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Clean sampling methods were used to examine the solute (operationally defined as <0.2
um) and total recoverable geochemistry of the Blackfoot River and Clark Fork River
watersheds. The purpose of the first study, conducted in the upper Blackfoot River
watershed near a proposed gold mine site, was to measure pre-mining water quality
conditions and to characterize the physical relationships between surface water and
ground water. Other than for the major elements, most solutes were not well correlated
with streamflow. The chemical variations appeared to be a product of the complex
interactions among the timing and magnitude of meltwater and rainwater contributions,
shifting proportions of the ground water component of the streamflow, and contaminant
mobilization in the headwaters of the Blackfoot.

The second study measured both the solute phase and bed sediment in a one-time
sampling event of the entire Blackfoot River watershed. The highest metal
concentrations were located in the vicinity of the historic mining complex in the
headwaters, and these concentrations declined sharply as tributaries joined the mainstem.
Comparison of sediment samples with those collected in 1989 and 1995 do not show
evidence for basin-scale long-term changes, despite remediation work begun in 1993.

The third project investigated the geochemical responses of the solute and suspended
phases to streamflow on bi-hourly, daily, and seasonal timescales. The study was
conducted on two rivers and two mountain streams in the Blackfoot and Clark Fork River
basins. Generally, the trace element (Al, As, Cu, Fe, Mn, and Zn) patterns were more
complicated than those of the major elements (e.g. Ca, K, Mg, Na), which weie better
correlated with discharge. Suspended sediment, total recoverable trace metals, and some
dissolved elements exhibited short-term flushing effects at the onset of high flow
conditions associated with spring runoff and a late summer precipitation event. Diel
cycling was observed for pH, dissolved oxygen, water temperature, dissolved inorganic
carbon, total suspended sediment, and total recoverable metals at some or all sites. For
many parameters, short-term variations were small compared with long-term variations.
However, the short-term variability of some parameters covered large portions of or
exceeded the seasonal variability. These results have important implications for the
future design of studies that aim to monitor and characterize the surface water
geochemistry of contaminated and pristine watersheds.
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Chapter 1: Introduction

The mineral extraction industry is a major anthropogenic source of metal and
metalloid contamination to waters, soils, and biota. At last report, the metal mining
industry was the largest source of toxic releases to the environment in the United States,
accounting for 3.5 billion pounds of releases in 1998 alone (EPA, 2000). Some of the
consequences of mineral extraction include surface water and ground water quality
degradation, aquatic benthos toxification, hydrological and landscape alterations, and air
pollution (Honeyman and Santschi, 1988; Moore and Luoma, 1990; Luoma and Carter,
1991; Helgen and Moore, 1996; EPA, 2000). The environmental impacts of resource
extraction have become important areas of study in the fields of geochemistry, hydrology
and biology.

Due to rising human populations and growing demands for the world’s natural
resources, environmental problems associated with mining and ore processing will draw
increasing regulatory and scientific focus in the future. Though widespread and of great
concern to human and environmental health, the impacts by mining activities on water
quality have not been well characterized and quantified. Additionally, very limited work
has been done to characterize the aqueous geochemistry of pristine systems to which
impacted areas need to be compared.

The research to date is so limited largely because the science of freshwater
aqueous geochemistry is a relatively young field. Few current and historic mines have
adequate records of pre-mining water quality conditions. Historically, pre-impact
characterization of watersheds was not required, and early mineral prospectors found
metal concentrations in surface water to be of limited use in locating ore deposits due to
their fluctuating, low, or undetectable concentrations (Hosking, 1970; Hoffman and
Fletcher, 1972; Rose et al., 1979; Runnells et al., 1992). At present, there is little
consistency in the sampling designs of water quality studies. Sample processing and
analytical methods are continually being revised and are typically incompatible among
datasets. In the past decade, several studies have effectively invalidated much of trace
metal work done for much of the last century due to the discovery of major

contamination problems associated with standard sampling protocols (Benoit, 1994,
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Windom et al., 1991; Horowitz et al., 1994; Taylor and Shiller, 1995). These studies
have demonstrated that by following meticulous “clean” (or “ultra-clean™) sampling,
processing, and an°alytical techniques, trace metal contamination of water samples can be
drastically reduced. The conversion to the use of these new techniques is ongoing, but
numerous papers are still being published based on data collected using the problematic
older methods.

Based on both conventional and clean data, scientists still have a poor
understanding of the spatial distribution and temporal dynamics of the geochemistry of
trace metals in surface waters. Most studies examine either spatial or temporal aspects of
trace metal geochemistry, but not both, and many of these studies focus only on heavily
contaminated areas. In particular, a relatively large amount of work has been done on
defining the spatial geochemical trends in streams impacted by acid mine drainage (e.g.
Filipek et al., 1987; Moore et al., 1991; Kimball et al., 1994; Schemel et al., 2000). Few
such studies have incorporated a temporal dimension to their research. Additionally,
there is a lack of research examining the surface water geochemistry at similarly tight
spatial and temporal resolutions in uncontaminated systems.

The geochemistry of rivers can vary within short distances due to both physical
and chemical dynamics in the watershed. Microbially-mediated, redox and pH-
dependent dissolution- precipitation, and sorption-desorption reactions are thought to be
the major controls on partitioning of metals and metalloids among the dissolved,
colloidal, suspended sediment, and bed sediment tractions (Nordstrom and Ball, 1986;
Filipek et al., 1987; Rampe and Runnells, 1989; McKnight and Bencala, 1990; Moore et
al., 1991; Smith et al., 1992; Broshears et al., 1996). Metals transported away from a
source become physically diluted by tributaries and ground water, while changing
chemical conditions continue to rearrange the partitioning between the water column and
particulate phases [Chapman et al., 1983; Bencala et al., 1990; Davis et al., 1991;
Kimball et al., 1994; Gurrieri, 1998].

In pristine areas, the major controls on the physical and chemical changes to the
stream geochemistry include variable contributions from soil zones and vegetation,
interactions with groundwater and hyporheic zones, atmospheric deposition of acidic

anions, the naturai buttering capacity of the local geology, differential weathering rates

(3]

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



within the basin, and the organic carbon concentration in the stream (Campbell et al.,
1991; Pinol et al., 1992; Shafer et al., 1997; Meixner et al., 1998; Clow et al., 2000). Ina
stream impacted by acid mine drainage, additional factors intluence the dispersion of the
mining contaminants in the watershed. These include the type, size, and grade of the
mineral deposit, the mining and ore processing methods, the grain size of the
contaminated sediments in the system, the availability of sorption surfaces in the water
column, and interactions between the metals and sulfate released from the mine drainage
sources (Ficklin et al., 1992; Plumlee et al., 1992, Helgen and Moore, 1996; Schemel et
al., 2000).

While the study of seasonal variations in the major element geochemistry of
freshwater systems has received a moderate amount of research attention, few studies
have included trace metals in their analyses. Even fewer have used clean methods to
collect those data. From the available data, little agreement has emerged in terms of the
temporal patterns of trace metal concentrations in both contaminated and pristine streams
and rivers. In contrast, numerous papers have reported generally consistent inverse
relationships between discharge and major ion concentr:tions (e.g. Hem, 1970; Cossa,
1990; Pinol et al., 1992; Williums et al., 1993).

One type of temporal variation that has increasingly been recognized is that of
hysteresis patterns. Hysteresis describes a loop pattern in streamflow vs. concentration
plots in which concentrations differ along the rising limb from the falling limb of a pulse
of increased streamftlow (Whitfield and Schreier, 1981; Johnson and East, 1982;
Stottlemyer and Troendle, 1992; Evans and Davies, 1998.) Yet only a handful of papers
have described hysteresis patterns in dissolved or total trace metals (e.g. Whitfield and
Clark, 1982; Weatherbee and Kimball, 1991 Sokolov and Black, 1996; Bhangu and
Whitfield, 1997). Because trace metals are more reactive in surface waters than are major
ions, they are more susceptible to changing conditions in their source areas and to in-
stream chemical dynamics (Van der Weijden et al., 1989; Shiller, 1997, Sherrel and Ross,
1999). Hence, their hysteresis patterns are less predictable and more difficult to interpret
than those for major ions such as Ca, Mg, and Na.

An adequate collection of reliable water quality research is clearly lacking,

despite the vast environmental and economic implications. There are many unanswered
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questions regarding the spatial and temporal variation of surface water geochemistry that
are of scientific, environmental health, and regulatory importance. In this dissertation [
try to answer some of these questions, at least in terms of how they relate to the Blackfoot
River and Clark Fork River watersheds in western Montana.

In Chapter 2, I present the results of a temporal and spatial investigation of the
geochemistry of a several kilometer-long stretch of the contaminated upper Blackfoot
River and one of its pristine tributaries, the Landers Fork. Studying the seasonal variation
at sites spaced at approximately 1 km intervals, [ found a large degree of physical and
chemical variation among sites, over time, and between streams. [ discuss hysteresis
patterns which emerged for many of the major clements and try to explain some of the
differences between the responses of trace elements and major elements to high flow
cvents. The Blackfoot River and Landers Fork come together at the site of a proposed
large scale open pit gold mine, and it is for this reason that they were chosen for study by
the Mineral Resources Program (MRP) of the U.S. Geological Survey (USGS). This
project is part of a larger scale effort by the MRP to investigate geochemical baselines in
mineralized, unmined watersheds. The results of this project have been previously
reported in the form of two USGS Open File Reports: Nagorski et al. (1998) and
Nagorski et al. (2001).

[ present a synoptic study of the water and sediment geochemistry of the
Blackfoot River basin in Chapter 3. The purpose of this study was to put into context the
geochemistry of the study area in chapter 2 into the Blackfoot River basin as a whole, and
to characterize the downstream extent of metals contamination originating from the
historic Heddleston Mining District in the headwaters. [ examine the role of tributaries
in influencing the geochemistry of the mainstem, and [ identify differences between the
water and sediment dispersion patterns tor metals of environmental concern. In addition,
[ compare streambed sediment data from the watershed collected by Moore et al. (1991)
in 1989 and Menges (1997) in 1995 with those I collected in 1998. While the historic
mining district has been undergoing remediation since 1993, I found almost no
differences among metal concentrations in 1989, 1995, and 1998. The data from this
research have been published in a U.S.G.S. Open File Report as well (Nagorski et al.,
2000).
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In Chapter 4, [ report the results of a twelve month study on the spatial and
temporal variations of the inorganic geochemistry at four sites in western Montana. For
this study, I sampled two large rivers and two high elevation streams; two of which were
impacted by mining and two not. The smaller streams were the Landers Fork (pristine)
and upper Blackfoot River (mining-impacted), which were the focus of the study in
chapter 2. Hence, another year of data at two of the sites in the chapter 2 project was
added, allowing for multiple year examination >f temporal patterns in the watersheds.
The two large river sites were the Clark Fork River near Drummond (mining-impacted)
and the lower Blackfoot River near Bonner (minimally-impacted). However, unlike the
projects in chapters 2 and 3, in this study [ analyzed the total recoverable phase in
addition to the dissolved phase of the water samples. Because water quality standards
are set for the total recoverable content in waters, | monitored the water quality
according to aquatic life regulations. [n addition to examining the seasonal variations of
the geochemistry of these rivers, [ conducted two 24 hour studies at each site in the
summer, in which [ took samples every 2 hours. The purpose of this portion of the
project was to compare the diurnal variation to the seasonal variation. A third type of
temporal scale examined was that of daily sampling for almost two weeks following the
first significant rainfall in September at the end of the summer drought. From these data,
I found that short term variations in some parameters captured much of the variation
found on much longer time scales. I also report that major ions behaved differently from
the trace metals, that clear hysteresis patterns were present for many constituents, and
that streamflow values alone were inadequate predictors of the surface water
geochemistry in those systems.

The findings from these projects underscore the superiority of the newly
developed clean techniques for sampling water, demonstrate that some of the greatest
geochemical changes of a water year may occur during the early stages of runoft, and
show that the widely held generalization regarding the inverse relationship between
streamflow and solute concentrations is largely invalid in these rivers. The results should
have significant implications for the sampling design of future monitoring studies and
will contribute to the understanding of the chemical dynamics of surface waters in

western Montana.

W
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Chapter 2:
Seasonal variations in the solute geochemistry of the upper
Blackfoot River watershed, Montana.

Abstract

Clean sampling methods were used to study the solute (operationally defined as
<0.2 um) geochemistry of mining impacted and pristine surface waters in the upper
Blackfoot watershed. Five sites along the Upper Blackfoot River and four sites along the
Landers Fork were sampled, some more regularly than others, over the course of 18
months in 1997-1998. Samples were also collected from a tributary to the Blackfoot
(Hogum Creek) and a tributary to the Landers Fork (Copper Creek). The Upper Blackfoot
River, which drains historic mines ca. 20 km upstream of the study area, had higher trace
metal concentrations than did the Landers Fork, which drains the pristine Scapegoat
Wilderness area. In both rivers, many of the major elements show a seasonal hysteresis
effect in which the concentrations were lower on the rising limb of the hydrograph than on
the falling limb. However, elements such as As, Cu, Fe, Mn, S, and Zn exhibited more
irregular temporal patterns, which included periods of almost no response to changes in
streamflow, concentration elevation following a summer storm, concentration surges at the
start of snowmelt in the spring, and/or clevation throughout the course ot spring runoft.
Streamflow values alone were poor predictors of the solute concentrations in the streams,
and complex interactions between the timing and magnitude of streamflow appeared to
account ftor the geochemical trends in the study area.

Introduction

In order to characterize baseline conditions in pristine watersheds and to obtain
accurate data in contaminated watersheds, ultra-clean sampling, processing, and analytical
methods are necessary (Benoit, 1994; Horowitz et al., 1994). In the past decade, the
importance of these methods has been highlighted by studies that cast doubt on the validity
of much of the trace metal data collected using standard protocols (Windom et al., 1991;
Taylor and Shiller, 1995). Still, only a small number of published research to date has
reported on both spatial and temporal trends within river basins using clean sampling

techniques (e.g. Hurley et al., 1996; Shafer et al., 1997; Sherrell and Ross, 1999).
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Although major USGS water quality programs (NAWQA and NASQAN) have adopted
clean sampling and analytical methods (Horowitz et al., 1994; Shelton, 1994; Alexander et
al. 1996), they have not focussed on defining geochemical trends at dense spatial and
temporal resolutions within individual watersheds.

Based on both clean and conventional studies, little is known about seasonal
variations of the inorganic geochemistry of freshwater systems. Storm-scale or seasonal-
scale hysteresis, defined as a loop pattern in plots of concentration vs. discharge caused by
elemental concentrations differing along the falling limb from the rising limb of a
hydrograph, have been reported for decades (e.g. Johnson and East, 1982; Wetherbee and
Kimball, 1991; Pifiol et al.,1992; Campbell et al., 1995; Droppo and Jaskot, 1995;
Sokolov and Black, 1996; Bhangu and Whitfield, 1997). However, the studies present
little consistency in the hysteresis patterns and very few provide data on trace elements.
Identifying hysteresis cycles is important because their presence violates the assumption
that the geochemical variation in rivers is generally based on an inverse, linear relationship
between streamflow and chemical concentration (Hem, 1970; Whitfield and Schreier,
1981). Hence, the identification of hysteresis cycles is critical for the accurate monitoring
of trace element loads in surface waters. Additionally, hysteresis patterns can help identify
which geochemically distinct sources and processes in the watershed are dominating stream
chemistry at different times (Hooper et al., 1990; Evans and Davies, 1998).

Much of the hysteresis research has come from regions where seasonal streamflow
variations are not dominated by the springtime melting of snowpacks, but by rain events.
Such research has generally documented hysteresis patterns with clockwise rotations
(concentrations higher along the rising limb than along the falling limb, Figure la). This
clockwise pattern is typically attributed to flushing effects at the onset of higher flow
conditions, when precipitation in a catchment leads to the displacement of ionicaily
concentrated soil and ground water into the stream channel (Pifiol et al, 1992; Sokolov and

Black, 1996).
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In the few studies coming from cold, mountainous regions in North America
(Colorado Rocky Mountains; Sierra Nevadas, and Canada), both clockwise and
counterclockwise hysteresis (Figure 1b) rotations have been reported (e.g. Whitfield and
Whitley, 1986; Campbell et al., 1995; Bhangu and Whitfield, 1997). Clockwise hysteresis
patterns in snowmelt-dominated watersheds have been explained by ionic pulses trom the
snow itself at the start of the melt period that create surges in stream water ionic
concentrations (Williams et al., 1993; Campbell et al., 1995) and/ or a piston-effect by
meltwater which increases the soil and groundwater contribution to streamflow
(Stottlemyer and Toczydlowski, 1990). Counter-clockwise rotation can occur in high
elevation watersheds because when thawed in the spring, the snowpack produces overland
tlow of relatively unaltered meltwater which produces dilute stream water conditions during
early runoff (Stoddard, [987; Stottlemyer and Troendle, 1992; Bhangu and Whitfield,
1997). Following the initial, usually rapid influx of meltwater, soil water and ground
water gain larger roles in contributing to tflow, as more snowmelt travels through the
subsurface before entering the channel.

Almost no work known to the authors has been done on investigating geochemical
scasonal hysteresis in the Rocky Mountains, a region where much of the annual streamflow
occurs during the spring snowmelt (Campbell et al., 1995). In this report we present the
results of a temporal and spatial investigation of the geochemistry of a several kilometer-
long stretch of the upper Blackfoot River and the Landers Fork, which are moderately high
elevation streams in western Montana (Figure 2). The purpose of the project is to document
seasonal geochemical trends along short reaches of a mining-impacted river and its
uncontaminated tributary using clean sampling and processing methods. By identifying
hysteresis patterns, we establish the usefulness of streamflow as a valid predictor of
surtace water geochemistry in the two rivers. By comparing and contrasting the hysteresis
patterns, we make inferences about the varying sources driving the geochemical seasonal

variability in the contrusting drainages.
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Several historic mines, which have been linked to water and bed sediment
contamination in the watershed, are located in the headwaters of the Blackfoot River, 20
km upstream of this project’s study area (Moore et al., 1991; Menges, 1997; Nagorski et
al., 2000). In contrast, the Landers Fork largely drains a pristine area, a portion of the
rugged Scapegoat Wilderness area. The upper Blackfoot River and the Landers Fork flow
adjacent to an undeveloped ore deposit proposed for open-pit gold mining (the McDonald
Gold Project area) before joining together to the southwest of the deposit (Figure 2). The
elevation at the sampling sites is ca. 1400 m, and the streams drain areas with elevations of
up to 2400 m; therefore, the annual hydrologic variability is dominated by snowmelt
dynamics in the spring and early summer. Downstream of the study area, the Blackfoot
River flows for another 186 km before joining the Clark Fork River, a major tributary to
the Columbia River. The complete dataset from this project has been documented in two
USGS Open File Reports (Nagorski et al., 1998 and Nagorski et al., 2001). The first
Open File Report (OFR) contains data collected from July, 1997 until March, 1998, while

the second focuses on data collected between April and December, 1998.

We selected sites upstream, adjacent to, and downstream of the proposed mine area
(Figure 2). The sites were spaced as evenly as possible, considering access limitations in
the area, covering approximately 7 km of each river. Between July, 1997, and August,
1998 we sampled at tour sites along the Landers Fork (LA, LB, LC, and LD), three sites
along the Blackfoot River (BH, BB, and BC), one site at Copper Creek (C) and one at
Hogum Creek (HC) 6 tol3 times (Figure 2). We continued sampling at two of the Landers
Fork sites (LB and LC) and two of the Blackfoot River sites (BB and BC) monthly through |
December, 1998 (although sites LB and BC could not be accessed due to heavy snow in

December, 1998).  An additional two sites (sites BA and BD) were sampled only from
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July to September, 1997. We collected samples of seep water emerging from the
streambanks near sites LB and LC when possible—in 1/98 and 4/98 near LB, and in
11/97, 1/98, 3/98, 4/98, 10/98, 11/98, and 12/98 at site LC. During the other times, the

seeps near LB were not accessed and the seeps at LC were submerged by channel flow.

2. Streamflow measurement.

We measured streamflow at each sampling site using a Price AA current meter
connected to an Aqua Calc 5000 calculator (Rickly Hydrological Co.) according to standard
USGS protocol (Rantz et al. 1982). During the majority of the sampling events, we
measured streamflow twice at each site in order to define the measurement precision.
Replicate measurements at sites with less than 142 L/s, between 142-991 L/s, and >991 L/s
were within 14%, 9%, and 7%, respectively. At sites where we took only one streamflow
measurement, the error assigned to the measurement was the maximum precision error

found in the appropriate streamtlow bracket.

3. Water sumpling

Two people were present for each sampling event. While one person measured
streamflow, the other took measurements of pH, dissolved oxygen (D.O.), conductivity,
and air and water temperature in situ, using an Orion model 230A pH meter, an Orion
model 820 dissolved oxygen meter, a Hach Conductivity/TDS meter, and a Barnant 100
Thermocouple Thermometer, respectively. The pH and D.O. meter were calibrated at least
once per day, and their calibrations were checked and usually redone at each sampling site.

We used clean sampling and processing methods in order to minimize the chances
of contaminating the samples. Each sample bottle was stored in double zip-close bags,
from which it was removed only moments before sampling. The sampler contacted each
bottle wearing new latex or nitrile gloves. With the help of the other person, the sampler

wearing the clean gloves contacted nothing but the sample bottle and the inner storage bag.

10
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After rinsing the sample bottle with one volume of stream water, the sampler filled each
bottle by width and depth integrating over an area upstream of where we had disturbed the
site by measuring streamflow and the other in situ parameters and took three samples per
site. In addition, we always collected samples upstream of bridges in order to limit
additional sources of contamination. We immediately returned the sample bottles to their
zipped double bags and stored them on ice until return to the laboratory.

We extensively pre-cleaned all collection materials (bottles, syringes, etc.) that came
into contact with the water samples. One exception to this was the amber glass bottles used
for anion and carbon samples; these bottles were washed only by repeated rinsing with
Milli-Q water. All other materials were made of LDPE or HDPE plastic or teflon. Their
cleaning procedure consisted of a regular wash with warm water and soap, several rinses in
detonized water, soaking in 6N HCI for 2 hours, three rinses in Milli-Q deionized water,
soaking in a | % trace-metal grade HNO7 bath for 24 hours, another three rinses in Milli-
Q. and drying and storing into clean plastic bags under a Class 100 laminar flow hood. At
least one field blank was carried through the acid washing stage, transport into the field and

exposure to the ambient air, filtration, preservation, and analysis for each sampling event.

4. _Lab Methods

We removed the samiples from their double bags and filtered them under a Class
100 laminar flow hood at the University of Montana Murdock Environmental
Biogeochemistry Laboratory within 30 hours of collection. Studies have shown that
standard methods of field filtration can result in high risks of introduction of trace metal
contamination into bottles, and that lab filtration, even if not done immediately, does not
cause significant sorption onto sample bottles prior to filtration (Struempler, 1973: Benoit,
1994; Taylor and Shiller, 1995). In addition, we conducted an experiment for this project
to test whether sorption onto bottles betore filtration was a problem with these samples.

Five replicate samples taken from the Blackfoot River were stored on ice for 2, 12, 41, 65,

11
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and 160 hours before being filtered for analysis. Results show that there was no
measurable change in elemental concentrations for most constituents over the 160 hours.
The only exceptions were Fe and Mn, whose concentration dropped significantly after 65
hours, a time period longer than the holding times used in this project

We wore clean nitrile or latex gloves whenever handling the sample bottles and any
other sample storage or processing materials. We filtered the samples through 0.2 pm
syringe filters with glass prefilters (Gelman Sciences Serum Acrodiscs). At least 50 mL of
sample material was used to rinse the syringe, filter, and bottle and to reduce the effective
pore size (and as a result, the passage of colloidal material) of the filters (Taylor and
Shiller, 1995; Horowitz et al., 1996). Following the purging by the 50 mL of sample,we
filled a 60 mL amber glass bottle with filtered sample for the purposes of carbon and anion
analysis. Finally, we filled a 125 mL plastic bottle with filtered sample material for cation
and arsenic analysis, still using the same filter. We stored the amber bottles in a 4°C
reirigerator before analysis, whereas we aciditicd the samples in the plastic bottles to pH<2
with ultrapure, double distilled from quartz Optima (FisherScientific) HCL.

We used a Thermo Jarrel-Ash ICP (IRIS) with ultrasonic nebulization (Cetac, U-
5000AT+) to measure trace element and major cation concentrations in the water samples
according to EPA Method 200.15 (Martin et al., 1994). This method was modified slightly
in that we did not add nitric acid or hydrogen peroxide to the samples. Nitric acid was
previously determined by the laboratory not to improve analytical performance, and
hydrogen peroxide was not necessary because arsenic was not being analyzed by I[CAPES.

Using a Shimadzu Carbon analyzer, we measured inorganic carbon concentrations
within one week of sample collection according to Standard Method S05A (Franson,
1985a). However, due to technical problems with the Shimadzu Carbon analyzer in the
summer and fall of 1998, we were unable to analyze all samples collected in that time

period for inorganic carbon.

12
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Arsenic analysis was done using atomic absorption spectroscopy with hydride
generation (HGAAS) according to Standard Method 303A (Franson, 1985b). This method
was modified by the Murdock Environmental Biogeochemistry Laboratory to optimize
analytical performace (Mickey, written communication, 1997). The modifications
consisted of adding KI and HCI to the samples and standards to achieve final
concentrations of 2% KI and 1 M HCI and of running solutions of 0.35% NaBH,

(stabilized with 0.5% NaOH) and 6N HCI through the hydride generation during analysis.

3._Quality Assurance/ Quality Control

We conducted sample analysis according to a strict quality assurance/ quality
control program. We calibrated each instrument at the start of each day and checked for
accuracy and precision with the analysis of every 10 samples. Accuracy was measured
through the analysis of internal and external standards, spikes, and blanks. Precision was
cvaluated by running replicate samples and standards within individual and over multiple
analytical events. The practical quantification limit (PQL) was determined as the threshold
at which a sample can be reproduced within a maximum variability of 30% (Table 1).

Six different external standards were analyzed 47 times on the HGAAS with the
arsenic samples, and each measured within the reported acceptable range. On the ICP,
three types of USGS standards (USGS T-107, USGS T-143, and USGS T-145) were run
a total of 150 times during sample analyses, and the average measured concentrations of all
elements fell within the reported acceptable range except for Sr, which measured up to 4%
low on all three standards, and Ag, which was 12% high on USGS T-143. The mean
percent difference between known and measured values of internal standards measured on
the HGAAS, and carbon analyzer was less than 7.1%. On average, sample duplicates run
on all instruments were less than 8% different from one another (Table 1). Mean percent

spike recoveries for all measurable elements were between 86 and 112% (Table 1).
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Laboratory reagent blanks were all below the PQL on all instruments. Field
collected blanks were mostly below the PQL for all elements as well. Exceptions are for
Ca, Mg, Na, S, Si, and Zn, which were detectable in up to 23 of the 31 field blanks. The
concentrations of Ca, Mg, S, and Si in the blanks were inconsequential, as they were at
least an order of magnitude lower than concentrations fcund in environmental samples.
However, the highest Na concentration (0.42 mg/L) detected in the field blanks could
explain the noisiness of much of the Na data. The appearance of 3.7 pg/L of Zn in one of
the field blanks unfortunately calls into question much of the Zn data. Zinc is one of the
most easily contaminating elements due to its presence in many plastics and materials.
However, it should be noted that 24 of the 31 field blanks did not have quantifiable Zn

(<0.3 pg/L), and the vast majority of samples from the Landers Fork did not have

detectable Zn either.

Results
1. Streamflow

Streamflow levels and surface water - ground water dynamics varied seasonally
along the studied reaches of the Landers Fork and Blackfoot River. Streamflow decreased
between July, 1997 and March, 1998. Between April and December, 1998, there was a
more variable streamflow pattern, as would be expected due to the occurrence of spring
runoff in this time period. At most sites, streamflow started to rise in April, and runoff
lasted through July (Figures 3 and 4).

Streamflow between LA and LB (accounting for Copper Creek, which joins the
Landers Fork between LA and LB) either stayed constant or increased during the summer
months. However, it was disconnected during the low flow winter period, when LA was

dry and C’s flow was lost to the subsurface before reaching LB. Streamflow generated
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from seeps sustained ice-free flow at LB and L.C at all times of the year sampled. The
reach between LB and LC was gaining flow during all 17 times that both sites were
measured. The reach between LC and LD had no measurable gain or loss on 3 of the 8
times it was measured; otherwise it was losing.

At the Blackfoot River sites, streamflow was present at all sites every time they
were visited over the course of the study. The one exception to this is site BB, where the
river was frozen on 1/6/98. The ice-free status at sites BH and BC during the cold winter
months indicates an important role by ground water in sustaining streamflows in the area.
Although the stretch between BH and BB (accounting for Hogum Creek) was a losing
reach 5 of the 6 times it was measured, the stretch of river between sites BB and BC was
gaining streamflow the majority (10 of 15) of the times the sites were gauged. The reach
upstream of site BD, below the confluence of the Landers Fork and Blackfoot River, was
at a steady state flow condition 3 of the 5 times measured, and a losing reach in early 7/97

and 8/97.

2. Surface Water Geochemistry

The solute chemistry of the Landers Fork was different from the Blackfoot for most
of the constituents measured. Comparisons of mean concentrations show the Blackfoot
samples had higher concentrations of Fe, K, Mn, Na, S, Si, Sr, and Zn and lower
concentrations of inorganic carbon, As, Ca, and Mg than the Landers Fork, during the
study period (based on paired t-tests with p-values<0.01) (Table 2). The rivers had similar
pH values, water temperatures, and dissolved oxygen, Ba, and Li concentrations. Elements
that were below the detection limits in some samples (Fe, Mn, and Zn in the Landers Fork
only) were assigned a value of one-half the element-specific PQL. Both Cr and Cu were
usually but not always below their PQLs in both rivers, and so mean concentration

comparisons could not be made. No samples from any sites had detectable concentrations
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of Ag (<1 ug/L), Be (<0.05 pg/L), Cd (<0.5 ug/L), Co (<0.5 pug/L), Mo (<! pg/L), Ni
(<2 ug/L), Pb (<6 pg/L), Ti (<2 pg/L), and V (<2 pug/L).

Most solute concentrations increased as discharge decreased in the both the Landers
Fork and the Blackfoot River sites through the summer and fall of 1997. Following the
start of spring runoff in April, 1998, most of the major ions decreased in concentration and
subsequently rose throughout the rest of study period through summer and fall conditions.
Few generalizations can be made about the behavior of the trace elements in the Blackfoot

River, and they were largely below detection in the Landers Fork. Specific results follow.

a) Landers Fork
Major elements. Ba, Li, and Sr:

Hysteresis loops with counter-clockwise rotation were present for inorganic
carbon, Ba, Ca, K (site LA only), Li, Mg, and Sr at sites C and LA (Figure 5). That is,
these elements had lower concentrations along the rising fimb than on the falling limb of the
hydrograph. At C, these elements (as well as Si) were inversely correlated with
streamflow (r<-0.85, p<0.01) overall, while at LA only Ba, K, and Sr were (r<-0.74,
p<0.04). The other elements at LA were inversely related to discharge considering the
falling limbs alone, but a single low concentration rising limb datapoint is responsible for
much of the loop formation and the lack of good linear correlation (Figure 6).

At LB and LC, the hysteresis loops are not nearly as clear as those seen upstream at
C and LA, despite the additional 5-6 months of sampling at the sites (Figure 7). Although
inorganic carbon, Ba, Ca, K, Li, Mg, Si, and Sr show an inverse, approximately linear
correlation (r < -0.64, p<0.01) with streamflow at the sites, hysteresis loops are weakly
apparent due to multiple crossovers. At LD, which was not sampled as regularly as LB and
LC, the aforementioned elements also have negatively sloping correlations with streamflow
(r< -0.69, p<0.04), and overall, the geochemistry at LD was very similar to that of LC. At

LB and LC, there were wider ranges of solute concentrations during low flow compared to
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high flow periods. In fact, once streamilow exceeded baseflow levels by a factor of about
10, concentrations of many major elements reached relatively steady levels (Figures 7 and
8).

An anomalous major element in the Landers Fork was S, which exhibited different
patterns at almost every site. Atsite C, its concentration was higher during runoff in 1998
than during the falling limb of the 1997 streamflow, an opposite trend to those seen for the
other major elements. In contrast, S at LA generally followed the counter-clockwise
hysteresis loop characteristic of the other major elements, although its concentration failed
to rise with the decrease in streamflow at the last sampling event, in July, 1998. At site
LB, S concentrations increased with decreases in streamflow in the fall of 1997, and the
highest concentration was found on the late April, 1998 sampling date, when streamflow
had just begun to rise for spring runoff (Figure 14b). As runoff continued, S
concentrations dropped again to levels found the previous summer. Sulfur concentration
variation was comparatively small at LC, even during the dynamic streamflow conditions

of 1998. The highest S there was found in September, 1997 (Figure 9).

Trace elements: Cu, Cr, Fe, Mn, Zn. and As:

The ftilterable trace metals Cu, Cr, Fe, Mn, and Zn were usually or always below
quantifiable levels at Copper Creek and the Landers Fork sites. Copper was never detected,
and Cr was found only rarely— at C on 1/6/98, and at LC during the winter (11/16/97,
1/6/98) and during the highest flow in 1998 (6/29/98). Iron was detected at all sites from
July, 1997 to January, 1998. Atsites LB and LC, which were sampled through the second
fall season, Fe did not rise above the PQL (5 ng/L) as it did in the fall of 1997 (Figure 10).
Atsite C. Mn was at or above its PQL of 0.3 pg/L only during the first several sampling
events, through the summer of 1997. However, at LA, LB, LC, and LD, Mn was

quantifiable during 1-2 high flow events in 1998 in addition to during the summer of 1997
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(Figure 11). Zinc was mostly below the PQL as well, and it was always below the
concentration found in the highest field blank.

Arsenic correlated poorly with streamflow at most sites in the Landers Fork, except
for at C and LB, where they correlated reasonably well (r= 0.66-0.68, p< 0.03). The
concentration of As wavered little over time at C and LA, exce}ptvfor some increases during
high flows in July,1997. In contrast, As concentrations at LC and LD were highest during
the winter low flow period, reaching a maximum of 1.0 ug/L in early 1998, compared to
the 0.4-0.6 pg/L found during the rest of the year (Figure 12). During low flow periods,
streamflow at LC was dominated by ground water input, and the seeps measured near the
site had As concentrations of 0.9-1.0 pg/L. However, during the last two sampling events
(11798 and 12/98), the seep As concentrations were only 0.5 pug/L, and the surface water

As concentration also dropped, to 0.4 ug/L.

pH:

Although diel pH variations were not considered, as sites were not always
measured at a consistent time of day, some general seasonal pH patterns are apparent at
most sites. The pH at the site C exhibited counter-clockwise hysteresis, with pH lower
(pH=8.0) at spring runoff compared to the previous fall and winter (pH=8.1-8.4) and to
the post-runoff sample in July, 1998 (pH=8.4). At LA, pH did not have a clear
relationship with streamflow, although measurements were lower (pH=8.0-8.1) during
spring runoff in 1998 than they were in the late summers of 1997 and 1998. AtLB, the
pH was generally higher (pH=8.0-8.4) in the summers of 1997 and 1998 than during other
times of the year (pH=7.6-7.9). AtLC, pH also followed a counter-clockwise hysteresis
pattern (Figure 13). It was generally lower in the winter of 1997 through spring runoff in
1998 (pH=7.7-8.0), than during the summers of 1997 and 1998, when pH levels were in
the range of 7.9-8.3. During the winter, when the site was ground water dominated, the

sceps at the site had pH levels that were lower than in the surface water (7.1 - 7.8
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compared to 7.7 - 8.3), which could explain the lower winter pH levels at the site. Fall

measurement of pH at the site were at levels similar to pre-runoff conditions.

Spring flushing:

An ionic pulse of some elements was detected prior to spring runoff at LB and LC.
In April, 1998, when streamflow had just begun to rise for runoff at LB, concentrations of
Ca and S also rose before being diluted by snowmelt in May and June (Figure 14). While
Ca concentrations were 33-35 mg/L between November and March, they rose to 40 mg/L
on 4/6/98, when streamflow remained unchanged since March, and to 43 mg/L by the end
of April, when streamflow had increased 2-3 fold, to 100 L/s. Sulfur concentrations,
which were between 1.0 and 1.1 mg/L from November- March, had increased to 1.2-1.3
mg/L in late April, when streamflow had begun rising for runoff. Barium, Li. and Mg also
rose during carly runott, although not as convincingly. Barium's concentration was 265

(34) ng/L on 4/26/98, compared with 280-250 ug/L from November through early April.

Magnesium, whose concentration stayed within the narrow range of 12.8-13.3 mg/L from
September through early April, was at 14.0 (¥ 0.2) mg/L in late April. The aforementined
ions all dropped in concentration with the subsequent continuation of the rising hydrograph
in May and June.

Similarly, a rise in Ca, and Mg is evident at LC in March and early April, 1998, just
before spring runoff began at the site (Figure 15). Streamflow was essentially constant
(between 610-740 L/s) from January through April at the site, before jumping up to 8100
L/s at the time of the 5/19/98 sampling. The flushing is seen in that Ca at the site was 34-
37 mg/L during the two April sampling events, compared with 31-33 mg/L in January and
March. Magnesium was not as consistent during the winter as was Ca, although its

concentration of 13.2 £ 0.2 mg/L in late April is slightly higher than that in early April
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(12.0 £ 0.5 mg/L), and Mg concentrations did not rise above 13.0 mg/L on any of the prior

sampling events. Unlike at site LB, no flushing effect for S was seen at LC.

b) Blackfoot River
Major elements, Ba, Li, Sr:

At site BH, counter-clockwise hysteresis loops with negative slopes (r< -0.60,
p<0.05) to streamflow are seen for inorganic carbon, Ba, Ca, Li, and Si (Figure 16).
Potassium and Mg also correlate inversely with streamflow (r< -0.78; p<0.01), but the
falling and rising limbs are not distinct from one another (Figure 17). Similarly, inorganic
carbon, Ba, Ca, Li, Mg, Si, and Sr correlate inversely with streamflow at site BB (r< -
0.64, p<0.02). These elements follow a counter-clockwise hysteresis pattern as well,
except for Ca and Mg, which have cross-over falling and rising limbs. Likewise, inorganic
carbon, Ba, K, Li, Si, and Sr exhibit counter-clockwise hysteresis at site BC (Figure 18).
Again, they (and Ca and Mg) have an overall negative relationship (r <-0.52, p<0.05) to
streamflow at the site. Hogum Creek, which was sampled only between November 1997
and August, 1998, had inverse correlations (r< -0.82, p<0.03) with streamflows for most
detectable elements (Ba, Ca, K, Li, Mg, Mn, and Sr) as well. However, only 2 elements
showed hysteresis loops—S, which had clockwise rotation, and Si, with counterclockwise
rotation, and neither was linearly correlated with streamtlow.

As was noted for sites LB and LC, there appears to be a stabilization of solute
concentrations at BB and BC during high flow periods. This observation is based on only
two of sampling events, when discharge increased from 1900 and 2800 L/s at sites BB and
BC, respectively, on 6/5/98 to the highest flow measured over the study period (6000 L/s
at BB and 7000 L/s at BC), on 6/28/98. During this high flow event, concentrations of

most measured solutes were almost identical to those taken earlier that month (Figure 18).
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This result may indicate that beyond a certain flow threshold, meltwater overwhelms

baseflow contributions.

Trace elements:

Unlike in the Landers Fork, many of the trace metals in the Blackfoot were well
above their detection limits, allowing for characterization of their trends with time.
Although hysteresis patterns were not found, S and trace metals such as Cu, Fe, Mn, and
Zn regularly were elevated during spring runoff in 1998, and they were also relatively high
following a rainstorm the day before the 7/20/97 sampling event. Like at the Landers Fork
sites, a haphazard relationship between streamflow and As is seen along the Blackfoot.
Because trace metal seasonality varied from site to site, each site is considered separately.

Site BH: As, Cu, Fe, and Mn were the most highly concentrated on 7/20/97, the
post-storm sampling date, than on any other over the 14 month study at the site. On the
seasonal scale, Fe, Mn, and Zn concentrations were elevated during runoff compared to
winter and late summer, although hysteresis loops are not apparent (Figure 19). On the
contrary, As showed a counter-clockwise hysteresis cycle without a positive or negative
trend (r=0.12, p=0.72) with streamflow (Figure 20). Copper was not detected other than
on the post-storm date and in one of the triplicate samples from each sampling date in July
and August 1998. Chromium concentrations appeared above the PQL during a few of the
low flow events, but not during spring runoft. Zinc concentrations were highest (31-33
ug/L) in late April, 1998, at the early portion of spring runoff, and overall Zn correlated
positively with streamflow (r=0.79, p<0.01) (Figure 21a). It was also relatively high (20-
28 ng/L) during the two July, 1997 sampling events. Sulfur behaved similarly to Zn, in
that its highest value was in late April, 1998 as well (Figure 21b). In late April and May,

1998, its value (24-31 mg/L) was 2-4 times the concentrations found during the rest of the
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study period. During the 6/5/98 and 7/20/98 sampling, when streamflow was still high due
to runoff, S concentrations returned to levels similar to pre-runoff conditions.

Site BB: In late July, 1997, the samples at BB dropped in pH and increased in Cu
and Fe the day after the large rain event. Iron was at its maximum on that event compared
the whole study period (Figure 22). Overall, Fe correlated poorly with streamflow (r=0.05;
p=0.86) although its lowest values were found in the 6/29/98 samples, when streamflow
was the highest (Figure 22). Copper was detected above its PQL not only after the storm,
but also in some of the late spring and summer samples of 1998 (Figure 23). In fact, its
maximum concentration occurred during the highest flows measured, in late June, 1998.
Manganese and streamflow had a positive relationship (r=0.48; p=0.02). Arsenic was
higher in the late summers of 1997 and 1998 than during other times of the study, and it
roughly followed a counter-clockwise hysteresis pattern as it did at BH.

Site BC: This site was first sampled on 7/20/97, the event that immediately
followed the summer storm referred to before. These first samples at BC are relatively low
in pH and high in As, Fe, Mn, and Zn compared with those collected through the rest of
the study period (Figure 24). The highest Fe (46-49 ug/L) found at the site over the study
period was on the first sampling date, the post-storm event (Figure 24). Otherwise, Fe
concentrations were approximately uniform during spring runoff, when they exceeded
concentrations in the previous winter and subsequent fall. Like at the other sites, As at BC
was variable (0.2-0.5 pug/L) during low tlow conditions and it did not have a negative or
positive relationship to streamflow overall (r=0.04, p=0.88). Copper was detected only
during the highest flow event at BC, on 6/29/98. Chromium was above its PQL only in the
November 1997 and January 1998 samples, as well as in one of the triplicates from
6/29/98. Manganese correlated particularly well with streamflow at site BC (r= 0.91,
p<0.01) (Figure 25). The most outlying point on the linear regression between streamflow
and Mn was the July 1997 post-rainstorm sample. Concentrations of S and Zn were lower

during the peak of runoff than at the start (Figure 26).
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Site HC: Arsenic was peculiar in that its concentration went from 0.2 ug/L (the
PQL) during November, 1997 and January, 1998, to increasing steadily through the end of
the sampling period, when it measured 1.1 pg/L on 8/17/98. Iron also did not follow the
trends the major elements did. Although it had a negative relationship with discharge for
most of the study period, the last sample ~collected (in August, 1998) was 3-4 times as high
in Fe as all the other samples (Figure 27). Clearly, Hogum Creek would need to be
sampled at a far finer temporal resolution and over a longer period of time in order to

elucidate the details of its temporal variability.

pH:

Although diel variations were not determined when sampling the Blackfoot sites
either, a few consistent observations were noted. At BH, the pH was always well above
neutral (between 7.8 and 8.4), and the lowest pH values occurred on the post-rain storm
sampling day (7/20/97), when pH measured 7.9, and during spring runoff in 1998, when
the pH was ca. 7.8. The pH values at BB were not clearly correlated with streamflow
cither, although they were lower at the start of 1998’s spring runoff (7.9 - 8.0) than they
were before and after (8.1-8.3). The pH levels at BC were variable within the 7.7 to 8.3
range, and pH was clearly lower at the start of runoff than at the end. The pH at HC was
between 7.3 and 7.6 tfrom November 1997 to June, 1998, and between 8.0 and 7.8 at the

last two sampling events, in July and August, 1998, indicating clockwise hysteresis.

Spring flushing:

Sulfur and Zn appeared to be mobilized primarily during the early stages of runoff
at all Blackfoot sites. At BH, HC, BB, and BC, these elements peaked during the early
stages of runoff and subsequently dropped during periods of higher flow. This flushing of
S and Zn are evident in the load plots. While for all other solutes (e.g. Si and Mn), load

trends followed streamtlow trends almost exactly, S and Zn loads do not follow changes in
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streamflow over the course of runoff (Figure 28). For example, at BH the S load did not
increase with the second runoff peak sampled on 6/5/98 (Figure 4a). Because its
concentration dropped so dramatically after the start of runoff, its load continued to drop as
well despite the rise in streamflow (Figure 28a). This same phenomenon is visible for the
Zn loads. While the second runoff peak is detectable via the rise in Zn loads, the second
peak is not as high as the first one, even though the streamflow level had risen (Figure

28b). This indicates that factors other than discharge accounted for their load variations.

Discussion:
1. Hysteresis

Hysteresis patterns were observed for some elements at most of the study sites,
indicating that factors other than the amount of streamflow need to be considered when
predicting the solute geochemistry in these streams. The counter-clockwise seasonal
hysteresis of many solutes in both the Landers Fork and Blackfoot River is an indication of
the important role played by direct runoft of snowmelt into the streams during the early
periods of the spring melt. Although snowmelt, soil, and ground water were not sampled
in this study, other researchers have shown that shifting proportions of the relative
contributions of these various water sources likely drive hysteresis patterns (Stottlemyer
and Toczydlowski, 1990; Pifiol et al., 1992; Campbell et al., 1995; Sokolov and Black,
1996).

Additionally, the differences in the widths of the loops are presumably an indication
of greater or lesser chemical differences among the various water sources supplying
streamflow during different periods along the hydrograph (Johnson and East, 1982; Evans
and Davies, 1998). Hence, the lack of hysteresis loops for some major ions may be due to
the sources supplying flow along the falling limb and rising limb having indistinguishable

chemical signatures. For example, the lack of open hysteresis loops at LB and LC may
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have been due to the strong chemical dominance by the relatively large and steady ground
water contributions at the sites. In contrast, the open hysteresis loops at sites C and LA,
where groundwater played small to insignificant roles in contributing to surface flow, were
likely controlled by more dynamic variations in the snowmelt runoff chemistry and the
spatial routing of the meltwater,.

Presumably, snowmelt traveling to the stream channel with minimal interaction with
ground surface produced a dilution effect during the earlier portion of runoff. Yet,
considering that concentrations did not drop by the same factor by which discharge
increased, the soil water and ground water must have been contributing a fair amount to
flow as well, and/or there was a significant amount of routing of fresh meltwater through
the subsurface. The most dramatic example of this is at LB, where flow increased by
approximately 400-fold in the spring of 1998 compared to the preceding winter, although
concentrations of most ions were diluted by less than 30%. Another example is at BC,
where high flow in the spring was 17 times the winter flow levels, although ionic
concentrations were still at 70-90% their baseflow levels (other than for the trace heavy
metals, which varied more widely). In general, during high tlow conditions at all the sites,
concentrations of many ions were typically diluted by no more than one half despite the
much larger proportional increases in streamflow. Hence, the diluting power of snowmelt
was apparently mitigated by substantial contributions from a combination of adjacent soil
water and ground water. During the summer and fail, after the snowpack had been
depleted, soil and ground waters, with their higher solute concentrations, presumably took
on the dominant role in supplying water to the stream channel. Although much of the
original source for the soil and ground water may have been the earlier snowmelt, the dilute
meltwater likely took up more ions when in contact with soil and aquifer materials on its
subsurface journey to the stream channel (Stottlemyer and Toczydlowski, 1990; Campbell

et al., 1995; Stottlemyer et al., 1997).
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The lack of hysteresis patterns for many of the detectable trace metals is an
indication that processes controlling metal loading are different from those controlling
loading of major elements. Other studies in the literature have also found that discharge-
concentration relationships for filterable trace metals are poorly defined (Wetherbee and
Kimball, 1991; Shateret al., 1997; Shiller, 1997). Because metals such as Fe, Cu, Mn,
and Zn are more reactive than major ions such as Ca, Mg, and Na, their concentrations are
more sensitive to changing conditions such as varying pH, redox, dissolved organic
carbon, availability of sorption surtaces on colloids, and biologically-controlled processes
in the watershed (McKnight and Bencala, 1988; Cossa et al., 1990; Kimball et al., 1992;
Shafer et al., 1997; Ross and Sherrell, 1999).

2. High flow increases in trace metals:

The increase of several trace metals and arsenic in the Landers Fork basin (As at site
C, Mn at LA; As and Mn at LB; and Mn and Cr at LC) and in the Blackfoot (Cu, Fe, Mn, S
and Zn at BH, BB, and BC) during high flow events might be due to one or more of the
following tactors. For one, the higher solute concentrations may simply be an artifact of
the sample processing. During high flows, total suspended particulate matter generally
increases in rivers, and hence the presence of more colloidal particles may account for the
apparent changes. Muny recent papers have shown that even 0.2 um is not an adequate
cut-off for separating colloidal material and truly dissolved particles (e.g. Horowitz et al,
1996; Pham and Gamier, 1998; Ross and Sherrell, 1999). With an increased colloidal
abundance in the waters, the likelihood of collecting colloids in the filtrate likewise
increases. It is well established in the literature that colloids, primarily colloidal iron, are
major transport vectors for trace metals such as Cu, Mn, and Zn (Ross and Sherrell, 1999;
Schemel et al. 2000).

Another explanation for the high tlow increases in metal concentrtations is that

during the higher flows, water sources which normally do not significantly contribute to
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the streamflow may be active. For example, groundwater from deeper or more distant and
geochemically distinct portions of the aquifer may be supplying water to the high flows
(Rice and Bricker, 1995). Research in other rivers suggest that during high flow events
ground water can play dominant roles in influencing the geochemisty of surface waters
(Whitfield et al., 1993; Campbell et al., 1995; Sherrell and Ross, 1999). Additionally, as
mentioned earlier, the high reactivity of trace metals, both dissolved and colloidal, make
them more prone to physical and chemical changes in the watershed that are more difficult
to identify than for conservative major ions. The coupling of changes in both the physical
and chemical conditions in the watershed makes it difficult to distinguish among the
potential processes which may be accounting for the seasonal trace metal variations.

Lastly, the mining contamination in the Blackfoot watershed may help explain the
trends in that river. Metals might be released from the upstream mining district or mining-
contaminated marshes below the district. Physical and chemical sources could include
higher water supplies from groundwater interacting with mine workings, overflowing
treatment ponds, or flushing of reduced waters in the contaminated wetlands and soils
upstream of the study area. Clearly, more extensive studies are needed to identify the role
of colloids and the specific sources and mechanisms potentially supplying solute metals to
the streams during high flow conditions.

The same possibilities discussed above to explain the seasonal rises in trace metals
may explain the drop in pH and rise in high As, Cu, Fe, Mn, and Zn collected at one or
more of the 3 main Blackfoot sites (BH, BB, and BC) following a rainstorm in late July,
1997. Other studies in the literature have reported trace metal surges and drops in pH in
rivers during storm periods (Bird, 1987; Soulsby, 1995; Sherrell and Ross, 1999). The
data presented here show that a single short term event may cause geochemical changes at
least as great as those found over the course of an 18 month seasonal study in which

samples were taken approximately once per month. This result has implications for
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adequately designing monitoring studies that aim to capture the full range of temporal

geochemical variation in streams.

3.  Spring flushing

Flushing effects might explain the pre- and early- runoff rise in the concentrations
of some solutes in the Landers Fork and Blackfoot River. With this mechanism, elements
which have been accumulating on the periphery of snow crystals and in adjacent soil and
ground water over the winter are suddenly pulsed into the surface water, creating a brief
surge in concentrations, after which they are depleted (Johannessen and Henriksen, 1978;
Harrington and Bales, 1998; Marsh and Pomeroy, 1999). Most research on spring ionic
pulsing have focussed on the widespread flushing of sulfate and nitrate, which commonly
are atmospherically-derived acidic anions. However, studies of cation flushing report more
variable results. For example, while Williams et al. (1993) and Meixner et al. (1998)
report little or no ionic pulse for cations in streams in the Sierra Nevada, Stottlemyer and
Toczydlowski (1990) observed flushing for Ca, Mg, Na, K, and NH," in a Michigan
stream. These authors have attributed the patterns of variable cation responses to different
biogeochemical processes by soils and vegetation which can both release and uptake pulses
of ions, variable displacement of ground water by meltwater into the stream, and
weathering-related processes in the watersheds.

Sulfur displayed the most prominent flushing at most sites in this study. A
probable explanation for the early S surges is its presence in the snow itself. Extensive
snow sampling in the basins would be required to determine its concentration distributions,
since the gedchemistry of snow varies considerably with depth and distance
(Brimblecombe et al., 1985). Yet, it is widely recognized in the literature that atmospheric
S accumulates in snow packs both near and far from industrial sources (Davies et al., 1984;
Schemenauer et al., 1985; Campbell et al., 1991). Many researchers studying the flush of

ions in snowmelt have repeatedly shown that sulfate is preferentially eluted from the
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snowpack at the nascent stages of the melt period (Davies et al., 1982; Tsiouris et al.,
1985; Williams et al., 1993). Additionally, the higher S concentration in the fall compared
to the winter at several Landers Fork sites might be explained by fresh S supplies delivered
by autumn precipitation events which contribute directly to the stream or which induced
flushing of soil and ground waters in which S accumulated over the relatively dry summer
period (Williams et al., 1993; Campbell et al., 1995),

The spring surge of S in the Blackfoot River was likely due to a combination of
elution from the melting snow as well as to inputs from acid mine drainage processes
upstream. While the pulse of S in the Landers Fork was on the scale of several hundred
micrograms per liter, the surge in S in the Blackfoot River was on the order of several
milligrams per liter. Unless markedly higher S surges in the Landers Fork were missed in
the sampling, it is likely that the much larger increases in the Blackfoot S concentrations
originated from sources in addition to the snow itself. The obvious candidate for such a
source is the sulfide mining complex 20 km upstream of the study area. The increase of' S
(and trace metals Fe, Cu, Mn, and Zn) tollowing the July rain storm in the Blackfoot River
and not the Landers Fork is further evidence that S can be mobilized and transported
downstream in anomalously high concentrations.

Possible reasons for the Zn flushing in the Blackfoot are less clear. Several other
studies have noted increases in filterable Zn at the onset of high flow events as well
(Weatherbee and Kimball, 1991; Sokolov and Black, 1996; Shafer et al., 1997). In
general, Zn is thought to be more mobile than other trace elements because the sorption of
Zn onto amorphous Fe oxyhydroxides is reportedly favored at higher pH levels than for
many other metals (Benjamin and Leckie, 1981; Filipek et al, 1987; Rampe and Runnells,
1989; Schemel et al., 2000). Hence, any releases of Zn into the surface waters from more
acidic sources upstream would more likely be captured further downstream than for the

more reactive metals. The mining impacted tributaries and wetlands upstream of the
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Blackfoot River sites are good candidates for sources of the filterable Zn and lower pH
water (Moore et al., 1991; Nagorski et al., 2000).

The lack of ionic flushing at many sites is likely simply an aritifact of the sampling
design, which tracked early runoff events at too crude of a temporal resolution to capture
short-term changes in chemistry (Whitfield and Schreier, 1981; Robertson and Roerish,
1999). Most studies on ionic pulses in the literature are based on sampling designs in
which chemical data are collected at least weekly, and often daily, during the melt period
(e.g. Stottlemyer and Toczydlowski, 1990; Piiiol et al., 1992; Campbell et al., 1995;
Harrington and Bales, 1998). In this study, however, we rarely sampled more than once a

month at the sites.

Summary_and conclusions:

In summary, this report presents the results of up to 18 months of baseline
geochemical studies in the upper Blacktoot and lower Landers Fork watersheds which
show large seasonal variations in both physical and chemical characteristics of the sites.
Streamflow values alone were poor predictors of the geochemistry of many solutes in the
Landers Fork and upper Blackfoot River. The location on the side of the hydrograph
appears to be at least as important as knowing the streamflow level for many solutes at the
sites studied. Many cations exhibited counter-clockwise seasonal hysteresis, indicating that
early meltwater produced a dilution effect on the surface water geochemistry, and that soil
and ground water played more important roles in supplying water to the stream channel
later in the season. Nonetheless, several ions also exhibited surges at the beginning of the
melt period, which may be an indication of flushing from the snow itself or from
displacement of soil or ground water by early meltwater.

Compared to the Landers Fork, the Blackfoot River had higher mean concentrations

of dissolved organic carbon, sulfate, and most trace metals; lower mean concentrations of
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inorganic carbon, As, and Ca; and similar pH, water temperature, dissolved oxygen, Ba,
Li, and Mg. Within each watershed, the geochemical and physical variability among sites
within a short distance of one another were substantial, with highly variable seasonal
streamflow patterns, surface water - ground water interactions, and concentration -
discharge relationships. These results highlight the value of designing studies with tight
spatial resolutions. As found by Whitfield and Schreier (1981), who observed more
variable hysteresis patterns among stations within a single river basin in British Columbia
than they did at each station over the course of 4 years, it appears that site specific
differences in watersheds such as the Upper Blackfoot can be so great as to have important
limitations on any generalizations made from monitoring studies about seasonal
geochemical variability in the watershed as a whole.

The apparent mobilization of many trace metals during high flow events in the
Blackfoot River may be a result of enhanced contributions of the reactive metals from the
historic mining district upstrcam. These results also have implications for the importance
ot designing sampling and monitoring studies to adequately capture wide variations in
streamflow levels. In the Landers Fork, the trace metals were below detection on most
sampling events, indicating that more sensitive analysis (e.g. by ICP-Mass Spectrometer)
is necessary to detect any ultra-low levels at this site. This result further justifies the use of
clean sampling and handling techniques. More detailed temporal studies would be helpful
to better understand issues of early spring runoff flushing, storm geochemistry versus
spring runoff geochemistry (especially for the trace metals), and the perplexing

haphazardness of arsenic concentrations in both watersheds.
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Bractical Quantification Soike recoveries

Limits Number of Mean (std. dev.} Concantration Number of spiked Mean (Std. Dev.)
replicate sets of % difference of added samplas above PQL. percent

Analyte  PQL above PQL btwn. duplicates Spike prior to spike add'n recovery

lnorg.C |t mg/L [A 2.0 (2.7) - - .

As 0.2 pug/L 63 {<0.5 pg/l) 7.0 (6.1) 1.0 44 109.8 (7.0)
39 (>0.5 ug/t) 3.6 (3.5)

Ag 1 pglL 0 - 20 0 -

Al 5 pg/lL 0 . 10 0 -

Ba 1 ug/t 55 3.8 (4.0) 200 58 98.0 (9.5)

Be 0.05 pgiL 0 - . 0 .

Ca 0.01 mg/L 55 3.6 (4.7) 10, 20. 30 40 102.5 (10.3)

Cd 0.5 pgil. 0 . 10 0 -

Co 0.5 ugit 0 . . 0 -

Cr 1 pg/L 12 7.4 (4.2) 10 18 100.7 {7.6)

Cu 0.8 ug/L 13 3.3 (4.0) 3. 10. 20 15 106.9 (6.7)

Fe S pg/lL 36 7.8 (10.0) 20, 30, 50 43 106.0 (16.3)

K 0.10 mg/L 54 4.1 {5.0) 1,2, 25 58 101.3 (5.6)

Li 0.5 pug/L 55 3.4 (4.3) 5. 10 56 103 (6.0)

Mg 0.01 mg/L 55 2.9 (4.3) 5, 10 59 103.8 (6.4)

Mn 0.3 g/l kR 3.8 (4.8) 10 23 92.0 (4.8)

Mo 1 ug/L 0 . - 0 .

Na 0.15 mg/L 55 54 (6.7) 25,5 10 58 102.6 (7.5)

Ni 2 ugit 0 - 20 0 .

Po 6 ug/L 0 - 80 0 -

S 0.01 mg/L 55 5 (8.7} 2.5 S5 111.8 (8.9

S 0.02 mg/L 55 3.3 (4.49) 2,5 55 111.9 (8.7)

Sr 2 ug/L 55 4.0 (5.2) 50, 100 54 92.5 (8.6)

Ti 2 uglL 0 . . 0 .

v 2 ug/lL 0 . - 0 .

2n 0.3 pgi 28 7.8_(13.3) 10, 20 37 104.4 (8.1)

Table 1: PQLs, precision results, and spike recovery results for anaysis of water samples.

LANDERS FORK BLACKFOQT RIVER p-value lrom
(Sites LALB.LC. and LD)i(Sites BA, BH. BB, BC. ani  two-tailed
overall mean (std. dev.) {overall mean (std. dev.} paired t-test
of all sites on all dates jof all sites on all dates *=gigmiticant
pH 8.05 (0.25) 8.02 (0.18) 0.912
0.0. 10.5 (2.0) 10.5 (2.1) 0.579
Water temp 79 (32) 8.3 (5.5) 0.680
Air temp 12.3 (10.3) 13.7 (9.9) 0.775
Inorg.C 32.1 (3.5) 25.1 (3.7 0.000*
As 0.5 (0.1) 0.35 (.10) 0.000°
Ba 220 (42) 205 (33) 0.072
(o] 32.50 (3.00) 25.11 (3.11) 0.000°
Cr 0.6 (0.2} 0.6 (0.3} (8PQAL)
Cu 0.4 (0.0) 0.4 (0.2) (BPQL)
Fe 4 (2) 21.4 (11.6) 0.000°
K 0.5 (0.1) 0.8 (1.0) 0.000*
Li 2.2 (0.3) 2.2 (0.4) 0.158
Mg 11.60 (1.10) 10.97 (1.28) 0.000°
M 02 ¢0.1) 3.0 (1.7) 0.000°
Na 1.05 (0.29) 2.31 (0.40) 0.000°
S 0.99 (0.17) 5.32 (2.91) 0.000°
S 3.60(0.61) 6.27 (0.68) 0.000°
Sr 19 (8) 114 (29) 0.000°
2n 0.2 (0.2) 6.5 (7.0} 0.001°

Tabie 2: Resuits ot paired t-test companng means in the Landers Fork and Blackfoot River.

Mean concentrations from all sites withun the Landers Fork were paired by sampling date with the
mean concentrations from ali sites within the Blacklioot River.
Concentrations below the PQL were assigned a value of one-hait the element's PQL.
Qverall mean values that are below the PQL (BPQL]} are italicized in the table.
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Steamflow at sites a)C, b)LA, c)LB, d)LC, and e)LD on the sample dates.

Figure 3
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Figure 4: Streamflow at sites a)BH, b)BB, ¢)BC, and d)HC on the sample dates.
Multiple squares per date indicate replicate streamflow measurements.
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Figure 5: Streamflow vs. Ca concentration at Copper Creek (site C).

Triplicate samples were taken on each sampling event, and each is represented by a
square. The lines connect the mean concentrations at each sampling date.

Similar hysteresis was seen for Ba, Li, Mg, and Sr.
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Figure 6: Streamflow vs. Li concentration at site LA.
Similar hysteresis was seen for inorganic carbon, Ba, Ca, K, Mg, Si, and Sr.

45 (7726798
__ 40
- 59/13/97
S~
S 35
3 - 6/29/98
30 - - &
S m®® o
o 25 oa
7/3/97
20
0 3000 6000 3000 12000

Streamflow (L/s)

Figure 7: Streamflow vs. Ca concentration at site LB.
Similar patterns for Ba, K, Li, Mg, Na, Si, and Sr.
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Figure 8: Streamflow vs. K concentration at site LB.
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Figure 9: Date vs. S concentration at site LC.
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Figure 10: Date vs. Fe concentration at site LB.
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Figure 12: Date vs. As concentration at site LC
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Figure 13: Streamflow vs pH at site LC
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streamflow in Figure 3c.
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Figure 15: Date versus (a) Ca and (b) Mg at site LC. "Cbrﬁparé timirig of early

runoff concentration peaks with streamflow peaks in Figure 3d.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



o
bg | 9/14/97 C

3/8/98

]
I

4/29/98

0 1000 2000
Streamflow (L/s)

3000

Figure 16: Streamflow vs. Li concentration at site BH.
Similar patterns for Ba, Ca, and Si.

14
13

T12

S~

)]

g 11

o 10

= 9

8

Figure 17: Streamfiow vs.

a1

2.9
27
das

o))

223
—2.1
19

1.7

1.5

1000

2000

3000

Streamflow (L/s)

Mg concentration at site BH. Similar pattern for K.

-~
7/20/97
'Y
4/29/38 —>  6/29/98
0 200 000 6000 8000
gtream?l

ow (L/s)

Figure 18: Streamflow vs. Li concentration at BC. Similar patterns for Ba, K, Si,

and Sr.
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Figure 19: Streamflow vs. Mn concentration at site BH. Similar pattern for Fe.
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Figure 20: Streamflow vs. As at site BH.
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Figure 21: Date vs. (a) Zn concentration, and (b) S concentration
at site BH. Compare with Figure 4a for timing of peaks.
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Figure 22: Streamflow vs. Fe concentration at site BB.
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Figure 23: Date vs. Cu concentration at site BB.
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Figure 24: Date vs. Fe concentration at site BC.
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Figure 25: Streamflow vs. Mn concentrations at site BC.
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Figure 26: Date vs. (a) S and (b) Zn concentrations at site BC.

Compare with Figure 4c to note timing of peaks.
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Figure 27: Streamflow vs. Fe concentrations at site HC.
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Figure 28: Date vs. (a) S and Si loads and (b) Zn and Mn loads at site BH.

Notice the earlier drops in the Zn and S peaks compared with the Mn and Si peaks and
with the streamflow peaks in Figure 4a. Si and Mn were chosen as comparisons
because their loads were similar in scale to those of S and Zn.
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