996 and January 1997 for

Mn  12/13/96 6450 18600 Mn, Zn, Ni, Cu, Co, and Fe (units are mg kg-l).y

Mn 1/31/97 7990 16400

Fe 12/13/96 4400 1880

Fe 1/31/97 2520 2670

Ni 12/13/96 109 151

Ni 1/31/97 148 182

Cu 12/13/96 901 824

Cu 1/31/97 1750 1130

Co 12/13/96 80.5 158

Co 1/31/97 134 279

Zn 12/13/96 516 665

Zn 1/31/97 772 801
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Rabbitfoot grass samples from F-1 and F-15 were also analyzed for Mn, Zn, Ni, Co, and Fe (Table
3). Both upstream and downstream sampling sites had similar bioaccumulation values for Zn and Ni,
but Mn, Cu, Co, and Fe values were larger at site F-1 than F-15. A factor of about 2 between values at
F-1 and F-15was observed for Mn, Co, and Cu, and a factor of about 10 for Fe. Bioaccumulation of
Mn at both sites was also greater than the other metals. Duckweed (Lemna minor) was less widely
distributed than either water speedwell or rabbitfoot grass, and was typically only found in slow
moving or stagnant water near the banks of the creek. However, a sample collected from F-5 on June
25, 1997 (pH 7.1, Mn(11) concentration 47.0 mg L ™) had an Mn concentration of 10760 mg L™.

Meta F-1 F-15 Table 3. Rabbitfoot grass bioaccumulation in samples from Pinal
Mn 13600 5240 Creek collected on January 31, 1997 (units are mg kg?).
Fe 6890 691
Cu 1640 828
Ni 163 161
Co 237 130
Zn 581 534

Algeeisprolific at both Pinal Creek and Pinto Creek and grab samples at both sites included the species
Microcystis, Vaucheria, and Oocystis. Samples were collected from both creeks to compare
bioaccumulation of Mn (Table 4). Although Pinal Creek samples had more bioaccumulation, the ratios of
plant concentration to surface water concentration were greater in the Pinto Creek samples.

Site Date Mn Table 4. Algae samples from Pinal Creek and Pinto Creek:
Pinal, Z11 11/15/96 90200
Pinal, -15 12/12/96 5550
Pinal, -15 13197 79300

Pinto, Miami  6/18/97 240
Pinto, Miami__ 6/18/97 1460

Water speedwel | collected from Pinto Creek had lower bioaccumulation of Mnthan sampl es collected
from Pinal Creek (Table 5). However, the ratios of Mn concentrations in water speedwell to the surface
water concentrations were significantly higher in Pinto Creek than found for Pinal Creek. Similar
differences were apparent from comparisons of the algae samples collected at Pinto and Pinal Creeks

Site Date Mn Table 5. Water speedwell bioaccumulation
Pinal, 7-1 6/25/97 3870 (mg kg™) in Pinal and Pinto Creeks.
Pinto, Haunted 6/18/97 505
Canyon 6/18/97 97
Pinto, Miami 6/18/97 47

These studies indicate that water speedwell, rabbitfoot grass, and agae bioaccumulate Mn.
Bioaccumulation of Zn, Ni, Co, Cu, and Fe was also observed in water speedwell and rabbitfoot grass.
Comparisons between water speedwell and algae samples collected from Pinal Creek and Pinto Creek
suggest that at Pinal Creek the plant capacity for metal uptake may have been reached and/or that metal
toxicity effects must be considered. Water speedwell and other aguatic plants are prolific in Pinal Creek
and could play a significant role in determining the fate of metal contaminants entering the stream.
Additional data concerning the total biomass in the system, and the potential release of metals as plants
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dieand decay, arerequired to assessthe potential and actual contribution of plantsto total metalsremoval
in this system.
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Tracing Groundwater Flow into Surface Waters
by Application of Natural and Artificial Tracers

By D. Reide Corbett, William Burnett, Jeffrey Chanton, and Kevin Dillon

Submarine groundwater discharge (SGD) is an often overlooked yet possibly significant processin
the geochemical and nutrient budgets of marine nearshore waters. According to Johannes (1980) “ SGD
should occur anywhere that an aquifer is hydraulically connected with the sea through permeabl e rocks
or bottom sediments and where the head is above sealevel.” Such conditions are met in most coastal
areas. This process may be significant for transport of limiting nutrients in pristine coastal areas or, in
the case of polluted aquifers, could be an important source of contamination to the marine
environments. The problem is how to assess the extent of the groundwater flow and how to link
environmental problems with specific sites of contamination. Due to the extreme temporal and spatial
variability of many of these variables, the exact location of problematic discharges into coastal regions
may be difficult to determine by monitoring standard water quality constituents (e.g., NOy, turbidity).
In this research, subsurface water movement was evaluated with natural and artificial tracersin the
karst limestone of the Florida Keys

(Figure 1).
. /4
In the Florida Keys, natural Miami | ’
tracers (*’Rn and CH,) were NNBRGT mayacile Shark River
av N -
used to locate areas of . "i:;“‘.\ il {
increased groundwater/surface Rlps Bicayne
water interactions by Bay

reconnaissance surveys of the
concentrations of radon and j
methane in the bay waters
(Corbett, et al., 1999). These
trace gases function as natural
indicators of submarine

groundwater discharge into Famingo” G oS _..Ke>I/3 Largo
standing bodies of water dueto | o SR E* C el
their significantly higher * e T D
concentrations in groundwaters Florida Bay s

(Cable, et a., 19963, b; Bugna, . . N o,Lo .

et a., 1996). General trepds in A < / ong Key

surface water concentration oo Q‘\"‘\‘\‘ o

were established by contouring ”,}L . Big-F-,me' . o
data from each tracer survey } b
with akrigingmethod by use L Offshore welis 81° g Solution Hole 0 % km
of the software package

Surfer® (Golden Software).

Although kriging interpolates Figure 1. Florida Bay separates the Florida Keys, located off the southern tip of
between data pOi nts. creati ng Florida, from the mainland. Water samples were collected primarily from north of
. ’ Long Key and East of Flamingo. Groundwater samples from offshore wells were
some artifacts, the general collected where indicated by the circles. Letters refer to locations mentioned in
trends described are the text: A. Carysfort Reef; B. Algae Reef; C. French Reef; D. Molasses Reef; E.
independent of the contouring Rock Harbor; F. Porjoe Key; G. Black Betsy Keys; and H. Tavanier Basin.
(Figure from Corbett et al., 1999)
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method or a reasonable change
in contouring concentration.
Examination of these contour
plots showed very little
apparent seasonal variation
throughout the study period.
During each period we
sampled, high concentrations
of both tracers were observed
near the Keys. Plots for #?Rn
and CH, in summer 1997 show
the typical trends observed
(Figure 2). Direct
measurements of groundwater
flux via seepage meters were
also made in several different
areas of Florida Bay. Radon
and methane concentrations in
water samples collected from
wells, springs, canals, and
Florida Bay showed a
significant correlation, despite
the fact that the two trace
gases have independent source
terms (Figure 3). Natural
abundance of nitrogen
isotopes measured on attached
algae and seagrass a so show
greatest **N enrichment in
areas near the keys. We
observe a strong spatial
gradient in **N of macrophytes
(seagrasses and macroal gae)

in Florida Bay, with relatively
light (-1 to 4 %o) macrophytes
in western Florida Bay and Py ||
relatively heavy (6 to 13 %o) B. 8|1° n_[v[o
mac_rophytes |r] northeaster_n Figure 2. Contours of radon (A) in dpm L™ and methane (B) in nM for
Florida Bay (Figure 4). This  samples collected in June/July 1997. Solid crosses indicate sampling
gradient islikely afunction of locations. Note the darker contours, indicating higher concentrations of
two processes. (1) progressive both parameters, near the upper Keys. (Figure from Corbett et al., 1999)
denitrification of N brought

into Florida Bay viatidal exchange with the Gulf of Mexico; and (2) entry of **N-enriched water from
the subsurface adjacent to the Keys in northeastern Florida Bay. Collectively, these resultsindicate a
greater flow of groundwater along the inside of the keys. Nutrient flux estimates, based on interstitial
nutrient concentrations and groundwater flux measurements, suggest that groundwater in the eastern
area of Florida Bay may provide as much nitrogen (110 + 60 mmol N m?y*) and phosphate (0.21 +
0.11 mmol PO,* m?y™) as surface freshwater sources from the Everglades (i.e., Taylor Slough and C-
111). However, the inputs are clearly not uniform and areas near solution holes/tidal springs may have
asubstantially greater nutrient flux into surface waters then these estimates (Corbett, et al., 1999).
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Figure 3. Radon and methane concentrations in waters
sampled throughout the Keys. The groundwater tracer
concentrations are based on the overall average of all
samples collected. (Figure from Corbett et al., 1999).

Artificial tracers (SF;, ™1, *P) were used to
establish adirect link of contaminated ground-
waters to surface waters. Tracers injected
directly into sewage injection wells indicate
rapid flow of groundwater beneath the keys.
Experiments conducted on Long Key indicate
two different types of transport: (1) rapid flow
(0.20-2.20 m/hr), presumably through cracks
and conduits present in the limestone; and (2)
slow diffusive flow (<0.003-0.14 m/hr),
associated with the limestone’s primary porosity

Figure 4. Contours of **N in macroalgae collected
throughout the study period. Solid crosses indicate
sampling locations. Note the darker contours, indicating
higher enrichment, near the upper Keys. (Figure from
Corbett et al., 1999).
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Figure 5. 1-131 in surface waters sampled on both sides
of Long Key, Florida Bay (closed square) and the
Atlantic via a canal (closed diamonds). Radioactive
iodine was added to a sewage injection well as a
conservative tracer to track wastewater movement in the
subsurface. Due to the rapid vertical and horizontal
movement of wastewater in the subsurface, injected
tracers appear in surface waters within 3 days after
injection.

(Dillon, et a., 1999). Vertical flow of the wastewater effluent was comparable to horizontal flow due
to the buoyancy of the relatively fresh wastewater compared to the surrounding saline groundwater.
These experiments showed that solutes injected into the Key’ s subsurface have the potential to reach
surface waters within afew days (Figure 5). Tracer experiments conducted using both a conservative
tracer (SF;, **1) and nutrients of interest (nitrogen and phosphorous) showed that both nitrate and
phosphate have some non-conservative behavior. Either through microbial ateration or interaction
with the limestone matrix, water from the wastewater injection appears to be polished asit flows

through the subsurface.

In areview of the general subject of SGD, Johannes (1980) stated that “It is...clear that submarine
groundwater discharge is widespread and, in some areas, of greater ecological significance than
surface runoff.” | agree with this appraisal and add that from my review of the available literature, |
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find that it has been largely the biological community which has recognized the potential importance of
SGD. | maintain that the process of SGD may also be an important and overlooked part of the
geochemical cycles of many elements. In the case of Florida Bay and the Florida Keys, SGD has been
completely ignored in previous nutrient budgets in the area and has therefore not been considered as a
potential threat of contaminants (e.g., sewage effluent) to the ecosystem. It is hoped that one of the
main outcomes of this research will be the development of an approach which integrates geochemical
and hydrogeol ogical techniques for assessing directions and rates of subsurface flow and, specifically,
how to quantify the flow into surface waters.
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Considerations for Calculating the Mass Loading
of Metal Contaminants to a Marine Embayment:
ASARCO Superfund Site, Tacoma, WA

By Gayle Garman and ASARCO Sediments/Groundwater Task Force

INTRODUCTION

The Asarco Superfund Site is located along the southern shore of Commencement Bay, an
industrialized marine embayment in southeastern Puget Sound, approximately 30 miles south of
Seattle, WA. Thefirst industries on the site were sawmills that deposited woodwaste along the
shoreline. A lead smelter that began operations in 1890, was purchased by Asarco in 1905 to process
copper ore from other locations. By-products of copper smelting were further refined to produce
additional products, including arsenic, sulfuric acid, liquid sulfur dioxide, and slag. Smelter operations
ended in 1985 (Hydrometrics, 1996).

Arsenic, cadmium, copper, lead, zinc, and other trace elements were released into soil, air, and
surface water as aresult of the smelting and refining operations. There are six upland source areas
where the highest measured concentrations of contaminants in soils are found: The Stack Hill area,
Cooling Pond area, Arsenic Kitchen area, Copper Refinery area, the Fine Ore Bins building, and the
Southeast Plant/DMA area where sulfuric acid spills were frequent. Metals from soil releases and from
slag have migrated to groundwater at the Site (Hydrometrics, 1996).

Many of the smelter buildings and structures are on slag fill. In addition, Asarco extended the
existing shoreline by pouring molten slag into Commencement Bay. The upland area consists of both
gradual and steep slopes extending down to the slag filled shoreline, where slag bluffs extend as much
as 30 ft above the natural sandy substrate. These slag bluffs are very porous, and are subject to twice
daily tides that fluctuate up to 12 ft. vertical (Cross-Section D-D’).

The adjacent 23-acre Breakwater Peninsulais composed of massive and granulated slag that were
placed into Commencement Bay between 1917 and 1970. An estimated 15 million tons of slag exist at
the smelter property and slag peninsula (Hydrometrics, 1996).

SEDIMENTS/GROUNDWATER EVALUATION

Sediments as far as 1,000 ft from shore exhibit toxicity in bioassays, and are being evaluated for
remedial action. The preferred alternative is to place a clean sand cap over the contaminated sediment
to prohibit slag contact with marine organisms (Parametrix 1996). Reviewers of the proposed remedial
action asked whether metal contaminants in site groundwater would recontaminate the clean cap. The
Asarco Sediments Groundwater Task Force (ASGTF) was organized to evaluate this question.

Upland geological cross-sections were extended to the shoreline based on boring logs for nearshore
monitoring wells and offshore cores. These cross-sections indicated that the slag formation did not
discharge through sediment to the Bay, but rather, discharged directly to the Bay surface water. In
order to assess the influence of the tides on the hydrologic parameters of the site, 15 slag wells were
monitored over four complete tidal cyclesin January 1998 and a multi-well pump-test was conducted
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at new slag well MW-206. This new data was combined with slug-test data from the upland Remedial
Investigation. The distribution of hydraulic conductivities suggested the slag was characterized by four
corridors, indicated as A, B, C and D on the Figures. Later, corridor A was subdivided into corridors
Al and A2 (Figure 1). Discharge rates were calculated for the slag aquifer and the underlying marine
sand aquifer in each corridor by using site data and Darcy’ s law (ASGTF Group 1, 1998):

Q =Kibw
Where:
Q = groundwater discharge rate (ft3/day)
K = hydraulic conductivity (ft/day)
i = hydraulic gradient (ft/ft)
b = aquifer thickness at the shoreline (ft)
w = width of groundwater flow path (ft)

APPROACH TO CONTAMINANT FLUX ESTIMATION

The ASGTF recognized that Darcy’s law “provides an estimate of the net groundwater flow
discharging from the site to Commencement Bay.” This net groundwater flow originates as rechargein
upgradient water-bearing zones, as infiltration of surface water run-on, and as precipitation onto the
slag. While the twice daily tides, with ranges to 12 vertical feet, are known to cause recurrent inflow
and outflow of seawater in nearshore areas of both the slag and marine sand aquifers, it is assumed that
the net tidal flow is zero (ASGTF, Group 1 Memo).

The mass flux of a contaminant is calculated by multiplying the groundwater discharge rate by the
contaminant concentration. However, when (fresh) groundwater mixes with seawater, there are
changes in geochemistry that alter the solubility, and consequently the mobility, of the metal
contaminants of concern at this site.

Arsenic (As) isthe primary contaminant of concern in upland areas of the site. Dissolved arsenic
concentrations to 30 mg/( have been measured in groundwater near the Fine Ore Bins. The chronic
marine AWQC (Ambient Water Quality Criterion) for arsenic is 0.036 mg/t.

DATA AND FIGURES *

Data are collected at site monitoring wells each Spring and Fall. The ASGTF used data from
March 1994 through September 1998, thus, the Figures show the mean of ten measurements for each
parameter. The Figures are taken directly from the ASGTF Group 4 Technical Memorandum,
(December 1998) and consequently, are not numbered sequentially in this presentation. The
contaminant isopleths were drawn by hand.

ARSENIC ATTENUATION

Figure 10 shows the intrusion of seawater (chloride) for hundreds of feet into the slag formation
along the shoreline. Chloride in upland groundwater is negligible. The landward intrusion of seawater
into the slag isleast in corridor D and greatest in corridor A1. The chloride concentrations in both deep
and shallow wells on the breakwater peninsula approximate the chloride concentrations in
Commencement Bay surface water.

! Editor’s note: Figures follow the text. Figures are not consecutively numbered.
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Figure 2 shows that the arsenic concentration is an order of magnitude greater in the deeper
breakwater wells (B) than in the shallow breakwater wells (A). The breakwater peninsula is composed
entirely of smelter slag. The ASGTF concluded that the lower oxygen exchange capacity for water
deep within the breakwater peninsula, and the associated lowered redox condition, increase the
solubility of slag arsenic.

Figure 11 shows that dissolved oxygen, in general, diminishes in proportion to distance from the
shoreline and more rapidly in the less permeable corridors, e.g., Corridor D. However, it is difficult to
get accurate field measurements of dissolved oxygen, so the distribution of manganese, which rapidly
precipitates in the presence of dissolved oxygen, also was evaluated.

Figure 6 shows the distribution of dissolved manganese which corroborates the mechanism of
arsenic precipitation, described below. Manganese concentrations decline by an order of magnitude as
site groundwater approaches the shoreline and mixes with oxygen-rich seawater that has intruded into
shoreline slag.

In upland areas of the site (not the slag peninsula, which is entirely slag), the greatest groundwater
flow occurs in the slag formation, which is above the natural geologic formations. The slag, in turn, is
topped by athin layer of filled soil. Upland groundwater has low oxygen content relative to seawater,
so the geochemistry of the upland groundwater is reducing in comparison to the water of
Commencement Bay. At the shoreline, the tides of Commencement Bay enter the porous seaward face
of the slag formation, forcing seawater into the slag. Thus, as the upland reduced groundwater migrates
toward the shorelineg, it gains oxygen by mixing with tidal seawater within the slag. The solubility of
the arsenic then decreases, and most of the dissolved arsenic is precipitated as secondary mineralsin
the slag and does not discharge to Commencement Bay. The presence of secondary arsenic minerals
has been confirmed by a mineralogic study of material recovered when MW-206 was installed (US
EPA, 1998). Thus, the changing redox condition of the groundwater explains the attenuation of the
primary contaminant of concern, arsenic. However, understanding the mechanism that controls arsenic
solubility does not answer the question of how to calcul ate the mass flux of arsenic to the Bay (ASTGF
1998, Group 4).

RELEASE OF COPPER

Figure 3 shows an areain Corridor D where the average dissolved copper concentration in
groundwater is greater than in any other nearshore area. Unlike arsenic, copper is generaly more
soluble when there is more dissolved oxygen. However, the shallow (A) wells on the Breakwater
Peninsula, where oxygen is available from seawater and atmospheric exchange, do not have copper
concentrations as great as the wellsin Corridor D. The ASGTF concluded there must be another
geochemical parameter causing copper to dissolve from slag in corridor D (ASGTF 1998, Group 4).

Figure 14 shows that acidity may be controlling copper concentrationsin Corridor D. Acidity is
measured in logarithmic pH units. The pH of Commencement Bay water is about 8.0. Wellsin the
southeast plant/DMA area have average pH values less than 6.0, indicating acid concentrations two
orders of magnitude greater than Commencement Bay. The southeast plant/DMA areais the location
of previous liquid sulfur dioxide and sulfuric acid manufacture. Materials remaining at this location
apparently continue to acidify the groundwater, releasing copper from the slag matrix. Even the
intrusion of seawater does not overcome this effect, as the Corridor D well nearest the shoreline has an
average dissolved copper concentration of 3.6 mg/¢, more than an order of magnitude greater than any
other shoreline well. By comparison, the copper acute marine AWQC is 0.0029 mg/t (a chronic copper
marine AWQC has not been adopted).
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Figure 13 shows the distribution of dissolved iron in shoreline wells, which helps corroborate the
mechanism of copper solubility. Like copper, iron is more soluble in alow pH (acid) environment
(e.g., landfill leachate). Higher concentrations of iron are found in the Southeast Plant/DMA source
areawhere pH was low and copper was high. Thus, both copper and iron exhibit increased solubility
here because of the lower pH (higher acidity). However, unlike copper, the average dissolved iron
concentrations are quite similar in al the wells closest to the shoreline (ASGTF 1998, Group 4). This
suggests that when the dissolved copper and iron in acidified groundwater in corridor D encounter
intruding seawater within the shoreline slag, that the reaction of iron with the oxygen and alkalinity of
the seawater forming an iron precipitate is more rapid than the similar reaction of copper.

CONCLUSIONS

The wells closest to the shoreline have mean dissolved copper concentrations at |east three orders
of magnitude greater than the marine acute/chronic AWQC of 0.0029 mg/t. The greatest volume of
groundwater discharges through the fractured slag into the marine water column rather than through
contaminated subtidal sediment. Thus, the groundwater process that is having the greatest effect on
marine biotais probably copper discharge to water, not arsenic discharge to sediment.

Mass loading of contaminants in general is a simple calculation that multiplies the average
contaminant concentration by the corresponding average water (volume) discharge rate. This calcula-
tion isvalid aslong as the contaminant concentration is the concentration in the volume of water that is
discharged. The calculation of contaminant mass loading rates to Commencement Bay is complicated
by the geochemical changes that occur in the shoreline slag as the fresh groundwater mixes with
marine surface water, atering the solubility of the metal contaminants; and by the difficulty in
determining the corresponding volume (discharge rate) of water, which isinfluenced at the shoreline
by the twice daily tidal flux. Wells nearest the shoreline, where contaminant concentrations are most
representative of dischargesto the Bay, are affected by the influx and efflux of tidal water, i.e., the
volume of discharging water characterized by the contaminant concentration measured in the shoreline
wells, islikely greater than the net groundwater flux from the site.

The ASGTF has not yet found a satisfactory method for resolving this problem.
REFERENCES

ASGTF Group 1, 1998. Draft Technical Memorandum on Groundwater Discharge Estimates,
November 1998. 25 pp. plus attachments A and B.

ASGTF Group 4, 1998. Draft Technical Memorandum for the Asarco Sediments/Groundwater Task
Force, December 1998. 30 pp. plus Figures.

US EPA, 1998. Mineralogical Study of Borehole MW-206, Asarco Smelter Site, Tacoma, Washington.
US Environmental Protection Agency Region 10, Office of Environmental Assessment, Sesttle,
WA, 31 pp. plus Appendices A-D.

Hydrometrics, 1996. Tacoma Smelter Post-Remediation Surface Water Evaluation and Technical
Impracticability Demonstration. Draft Revision 1 for ASARCO, Inc., Tacoma, WA, June 1996.

Parametrix, Inc. 1996. Asarco Sediments Superfund Site Expanded Remedial Investigation and
Feasibility Study, Phase 2 Refinement of Options Report, Volume |. For ASARCO, Inc., Tacoma,
WA, December 1996.

84



Proceedings of the Ground-Water/Surface-Water Interactions Workshop July 2000

AUTHOR INFORMATION

Gayle Garman, NOAA Office of Response and Restoration, Coastal Protection and Restoration
Division, 7600 Sand Point Way, NE, Seattle, WA 98115-0070. gayle.garman@noaa.gov

MEMBERS OF THE ASARCO SEDIMENT/GROUNDWATER TASK FORCE (ASGTF)

Marian Abbett, State of Washington, Department of Ecology, Olympia, WA
Thomas Aldrich, Asarco, Inc., Tacoma, WA

Bruce Cochran, State of Washington, Department of Ecology, Olympia, WA, David Frank, US EPA,
Seattle, WA

Gayle Garman, NOAA, CPRD, Seattle, WA

James Good, Parametrix, Inc., Kirkland, WA

Douglas Holsten, CH2M-Hill, Inc., Bellevue, WA

Lee Marshall, US EPA, Seattle, WA

Scott Mason, Hydrometrics, Inc., Kalispell, MT

Roger McGinnis, Roy F. Weston, Inc., Seattle, WA

Robert Miller, Hydrometrics, Inc., Tacoma, WA

David Nation, Hydrometrics, Inc., Tacoma, WA

Karen Stash, Roy F. Weston, Inc., Seattle, WA

Carl Stivers, Parametrix, Inc., Kirkland, WA

Donald Weitkamp, Parametrix, Inc., Kirkland, WA

Bernie Zavala, U.S. EPA, Seattle, WA

85



July 2000

Proceedings of the Ground-Water/Surface-Water |nteractions Workshop

Avd LHINIINENKOD OL VIHY A24N08 NIHILH JINESMY, TIH
AIVLE AL Wodd FOYUVHISLD 0NV MO HEI¥AdNnods ¥-3dd

Conceptual Cross-Section D1 — D1

86



July 2000

Proceedings of the Ground-Water/Surface-Water Interactions Workshop

Sl BRCE. M

[ T

mooa e T L ST ST N

e . 7] T TR BT

Figure 1

87



July 2000

Proceedings of the Ground-Water/Surface-Water Interactions Workshop

Iy e e w—" — TR
Cafe MR "FRICY. O8F “EE-Af "ileEn
E EEEEE.__ N Y ——e g § e R
[T ] ORI HHET BOVHILA —Eﬁﬁ LN YK (4 ISSIEISIN ENOUTXNR TR 'L
TIIOR

wacused Nt et "
A TR B e
CELETET SRS T SOALNNW FRELL DeF1 0l oan:

oy s [ |

Figure 2

88



July 2000

Proceedings of the Ground-Water/Surface-Water Interactions Workshop

i T e s e il i
i o] S oA i A e T

e T ] -
LT R T .__._!.Ih ﬂ.:.qﬂ“.“h:..ﬂ..“ﬂl..q&m '

W OV AL EOWTELIE SEGUNSTT THA I

TR
ANVENTM SEIMGTERAIE Dl ===
i L e et
e ! Py i

Istiaby DYl THA OWMOLEDA FEEL [WT] -0

ag_u

Figure 3

89



July 2000

Proceedings of the Ground-Water/Surface-Water Interactions Workshop

HEE R e el

Figure 6

90



July 2000

Proceedings of the Ground-Water/Surface-Water Interactions Workshop

Figure 10

91



July 2000

Proceedings of the Ground-Water/Surface-Water Interactions Workshop

T ETEA LIKN FFTE 381 K

-
s g

I._._."l.__!..-_:.nl..'...n._n...:
i L “Fisil-af FTHL CREY 1]

2
E O ol EeERELEN SHALENT THA 1

:

ANYONOM EOIRGTILANT BEE ———

OO -t g
CLOMl OSTALEINSS EEULT RTSERES IDARTME FER L
oudnh¥ Pl THL OWBOUSEN NELS. SE0T 6 eis

Py manes ||

Figure 11

92



Proceedings of the Ground-Water/Surface-Water |nteractions Workshop July 2000

RO
WELLH
iy T Fom s o T

* RIS R -

wimdi bl i

U LIS TENM MENTTOPENG WEL. (3545 dGiNFER]
- O TR ST

A T e e

HOTES;
3. WEL LocaTice REFERENCE 7O Nad ke

Y S Y it i

Figure 13

93



July 2000

Proceedings of the Ground-Water/Surface-Water Interactions Workshop

= T

—mm

= -

e e et | i B

g
il | ]
—=

L FTTEM 1K DV ML 3
LD B EOVERAY

WrEL miL OF-AM ENT 93-ER IT-EE
!lﬁ.l-inl.l Hlﬂﬂ.-_!.!.-ﬂ.:.ii .ﬂ

WD OV Ol B S4SUNSOT THR T
BAIOR

SIVIHH ASTRSTIMIT W ———

wse! St e s \_
Iemn mevmras! o O mREAT P

Figure 14

94



Proceedings of the Ground-Water/Surface-Water Interactions Workshop July 2000

The Interaction of Ground Water and Surface
Water within Fall Chinook Salmon Spawning
Areas in the Hanford Reach of the Columbia
River

By David R. Geist

INTRODUCTION

The Hanford Reach is the last unimpounded section of the mainstem Columbia River in the United
States and supports alarge run of fall chinook salmon (Oncorhynchus tshawytscha) that returns there
annually to spawn (Dauble and Watson 1997). Previous studies have shown that adult salmon
repeatedly spawn in definite locations within the Reach (Geist 1999; Geist and Dauble 1998; Dauble
and Watson 1997), but the physical characteristics associated with these areas are variable and poorly
understood. More information on the spawning habitat characteristics of fall chinook salmon that
utilize large riversis needed to recover stocks listed on the Endangered Species Act.

The association between fall chinook salmon spawning and physical habitat characteristics was
previously examined in the Hanford Reach at Locke Island and Wooded Island (Geist 1999). Although
the physical habitat characteristics, e.g., depth, substrate, and water velocity, at the two sites were
similar, only the Locke Island site had extensive salmon spawning. Additional measurements were
taken to determine if the interaction of ground water and surface water within the hyporheic zone could
explain this discrepancy in habitat use between the two sites. Hyporheic discharge was assumed to
affect spawning site selection by providing cues (chemical, temperature, and physical) for pre-
spawning adults to locate spawning reaches (usualy 2 to 5 km in length). Once these reaches were
“discovered,” hyporheic discharge was assumed to correlate with the distribution of redd clusters (500
to 800 min length, 120 m in width; Geist 1999) within these river reaches

METHODS

During the fall chinook salmon spawning seasons (October and November; Dauble and Watson
1997) from 1995 to 1997, mini-piezometers (Lee and Cherry 1979) and internal-drive-rod piezometers
(Geigt, et al. 1998) were installed within the two sites. Piezometers were installed within the river
channel in groups of three or four, and hyporheic water within the piezometers was sampled 2 to 7
times each year for specific conductance (uS/cm at 25°C), water temperature (T, °C), dissolved
oxygen (DO, mg/t), and hydraulic head (h, cm). These same parameters were also measured on a
contiguous river sample.

It was assumed that water discharging from the hyporheic zone into the river was a combination of
ground water and surface water. Specific conductance was the primary measure used to differentiate
undiluted ground water from surface water; specific conductance of undiluted ground water adjacent to
the Hanford Reach averages 300-400 pS/cm while the river water averages ~150 uS/cm. The
differencesin temperature (T) and hydraulic head (h) were based on the piezometer reading (hyporheic
water) minus the reading from its paired river sample. Differences in hydraulic head between the river
and hyporheic waters were used to calculate a vertical hydraulic gradient (VHG) between the two
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(VHG = h/depth of piezometer). Slug tests were used to estimate the volume of hyporheic discharge
from the sediments into the river channel.

RESULTS AND DISCUSSION

The results showed that fall chinook salmon [
spawning locations were highly correlated with 0.08
hyporheic discharge that was composed of mostly 0.06 | -
river water and not undiluted ground water. z E .
Hyporheic water that discharged into fall chinook | € %04+ i
salmon spawning locations was consistently < 0.02 L
greater in magnitude, and had higher dissolved ‘g 0.00 4 .
oxygen and lower specific conductance than TOF -
discharge into non-spawning locations. However, -0.02 +
there was no significant difference in temperature Locke Wooded
between hyporheic and river water. These results
were true when comparisons were performed B
between Locke Island (spawning site) and Wooded | . 2250 ¢
Island (non-spawning site) (Figure 1), and also true E Z
when spawning and non-spawning clusterswithin | % 9% 7 1
the Locke Island site were evaluated (Figure 2). < 1750 i 1

Slug tests showed that substrate permeability % 1500 L £ __________________
decreased with increasing distance below theriver | o B River
bed at Wooded Island but did not change over the | § 1250 +
depths monitored at Locke Island (Figure 3). This ® Locke Wooded
suggested the mixing zone where river water
penetrated into the river bed was greater within the [¢.
spawning site than within the non-spawning site. 0.3 ¢ -
Specific discharge cal culations gave an average G 02 -
flux out of the sediments on the order of 9.0 x 10 = 01 f .
cm/s at Locke Island and 3.0 x 10 cm/s at -g 0.0 £
Wooded Island. Thus, specific discharge of 5 o1 g 1 ¢
hyporheic waters was approximately 3timeslarger | = |
at Locke Island than Wooded Island. \é; 024 B

E 03

River water was presumed to have entered < Locke Wooded
highly permeable riverbed substrate at locations
upstream of spawning areas. Geomorphic bed Figure 1. Physiochemical data collected from
features (i.e., idands, gravel bars, riffles) of piezometers installed and monitored at the Locke Island

Lo . . and Wooded Island study sites during October and
adluvia rivers are able to create hydrau“C gradl er]tSNovember, 1995. Bars above and below the points

sufficient to direct surface water into the bed represent the 95% confidence interval of the mean. (A)
(Stanford, et al. 1996; Brunke and Gonser 1997). Vertical hydraulic gradient (VHG) between hyporheic and
. - ' . surface waters where positive values indicated potential
River W"_ﬂer |s'able_to pen?trate degper Into upwelling and negative values downwelling, (B) specific

hyporheic habitats if the riverbed is composed of  conductance of hyporheic and surface waters, and (C)
alluvium that is highly permeable (Vaux 1962, differences in water temperatures of hyporheic and
1968; White 1993). The more permeable the surface waters.

alluvium, the more that the physiochemical characteristics of the hyporheic waters will resemble
surface water rather than ground water. In contrast, the relative proportion of phreatic ground water in
hyporheic waters will be greater if the riverbed sediments are of low hydraulic permeability because
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Figure 2. Physiochemical data collected from
piezometers installed and monitored within the Locke
Island site at spawning (S) and non-spawning (NS) sites
during October and November, 1996 and 1997. Bars
above and below the points represent the 95% confidence
interval of the mean. ND = no data.

river water will not be able to readily enter the
substrate and dilute the ground water (White 1993;
Brunke and Gonser 1997). | concluded river water
that became entrained into the “ hyporheic
corridor” had a strong influence on vertical
hydraulic gradients and influenced the use of
salmon spawning habitat. Knowledge of the three-
dimensional connectivity between rivers and
ground water within the hyporheic zone can be
used to improve the definition of fall chinook
salmon spawning habitat.
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Integrated Acoustic Mapping of Surface Waters:
Implications for Ground-Water/Surface-Water
Linkages

By Chad P. Gubala, Ullrich Krull, Joseph M. Eilers, Mike Montoya, and Jeff
Condiotty

The study of aquatic systems has historically been approached in atraditional scientific manner.
“Representative” sections or components of |akes and rivers have been examined intensively through a
combination of laborious sampling methods. Broader assessments of specific aguatic ecosystems have
then been statistically constructed through the assembly of discrete study elements. Changesin aquatic
ecosystems have then been documented by repeating a similar regimen of sampling at varying time
intervals. Aquatic ecosystem analyses and risk-based management plans have been developed on the
basis of discreet and/or empirical numeric models of aguatic ecosystems, deriving from the original
field investigations.

The efficacy of aguatic assessments and/or risk-based management plans depends upon the
completeness and accuracy of the original data collection and analysis scheme. In order to assemble an
accurate model of an entire aguatic ecosystem, data must be collected in a manner that minimizes the
major components of uncertainty: measurement, spatial and temporal. Most researchers have been able
to adequately minimize measurement error throughout intensive, small-scale research studies or
monitoring exercises. However, precise and accurate measurements distributed over a small section of
alarge domain frequently lead to inaccurate conclusions. This phenomenon derives from the
uncertainty of interpolating the conditions of an unknown domain, such as ariver reach or lake region,
through interpolation or extrapolation from alimited data-base.

A need exists to develop better monitoring techniques for the dynamic management of aguatic
ecosystems. Combinations of current and emerging technologies, drawn from a variety of application
areas may provide for faster, more cost-effective means of acquiring aquatic systems data and
information. Linking mobile sensors such as hydroacoustic arrays with Global Positioning System
(GPS) navigation have aready yielded effective methods for rapidly delineating the bathymetric,
morphometric and hydrologic features of lakes and rivers. Expansion of the role of acoustics has aso
permitted the spatial analysis of aquatic biological communities within complex spatial domains. The
coupling of standard aguatic sensor arrays, such as temperature, conductivity or velocity probes, with
GPS will provide multiple parameters for a system in a cost-effective manner. Integration of advanced
sensor probes, such as real-time DNA detectors for identification of aquatic microorganismswill also
greatly enhance the ability to detect and manage change in aquatic ecosystems.
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Delineation of VOC-Contaminated Groundwater
Discharge Zone, St. Joseph River, Elkhart,
Indiana

By John H. Guswa, Jonathan R. Bridge, and Michael J. Jordan

A hydrogeologic study was conducted to locate and delineate the portion of the St. Joseph river
within which VOC contaminated groundwater observed in monitoring wells in the study area was
discharging. The principal groundwater contaminants are trichloroethene (TCE) and carbon
tetrachloride (CCl,). Water samples were collected at a depth of approximately two to five feet below
the river bed using a GeoProbe® from a pontoon boat. The samples were analyzed for the purpose of
delineating VOC concentrations in groundwater directly beneath the river bed. The results of this
hydrogeol ogic study were used to select sampling locations for a benthic macroinvertebrate
investigation to determine if there were any ecological effects resulting from the discharge of VOC-
contaminated groundwater to theriver.

Groundwater and surface water samples were initially collected from selected wells and sampling
stations on the river and analyzed for the inorganic analytes listed in Table 1. The purpose of this
sampling was to identify whether there were inorganic analytes that could be used as “tracers’ to
ensure that the samples collected from beneath the river bed were groundwater samples and not
induced river water. The concentrations of none of the inorganic analytes proved to be consistently
different between the surface water samples and the groundwater samples. Therefore this group of
inorganic analytes could not be used as “tracers.” Other field measured parameters, in particular pH,
temperature and specific conductance were more useful in this regard, and were used for that purpose.
The pH of the river water was approximately one pH unit higher than the groundwater. The river water
temperature was approximately 8°C higher than the groundwater temperature and the specific
conductance of the groundwater was generally higher than the river water.

Table 1. Results of preliminary inorganic analyses, in mg/t.

Sampling CATIONS ANIONS
Location
calcium | magnesium | sodium | potassium | bicarbonate | carbonate | sulfate

Groundwater

MW-7S 94.3 25.6 7.7 ND* 280 ND 28.7

MW-7D 89.9 24.3 317 ND 230 ND 41.2

MW-8S 76.8 18.6 22.2 ND 230 ND 20.3

MW-8D 81.0 19.9 31.4 ND 230 ND 26.3

MW-9 75.9 19.5 ND ND 210 ND 10.9

MW-10S 82.8 20.1 14.5 ND 230 ND 28.6
Surface Water

SW-01 83.0 234 15.8 ND 180 ND 2.7

SW-02 81.1 22.8 13.7 ND 220 ND 435

SW-03 66.5 22.7 21.1 ND 210 ND 27.0

*ND= Not Detected
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Groundwater samples were collected from beneath the river bed at 73 locations located along 19
transects. The initial sampling locations were based on evaluation of water quality data from
upgradient monitoring wells and evaluation of groundwater flow direction. Subsequent transect and
sampling locations were selected by reviewing daily analytical results received from an on-site field
laboratory. The water samples were collected by driving a GeoProbe®, from a pontoon boat,
approximately two to five feet below the bed of the river. The one foot long GeoProbe® screen was
then exposed, and water was pumped to the surface using a peristaltic pump. The GeoProbe® was fitted
with a thermocouple to permit in-situ measurement of groundwater temperature. A schematic of the
GeoProbe® sampling device is shown on Figure 1. At some |ocations the GeoProbe® screen became
clogged with fine sediment from the river bed. When this happened the screen was flushed with
deionized water to clear the screen. The sampling then proceeded using alow-flow sampling protocol.

PROBE® SCREEN 7
POINT GROUNDW ATER
s

AMPLER

Figure 1. Schematic of sub-riverbed sampling equipment

During pumping, the water quality parameters pH, Eh, specific conductance, dissolved oxygen,
temperature, and turbidity were measured in the field. The pH, Eh, specific conductance dissolved
oxygen and temperature were measured utilizing a flow through cell with a'Y SI model 6820 multi
parameters instrument. Turbidity was measured using an HF model DRT-15CE turbidity meter. A
surface water sample at each sampling location was also analyzed for the field water quality
parameters. The sampling point was purged until the field water quality parameters stabilized. After
the field parameters stabilized the surface water results and the stabilized results from the sampling
point were compared to be certain that groundwater, and not surface water, was being sampled. The
field analyses indicated that pH, temperature and specific conductance were good indicator parameters
for this comparison. The collected sub-river bed samples were then analyzed for the nine VOCs listed
in Table 2. VOC analyses were performed in the field laboratory using a modification of EPA Method
SW-846 8021.
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Table2. VOC Analytes
Trichloroethene
Carbon Tetrachloride
1,1,1-Trichloroethane
Chloroform
Vinyl Chloride
Tetrachloroethene
1,1-Dichloroethene
Chloromethane
1,2-Dichloroethene

The results of the sampling and analyses indicated that TCE contaminated groundwater is
discharging into the river along a 5'500 foot length of the river. The maximum TCE concentration
detected was 1'600 micrograms per liter (ug/(). Groundwater containing CCL, is discharging to the
river along a 2'500 foot length of the river, and the CCl, discharge zone is contained within the TCE
discharge zone. The maximum CCL, concentration was 940 pg/t. The sampling locations, and the TCE
and CCl,, distribution in the sub-riverbed groundwater, are shown on Figure 2. Based on the results of
this investigation, sampling locations for a benthic macroinvertebrate investigation were selected.

4 EXPLANATION
-N- w-29 ¢  MONITORING WELL (GPS SURVEYED
i LOCATION 1998)

w8090 SOIL BORNG 1998 (GPS
SURVEYED LOCATION 1998))
PHASE 1 ECOLOGICAL ASSESSMENT - . y
SAMPLE LOCATION e —,
DISCHARGE ZONE FOR A7 . i
GROUNDWATER CONTAMINATED WITH
TCE AND CCH

DISCHARGE ZONE FOR
GROUNDWATER CONTAMINATED WITH
E

uuuu

Figure 2. Sampling grid and contaminant discharge area
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Measuring Enhanced Removal of Dissolved
Contaminants in Hyporheic Zones and
Characterizing Causes and Consequences for
Water Quality

By Judson W. Harvey, Christopher C. Fuller, and Martha H. Conklin

ABSTRACT

Characterizing both the causes and consequences of enhanced oxidation of dissolved manganese
(Mn) in the hyporheic zone at Pinal Creek basin, AZ required measurements with spatial resolution
varying across five orders of magnitude. Our measurements ranged in scale from that of the
fundamental interactions between surface and ground water (centimeters) to the scale of the perennial
stream that receives ground-water discharge from the entire drainage basin (kilometers). Because of
the lower uncertainty of the stream-tracer approach for estimating the average reaction rate, that
method provided the most reliable basin-scale simulation of the effects of enhanced Mn-removal in
hyporheic zones. The stream-tracer characterization alone, however, could not determine that the
removal of manganese was pH-dependent, or even that the reaction occurred in hyporheic zones (as
opposed to slow-moving zones in surface water). Laboratory and in situ measurements within
hyporheic zones provided the crucial evidence to support interpretations about the causal processes.

INTRODUCTION

Hydrologic exchange of streamwater and ground water back and forth across channel beds of
rivers and streams enhances chemical transformations in shallow groundwater beneath the streambed
(hyporheic zone). The hyporheic zone is defined hydrologically by flow paths that route streamwater
temporarily through the subsurface and chemically by subsurface water that can be shown to receive
greater than 10% of its water from the surface (Triska and others, 1993). Steep chemical gradientsin
dissolved oxygen, dissolved organic carbon, and pH in hyporheic zones enhance biogeochemically
mediated transformations of solutes, such as nitrification and denitrification (Grimm and Fisher, 1984;
Triskaand others, 1993), oxidation of metals (Benner and others, 1995), and biodegradation of volatile
organic compounds (Heekyung and others, 1995). Hyporheic flow paths are typically small in their
spatial dimensions, but if chemical reaction rates are fast enough, and if enough exchange occurs
between flowing water and sediment, then the effects can accumul ate downstream and affect water
quality (Harvey and Fuller, 1998).

This short paper considers three types of measurements at different spatial scales of resolution. The
three measurement types are: (1) laboratory-batch experiments that quantify solute-sediment
interactions at the millimeter-scale, i.e. the scale of individual sediment grains, (2) in situ
measurements in hyporheic flow paths at the scale of centimeters beneath the streambed, and (3)
stream-tracer experiments that quantify removal rates at the scale of experimental subreachesin the
perennial stream (approximately 500 meters) or at the scale of the perennial stream that receives
ground-water discharge from the entire drainage basin (3 kilometers).

A number of physical and chemical measurements of the hyporheic zone have been made as part
of our investigations, including the hyporheic-zone depth, hydrologic residence time in the hyporheic
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zone, net removal -rate constant for dissolved manganese (Mn), and percent removal of Mn in
hyporheic flow paths. Previously, we found good agreement across scales of measurement based on a
relatively limited data set (Harvey and Fuller, 1998). In this paper, we update with new data the means
and standard deviations for manganese removal -rate constants and compare them among the three
measurement types. Field methods, analyses, and modeling calculations for reach-scale and in-situ
measurements are presented in Harvey and Fuller (1998), Fuller and Harvey (1999), and Duff, et al.,
(1998). Laboratory methods and analyses are given by Marble and others (1999) and Harvey and Fuller
(1998).

COMPARISON OF REMOVAL-RATE CONSTANTS ACROSS SCALES

In situ rate constants (cm-scale) in the hyporheic zone were determined at atotal of eleven sitesin
1994, 1995, and 1997. Rate constants were determined for sub-reaches of the perennial stream (500-m
scale) by averaging results from stream-tracer injections in 1994 and 1995. The basin-scale estimates
(3-km scale) were computed by averaging the mean rate constant from the four subreachesin 1994
with the mean for the five subreachesin 1995. Laboratory rate constants estimates were computed
using data from the subset of unpoisoned experiments conducted between pH 6 and 6.9, which
matches the range of pH’s that were measured in situ. We chose the coefficient of variation (standard
deviation divided by the mean) as a measure of uncertainty.

The mean rate constant for the three field estimates (e.g. in situ, sub-reach, and basin-scale) was
approximately 2.3 x 10 per second. The mean rate constant determined in the laboratory was
approximately 30% lower. An average rate constant of 2.3 x 10 per second for removal of manganese
corresponds to a time constant (inverse of rate constant) of approximately 1.3 hours, which is
comparatively fast in a drainage basin where the hydrologic residence time in surface water of Pinal
Creek is approximately 1 day. Although the mean estimates for each field technique varied little (4%
coefficient of variation), standard deviations varied by approximately a factor of four. Thein situ
estimate of the removal-rate constant was most uncertain with a coefficient of variation of 107%.
Estimates made at the kilometer-scal e based using the stream-tracer approach were least uncertain,
with a coefficient of variation equal to 26%. The coefficient of variation for laboratory and sub-reaches
had intermediate values of 84% and 56%, respectively.

DISCUSSION

Rate constants for removal of manganese differed little between |aboratory experiments, in-situ
field measurements, and measurements based on stream-tracer experimentation. The advantage of
laboratory experiments was the isolation of the effects of microbia colonies and pH. Marble and
others (1999) discuss pH and other factors affecting Mn-oxidation reactions. One problem of the
batch-1aboratory experiments is extrapolating results to sediment-water ratios that more accurately
approximate field conditions. Following Harvey and Fuller (1998), we scaled |aboratory-rate constants
by multiplying them times the ratio between the average sediment concentration (gramg/liter) in the
streambed at Pinal Creek and the sediment concentration used in laboratory experiments. That
adjustment assumes that grain-size variations, which are likely to affect sediment-surface area
available for oxidation of manganese, are the same in laboratory experiments and in the streambed.
Another possible problem of the laboratory experimentsis controlling for variation in activity levels of
microbial colonies. For example, Marble and others (this volume) report a significant time lag before
removal in Mn begins in sediment samples that were stored before usage in experiments. Either of
those possible problems might explain the lower Mn removal-rate constant compared with in-situ and
stream-tracer estimates
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In situ sampling within hyporheic flow paths addresses the problem of realistic field conditions by
quantifying rates of removal without disturbing the sediments or natural hydrologic fluxes. But this
method has practical limitations, however. In situ sampling has the disadvantage that the
measurements are difficult and time consuming to make in the field, which limits sample sizes. In
addition there is also the problem that ancillary physical and chemical factors cannot be varied except
though careful site selection. The principal advantage of in-situ field measurements is that interactions
between flow and biogeochemical processes are preserved, which potentially could revea findings that
would be difficult to detect in a laboratory setting.

Stream-tracer experiments provided the most reliable reach-averaged rate constants for modeling
the basin-scale consequences of enhanced chemical reactions in hyporheic zones. Nevertheless, there
remains amajor disadvantage of the stream-tracer approach for quantifying hyporheic-zone processes.
On the basis of stream-tracer experiments alone, we cannot be sure that the removal of reactive solutes
actually occurs in hyporheic-zones, or on the leaves of aquatic vegetation in slowly-moving surface
water at channel margins or behind channel obstructions. Another problem with stream-tracer methods
isthat the detection sensitivity for hyporheic zonesis not equal across the multiple types of hyporheic
zones that may be present in a given system (Harvey and others, 1996). Only direct sampling of
hyporheic zones using in-situ methods can provide the independent confirmation needed to support
physical interpretations at |arger spatial scales.

SUMMARY AND CONCLUSION

Mean rate constants for the removal of dissolved manganese agreed closely between three scales of
resolution in the field, ranging from centimeter-scal e field measurements acquired in situ in hyporheic
zones to kilometer-scal e estimates determined using stream tracers. The laboratory estimate of the Mn
removal-rate constant was approximately 30% lower than field estimates. In situ and laboratory rate
constants had relatively large coefficients of variation (107% and 84%, respectively), which may be
too large to be used reliably in transport simulations. Stream-tracer experiments provided estimates of
the rate constant with lower uncertainties; 56% when averaged at the reach-scale (approximately 500
meters) and 26% when averaged at the basin-scale (3 kilometers). Our experience at Pinal Creek basin
leads us to conclude that a multi-scale approach is a necessity for characterizing enhanced
biogeochemical reactions in hyporheic zones.
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Bioassessment of Hyporheic Microbial
Communities Using a Specially-designed
Sediment Colonization Chamber

By Susan P. Hendricks

Streambed sediments are often very heterogeneous in particle size distribution and permeability,
creating mosaics of hyporheic habitats and biotic communities. Biotic patchiness and difficulties
sampling the physical environment present challenges for researchers investigating hyporheic
microbial transformation processes. Heterogeneous sediments may not be conducive to conventional
sampling techniques (Fraser and Williams 1997, Mauclaire, et al. 1998). For example, streambeds
composed of large gravel and cobble are prohibitive to mechanical or hand-coring of sediments.
Freeze-core sampling techniques often used in heterogeneous sediments for invertebrates are not
appropriate because freezing alters microbial activity (Humpesch and Niederreiter 1993, Claret 19983,
1998b).

Some sampling difficulties may be overcome using artificial chambers. Many investigators have
designed chambers for various specific monitoring purposes, including water chemistry,
macroinvertebrates, and in situ microbial metabolism measurements (Danielopol and Niederreiter
1987, Dodds, et al. 1996, Shati, et al. 1997). There also have been several site- and/or question-specific
chamber designs, particularly for sediment microbia studies (e.g., Fischer, et al. 1996, Frazer, et al.
1996, Eisenmann, et al. 1997, Claret 1998a, 1998b). The purpose of this paper is to describe a multi-
purpose sediment microbial colonization chamber that combines attributes of several previous designs.
The chamber has been used successfully in heterogeneous cherty western Kentucky and Tennessee
streams and can be used not only for chemical and microbia monitoring, but also for experimental
manipulationsin situ.

DESIGN CONCEPT

Gravel bars are conspicuous geomorphic features of many mid-reach streams (Figure 1).
Conservative tracer experiments in the study streams have shown that both gravel bars and the
hyporheic zone are important transient storage zones where dissolved organic matter, nutrients and
contaminants may be retained for periods of time and transformed before re-entering the surface
stream environment. Microbial activity within these subsurface regionsisimportant in mediating
nutrient and carbon cycling (Hendricks and White 1991, 1995; Hendricks 1993, 1996) and potentially
important in transforming contaminants.

The chamber was designed for maximum flexibility in placement and function within both the
hyporheic zone and within gravel bars lateral to the stream (Figure 1). The design (Figure 2) has
alowed usto 1) collect interstitial water sasmples for nutrient chemistry and dissolved oxygen, 2) sub-
sample sediments for various microbial assays (e.g., bacterial productivity, phosphatase activity), and
3) carry out time-course in situ experiments for determining transformation rates of various substances
(e.g., respiration rates, nitrification rates). Additionally, the sediment volume within the chamber
enables 1) collection of small test-tube sized cores from each of the depth intervals for further
laboratory microbial analyses (e.g., microbial diversity studies using amplified rDNA restriction
analysis, fatty acid analysis, perfusion experiments) and 2) transplant experiments between sites and
streams and monitor subsequent changes in activities and other effects. Our initial experiments have
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been comparisons between an
agriculturally impacted third-order
stream (Ledbetter Creek) and a pristine BERNE

third-order stream (Panther Creek) S0~ v VTP G
with similar sediment heterogeneities
and watershed characteristics.

METHODS

Sediments collected from each
stream were sieved (£ 3 mm size
fraction), autoclaved, and placed into
chamber baskets (Figure 2). The
baskets were stacked such that each
represented a hyporheic depth interval
(0-10 cm, 15-25 cm, and 30-40 cm).
Chambers were placed just below the
top of the water table aong previously
determined subsurface flow-paths
within the gravel bars and below the
sediment-water interface within
hyporheic regions (Figure 1). Ports
between inner and outer cylinders were
aligned in the open position to alow /
interstitial flow and colonization with !
microflorafor approximately 8-10 iy :Ii y Pmmm'

weeks. ~ 27 Creek

——

Following colonization, the Figure 1. Study sites at Ledbetter and Panther Creeks. Black
chamber caps were removed and arrows indicate groundwater inflow: Gray arrows indicate
interstitial water was withdrawn for flowpaths of surface water into gravel bars and hyporheic zone
dissolved O,, nutrients, and DOC from beneath stream.
each of the stacked sediment baskets by attaching a syringe to the tubing embedded in the basket
(Figure 2). Baskets were then retrieved from the inner cylinder by pulling up on the central stem.
Sediment sub-samples were collected from each basket, placed into sterile containers, and transported
to the laboratory for phosphatase activity, bacterial productivity and microbial diversity assays.

In situ experiments also were conducted. For example, interstitial dissolved O, and NO,-N samples
were collected from each depth interval within the chamber as pre-incubation references (i.e., portson
both cylinders aligned in the open position). Twisting the inner cylinder in the opposite direction
resulted in closing of the ports and isolation of sediments from interstitial flow. Following incubation
in the closed position for a chosen period of time (e.g., 24-72 hours), interstitial water was re-sampled.
Oxygen consumption (respiration rate) and NO,-N accumulation (nitrification rate) were estimated as
the difference between dissolved O, or NO,-N concentrations before and after incubation over time
and expressed as change in concentration g* wet weight or L™ sediment h.
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RESULTS

Some examples of subsurface
microbial activities important in P,
N and C cycles are summarized in
Tables 1-3. The tabulated data are
means calculated from all depths (3)
within replicate chambers (2) within
adite (gravel bar=3, hyporheic=2)
for each stream. Alkaline
phosphatase activity (Sayler, et al.
1979) was higher in the gravel bar
than in the hyporheic zone at
Ledbetter Creek during both summer
and spring sampling periods, and
higher in general than in Panther
Creek (Table 1), indicating
differences in phosphorus demand
by the microbial community
between the two streams and among
sites within the streams.

The Ledbetter Creek gravel bar
generally showed higher bacterial
productivity (methods modified
from Findlay 1993) than the Panther
Creek gravel bar (Table 2). Bacterial
productivity was highest where
interaction between the subsurface
gravel bar and stream surface water
was greatest as indicated by

Hyporheic/Gravel Bar Sediment Chambe

<=

Tubing from which interstitial water samples can

be collected from each depth interval.

stem to facilitate basket removal

Chambers are buried in

streambed to just below the
sediment surface and in
gravel bars to just below the
top of the water table

& s

30552

0-10 cm depth

sediment baskets made of
screening.

The inner cylinder holding th
sediment baskets can be

turned to align the openings Spacers for isolating depth intery

with outer cylinder exposing
sediments to interstitial floy,
or closed off to isolate

sediments from flow.
15-25 cm depth

30-40 cm depth

&_/J/’

Figure 2. Schematic of gravel bar/hyporheic chamber design.

dissolved O, gradients in both gravel bars (data not shown) along subsurface flow-paths (Figure 1).

Nitrification rate (methods of Jones, et a. 1995), reported as the increase in pg NO;+NO, L™
sediment h, was higher in Ledbetter Creek than in Panther Creek (Table 3). The Ledbetter Creek
sediment bacterial community is composted of taxa, which appear adapted to high levels of NH,NO,

fertilizer applications.

Table 1. Alkaline phosphatase activity (APA = pm nitro-phenylphosphate
reduced g* sediment dry wt.) in hyporheic and gravel bar chambers at
Ledbetter and Panther Creeks. AG = agriculturally impacted, P = pristine.

Stream Site Spring Summer
Ledbetter (AG) Gravel Bar 1020.5 1942.9
Hyporheic 700.9 205.4
Panther (P) Gravel Bar 687.7 370.9
Hyporheic no data no data
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Table 2. Subsurface gravel bar bacterial productivity (ug C m* h™) at Ledbetter and
Panther Creek as estimated from incorporation of *H-thymidine into bacterial DNA. AG =
agriculturally impacted, P = pristine.

Gravel Bar Position

Stream Month  Upstream Mid-Bar Downstream

Ledbetter (AG) Jan 3.13 11.7 32.3
Jun 64.5 73.6 225.9
Sep 37.7 67.1 67.1

Panther (P) May 721 58.6 44.9
Aug 147.0 51.6 48.0

Table 3. Nitrification rates measured as the increase in NO;+NO, in sediments (ug NO,+NO,
produced L™ sediment h*) in Ledbetter and Panther Creek chambers. AG = agriculturally
impacted, P = pristine.

Rate
(HgNO, L™
Stream Site ANO, (ugL?)  %Increase  sediment h?)
Ledbetter(AG) Gravel Bar 801.2 +340 11.13
Hyporheic 238 +260 3.30
Panther (P) Gravel Bar 4.5 +5 0.06
Hyporheic 8.0 +8 0.11

DISCUSSION

It iswell known that agricultural practices increase sedimentation and greatly alter the chemistry of
surface waters. However, land-use effects on microbial and biogeochemical processes at the
groundwater-surface water interface (hyporheic zone) mediated by increased nutrient, carbon, and
sediment loads are largely unknown. Contaminants reaching streams from subsurface sources such as
groundwater are expected to be processed/transformed at the groundwater-surface water interface
depending on heterogeneity and permeability of sediments and subsurface flow-path complexity.
Methods and data presented here have focused primarily on delineating differences in hyporheic zone
function that mediate agricultural and suburban runoff between and within streams. Results presented
above are limited examples of data which might be obtained from colonization chambers. It isfeasible
to examine other processes which indicate disturbance or ateration of function by other contaminants
entering streams from either point or non-point sources (e.g., contaminated groundwaters).

CONCLUSIONS

The sediment microbial colonization chamber described in this paper appears to be a reasonable
device for examining microbial activities and biogeochemical transformations within the hyporheic
zone or at the groundwater-surface water interface within streambeds.

Advantages of using the sediment colonization chamber described here are 1) construction
materials are inexpensive and the design is flexible for avariety of streambed types, 2) chambers are
multi-purpose in that both interstitial water chemistry and sediment sampling can be done, 3) time
course incubations can be carried out, 4) transplanting of chambers for inter- and intra-site
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comparisons may be carried out, and 5) either natural sediments or more homogeneous artificial
particles (e.g., glass or ceramic beads) may be used in the chambers, 6) replication is quite good and
data are consistent between replicate chambers.

Some disadvantages may include 1) installation that may require 2 or more people, 2) colonization
periods may be long (6 weeks minimum, 8-10 weeks preferred), 3) chamber sediments may not reflect
actual particle size distributions found in streambeds, 4) chambers may prohibit infiltration of natural
CPOM (microbial fuel), and 5) chambers may ater local subsurface hydraulics. Continued monitoring
of the chambers over time and space will help evaluate their ultimate usefulness in stream ecosystems.
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