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Abstract:

Pre- and post-remediation data sets are used herein to assess the effectiveness of remedial measures implemented in
the headwaters of the Mineral Creek watershed, where contamination from hard rock mining has led to elevated metal
concentrations and acidic pH. Collection of pre- and post-remediation data sets generally followed the synoptic mass balance
approach, in which numerous stream and inflow locations are sampled for the constituents of interest and estimates of
streamflow are determined by tracer dilution. The comparison of pre- and post-remediation data sets is confounded by
hydrologic effects and the effects of temporal variation. Hydrologic effects arise due to the relatively wet conditions that
preceded the collection of pre-remediation data, and the relatively dry conditions associated with the post-remediation data
set. This difference leads to a dilution effect in the upper part of the study reach, where pre-remediation concentrations were
diluted by rainfall, and a source area effect in the lower part of the study reach, where a smaller portion of the watershed
may have been contributing constituent mass during the drier post-remediation period. A second confounding factor, temporal
variability, violates the steady-state assumption that underlies the synoptic mass balance approach, leading to false identification
of constituent sources and sinks. Despite these complications, remedial actions completed in the Mineral Creek headwaters
appear to have led to improvements in stream water quality, as post-remediation profiles of instream load are consistently
lower than the pre-remediation profiles over the entire study reach for six of the eight constituents considered (aluminium,
arsenic, cadmium, copper, iron, and zinc). Concentrations of aluminium, cadmium, copper, lead, and zinc remain above chronic
aquatic-life standards, however, and additional remedial actions may be needed. Future implementations of the synoptic mass
balance approach should be preceded by an assessment of temporal variability, and modifications to the synoptic sampling

protocol should be made if necessary. Published in 2009 by John Wiley & Sons, Ltd.
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INTRODUCTION

A variety of techniques have been used to quantify and
characterize the effects of mining on instream water
quality (Whyte and Kirchner, 2000; Brake et al., 2001;
Kimball et al., 2001; McKnight ef al., 2001; Bird 2003;
Schemel et al., 2006). These techniques range from
relatively simple mass balance approaches (Foos, 1997,
Yu, 1998) to detailed models of reactive transport (Runkel
et al., 2007; Caruso et al., 2008). Included within this
range is the synoptic mass balance approach of Kimball
et al. (2002, 2007), in which detailed spatial profiles
of constituent load are developed. Under the synoptic
approach, numerous stream and inflow locations are
sampled for the constituents of interest, and estimates of
streamflow are obtained by tracer dilution. Estimates of
mass load at each stream location are then determined
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as the product of concentration and streamflow. The
resultant spatial profiles of mass load may be used to
identify and rank sources of metal contamination (e.g.
Kimball et al., 2001; Runkel et al., 2005).

The synoptic mass balance approach described above
is used herein to evaluate the effectiveness of remedial
measures undertaken for Mineral Creek, an acid mine
drainage stream in southwestern Colorado. Pre- (1999)
and post-remediation (2005) data sets provide a basis
for this evaluation. Quantifying the effects of remedi-
ation is theoretically straightforward: spatial profiles of
mass load from 1999 and 2005 may be directly compared
for individual constituents; decreases in mass load over
time, if present, suggest improved conditions that may be
attributable to remediation. Despite this apparent simplic-
ity, two confounding factors complicate the evaluation of
remedial effectiveness. First, although both data sets were
collected under nominally steady, low-flow conditions,
both data sets appear to be affected by substantial tem-
poral variation in constituent concentrations that occurred
during synoptic sampling. The steady-state assumption
that underlies the synoptic mass balance approach is
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therefore violated. Second, rainfall events prior to the
1999 synoptic sampling resulted in streamflow that was
up to five times higher than that observed in 2005. This
hydrologic variability may affect the comparison in that
portions of the watershed contributing load in 1999 may
not have been contributing in 2005 due to drier conditions
and less water/rock interaction.

The primary goal of this paper is to quantify changes
in water quality that may have occurred due to remedial
activities conducted in the Mineral Creek headwaters.
These remedial activities, conducted between Septem-
ber 1999 and August 2005, sought to improve water
quality by controlling and/or removing important sources
of metal contamination. Because of the high cost of
mine-site remediation and the relative scarcity of cleanup
funds, it is imperative that remedial actions result in quan-
tifiable improvements to stream water quality. Improve-
ments to water quality may be documented through post-
remediation monitoring, such as the post-remediation
synoptic sampling discussed herein. Although this eval-
uation of remedial effectiveness is a logical step in
the cleanup process, it is the authors’ experience that
such post-remedial evaluations are rarely conducted (for
exceptions, see Brake et al., 2001, Owen et al., 2007,
Verplanck et al., 2007). A secondary goal of the paper is
to illustrate the use of synoptic data for comparative pur-
poses, subject to the confounding issues described above.
The techniques presented here may prove useful for eval-
uations at other mine sites undergoing remediation.

STUDY AREA AND REMEDIATION TO DATE

Mineral Creek originates at the top of Red Mountain
Pass north of Silverton, Colorado (Figure 1), and flows
~15 km before entering the Animas River. The study
reach begins in a small unnamed drainage that collects
water from hillsides in the vicinity of the Longfellow
mine and Koehler tunnel (Figure 1). This unnamed
drainage merges with Mineral Creek, and the remainder
of the study reach follows Mineral Creek (Figure 1). The
2-km study reach is constrained by a steep canyon (stream
slope ~80 m/km), with stream depth during low-flow
periods being <0-5 m, and stream width ranging from 1
to 3 m. The study reach follows the structural margin of
the Silverton caldera, and numerous faults and fractures
are exposed along the walls of the steep canyon. The
caldera margin marks a substantial change in geology.
Portions of the watershed east of the margin are within
the Silverton caldera, and bedrock geology consists of
hydrothermally altered Silverton Volcanics with dacitic
intrusions associated with intense hydrothermal alteration
and mineral deposits of the Red Mountain mining district.
In contrast, portions of the watershed to the west of the
caldera margin are underlain by bedrock of the San Juan
Formation, with intermediate composition volcanic units
that have been subject to weak to moderate hydrothermal
alteration.

Numerous inflows along the study reach introduce met-
als and acidic waters. Most of the metal-rich, acidic
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inflows drain alteration zones within the Silverton Vol-
canics, which are porphyritic andesitic flows, containing
15-25% phenocrysts of plagioclase and augite. In the
study area, there is the local alteration to a quartz-sericite-
pyrite assemblage, which contains complete replacement
of plagioclase and potassium feldspar by fine-grained
quartz, illite (sericite), and 10—-20% finely disseminated
and fracture-filling pyrite (Bove et al., 2007a). Elevated
metal concentrations are observed throughout the study
reach, and pH ranges from 2-5 to 5-0. Under these
conditions, precipitated hydrous iron oxides coat the
streambed, and the stream is virtually devoid of typical
montane aquatic life.

Sources of metal contamination within the study reach
include numerous mines in the northeastern part of the
watershed. This area constitutes the southern lobe of
the Red Mountain mining district, where economically
significant breccia-pipe chimney deposits were mined
for silver, lead, and copper (Bove ef al., 2007b). The
Longfellow mine, Junction mine, and Koehler tunnel are
located up-gradient from the head of the study reach
(Figure 1). Acidic drainage from the Junction mine and
Koehler tunnel constitutes over one half of the flow
entering the head of the study reach (Runkel ef al., 2009),
resulting in stream pH<3-0 and elevated concentrations
of copper, lead, arsenic, and zinc (Runkel and Kimball,
2002; Kimball et al., 2007). Immediately southeast of the
Koehler tunnel lies the Carbon Lake mining area, where
the Congress, Carbon Lake, and San Antonio mines
are located. These mines are within a sub-watershed
that drains to the southwest, with the unnamed drainage
entering the study reach near the midpoint (1156 m,
Figure 1). Additional mines and prospects in the western
portion of the watershed are potential sources of metals
to the study reach. Silver Ledge mine, for example, lies
immediately adjacent to the study reach (Figure 1), and
a large discharge from the mine dump is a known source
of lead (Runkel and Kimball, 2002). Other potential
sources include the Mineral Basin and Bullion King
mines, located in the Mineral Creek and Porphyry Gulch
headwaters, respectively (Figure 1).

Several remedial actions that could improve water
quality within the study reach have been undertaken
by the Animas River Stakeholders Group, the San Juan
Resource Conservation and Development Council, and
the Sunnyside Gold Corporation (Finger et al., 2007).
These actions, undertaken from 1999 to 2004, have
focused on the Longfellow-Koehler and Carbon Lake
areas (Table I, Figure 1) as these areas contribute sub-
stantial loads to the upper Animas River (Kimball ef al.,
2007). The primary action in the Longfellow-Koehler
area is the placement of a bulkhead in the Koehler tun-
nel, in an effort to eliminate this source in its entirety.
Prior to the placement of the bulkhead, the tunnel con-
tributed up to 11-7 1/s of acidic, metal-rich flow to the
headwaters of the study reach. This substantial source
was initially blocked by the bulkhead, but a leak of 3-1
I/s was observed in May of 2005 (William Simon, Ani-
mas River Stakeholders Group, written communication,
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Figure 1. Mineral Creek study reach for September 1999 and August 2005 synoptic sampling

2008). Despite this leakage, placement of the bulkhead
is expected to curtail mass loading at the head of the
study reach, given the large decrease in acidic, metal-
rich flow (leakage from the tunnel on August 12, 2005
was less than 0-3 1/s). Remedial activities in the Carbon
Lake area include the removal of waste rock and mine
dump material, and the reclamation of a diversion ditch
(Table I). Reclamation of the diversion ditch is expected
to have an effect on metal concentrations at low flow

Published in 2009 by John Wiley & Sons, Ltd.

as it restores flow to the Mineral Creek watershed that
had been part of an inter-basin transfer. This restora-
tion provides a source of clean water that should act to
dilute metal concentrations. The removal of waste rock
and mine dump material, in contrast, may not have an
appreciable effect on water quality at low flow, as these
materials are unlikely to be a major source during the dry
conditions associated with low flow. Potential sources of
contamination in the western portion of the watershed
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Table I. Remediation projects, upper Mineral Creek, 1999-2005 (after Finger et al., 2007)

Date Location Action Purpose
1999 Carbon Lake mine Removal of 1900 yd* of waste Reduce metal loading to Mineral
rock from stream channel Creek
2001 Koehler tunnel Reduce infiltration into surface Reduce metal loading to Mineral
mine workings that drain into Creek by reducing flow of
the Koehler tunnel Koehler tunnel
2003 Koehler tunnel Install bulkhead in Koehler Reduce metal loading to Mineral
tunnel to stop acidic drainage Creek by preventing/reducing
flow of Koehler tunnel
2003 Congress mine Complete removal of Congress Reduce metal loading to Mineral
mine waste dump Creek by removing mine wastes
and site beneficiation
2003 Vicinity of Carbon Lake mine Reclamation of diversion ditch, Reduce metal loading to Mineral
wetlands, and stream; restore Creek by removing mine wastes
natural flow to Mineral Creek and site beneficiation; increase
drainage that had been dilution; decrease flow from
diverted to Uncompahgre Koehler tunnel by preventing
watershed infiltration
2004 San Antonio mine Installed hydrologic controls, Reduce metal loading to Mineral

removal of waste from
stream, consolidation and
neutralization of waste, and

Creek by stabilizing site and
restoring streambed and riparian
habitat

revegetation

(Silver Ledge mine and mines in the Mineral Basin and
Porphyry Gulch sub-watersheds, Figure 1) have not been
remediated to date.

METHODS

Overview

The primary goal of this paper is to quantify changes
in water quality that may have occurred due to the
remedial activities described above. This goal will be
accomplished by comparing constituent concentrations
and mass loads from pre- (1999) and post-remediation
(2005) data sets. These two data sets were collected
using the synoptic mass balance approach of Kimball
et al. (2002, 2007). This approach, used extensively in
acid mine drainage streams, combines the tracer-dilution
method with synoptic sampling (Bencala and McKnight,
1987; Bencala et al., 1990; Kimball er al., 2002). The
tracer-dilution method provides estimates of streamflow,
and synoptic sampling provides a description of instream
and inflow chemistry.

Although both data sets cover the same geographical
area, there are small differences between the 1999 and
2005 data sets in regard to the number of samples
and sampling locations. In an effort to facilitate the
comparison of pre- and post-remedial conditions, this
paper will focus on sampling locations that are common
to both data sets (21 stream and 6 inflow sample
locations, Figure 1). In addition, the comparison will
focus on the concentrations and loads of aluminium (Al),
arsenic (As), cadmium (Cd), copper (Cu), iron (Fe),
nickel (Ni), lead (Pb), and zinc (Zn). Data for additional
sampling locations and constituents are presented by
Runkel and Kimball (2002); Kimball er al. (2007); and
Runkel et al. (2009).

Published in 2009 by John Wiley & Sons, Ltd.

Tracer injection and synoptic sampling

Continuous, constant rate injections of a concentrated
lithium bromide tracer were initiated at the upstream
end of the study reach on the day prior to synoptic
sampling. Synoptic samples were collected on Septem-
ber 17, 1999 and August 22, 2005, after instream con-
centrations of the lithium bromide tracer had reached
a steady-state plateau. Estimates of streamflow at each
synoptic sampling location were determined by tracer
dilution (Kilpatrick and Cobb, 1985). Tracer-dilution cal-
culations and data tables documenting the attainment of
a steady-state tracer plateau for the August 2005 data set
are provided by Runkel ez al. (2009). Collection of stream
samples proceeded in the downstream-to-upstream direc-
tion to avoid contaminating samples with resuspended
streambed materials. Stream samples were collected as
rapidly as possible in an effort to minimize effects of
diel metal fluctuations (Nimick ef al., 2005; Gammons
et al., 2007; elapsed time between adjacent stream sam-
ples was ~5 to 15 min). Sampled inflows ranged from
small springs to well-defined tributaries such as Porphyry
Gulch. Stream and inflow sampling sites are identified
herein using a numeric value that indicates the distance
(in meters) from the top of the study reach to a given
sampling location. Samples were transported to a pro-
cessing area where aliquots were prepared for cation and
anion analyses. Processing included filtration using 0-45-
um membranes, pH measurement, and preservation of
samples for iron speciation. Aliquots for cation anal-
ysis were acidified to pH<2-0. Total recoverable and
dissolved cation concentrations were determined from
unfiltered and filtered samples, respectively, using ICP-
AES (1999 data) or ICP-MS (2005 data). Dissolved anion
concentrations were determined from filtered, unacidified
samples by ion chromatography.

Hydrol. Process. 23, 3319-3333 (2009)
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In addition to the synoptic samples described above,
temporal samples were collected at a subset of stream
sites to document the attainment of a steady-state tracer
plateau. These temporal samples were collected manually
and/or by using automatic samplers. Temporal samples
were filtered within 24 h and later analysed by ion
chromatography to determine concentrations of the tracer
(bromide) and ambient sulphate (Runkel ef al., 2009).
Concentrations of sodium and zinc associated with the
2005 temporal samples were determined by atomic-
absorption spectroscopy in the spring and summer of
2007 (Runkel et al., 2009). The resulting time series
of sodium, sulphate, and zinc concentrations are used
herein to assess temporal variability. Additional details on
sample collection and processing are provided by Runkel
et al. (2009).

Loading analysis

Under the synoptic mass balance approach (Kimball
et al., 2002, 2007), the study reach is divided into a
number of stream segments that are demarcated by the
synoptic stream sampling locations. Mass load at each
stream location is generally defined as the product of
streamflow and concentration:

M=CQ )

where M is instream load (mass/time), C is instream
concentration (mass/volume), Q is streamflow (vol-
ume/time), and C and Q and are in consistent units (e.g.
C in milligrams per liter and Q in liters per second). The
change in instream load from one stream site to the next
may be used to determine if a segment is a source or a
sink for a given chemical constituent (Figure 2):

AMs =Mp —My 2)

where AMg is the within segment change in instream
load, and the D and U subscripts denote values of
instream load at the downstream and upstream sites,
respectively. Given steady-state conditions, positive val-
ues of AM (increase in mass load with distance) indicate
sources of constituent mass. Negative values of AMyg

Upstream site with
concentration Cy,
and streamflow Q

My=CyQy
Sampled inflow with
@ concentration C,
AMg = Mp— M, and flow Qp - Qy

\ AM;=Ci(Qp-Qu)
Downstream site wit

concentration Cp
and streamflow Qp

MD = CD OD

Figure 2. Generic stream segment used to illustrate calculations of mass
load
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3323

(decrease with distance), in contrast, indicate sinks (atten-
uation of constituent mass due to chemical reactions).
Loading analyses based on Equation (2) are subject to
uncertainty due to analytical errors in the determination of
chemical constituent and tracer concentrations. Although
corrections for these errors have been proposed (Runkel
et al., 2005; Kimball et al., 2007), such corrections will
not be implemented herein due to the presence of tem-
poral variability (i.e. errors in the mass balance approach
attributable to temporal variability are much greater than
analytical errors, such that the proposed corrections are
unwarranted).

Sources of constituent mass may also be quantified
using observed inflow data whenever a given stream
segment brackets an observed inflow (Figure 2):

AM7 = C1 (QOp — Qv) 3)

where AM; is the sampled inflow load, C; is the
inflow concentration, and Qp — Qp is the within seg-
ment increase in streamflow (Figure 2). Under steady-
state conditions, values of AMgs and AM; should be of
comparable magnitude whenever (1) the sampled inflow
is representative of all the water entering the stream
segment (Bencala and McKnight, 1987) and (2) the con-
stituent of interest is not subject to instream reactions
that remove constituent mass (e.g. precipitation, sorp-
tion). In the results that follow, calculations of mass load
[Equations (1)—(3)] are based on total-recoverable con-
stituent concentrations, unless noted otherwise.

RESULTS

Streamflow

Streamflow estimates for 1999 increase from 6-9 (376 m,
Figure 1) to 172 1/s (2041 m); estimates in 2005 increase
from 2.2 to 88 l/s. Differences in streamflow are at-
tributable to rainfall events that preceded the 1999
synoptic sampling. Data from a SNOTEL station on
Red Mountain Pass (NRCS, 2008) indicate that 3-6 cm
of rainfall was recorded on the 3 days preceding the
1999 synoptic sampling, whereas 0-5 cm of rainfall was
recorded for the 3-day period preceding the 2005 synoptic
sampling. The effects of prior rainfall were directly
observable in the field, as several inflows sampled in 1999
were not flowing in 2005. As a result, 1999 streamflow
estimates are ~2 to 5-6 times higher than those observed
in 2005 (Figure 3a).

For both years, large increases in streamflow are
observed below the Mineral Creek (850 m) and Porphyry
Gulch (1991 m) inflows that drain the west side of the
watershed (Figure 1). These two inflows account for the
bulk of the flow increase within the study reach (76
and 82% of the increase, 1999 and 2005, respectively).
Another major inflow is the unnamed drainage from the
Carbon Lake mining area (1156 m), accounting for 9-5
and 4-7% of the within study reach increase (1999 and
2005, respectively).

Hydrol. Process. 23, 3319-3333 (2009)
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Constituent concentrations and pH

Instream pH values for 1999 and 2005 show the same
general pattern, with pH<3-4 in the upper part of the
study reach (<850 m, Figure 3b). Farther downstream,
pH increases in response to circumneutral inflow from
Mineral Creek and Porphyry Gulch (850 and 1991 m,
Figure 3b). Instream pH values in 2005 are lower than
1999 values for most of the study reach (<1500 m,
Figure 3b). In contrast, inflow pH values for 2005 are

Published in 2009 by John Wiley & Sons, Ltd.
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higher than 1999 values for four of the six inflows
considered (Figure 3b). The largest change in inflow pH
from 1999 to 2005 is for the inflow draining the Carbon
Lake mining area, where pH increased from ~3-5 to 5-4
(1156 m, Figure 3b).

The low-instream pH noted above produces an aque-
ous environment in which metals are highly soluble.
As a result, five of the eight constituents considered
behave conservatively, with total-recoverable concentra-
tions approximately equal to dissolved concentrations.
Three of the eight constituents (As, Fe, and Pb) are sub-
ject to reactive transport, with precipitation and sorption
reactions resulting in the formation of solid phases in the
water column (total recoverable > dissolved; Runkel and
Kimball, 2002).

Stream concentrations for six of the eight constituents
(Al, Cd, Fe, Ni, Pb, and Zn) are generally higher in
2005 than in 1999. Al, Cd, and Zn concentrations show
the same general pattern, with 2005 concentrations being
much higher than 1999 concentrations in the upper part
of the study reach (<850 m), and 2005 concentrations
exceeding 1999 concentrations by a smaller amount far-
ther downstream (Figure 3c, Cd and Zn not shown). Con-
centrations of Fe, Ni, and Pb in 2005 also exceed 1999
concentrations. In contrast to the other constituents, As
and Cu concentrations are approximately equal for the
2 years (Figure 3d, As not shown). Concentration profiles
for Pb in both years differ from the other constituents, in
that there is a large instream concentration increase due
to the inflow from the Silver Ledge mine dump (1941 m,
Figure 3e).

Dissolved concentrations of Al, Cd, Cu, and Zn exceed
the chronic aquatic-life standards established by the State
of Colorado (CDPHE, 2000) along the entire study reach
in both 1999 and 2005 (Figure 3c—d, Cd and Zn not
shown). Similarly, Pb concentrations exceed the chronic
standard over the entire length of the study reach in
2005 and most of the study reach in 1999 (Figure 3e);
As concentrations in 1999 and 2005 exceed the chronic
standard in the upper part of the study reach (<850 m).
Ni concentrations, in contrast, are below the chronic
standard in both years.

Temporal variability

During the 2005 synoptic sampling, a sonde employed
at 826 m recorded a ~400 us/cm decrease in specific
conductance over a 2-5 h period (decreasing ~25% from
1030 to 1300 h). This decrease in specific conductance
suggests substantial temporal variation in constituent con-
centrations that is verified by the sodium, sulphate, and
zinc concentrations from the temporal samples collected
to document tracer plateau (Figure 4). The observed vari-
ations in sodium, sulphate, and zinc suggest that the
additional constituents considered here were also subject
to temporal variation during the 2005 synoptic sampling.
For the case of 1999, sulphate data from temporal sam-
ples suggest that constituent concentrations varied by a
smaller, but nonetheless substantial, amount during the
1999 synoptic sampling.

Hydrol. Process. 23, 3319-3333 (2009)
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To illustrate the effects of temporal variation on
constituent loads, time series of instream sulphate load
from stream sites at 576 m (2005) and 656 m (1999) are
calculated using Equation (1) and synoptic streamflow
estimates (this analysis assumes steady streamflow during
the time period of interest; this assumption is based
on the observed tracer data that exhibits a nominally
steady plateau). Although the data used to calculate
sulphate loads for 1999 and 2005 are not from the same
location, the sites are in close proximity to each other
(80 m) and no observable inflows enter between the
two locations. This observation is confirmed by the near
equality of streamflow estimates for the two sites (0-03
and 0-06 1/s differences were documented in 1999 and
2005, respectively). As such, temporal data from the two
sites are directly comparable, and the temporal variation
in 1999 and 2005 loads can be assessed. Substantial
variation in sulphate load occurred between the hours of
0900 and 1500 on synoptic days in both 1999 and 2005,
with minimum loads occurring at ~1200 h (Figure 3f).
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Spatial loading profiles

Spatial profiles of instream load [Equation (1)] for the
eight constituents are shown in Figure 5 (panels a, b, g, h,
m, n, s, t). Instream loads were higher in 1999 than 2005
for six of the eight constituents considered (Figure Sa, b,
g, h, m, t). Instream loads of Ni and Pb were comparable
in 1999 and 2005 (Figure 5n, s).

DISCUSSION

Streamflow, constituent concentrations, and pH

Synoptic data sets from 1999 and 2005 are used herein to
quantify changes in water quality that may be attributable
to remedial activities in the Mineral Creek headwa-
ters. Comparison of pre- (1999) and post-remediation
(2005) data sets is confounded by hydrologic differ-
ences between the 2 years. As shown in Figure 3a,
1999 streamflows are over five times higher than 2005
flows in the upper part of the study reach (410—850 m),
and approximately two times higher farther downstream
(>850 m). This hydrologic difference has two potential
effects. First, the rainfall events that preceded the 1999
sampling may have had a dilution effect, as dilute runoff
led to additional streamflow. As a result of this dilu-
tion effect, 1999 constituent concentrations should be
lower than those observed in 2005, and pH should be
higher. This effect may confound the evaluation of reme-
dial effectiveness by leading to increases in pH under the
wetter 1999 conditions. Increases in pH may promote
pH-dependent reactions (precipitation and sorption) that
act to remove constituent mass. Pre-remediation concen-
trations and mass loads may have therefore been higher
if less rainfall had preceded the 1999 synoptic sampling.
A second hydrologic effect is due to potential dif-
ferences in the source areas within the watershed that
contribute flow under various flow regimes. The wet-
ter conditions observed in 1999, for example, may have
produced a source area effect, in which more areas of
the watershed were contributing constituent mass relative
to the drier conditions in 2005. This source area effect
may have important implications for evaluating remedial
effectiveness as it complicates the comparison of the pre-
and post-remediation data sets. For example, unremedi-
ated source areas may be contributing constituent mass
under the wetter 1999 flow regime, and not contribut-
ing in 2005 due to drier conditions and less water/rock
interaction. This hydrologic effect could lead to incorrect
conclusions, as the lack of contribution from an unreme-
diated source area in 2005 due to drier conditions could
be erroneously attributed to remedial activities.
Although the dilution and source area effects appear to
have the opposite effects on water quality, they are not
mutually exclusive. The dilution effect is clearly seen in
the upper part of the study reach (<850 m), where the
1999 stream concentrations are dilute relative to 2005
concentrations (Figure 3c, ). The primary sources in the
upper part of the study reach, the Koehler tunnel and
Junction mine, discharge at a relatively constant rate over
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the hydrologic year, and the lower stream concentrations
observed in 1999 are attributable to dilution of these
sources (although flow from the Junction mine and
Koehler tunnel may increase in response to rainfall, this
increase is small relative to the increase in flow associated
with dilute surface runoff). This hydrologic effect may
be quite large, as it appears to swamp the effects of
remediation (i.e. the Koehler tunnel bulkhead should
result in lower 2005 stream concentrations relative to
1999; 2005 stream concentrations are higher, however,
due to the dilution in 1999). The source area effect, the
idea that more source areas contribute at higher flow, can
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be seen in the inflow data. Inflow concentrations from
1999 exceed 2005 concentrations at most inflow locations
for six of the eight constituents considered (Al, As, Cd,
Cu, Fe, and Zn; Figure 5c, d, i, j, 0, v). Similarly, inflow
pH is generally lower in 1999 than 2005 (Figure 3b),
indicating additional contributions of acidic source water.

The contrast between stream (1999 < 2005) and inflow
(1999 > 2005) concentrations may be explained by the
dilution and source area effects described above. Stream
concentrations are largely controlled by sources in the
upper part of the study reach (Koehler tunnel and Junction
mine, Figure 1), and the dilution effect leads to lower
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concentrations under the wetter, more dilute conditions
observed in 1999. Lower in the watershed (i.e. inflows
at 850, 940, 1156, and 1941 m), the source area effect
is predominant, leading to lower inflow pH and higher
inflow concentrations in 1999.

Effects of temporal variability

The primary quantities for the determination of mass
loads and comparative analyses under the synoptic mass
balance approach are the spatial profiles of instream load
(Kimball et al., 2002, 2007). This standard approach of
quantifying mass loading by synoptic sampling is com-
promised in the present case due to temporal variability
in constituent concentrations (Figure 3f, Figure 4). The
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effects of temporal variation on the synoptic mass bal-
ance approach are illustrated using sulphate data from
the 2005 synoptic sampling. In Figure 6a, the observed
temporal sulphate profile from 1989 m has been shifted
backward to reflect the sulphate profile that passed sev-
eral upstream sampling locations (888, 976, 1076, 1151,
1330, and 1431 m), where the time shift for each sam-
pling location is based on tracer travel time. Comparison
of the shifted profile with the synoptic sampling time
(vertical line, Figure 6a) indicates that different parts of
the temporal profile were sampled at each location. The
sample at 888 m, for example, was sampled at a time
when the sulphate pulse was at its minimum, and samples
at 976, 1076, and 1151 m were collected at progressively
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Figure 6. Effect of temporal variation on synoptic sampling: (a) temporal profile of sulphate concentration from 1989 m that has been shifted in time

to reflect the sulphate profile that passed the upstream locations. Vertical line represents synoptic sampling time at upstream locations, (b) spatial

profile of sulphate load that results from synoptic sampling during period of temporal variability. Increases (+AMg) and decreases (—AM ) in load
are an artifact of the temporal variation, rather than actual sources and sinks

higher locations on the sulphate curve (Figure 6a). After
peaking at 1151 m, lower concentrations were sampled at
1330 and 1431 m. The effect of sample collection time
on sample concentration (Figure 6a) has a direct effect
on calculated loads as the observed increases in sulphate
concentration from 888 to 1151 m lead to increases in
load (positive values of AMg, Figure 6b), while the lower
concentrations at 1330 and 1431 m lead to decreases
(negative values of AMg, Figure 6b).

Under the steady-state conditions associated with most
synoptic studies, increases and decreases in load are
attributed to sources and sinks (Kimball et al., 2002,
2007). This interpretation is not plausible for the present
case, however, as the positive and negative values of
AMsg are clearly artefacts of the mass balance error
associated with temporal variability. Failure to consider
the effects of temporal variability would lead to the

Published in 2009 by John Wiley & Sons, Ltd.

identification of false sources (stream segments with
positive AMsg) and false attenuation (negative AMs),
as noted by Gammons et al. (2007). Examples of false
sources and false attenuation include the inflow at 940 m,
where AMg is erroneously high, and the inflow draining
the Carbon Lake mining area (1156 m), where atten-
uation is falsely indicated (Figure 6b). As shown in
Figure 6, the presence of false sources can lead to false
attenuation (i.e. the positive values of AMg in the stream
segments preceding the Carbon Lake inflow are erro-
neously high; this leads to negative values of AMg that
are also in error).

The mass balance error due to temporal variability
leads to large discrepancies between AMg and the sam-
pled inflow load [AM|, Figure 2, Equation (3)]. For well-
defined segments, where the sampled inflow comprises
the bulk of inflowing water, values of AMg and AM|
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should be comparable (e.g. Runkel et al., 2005). Dif-
ferences in AMg and AM; for the 2005 data set are
most notable at the 410 m and Carbon Lake (1156 m)
inflows, where AMy values identify a source, and nega-
tive AM indicate attenuation (Figure 5Se, f, k, 1, q, 1, X).
Although such attenuation is possible for reactive con-
stituents, the attenuation shown for seven of the eight
constituents is unlikely given the conservative transport
noted earlier. Another indication of temporal variation in
the 2005 data set is at the Mineral Creek inflow (850 m),
where AMg values are several times larger than AM;
(Figure 5Se, f, k, 1, g, 1, X). Given the magnitude and well-
defined nature of the Mineral Creek inflow, such large
discrepancies between AMg and AM are attributable to
temporal variability.

In contrast to the present case, the effects of temporal
variation may be more subtle in other studies. As shown
above, the effects of temporal variation may be diagnosed
for stream segments with sampled inflows by comparing
values of AMg and AM|. Unfortunately, this diagnostic
tool is unavailable when the stream segment of interest
does not include a sampled inflow. Positive values
of AMg in these segments are normally attributed to
‘unsampled inflow’ (sources of constituent mass that
enter via unsampled waters, such as diffuse groundwater
inflow; Kimball er al., 2002, 2007; Mayes et al., 2007),
but such sources may be falsely identified in the presence
of temporal variability. As such, great care must be
taken when interpreting values of AMg when temporal
variation is suspected.

Cause of temporal variability

Most studies documenting temporal variation in metal
concentration include data that exhibit relatively smooth,
cyclic behaviour that may be attributed to environmental
forcing functions such as temperature, pH, and sunlight
(e.g. McKnight et al., 2001; Nimick et al., 2005; Chapin
et al., 2007, Gammons et al., 2007). The observed data
from Mineral Creek, in contrast, exhibit an abrupt change
in concentration that does not appear to be related to envi-
ronmental factors that would affect instream processes
(Figure 4). The decrease in sodium, sulphate, and zinc
concentrations observed at 512 and 826 m exhibits a dis-
tinct time lag (Figure 4) that is indicative of a change in
source loading, rather than instream processing (i.e. the
concentration change is driven by changes at the source;
these changes are transported downstream). The exact
location of the source can not be determined using the
2005 data set, as temporal data upstream of 512 m were
not collected. A likely location is the Koehler tunnel,
as the tunnel drains various underground mine workings
and multiple flow paths. Data supporting this hypoth-
esis were collected in September 2008, when a sonde
recorded specific conductance at the mouth of the tun-
nel. Temporal variation in conductivity observed at the
mouth of the tunnel in 2008 was similar in magnitude
and timing to the variation in conductance documented
at 826 m in 2005 (conductance at the mouth of the tun-
nel dropped by ~300 ps/cm over a ~5 h period, while
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discharge from the tunnel remained steady). The physi-
cal and/or biogeochemical processes responsible for this
variation in source loading are unknown at this time and
are a potential area of future research.

Spatial loading profiles and the Koehler tunnel bulkhead

As discussed in the previous subsections, hydrologic dif-
ferences and temporal variability may confound the inter-
pretation of synoptic data collected to assess remedial
effectiveness. Fortunately, the primary hydrologic effect
in the upper portion of the study reach is dilution, and
the low pH in the upper portion leads to conservative
transport for most constituents. As a result, hydrologic
differences between pre- and post-remediation data sets
do not affect values of mass load in the upper part of the
study reach, as mass load is not affected by pure dilution
(the lower part of the study reach is considered in the sub-
section that follows). In regard to temporal variability, the
substantial variation documented herein produces erro-
neous values of AM. Fortunately, the goal of the present
study is not source identification but rather evaluating the
effectiveness of remediation. As discussed below, this
evaluation may be made by examining the overall load-
ing profiles, rather than the results of individual stream
segments using AMs.

Post-remediation (2005) profiles of instream load are
consistently lower than the pre-remediation (1999) pro-
files over the entire study reach for six of the eight
constituents considered (Al, As, Cd, Cu, Fe, and Zn;
Figure 5a, b, g, h, m, t). This reduction occurs despite
the fact that post-remediation concentrations are generally
higher than pre-remediation concentrations (Figure 3c, ).
The consistent difference between 1999 and 2005 loads
strongly suggests an improvement in water quality due
to remediation. Further, the reduction in load occurs at
the very first sampling site (376 m), suggesting that the
improvement stems from remediation in the Longfellow-
Koehler area of the Mineral Creek headwaters (Figure 1).
This finding is not surprising given the large reduction
in flow from the Koehler tunnel (Table I), the largest
source within the study reach for most of the constituents
considered (Kimball et al., 2007). The decrease in flow
from the Koehler tunnel leads to 70, 63, 46, 39, 19, and
17% reductions in load at 376 m for Cu, As, Fe, Cd, Zn,
and Al, respectively. Although these percentages may be
influenced by temporal variability, the overall conclusion
of improved post-remediation conditions is not, as the
load reduction is maintained along the entire study reach
(Figure 5a, b, g, h, m, t). In addition, the temporal sul-
phate loads show reduced post-remediation loads over
the course of the entire synoptic day (Figure 3f), with an
average reduction of 34%.

In contrast to most of the other constituents, the pri-
mary source of Pb within the study reach is the inflow
at 1941 m, an inflow that drains the unremediated area
around the Silver Ledge mine dump. Owing to the unre-
mediated nature of the Silver Ledge area, instream loads
of Pb for the 2 years are nearly identical (Figure 5s).
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Carbon Lake mining area

The primary remedial activities in the lower portion of
the study reach were conducted in the Carbon Lake min-
ing area (Table I), an area that supplies water to an
unnamed drainage that enters the study reach near the
midpoint (1156 m, Figure 1). Assessing the effective-
ness of remedial activities conducted in the Carbon Lake
area is more complicated than that for the Koehler tun-
nel, for three reasons. First, the comparison of pre- and
post-remediation data sets may be subject to a hydro-
logic source area effect, in which 2005 concentrations
and loads are lower than those in 1999 simply because
portions of the Carbon Lake sub-watershed were not con-
tributing at the lower flows observed in 2005. Second, the
high degree of temporal variability within the 2005 data
set precludes the use of AM for source identification; as
noted earlier, 2005 AMg values for the stream segment
bracketing the Carbon Lake inflow (1156 m) falsely indi-
cate attenuation, rather than a source (Figure 5e, f, k, 1, q,
1, X). Third, the remedial activities conducted in the Car-
bon Lake area (Table I) are more subtle than the large
reduction in flow from the Koehler tunnel. For exam-
ple, the primary effect of reclaiming the diversion ditch
is dilution, an effect that can only be seen in the mass
loads if it results in a pH change. Further, the remaining
activities in the Carbon Lake area have focused on the
revegetation and/or the removal of tailings piles and mine
dumps. Although these actions can dramatically improve
water-quality conditions associated with rainfall—runoff
events, they may do little to affect loading under the low-
flow conditions of the 1999 and 2005 synoptic studies.
In light of the temporal variability discussed above,
the effectiveness of remedial activities in the Carbon
Lake area is evaluated using inflow data, rather than
stream data. Of the six inflows considered here, the
Carbon Lake inflow (1156 m) is the only inflow draining
a remediated portion of the watershed. As such, changes
in inflow chemistry from 1999 to 2005 should be greater
for the Carbon Lake inflow than for the unremediated
inflows. Analysis of the pre- (1999) and post-remediation
(2005) inflow data suggests that remedial activities in
the Carbon Lake area had a positive effect on stream
water quality. This conclusion is based on several lines of
evidence. First, pH of the Carbon Lake inflow increased
from 3-5 to 5-4 from 1999 to 2005 (Figure 3b). The
remaining inflows either exhibited a smaller increase or
a decrease over the same time period. Second, six of the
eight constituents (Al, As, Cd, Cu, Fe, and Zn) show
a decrease in concentration from 1999 to 2005 for the
Carbon Lake inflow (Figure 5¢c, d, g, h, o, v). Of the
six inflows considered, the Carbon Lake inflow exhibits
the largest reduction in concentration for Zn (73%), the
second largest reduction for Al (59%) and Fe (79%),
and the third largest reduction for Cd (77%) and Cu
(82%). Third, of the six inflows considered, the Carbon
Lake inflow is the only inflow to show a decrease in
sampled inflow load (AMj) from 1999 to 2005 for all
eight constituents (Figure 5Se, f, k, 1, q, r, w, x). Of the six
inflows, the Carbon Lake inflow had the largest reduction
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in AM; for Al (89%), Fe (94%), and Zn (93%), the
second largest reduction in Cd (94%), Cu (95%), and Pb
(68%), and the fourth largest for As (97%) and Ni (40%).
The lines of evidence presented above suggest that
remedial actions in the Carbon Lake area (Table I) had
a positive effect on pH, constituent concentration, and
constituent load. This finding should be considered in
light of two important caveats. First, the chemistry of
the unnamed drainage from the Carbon Lake area may
be subject to temporal variations like those documented
herein for the main study reach. This concern is allevi-
ated somewhat by noting that the Carbon Lake inflow
was sampled at similar times of day in 1999 and 2005
(12:30 and 11:15, respectively) and under similar weather
conditions. Further, the changes in water quality (increase
in pH and decrease in constituent concentrations) docu-
mented by the 2005 data set are consistent with other
post-remediation data (William Simon, Animas River
Stakeholders Group, written communication, 2008). Sec-
ond, 1999 concentrations and loads may be higher than
those from 2005 due to the source area effect discussed
previously. The drier conditions observed in 2005 may
have led to less loading from the Carbon Lake area simply
because some areas of the sub-watershed were dry rela-
tive to 1999 conditions. Although the source area effect
cannot be ruled out, this concern is alleviated somewhat
by the fact that the changes in pre- and post-remediation
chemistry for the Carbon Lake inflow are more substan-
tial than those observed for the remaining inflows, as
indicated by the lines of evidence presented above. Given
these caveats, additional research may be needed to draw
firm conclusions in regard to the effectiveness of remedial
activities conducted in the Carbon Lake mining area.

Field implications

Successful implementation of the synoptic mass balance
approach relies on the attainment of nominally steady-
state conditions with respect to both streamflow and
water chemistry. Deviations from steady-state conditions
lead to inaccuracies in the mass balance approach, as
shown by the analysis presented herein (Figure 6) and
the work of Gammons et al. (2007). For the case of
the 2005 Mineral Creek synoptic sampling, steady-state
conditions were assumed at the time of sampling; the
effects of temporal variation were only noticed upon
review of the specific conductance data collected by the
instream sonde. Information on the temporal variation
obtained prior to the synoptic sampling may have lead
to changes in sampling strategy that would reduce error
in the mass balance approach. Sample collection could
have proceeded in an upstream-to-downstream direction,
for example, rather than the downstream-to-upstream pro-
tocol that is typically employed. Such a change may have
led to a decrease in the mass balance error due to tem-
poral variability, as the sampling team would have been
moving in the same direction as the constituent pulse.
Mass balance error could have been further reduced by
employing Lagrangian sampling, in which estimates of
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travel time are used to sample a parcel of water as it
moves downstream (Blevins and Fairchild, 2001).

These observations lead to two recommendations.
First, reconnaissance should be conducted prior to synop-
tic sampling to determine the extent of temporal variabil-
ity in a given system. For the case considered here, this
reconnaissance could be based on specific conductivity
measurements made prior to synoptic sampling. Other
cases may arise, however, in which temporal changes
in constituent concentration may not lead to a notice-
able change in specific conductance. These cases may
require the collection and analysis of constituent sam-
ples in order to document the presence/absence of tem-
poral variability. The lead time required for this case
could be greatly reduced though the use of in sifu anal-
ysis (Chapin et al., 2007). Second, Lagrangian sam-
pling should be considered whenever substantial temporal
variability is suspected. To date, most synoptic stud-
ies have implemented a downstream-to-upstream sam-
pling protocol, in an effort to avoid contaminating sam-
ples with resuspended streambed materials. Given the
upstream-to-downstream sampling sequence underlying
the Lagrangian approach, sample contamination due to
resuspension is more likely. This contamination can be
minimized in some cases by minimizing the instream
presence of project personnel. This precaution may be
impractical at some mountainous locations, however, as
site-to-site travel along the streambank may be difficult
at best. The sampling protocol selected will ultimately
depend on the extent of temporal variability, study goals,
and site-specific factors such as site accessibility.

Implications for remediation and remediation monitoring

Despite the extensive remedial activities in the Mineral
Creek headwaters to date (Table I), post-remediation con-
centrations of Al, Cd, Cu, Pb, and Zn remain above
chronic aquatic-life standards along the entire study reach
(Figure 3c—e, Cd and Zn not shown). The further reduc-
tions necessary to meet aquatic-life standards may require
additional remedial measures, such as the installation of
an active treatment system. An active treatment system
for the Mineral Creek headwaters appears to be feasible,
given that the dominant sources (the Junction mine and
Koehler tunnel) are point sources with relatively small
amounts of flow. Continuous, year-round operation of an
active treatment system at the high elevation of the Min-
eral Creek headwaters may prove to be cost prohibitive,
however, and alternative treatment systems should be
investigated.

The foregoing analysis utilizes pre- and post-re-
mediation data sets and the synoptic mass balance
approach to assess the effectiveness of remedial mea-
sures. This approach is advantageous in that it provides
both a spatial and temporal component (the pre- and post-
remediation data sets provide the spatial detail needed
to assess the effects of different remedial actions; e.g.
actions affecting the Koehler tunnel and the Carbon Lake
mining area). A disadvantage of the approach, as demon-
strated herein, is the potential for hydrologic variability
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to confound data interpretation. Because of this disadvan-
tage, additional approaches may be needed to fully eval-
uate the effects of remedial actions. One such approach is
the collection of streamflow and concentration data at one
or more flow locations over the course of the hydrologic
year. The resultant data set of streamflow and concen-
tration data may be used to develop regression equations
for the estimation of annual loads (Runkel et al., 2004;
Leib et al., 2007). Pre- and post-remediation estimates of
annual load may then be used to assess the effects of
remedial actions.

CONCLUSIONS

The foregoing analysis has direct implications for similar
studies of contaminated streams and specific implications
for Mineral Creek. The primary conclusions are as
follows:

e Hydrologic effects may confound the use of synoptic
stream data for comparative purposes such as the eval-
uation of remedial effectiveness. Differing hydrologic
conditions may lead to two different, but not mutu-
ally exclusive, effects. The dilution effect may lead to
lower concentrations and mass loads under higher flow
regimes, due to simple dilution and increases in pH. The
source area effect, in contrast, may lead to higher con-
centrations and mass loads under higher flow regimes
as more areas of the watershed contribute at high flow.

e Temporal variation in constituent concentrations may
confound the interpretation of synoptic stream data
by violating the steady-state assumption that underlies
the synoptic mass balance approach. Although small
temporal variations in constituent concentration may be
acceptable, more substantial variations may lead to the
appearance of ‘false sources’ and ‘false attenuation’ in
which changes in instream load are an artifact of mass
balance errors rather than physical/chemical processes.
Of particular concern is the case of ‘unsampled inflow’,
where small increases in instream load are attributed
to diffuse groundwater sources (Kimball et al., 2002,
2007; Mayes et al., 2007). These sources may be hard
to distinguish from false sources that arise due to
temporal variability.

e Despite the confounding factors noted above, there is a
clear decrease in load at the head of the Mineral Creek
study reach that is attributable to the placement of a
bulkhead on the Koehler tunnel. Instream loads at the
head of the study reach decreased by 70, 63, 46, 39, 19,
and 17% for Cu, As, Fe, Cd, Zn, and Al, respectively.
The long-term effectiveness of the bulkhead should be
further evaluated at a later date, however, due to the
potential for leakage (i.e. water behind the bulkhead
could reemerge elsewhere; Alpers et al., 2003, Kimball
et al., 2007).

e Analysis of the pre- and post-remediation inflow data
suggests that remedial activities in the Carbon Lake
mining area had a positive effect on stream water
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quality. This conclusion should be viewed as tentative,
however, due to the potential effects of temporal
variability and differences in hydrologic source areas.

e The presence/absence of temporal variability should
be documented prior to synoptic sampling campaigns.
If present, the effects of temporal variability can be
reduced by employing upstream-to-downstream sam-
pling protocols (e.g. Lagrangian sampling), rather than
the commonly used downstream-to-upstream approach.
The advantage of upstream-to-downstream sampling
should be weighed against the increased potential
of sample contamination due to the resuspension of
streambed materials.

e Post-remediation concentrations of Al, Cd, Cu, Pb, and
Zn exceed State of Colorado aquatic-life standards over
the entire study reach. Further reductions in instream
concentrations needed to meet aquatic-life standards
may require additional remedial measures, such as the
installation of an active treatment system.
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