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EXECUTIVE SUMMARY

In the spring of 2010, the Montana Bureau of Mines and Geology (MBMG), in
cooperation with the Montana Department of Justice-Natural Resource Damage Program
(NRD), Montana Department of Environmental Quality (DEQ), the U.S. Environmental
Protection Agency (EPA), and British Petroleum/Atlantic Richfield Company
(BP/ARCO), conducted extensive groundwater/surface-water sampling in the Butte
Priority Soils Operable Unit (BPSOU). This work was conducted to link contaminated
groundwater at different depths in the alluvial aquifer to the various contaminate sources
in the Upper Silver Bow Creek/Metro Storm Drain (SBC/MSD) corridor. Data evaluated
to investigate these linkages included unique chemical signatures (fingerprints), chemical
trends, geochemical attenuation mechanisms, and hydrogeology. The plumes emanate
from at least three different tailings areas: the Parrot, Diggings East, and Northside
Tailings. Previous studies (Tucci and Icopini, 2010; BP/ARCO, 2010a) clarified the
hydrogeologic relationships within the BPSOU alluvial aquifer and refined its
hydrogeologic characteristics.

This investigation builds upon previous work by further defining the extent of
groundwater contamination as well as assessing the evolution of the groundwater plumes
found at various depths within the alluvial aquifers. Metals loading to Blacktail and
Silver Bow Creeks was also evaluated throughout the potential discharge area for these
plumes. Although unique chemical signatures were not linked to each source area, data
collected during this study were sufficient to track individual groundwater plumes when
combined with our current understanding of the hydrogeology, spatial and temporal
groundwater-quality trends, and an understanding of the geochemical redox conditions.

As a result of the data and analysis presented here, the known extent of the Parrot
Tailings plume has more than doubled, extending its boundary by approximately 0.5
miles farther than estimated in 2004 (Metesh and Madison, 2004). Furthermore, this
report is the first publication to present a hypothesis on the fate and transport of
contaminants in deeper flow zones of the alluvial aquifer in the SBC/MSD corridor.
Temporal trends, provided in this report, show decreasing metals concentrations in areas
where sources have been removed; this new information provides evidence that the
contaminant concentrations in the alluvial aquifer will decrease to acceptable levels faster
than previously assumed (EPA, 2006b). Based on the aqueous geochemistry and our
understanding of the hydrogeology, we conclude:

e There is a source of copper (Cu) and zinc (Zn) loading to Blacktail Creek in its
reach between Oregon Avenue and George Street. Currently, data are insufficient
to determine the source for the Cu and Zn observed in this reach of the creek.

e Multiple source areas appear to be loading the shallow alluvial (SA) unit in the
SBC/MSD corridor. These sources can be traced to the Parrot, Diggings East, and
Northside Tailings. These sites are known to contain mining-related waste that
has been left in place. Concentrations of contaminants in SA plumes originating
from these sources decrease substantially downgradient of their source areas,
which may be an indication that the MSD Subdrain is effectively capturing the
SA plumes. However, determining the overall effectiveness of the MSD Subdrain
collection system was beyond the scope of this investigation.
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The middle alluvial (MA) unit hosts a plume that contains the highest
concentrations of contaminants measured in the study area; this plume is the
farthest-reaching and most expansive in the SBC/MSD area. The Parrot Tailings
appears to be the primary source for arsenic (As), cadmium (Cd), copper (Cu),
and zinc (Zn) in the plume. The MA plume can be traced from the Parrot Tailings
area to Kaw Avenue (AMC-24), which more than doubles the previously
documented extent of the Parrot plume (MSD-02B; Metesh and Madison, 2004).
The maximum downgradient extent of the Parrot Plume beyond AMC-24 (MA
unit) remains undefined but is likely controlled by three possible scenarios, or
combinations thereof:

1) The plume’s contaminants naturally attenuate within the aquifer;

2) The MSD Subdrain effectively captures the plume west of Kaw Avenue; or
3) The plume is, or will be, discharging to Blacktail Creek or Silver Bow Creek.
Within the MA unit, sorption of metals onto alluvial sediments and, to a lesser
extent, dilution appear to be the attenuation mechanisms responsible for reducing
contaminants of concern (COCs; Cu, Zn, As, and Cd) as the water moves
downgradient. Sorption of COCs onto existing alluvial sediments is a finite
attenuation mechanism, as dissolved COCs will be progressively less attenuated
as the available sorption sites on alluvial sediments are exhausted. Although
dilution reduces COC concentrations, COCs are only dispersed and not removed
from solution.

Green rust precipitation appears to be the most likely mechanism for the
attenuation of iron (Fe) observed in the MA unit between wells MSD-01B and
GS-09.

In some SA and MA unit wells near the Diggings East and Parrot Tailings areas,
the COC concentrations have increased markedly since 2003.

The MA unit south and upgradient of the Parrot Tailings area appears to have
been contaminated from historic discharges of contaminated mine water to Silver
Bow Creek that ended in 1982. Since 1983, aqueous metals concentrations have
steadily declined in this area, which is the expected concentration trend for metal
desorption and dilution of a contaminated aquifer continually flushed with
relatively clean groundwater. However, dilution alone is not sufficient to explain
the concentration trends. The rates of decreasing metals concentrations suggest a
flushing/desorption process that is much faster than previously assumed (EPA,
2006b).

Some COCs (Cd, Cu, and Zn) have penetrated to the deep alluvial (DA) unit, and
water samples show concentrations above background levels. However,
concentrations are 1 to 2 orders of magnitude lower than in the MA unit. The
source area for the COCs in the DA unit is most likely the Parrot Tailings.
Elevated metals in the DA unit are present as far downgradient as well GS-08.

Defining the MA Parrot Plume boundaries and groundwater flow paths (vertical and
horizontal) west of Kaw Avenue was hampered by the lack of deeper wells (> 35 ft). In
winter 2011/2012, 40 additional wells were drilled by BP/ARCO under an EPA
Unilateral Administrative Order (EPA, 2011). The information gathered during the
drilling program is preliminary and results are still being compiled. These additional
wells should provide the additional data necessary to further the characterization of the
Parrot Tailings plume and other waste plumes, and enhance the current understanding of
the hydrogeology, geochemistry, and fate and transport of contaminants in the alluvial
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aquifer. It should be noted that this report does not include data from the recent drilling

project; however, we believe the preliminary results are consistent with the conclusions
of this report.

MBMG responses to comments on a draft version of this report submitted by EPA and
BP/ARCO are provided in Appendices F and G of this report.



1.0 INTRODUCTION AND SITE DESCRIPTION

In the spring of 2010, the Montana Bureau of Mines and Geology (MBMG), in
cooperation with the Montana Department of Justice-Natural Resource Damage Program
(NRDP), Montana Department of Environmental Quality (MDEQ), the Environmental
Protection Agency (EPA), and British Petroleum/Atlantic Richfield Company
(BP/ARCO), conducted a comprehensive, synoptic groundwater/surface water
monitoring investigation within the Butte Priority Soils Operable Unit (BPSOU).
Groundwater within and adjacent to several source areas was sampled at multiple depths.

1.1 Objectives

To date, the lateral and vertical extent of groundwater plumes emanating from three
known source areas (fig. 1, inset) within the Silver Bow Creek/Metro Storm Drain
(SBC/MSD) corridor have not been fully delineated. Prior investigations (Metesh and
Madison, 2004; Tucci, 2010) identified contamination in the different flow units (shallow
alluvial, SA; middle alluvial, MA; and deep alluvial, DA) of the upper alluvial aquifer (at
depths less than 150 ft below ground surface), but did not conclusively delineate plume
extents or identify the source areas. The objective of this study was to determine if
geochemical signatures (fingerprints) were identifiable and could be used to track
individual contaminant plumes in the SBC/MSD corridor. Special emphasis was placed
on the Parrot Tailings area, because plumes emanating from this source contain the
highest concentrations of cadmium, copper, and zinc of any water in the Butte area
(Tucci, 2010). Although it is likely that the tailings in the three source areas originated
from the same or similar mine/smelter processes and therefore may have similar chemical
signatures, the premise was that other available contamination sources (such as deicing
chemicals in the Parrot Tailings area) may have imprinted unique geochemical signatures
on one or more of the plumes, allowing source differentiation. In the event that unique
geochemical signatures could not be identified, the hydrogeology and potential
attenuation mechanisms were to be evaluated in order to better identify and track the
plumes’ movement and extent.

1.2 Site Background

The alluvial groundwater system along the historic floodplain of upper Silver Bow Creek
(SBC) between Continental Drive and Montana Street has been impacted by several
contamination sources (PRP Group, 2002). This reach of SBC is also known as the Metro
Storm Drain (MSD) portion of the BPSOU. The contamination sources are related to
more than a century of mining and milling activities that occurred along the floodplain.
Mining-related wastes generated by extractive, smelting, and milling activities produced
waste rock, slag, and tailings that now act as contamination sources. Metals have leached
into the alluvial groundwater system predominantly from tailings located above or below
the water table. Chemical and mineralogical characterization of the mining-related waste
was beyond the scope of this study.

The mine wastes in this area (fig. 1, inset) were emplaced either as part of milling and
smelting, or through erosion and deposition by SBC. A distinct volume of mine waste
was placed by the Parrot Smelter complex and a tailings impoundment dam located at the
present-day Parrot Tailings area (fig. 1, inset). Mine wastes at the Northside and Diggings
East areas were deposited by SBC and are mixed materials from numerous upstream
smelters (Parrot, Pittsmont, Montana Ore Purchasing, Clark’s Colusa, Montana Copper
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Company, Boston & Montana, or other smelters). Lithologic logs of wells in the
Northside and Diggings East areas show that tailings deposits are located at or near
ground surface, and generally less than 1ft thick [Groundwater Information Center
(GWIC) Online Database, http://mbmggwic.mtech.edu/].

The Parrot Tailings are distributed along the historic SBC floodplain and range from 4 to
12 ft thick (fig. 1, inset). Due to their large volume (roughly 369,000 cubic yards), the
Parrot Tailings are the most significant source of known contamination to the
groundwater (Tucci, 2010); the contaminants of concern (COCSs) include arsenic (As),
cadmium (Cd), copper (Cu), lead (Pb), mercury (Hg), and zinc (Zn; PRP Group, 2002).
Groundwater in the Parrot Tailings area has the highest dissolved metal concentrations in
the Butte area (Tucci, 2010).

The tailings associated with the Parrot, Northside, and Diggings East areas were
designated by the EPA as waste to be left in place, and not removed under remedial
action (EPA, 2006a). Between 2002 and 2005, a French-drain collection system, the
MSD Subdrain, was installed below the SBC/MSD channel from near well AMW-1 to
near well BPS07-21B (highlighted in yellow, fig. 1) to capture shallow contaminated
groundwater (EPA, 2006a).

In addition to leachate from the tailings and mine wastes, another historic source of
alluvial aquifer contamination was surface-water discharge to SBC from mining activities
on the Butte Hill. From 1881 to 1982, the Anaconda Copper Mining Company (ACM)
used the SBC/MSD channel as an industrial sewer (Hydrometrics, 1983). Prior to 1972,
roughly 29 cubic feet per second (cfs) of untreated water was discharged to SBC at a
point just north of Continental Drive (fig. 1); 9 cfs came from the underground mines (pH
=2.01), 11 cfs from the milling operations, and 9 cfs was spent leach pad water (pH =
2.13; Spindler, 1977). While contaminant concentrations varied, this untreated discharge
water served as a significant source of As, Cd, Cu, and Zn to surface water and the
alluvial aquifer (Hydrometrics, 1983). On September 29, 1972, ACM began operating a
primary lime treatment process to control pollution that resulted in the discharge of pH
11.0 water to SBC at 15 cfs (Spindler, 1977). By 1975, ACM was operating primary and
secondary treatment systems that discharged 20 Ib/day of Cu and 31 Ib/day of Zn to the
SBC/MSD channel (Spindler, 1977). The effluent discharges from the mining operations
ceased in 1982, when the ACM converted to a zero-discharge system. Silver Bow Creek
northeast of Harrison Avenue was a losing stream, so the underlying alluvial aquifer
received significant metal loading for over a century. Today, the mine wastes left in place
along SBC represents the only primary source of groundwater contamination (fig. 1,
inset).
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1.3 Previous Investigations

Groundwater and surface-water investigations concerning water quality and quantity in the
upper SBC/MSD area date back to ACM monitoring reports in the 1970s (Spindler, 1977;
Hydrometrics, 1983). These reports provide historic data regarding the metal loading to
Silver Bow Creek; groundwater data are limited because few monitoring wells were
available. The current study area was included in the original Phase I Silver Bow Creek
Remedial Investigation (MultiTech, 1987), which contains historic water-quality and
aquifer-test data for the upper SBC/MSD corridor. The hydrology and geochemistry of the
BPSOU groundwater and surface-water systems were first characterized in the Phase 11
Remedial Investigation (PRP Group, 2002). This report described the aquifer materials
within 250 ft of ground surface as discontinuous units of clay, silt, silty-sand, and sand that
did not appear to be spatially correlatable.

Because of data gaps in the Phase 1l Remedial Investigation, EPA conducted a Focused
Feasiblility (EPA, 2004) that concentrated primarily on the upper SBC/MSD corridor
(current study area). The Focused Feasibility Study concluded that groundwater movement
from the Parrot Tailings area would be minimal due to low hydraulic gradients, low aquifer
hydraulic conductivity, and little connectivity between permeable units.

A MBMG investigation (Metesh and Madison, 2004) identified three separate alluvial
aquifer units consisting of coarse sand to medium gravel within 150 ft below the ground
surface that were laterally continuous and more transmissive than previously reported (PRP
Group, 2002; EPA, 2004). Metesh and Madison (2004) also determined that two gravel
units greater than 40 ft below ground surface were contaminated near and downgradient of
the Parrot Tailings area to at least MSD-02B.

In a 2006 Record of Decision (EPA, 2006a), EPA mandated that several investigations be
conducted in the upper SBC/MSD area to reconcile discrepancies between the reports. In
2010, BP/ARCO conducted a series of investigations, including a 72-hour aquifer test on
well AMW-01B; a middle-level, alluvial-aquifer well located just downgradient of the
Parrot Tailings, which helped redefine the area’s hydrogeologic framework (BP/ARCO,
2010a; Tucci and Icopini, 2010). As a result of these investigations, the hydrogeologic
framework of the upper alluvial aquifer (<150 ft deep) near the Parrot Tailings area is well
understood.

1.4 Hydrogeology

The three alluvial aquifer units described by Metesh and Madison (2004) are referred to as
the shallow alluvial (SA), middle alluvial (MA), and deep alluvial (DA) units for purposes
of this report. The SA (<35 ft below ground surface, bgs) is an unconfined water table
aquifer unit bounded below by a locally continous clay/silt layer that restricts vertical flow.
The MA (40-60 ft bgs) and DA (100-130 ft bgs) are highly transmissive semiconfined
aquifers (Tucci and Icopini, 2010). Groundwater in the SA along the upper SBC/MSD
corridor flows to the west—southwest and discharges to the MSD Subdrain and Blacktail
Creek (fig. 2). Available potentiometric data for the MA and DA units indicate that the
groundwater in these units also flows west—southwest. The lateral extent of the MA and
DA units is unknown, although they extend from the Parrot Tailings area to at least well
AMC-24 just east of Kaw Avenue (fig. 1). Near Montana Street (fig. 1), bedrock is closer
to the surface and alluvial deposits appear to thin.

7



The confined nature of the MA (and by corollary the DA) unit varies along the SBC/MSD
corridor. In the Parrot Tailings area, the MA unit appears to be connected to the SA unit, as
indicated by:
1) downward vertical gradients in SA/MA nested wells (GS-41 S&D and 42 S&D,
appendix A),
2) similar water quality in samples from SA-MA wells,
3) drawdown responses in SA wells (GS-41S and GS-42S, fig. 1) to pumping MA
well AMW-01B (Tucci and Icopini, 2010), and
4) aresponse in the MSD Subdrain near Harrison Avenue to pumping during a 72-
hour MA aquifer test in AMW-01B (BP/ARCO, 2010a).

Downgradient of the Parrot area (between Harrison Ave and Well GS-09, fig. 1), the
following aquifer test data suggest that the MA unit is locally confined:

1) upward vertical gradients in SA/MA nested wells,

2) thick confining beds of silt and clay between SA and MA units (Tucci and Icopini,
2010),

3) no noticeable impact of pumping MA well GS-09 on water levels in adjacent SA
wells (MultiTech, 1987),

4) widespread drawdown in MA wells (MSD-1B, MSD-2B, MSD-3, MSD-4, MSD-5,
and GS-09, fig. 1) in response to pumping MA well AMW-01B during a 72-hour
aquifer test (Tucci and Icopini, 2010),

5) lack of a response in the MSD Subdrain near MSD-2 to pumping during a 72-hour
aquifer test in AMW-01B (BP/ARCO, 2010a), and

6) lack of drawdown response in SA wells MSD-2A, GS-11, GS-32S, and GS-30S.

Downgradient of GS-09, confining conditions of the MA unit are less apparent, as
indicated by:
1) aresponse in the MSD Subdrain near Kaw Avenue to pumping during a 72-hour
aquifer test in AMW-01B (BP/ARCO, 2010a), and
2) general thinning of alluvial sediments.

1.4.1 The Metro Storm Drain Subdrain

A French-drain collection system, known as the Metro Storm Drain Subdrain (MSD
Subdrain), buried directly under the current SBC/MSD channel, extends from the Civic
Center to a pumping vault west of Kaw Avenue (fig. 1). The MSD Subdrain is designed to
capture shallow contaminated groundwater and prevent it from discharging to SBC/MSD;
dewatering and construction began in 2003 and the drain became operational in 2005. The
MSD Subdrain has lowered water levels in the SA 1 to 3 ft (appendix A, A.7) and most
likely has altered groundwater flow paths along the SBC/MSD corridor. The subdrain’s
impacts on water levels in deeper units (MA, DA) are not well known; most water-level
data from these units date to 2004, a year after dewatering for the MSD Subdrain began.
The subdrain’s effect on vertical hydraulic gradients is unknown; however, upward vertical
gradients that existed prior to construction remain (PRP group, 2002).
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Figure 2. Potentiometric surface map of the shallow alluvial (SA) unit. Figure shows water-level
elevations measured on 2 December 2009. Green upward triangles indicate where nested well pairs
show long-term upward vertical gradients. Orange downward triangles indicate where nested well pairs
show long-term downward vertical gradients. Nested well pair sites with upward and downward
symbols are where gradients are seasonal. Dark blue arrows indicate direction of groundwater flow,
which is generally from the northeast to the southwest.




1.4.2 Lithology

Wells AMC-24C, AMW-13C, BPS07-21C, and BSP07-24 were drilled by the EPA in 2010
to determine the downgradient extent of the MA unit. Split-spoon samples show that the
alluvial sediments generally are interbedded fine-grained and coarse-grained materials. The
SA is primarily coarse sand to fine gravel bounded below by silts and clays. Iron oxide
stain was noted in the vadose zone just above the water table (fig. 3A); however, little
staining was observed in the saturated zone. The MA unit was encountered at each boring
and consisted of coarse sand to fine-medium gravel (fig. 3B). Individual clasts within the
MA unit appeared to have an iron oxide stain or coating, but the majority of the aquifer
material was not iron-stained (fig. 3B, representative of MA unit at sampled locations).

A

Fe-oxide stain

B Fe-oxide stain

Figure 3. (A) SA aquifer sediments from near well AMW-01A. (B) MA aquifer sediments
from well BPS07-24. General Fe staining was observed in SA vadose-zone samples (A); Fe
staining of discrete clasts was observed in the MA alluvial sediments (B).

1.4.3 Vertical Hydrologic Gradients

Previous work identified the vertical hydraulic gradients between the SA and the MA
(Tucci and Icopini, 2010). Hydrographs for nested wells installed in the SA, MA, and/or
DA alluvial units are presented in appendix A, and the relative vertical gradients between
the SA and MA aquifers are shown in figure 2. In the Parrot Tailings area, the vertical
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gradient between the SA and MA units is downward (fig. 2). Consequently, contaminant
concentrations in the SA and MA wells are similar (wells GS-41 S&D and GS42 S&D; fig.
2), which suggests that contaminant loading to the SA by the Parrot Tailings impacts both
units (Tucci and Icopini, 2010). South of the Parrot Tailings area (BPS07-11; fig. 2 and
appendix A, A.3) the vertical gradients vary seasonally in response to recharge.
Downgradient from the Parrot Tailings area (southwest of Harrison Avenue), vertical
gradients between the SA and MA aquifers are predominantly upward. The vertical
gradient at well AMW-13 (next to Blacktail Creek) appears to be controlled by seasonal
fluctuations in stream stage; occasionally a downward vertical gradient exists when stream
stage is high. Between Harrison Avenue and Blacktail Creek there is no evidence for
downward vertical gradients between SA-MA and SA-DA units. Therefore, it is unlikely
that source loading to the SA from the Diggings East or Northside Tailings areas impacts
the MA or DA units.

In summary, contaminant loading to the MA, and by corollary the DA, unit in the Parrot
Tailings area seems likely, and contaminants entering the MA unit from the Parrot Tailings
are vertically confined in the MA unit downgradient to well GS-09 (Tucci and Icopini,
2010). Downgradient of GS-09, contaminants in the MA have the the potential to move
upward toward the SA unit because confining beds apparently thin and vertical gradients
are upward. Upward vertical gradients between Harrison Avenue and Blacktail Creek
(AMW-13) prevent loading of the MA and DA by the Diggings East and Northside
Tailings.

2.0 METHODS

All monitoring sites sampled for this project were selected collaboratively by MBMG,
MDEQ, NRDP, EPA and its consultants, and BP/ARCO and its consultants. Groundwater
sites were chosen from the three upper alluvial aquifer units (<150 ft) and the bedrock
aquifer. In total 64 sites (32 SA wells, 18 MA wells, 5 DA wells, 1 bedrock well, and 8
surface-water sites) were sampled for water quality (table 1). All groundwater and surface-
water samples were collected in April 2010, except for wells MF-10 (sampled August
2010), AMW-13C (installed and sampled June 2010), AMC-24C (installed and sampled
June 2010), and BPS07-24 (installed and sampled August 2010). Previously collected
analytical data from other projects were also used to assess temporal water-quality trends.
Sample bottles were rinsed three times with sample solution prior to being filled. Filtered
aliquots were collected using 0.45-um disposable filters. Water-quality samples were
preserved on ice and refrigerated prior to being submitted to the MBMG lab for analysis.
All data used for this report can be found on the MBMG Groundwater Information
Center’s projects page, code BPSOU-2010GWQ (http://mbmggwic.mtech.edu).
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Table 1. A list of monitoring sites used for this report.

Site Lithology GWIC Id Site Lithology GWIC Id
AMC-12 Shallow Alluvial 4656 AMC-06 Middle Alluvial 4604
AMC-23 Shallow Alluvial 5018 AMC-08 Middle Alluvial 4611
AMC-24 Shallow Alluvial 5034 AMC-24B Middle Alluvial 240858
AMW-01A Shallow Alluvial | 137596 AMW-01B Middle Alluvial 211600
AMW-13 Shallow Alluvial 137597 AMW-13B Middle Alluvial 240863
BMF05-01 Shallow Alluvial 222920 BPS07-21B Middle Alluvial 253710
BMF05-02 Shallow Alluvial | 222921 BPS07-21C Middle Alluvial 257404
BMF05-03 Shallow Alluvial | 224152 BPS07-24 Middle Alluvial 257403
BMF05-04 Shallow Alluvial 224153 GS-09 Middle Alluvial 890532
BPS07-08A Shallow Alluvial | 240866 GS-41D Middle Alluvial 150402
BPS07-09A Shallow Alluvial 240857 GS-42D Middle Alluvial 150405
BPS07-11A Shallow Alluvial 240860 GS-44D Middle Alluvial 150411
BPS07-11B Shallow Alluvial | 240859 GS-46D Middle Alluvial 150413
BPS07-15A Shallow Alluvial 248557 MSD-1B Middle Alluvial 211606
BPS07-17A Shallow Alluvial 248567 MSD-2B Middle Alluvial 215787
BPS07-18A Shallow Alluvial | 248568 MSD-3 Middle Alluvial 211593
GS-11 Shallow Alluvial 890538 MSD-4 Middle Alluvial 215790
GS-13A Shallow Alluvial 5004 MSD-5 Middle Alluvial 237726
GS-29S Shallow Alluvial | 126154 AMC-24C Deep Alluvial 255974
GS-30D Shallow Alluvial 150391 AMW-01C Deep Alluvial 211601
GS-30S Shallow Alluvial 150390 AMW-13C Deep Alluvial 255975
GS-32D Shallow Alluvial | 150394 GS-08 Deep Alluvial 890529
GS-32S Shallow Alluvial 202166 MSD-1C Deep Alluvial 211603
GS-34S Shallow Alluvial 150396 GS-29D Bedrock 126152
GS-41S Shallow Alluvial | 150401 BTC @ Oregon Blacktail Creek 191287
GS-42S Shallow Alluvial 150404 SS-01 Blacktail Creek 226754
GS-44S Shallow Alluvial 150409 SS-04 Blacktail Creek 127593
GS-46S Shallow Alluvial | 150412 SS-05 Silver Bow Creek | 127536
MF-10 Shallow Alluvial 4695 SS-05A Silver Bow Creek 249187
MSD-1A Shallow Alluvial 212801 SS-06A Silver Bow Creek | 262080
MSD-2A Shallow Alluvial | 237725 SS-06G Silver Bow Creek | 249189
Whittier School Shallow Alluvial 4716 SS-07 Silver Bow Creek 4930

2.1 Surface Water

Surface-water grab samples were collected in clean, acid-rinsed 5-gallon plastic buckets
and transferred to sample containers using a peristaltic pump. Equipment was
decontaminated between sample locations using soapy tap-water rinse, 5% nitric acid, and
deionized water. Stream flow was measured using a Marsh-McBirney Flo-Mate 2000
portable flowmeter following standard cross-sectional area techniques outlined in the Open
Channel Profiling Handbook (Marsh-McBirney, 1994). Surface-water samples were
collected during base flow. Metal loading used for comparison purposes was calculated by
multiplying metal concentration from analytical results by stream flow.




Water-quality samples were analyzed for the following parameters:

1. Insitu field parameters —stream flow (cfs), pH, temperature, specific conductance
(SC), oxidation-reduction potential (Eh), and dissolved oxygen (DO).

2. General laboratory or calculated parameters — lab pH, lab SC, total dissolved solids
(TDS), total alkalinity, and hardness;

3. Major cations and anions—Ca**, Mg?*, Na*, K*, SO,*, HCO5, CO5*, F', Br’, and
Cl;

4. Nutrients and other non-metals—nitrate (NOs), nitrite (NO;"), orthophosphate
(PO4>), SiO,, and dissolved and total organic carbon (DOC/TOC);

5. Dissolved minor and trace metals—Ag, Al, As, Ba, Be, B, Cd, Co, Cr, Cs, Cu, Fe,
Ga, Li, Mn, Mo, Nb, Nd, Ni, Pb, Pd, Pr, Rb, Sh, Se, Sn, Th, Ti, Tl, U, V, W, Zn,
and Zr;

6. Total minor and trace metals—Ag, Al, As, Ba, Be, Cd, Co, Cr, Cs, Cu, Fe, Ga, Li,
Mn, Mo, Nb, Ni, Pb, Pd, Rb, Se, Sb, Sn, Sr, Th, Ti, Tl, U, V, W, Zn, and Zr; and

7. Rare earth elements—cCe, La, Nd, and Pr.

2.2 Groundwater Sampling

The EPA-approved Clark Fork River Superfund Investigation Standard Operating
Procedures for sampling groundwater were followed during this investigation (BP/ARCO,
1992). A minimum of three bore volumes were purged from each well. Physical parameters
were typically monitored at 5-minute intervals during purging to note changes, and to
ensure all parameters stabilized prior to sampling. During purging, flow was measured
periodically using the bucket-and-stopwatch method.

Water-quality samples were analyzed for the following parameters:

1. Insitu field parameters—static water level, pH, temperature, SC, Eh, and DO.

2. General laboratory or calculated parameters—Ilab pH, lab SC, TDS, total alkalinity,
and hardness;

3. Major cations and anions—Ca®*, Mg**, Na*, K*, SO,*, HCO5', CO5’, F, Br’, and
Crl;

4. Nutrients and other non-metals—nitrate (NOj), nitrite (NO;"), orthophosphate
(PO4*), SiO,, and DOC/TOC;

5. Dissolved minor and trace metals—Ag, Al, As, Ba, Be, B, Cd, Co, Cr, Cs, Cu, Fe,
Ga, Li, Mn, Mo, Nb, Nd, Ni, Pb, Pd, Pr, Rb, Sb, Se, Sn, Th, Ti, Tl, U, V, W, Zn,
and Zr; and

6. Rare earth elements—Ce, La, Nd, and Pr.

2.3 Geochemical Diagrams and Modeling Methods

Stiff diagrams help visualize analyte concentrations. A Stiff diagram connects horizontal
lines representing ionic concentrations that extend from both sides of a vertical axis. A
greater distance from the vertical axis represents a larger ionic concentration. Cations are
plotted on the left of the axis and anions are plotted on the right, both in
milliequivalents/liter (meg/L). The cation and anion concentrations are connected to form
an asymmetric polygon. Stiff diagrams were constructed using the geochemical software
program AguaChem, version 2011. 1.40.

In order to understand attenuation mechanisms within the aquifer, the waters were
geochemically modeled using two different thermodynamic approaches. Eh—pH (Pourbaix)
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diagrams were used to visualize the geochemical state of the waters. Creation of an Eh—pH
diagram assumes thermodynamic equilibrium and is based on concentrations of select
analytes in a representative sample. Other samples are then plotted on the diagram using
only the pH and Eh values for those samples. Eh—pH diagrams showing aqueous and
mineral stability fields were generated with the software program W32-STABCAL
(Huang, 2010) using the MINTEQ.v4 thermodynamic database (Allison and others, 1990).
lonic strengths used were calculated using PHREEQC (Parkhurst and Appelo, 1999). The
following four systems were plotted on Eh—pH diagrams:

1) Fe-O-H,0-S-K (Fe, 352 mg/L; S, 1,202 mg/L; K, 22 mg/L; O, 0.85 mg/L);
2) Mn-0O-H;0-CO3; (Mn, 31 mg/L; C, 13 mg/L; O, 0.17 mg/L);

3) Cu-O-H,0-CO;3 (Cu, 10 mg/L; C, 13 mg/L; O, 0.17 mg/L); and

4) Zn-0-H,0-CO3 (Zn, 38 mg/L; C, 13 mg/L; O, 0.17 mg/L).

Well MSD-02B water-quality data were chosen for the Fe-O-H,0-S-K diagram because
that well is the farthest downgradient site from the Parrot Tailings area that contains
detectable dissolved iron concentrations. Well GS-09 data were used to create the Cu, Mn,
and Zn Eh—pH diagrams because at this site observed downgradient changes in metals
concentrations were greatest, and bicarbonate was present.

Water chemistries were modeled using PHREEQC (Parkhurst and Appelo, 1999) using the
MINTEQ.v4 thermodynamic database (Allison and others, 1990) to assess the oxidation
state and potential mineral associations. PHREEQC provides aqueous speciation and
mineral saturation index (SI) estimates for each water sample based on the assumption of
thermodynamic equilibrium. The PHREEQC model uses the concentrations of analytes
present along with the reported Eh and pH values to identify each aqueous species that
should occur in the solution and estimate the concentration of each predicted aqueous
species. The model then uses the aqueous speciation results to calculate mineral saturation
indices, which can be used to assess which minerals may be precipitating from solution. A
positive saturation index indicates that a mineral is supersaturated or thermodynamically
favored to precipitate from the modeled solution. A saturation index of O indicates the
mineral is in equilibrium with the solution, and a saturation index within £0.5 is generally
considered near equilibrium (or £0.25 for normalized SI; see below). Mixing and reaction
path models were created for this system; however, the results are not presented because
the modeling outcomes were dependent on assumptions and arbitrary values that could be
manipulated to support multiple opposing hypotheses.

The primary goal of the geochemical modeling was to assess the possible mineral phases
that may be forming along groundwater flow paths and to assess the aqueous chemistry
evolution. Special focus was given to the iron-mineral phases, because the precipitation of
iron oxides can result in the co-precipitation or adsorption of contaminant metals (Cu, Zn,
and Cd), thereby removing them from solution. Along with the saturation indices
calculated by PHREEQC, the iron mineral saturation indices were also normalized. The
normalization consisted of dividing the saturation index by the total number of ions in the
formula unit for the mineral (Zhang and Nancollas, 1990). This normalization allowed for a
more direct comparison between the saturation indices of different iron minerals, because it
expresses the saturation state independent of the way formula was written. In addition to
the normalization, green rust [Fe?*sFe**,(OH)12(SO4)] was added to the thermodynamic
database.

Green rust is a mixed Fe**/Fe**, highly unstable group of minerals (e.g., Genin and others,
1998), but has been shown to form when the pH of Berkeley Pit water is adjusted upward
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(C. Gammons, pers. comm.). Due to the instability of green rust, few thermodynamic data
are available. Modeling in PHREEQC requires both the Gibbs free energy and the enthalpy
of formation. The Gibbs free energy is used in the calculation of the saturation index.
Enthalpy is used by the model to compensate for temperatures different than the standard
temperature (25°C). The Gibbs free energy used for this analyis was -3,590 kj/mol (Genin
and others, 1998). An approximate enthalpy value of -1,079 kj/mol (Maziena and others,
2008) was used for this modeling effort. Maziena and others (2008) provide the only
published enthalpy values for green rust minerals; the four enthalpy values presented range
from -1,036 to -1,084 kj/mol, representing a range of Fe** to Fe** ratios from 0.5 to 1.34.
The mineral composition for the enthalpy chosen was most similar to the mineral
composition for the Gibbs free energy that was used for this analysis.

To support the numerical modeling, simple acid-neutralization experiments were conducted
on groundwater samples collected from an MA unit well (MSD-2B) to assess the potential
for the precipitation of iron minerals within the aquifer. This location was chosen for acid-
neutralization experiments for the following reasons:

1) elevated Fe concentration,

2) low pH, and

3) MSD-02B is the farthest downgradient well with detectible concentrations of iron.

This was a visulization experiment based on the assumption that Fe(l11) oxide/hydroxides
would form red to orange precipitates and the Fe(l1) green rust minerals would be green.
Filtered water samples were collected from MSD-02B (Fe?*=352 mg/L; pH=4.11) in
sampling containers with zero headspace to maintain in situ anoxic conditions (DO=0.85
mg/L). After sample collection and preservation on ice, samples were immediately
transported to the MBMG laboratory. Neutralization experiments were conducted in the
sample bottle to limit oxygen contamination, and in a beaker to better visualize the results.
The pH adjusted to an endpoint of pH >6.0 with 0.25N NaOH solution. Precipitate
formation and color were monitored visually over a period of 24 hours.

3.0 RESULTS

3.1 Surface Water

Surface-water samples from Blacktail and Silver Bow Creeks were collected on 12 April
2010; Blacktail Creek at SS-04 flow was 12 cfs, and had been at or lower than this rate for
8 days (fig. 4). Base flow conditions at this location ranged from 9 to 12 cfs. At this rate,
the stream is dominated by groundwater discharge. Water-quality sampling in several
reaches along Blacktail and Silver Bow Creeks showed continual downstream increases in
dissolved and total recoverable (tables 2, 3; surface-water quality in appendix B) copper
and zinc loading during base flow between Oregon Avenue (BTC @ Oregon Ave) and SS-
05A, a sampling site at the upper end of Lower Area One. Increases in dissolved and total
copper and zinc loading were observed in Blacktail Creek between Oregon Avenue and the
USGS gauging station at SS-04 (George Street).
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Figure 4. Time-series hydrograph of Blacktail Creek at SS-04 showing stream flow (data
from USGS online database (http://waterwatch.usgs.gov/new/index.php).

Table 2. Dissolved copper and zinc loading to Blacktail and Silver Bow Creeks.

GWIC Site Flow Cu Cu Load Zn Zn Load
(cfs) (ug/L)  (Ibs/day)  (ug/L) (Ibs/day)
226754 SS-01 8.39 1.60 0.07 3.12 0.14
191287 BTC @ Oregon Ave 8.39 1.73 0.08 3.39 0.15
127593 SS-04 13.65 3.42 0.25 7.99 0.59
127536 SS-05 13.21 1.88 0.13 6.37 0.45
249187 SS-05A 12.65 5.66 0.39 5.26 0.36

Table 3. Total recoverable copper and zinc loading to Blacktail and Silver Bow Creeks.

GWIC Site Flow Cu Cu Load Zn Zn Load
(cfs) (ug/L) (lbs/day) (pg/L) (Ibs/day)
226754 SS-01 8.39 3.50 0.16 6.13 0.28
191287 BTC @ Oregon Ave 8.39 3.47 0.16 6.39 0.29
127593 SS-04 13.65 7.00 0.52 14.20 1.05
127536 SS-05 13.21 3.84 0.27 10.10 0.72
249187 SS-05A 12.65 10.50 0.72 21.50 1.47
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3.2 Groundwater

3.2.1 Background Groundwater Quality

Understanding the geochemistry of the contaminant plumes in groundwater within the
SBC/MSD corridor requires an understanding of the area’s background groundwater
quality. Fortunately, water-level and chemical data for many background and mining-
impacted locations have been monitored for at least 30 years and summarized annually by
the MBMG (e.g., Duaime and Tucci, 2010). The geochemistry of three background wells
(Duaime and Tucci, 2010) near the study area (BMF05-03, BMF05-02, and Whittier
School, fig. 1) all show that groundwater in non-impacted areas has near-neutral pH, high
DO concentrations, low SC, and low concentrations of SO,%, Li, and contaminants of
concern (table 4, appendix C).

Table 4. Background groundwater quality in selected wells in non-impacted areas.

Site pH sC DO Cd Cu Pb Zn Li Slofiy
(u) (usfem) (mg/L) (ngll) (uo/L)  (ug/L) (wg/ll)  (Mglt)  (mglL)
BMF05-02  6.09 482 8.38 05 5.1 <02 417 2.6 99.1
BMF05-03 655 397 817 <02 3.1 <0.2 9.9 <2.0 49.8
Whittier 718 355 708 <01 <0.6 <02 <07 2.5 417

3.2.2 General Groundwater Quality along the SBC/MSD Corridor

In SA and MA aquifers the water chemistry changes downgradient (horizontally) from the
Parrot Tailings area (groundwater chemistry data in appendix C). A cross section showing
the vertical relationships among the aquifers along the MSD corridor and Stiff diagrams of
the water quality is presented in figure 5. The cross section bisects the Parrot, Northside,
and Diggings East Tailings waste areas. All of the Stiff diagrams were plotted using the
same scale, and the water chemistry for the Whittier School well is plotted in the upper
right for reference. Lithologies are depicted in a simplified form. The figure should not be
interpreted as representative of the entire aquifer. Downgradient of the GS-11/09 well pair,
the MA aquifer appears less confined and it is difficult to correlate strata between
boreholes (illustrated in fig. 5 by red dashed lines).

Groundwater beneath the Parrot Tailings area has the highest concentrations of COCs in
the SA and MA (GS-41 S&D) aquifers (fig. 5); Fe and SO,* are the dominant ions.
Analytical results for GS-41 S and D are very similar (fig. 5, Stiff diagrams, water types),
with comparable TDS concentrations, which is not true at any other SA/MA nested sample
sites along the cross section.

In the SA and MA units, water chemistry evolves downgradient from an Fe-SO,* (Parrot
Tailings) to a Ca-Na-HCO3 (AMW-13) dominated water; however, there are notable
differences in water chemistry between the units. The TDS in the SA unit decreases (water
quality improves) immediately downgradient from the Parrot Tailings area; however, TDS
concentrations increase at two downgradient locations (fig. 5, GS-11 and AMW-13). In the
MA unit, TDS concentrations generally decline downgradient from the Parrot Tailings area
to AMW-13. lonic composition in both units, as symbolized by the size of Stiff diagrams,
is consistent with calculated TDS concentrations.
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3.2.3 Groundwater Quality Relative to Contaminant Source Areas

Water-quality data from all source areas were evaluated in an attempt to identify a unique
chemical signature that could be used to track migration of individual plumes. Ratios of
typical tailings-related contaminants, such as Cu/Zn, Cd/Zn, Zn/Cl, Cu/SO,, and Zn/SOy,
were reviewed, but no ratio produced a unique chemical signature not explained by
dilution. Rare earth elements (Ce, La, Nd, and Pr), trace elements, magnesium, and
chloride were also evaluated as possible tracers; however, these elements were generally
below detection outside the immediate source areas. For these reasons, a unique chemical
signature for each plume could not be identified.

Sample results from three SA/MA nested sites (GS-41S&D; GS-42S&D; AMW-01A&B;
fig. 1) show that the groundwater beneath the Parrot Tailings area has the lowest pH,
highest SC, and highest concentrations of dissolved Cd, Cu, and Zn in the BPSOU (table
5A). Water from SA and MA wells at GS-41 had similar pH, SC, DO, Cd, Cu, Zn, and
S04 concentrations, showing the SA and MA are hydraulically connected. However, just
500 ft downgradient to the southwest, at GS-42, Cu and SO,* concentrations in the SA
well were greater than in the MA well, suggesting less of a connection. The SA and MA
south of the Parrot Tailings area (table 5C) also produce water with elevated concentrations
of Cd, Cu, Zn, and SO,*, even though these sampling locations are outside a direct flow
path through the Parrot Tailings.

Water in the SA contains elevated metals concentrations along the MSD corridor (table
5A-F). The most significant source of contamination impacting the SA is the Parrot
Tailings (table 5A), although Parrot impacts to the SA appear to diminish downgradient of
MSD-1A (table 5B). Water from SA wells completed in the Northside Tailings area (table
5D) has low metals concentrations relative to other SA wells in the MSD corridor. The
Northside Tailings SA wells are downgradient from the Parrot Tailings area, and elevated
Cd, Cu, and Zn concentrations observed in the SA at the Parrot were not observed. The SA
well water in the Diggings East area has elevated Cd, Cu, and Zn concentrations, similar to
the water from wells along the southern boundary of the Parrot Tailings area (table 5E).
Downgradient of the Diggings East area, metals concentrations decrease (table 5F).

Water in the MA unit is anoxic (0.2 to 1 mg/L DO) and contains elevated concentrations of
Cu, Zn, and SO4* from the Parrot Tailings area (GS-41D) to Kaw Avenue (AMC-24B;
table 5A-F). Similar to the SA, the highest concentrations of COCs were observed in the
Parrot Tailings area (GS-41D, table 5A). Downgradient of the Parrot Tailings area
(between AMW-1 and AMC-24), the Cu and Zn concentrations decrease continuously, but
at Kaw Avenue are still elevated above background concentrations (table 4).

Exceedances of the 5 pg/L Cd DEQ-7 human health standard (MDEQ, 2010) were
widespread in the MA; 84 percent of the samples exceeded the standard. Concentrations
ranged from 3,500 pg/L near the Parrot to 7 pg/L at AMC-24 (table 5). Comparatively, 39
percent of MA samples exceeded the human health standard for Cu, and 70 percent
exceeded the human health standard for Zn.
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Table 5. Nested wells showing groundwater quality within all flow units of the SBC/MSD
alluvial aquifer: (A) Parrot Tailings area, (B) downgradient of the Parrot Tailings area, (C)
south of the Parrot Tailings area, (D) Northside Tailings area, (E) Diggings East Tailings
area, and (F) the area downgradient of the Diggings East.

(A) Parrot Tailings area
Unit  pH sC DO Cu Cd Zn S0~
(ps/cm) (mg/L) (Hg/L) (Hg/L) (Hg/L) (mg/L)
GS-41S SA 4.04 7,620 0.19 1,060,000 4,230 526,000 7,920
GS-41D MA  3.93 7,910 0.2 987,000 3,520 624,000 8,290
GS-42S SA 3.84 5,650 0.57 331,000 768 208,000 4,910
GS-42D MA  4.03 3,700 0.2 114,000 942 205,000 2,870
AMW-01A SA 6.43 868 1.58 2.24 0.13 2,700 87.9
AMW-01B MA  4.27 4,030 0.31 102,000 1,200 223,000 2,950
AMW-01C DA 5.49 2,570 0.17 4,920 104 25,900 1,640
(B) Downgradient of the Parrot Tailings area
Unit  pH sC DO Cu Cd Zn S0
(ps/cm) (mg/L) (Hg/L) (Hg/L) (Hg/L) (mg/L)
MSD-01A SA 4.82 1,400 1 3,620 60.4 9,640 458
MSD-01B MA 4.9 3,330 0.95* 1,600 153 57,300 2,230
MSD-01C DA 5.75 3,150 0.35 330 68.8 15,700 2,100
(C) South of the Parrot Tailings area
Unit  pH sc DO Cu Cd Zn SO~
(ps/cm) (mg/L) (Hg/L) (Hg/L) (Hg/L) (mg/L)
BPS07-11A SA 5.21 1,040 0.36 312 31.2 4,600 520
BPS07-11B MA 4.99 2,070 0.18 1,540 140 36,500 1,190
GS-44S SA 5.23 350 35 1,220 25 6,120 75
GS-44D MA 5.5 359 0.2 1,090 26 5,360 124
(D) Northside Tailings area
Unit  pH sc DO Cu Cd Zn SO~
(Hs/cm) (mg/L) (Hg/L) (Hg/L) (Hg/L) (mg/L)
MSD-2A SA 5.32 638 1.54 68.3 33.7 4,920 205
MSD-2B MA 4.11 5,310 0.85 33,600 1,030 249,000 3,600
GS-30S SA 6.37 1,720 0.22 <3.00 <0.50 <3.30 739
MSD-05 MA 5.48 3,070 0.19 12,800 118 42,000 1,900
(E) Diggings East Tailings area
Unit  pH sC DO Cu Cd Zn S0~
(ps/cm) (mg/L) (Hg/L) (Hg/L) (Hg/L) (mg/L)
GS-11 SA 6.19 2,670 8.29 31,700 455 127,000 1,480
GS-09 MA 559 3,140 0.17 9,997 97.1 37,550 2,096
GS-08 DA 6.38 1,400 0.29 13.1 5.07 547 698
MF-10 SA 4.9 1,303 3.1 6420 481 6,180 663
BPS07-24 MA  6.27 1,850 0.82 834 19.8 5,380 1,400
(F) Downgradient of the Diggings East area
Unit  pH sC DO Cu Cd Zn SO~
(ps/cm) (mg/L) (Hg/L) (Hg/L) (Hg/L) (mg/L)
AMC-24 SA 6.37 440 0.19 <3.00 <0.50 69.6 108
AMC-24B MA 6.23 1,460 2.27* 158 7.07 1,570 775
AMC-24C DA 7.64 1,080 0.75 52.9 3.74 473 477
AMW-13 SA 6.47 2,282 2.86 3.65 0.58 190 935
AMW-13B MA 7.09 305 1.81 1.24 0.25 23.8 60.4
AMW-13C DA 7.82 805 0.84 0.97 2.56 293 378
Human health
standard 1,300 5 2,000
MDEQ, 2010

*Sample collected without a flow-through cell.
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In water from the deep alluvial unit (DA), elevated concentrations of Cd, Cu, Zn, and SO,*
exist at two sites immediately downgradient of the Parrot Tailings area (AMW-01C and
MSD-01C, table 5B). Near the Diggings East area, concentrations of the COCs are at or
below human health standards (GS-08, table 5E).

Sample results from nested wells along a northeast—southwest transect following the
general direction of groundwater flow from the Parrot Tailings area to Blacktail Creek
show that concentrations of Cu and Zn in the SA and MA exhibit different spatial patterns
(fig. 6). Nearby shallow well MF-10 was used as the SA pair for BPS07-24 (MA). Cu
concentrations in SA water at wells GS-41S, GS-42S, MF-10, and GS-11 are 1 to 3 orders
of magnitude higher than concentrations in the other SA transect wells and are orders of
magnitude above the human health standard of 1,300 pug/L (MDEQ, 2010). Elevated Cu
concentrations in SA well water occur below areas where mining-related wastes are left in
place. Cu concentrations in the SA well water outside of areas containing near-surface
mine waste are below the human health standard (fig. 6; table 5). The pattern of Zn
concentrations in SA water is similar to that of Cu (fig. 6).

In the MA, Cu and Zn concentrations decrease steadily downgradient from a maximum of
more than 100,000 pg/L at the Parrot Tailings area to less than 100 pg/L near Blacktail
Creek (fig. 6). A slight apparent increase in Zn between AMW-1B and MSD-2B is less
than 10 percent and is considered to not be significant. Near the western end of the transect,
concentrations of Cu and Zn in MA water at well AMC-24B remain elevated above
background and above the concentrations in water from AMC-24, the SA well at this site.

Because Cu and Zn can adsorb or precipitate onto aquifer sediments, downgradient
concentration trends for more conservative (less likely to sorb or precipitate) analytes in
water from the SA and MA were also evaluated (fig. 7). No element or compound is
completely conservative. However, sulfate (S0,%) and lithium (Li) are present at elevated
concentrations in mine wastes and are more conservative analytes that have low
concentrations in background wells (table 4). Concentrations of SO,* and Li are elevated
in SA wells near areas with waste left in place but not in areas without waste. In the SA,
the variable fluctuations of conservative analyte concentrations along the flow path were
consistent with the concentrations observed for Cu and Zn in figure 6.

In the MA unit, SO,* and Li concentrations are highest at the Parrot Tailings area and
decrease continuously downgradient. The rate decrease is relatively constant between
AMW-1 and AMC-24B; at AMW-13B (far west end of the transect), SO, and Li
concentrations are much lower. AMW-13 is close to Blacktail Creek, and based on
potentiometric surface mapping and water-quality data, may be located outside of
contaminant plumes.

Weight ratios for Mn/Zn, Cd/Zn, Cu/Zn, and Co/Ni were plotted against sulfate
concentrations (fig. 8) to assess dilution as a likely attenuation mechanism in the MA.
Dilution effects along a flow path should not change the metal weight ratios with respect to
sulfate concentrations in the absence of other attenuation mechanisms (Nordstrom, 2011).
According to figure 8, metal ratios decline by more than an order of
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limit was plotted for graphical purposes).
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Figure 8. Plot of Mn/Zn, Cd/Zn, Cu/Zn, and Co/Ni weight ratios versus sulfate for the MA
unit along the transect A to A'.

magnitude as SO, concentrations approach zero, showing non-linear relationships with
respect to sulfate. This evidence suggests that attenuation mechanisms other than dilution
are responsible for the observed decreases in metals concentrations in MA water.

Total iron (Fe) and manganese (Mn) concentration trends in water from the SA (fig. 9)
downgradient from the Parrot Tailings area are somewhat similar to the concentration
trends for Cu and Zn (fig. 6). The highest Fe and Mn concentrations occurred in areas
where waste was left in place. However, elevated concentrations of Fe and Mn were also
observed in wells not associated with waste left in place (e.g., AMW-13). Detectable
concentrations of Fe and Mn were present in water from all wells completed in the SA unit.

The downgradient Mn concentration trend in MA water was similar to the trends observed
for Cu and Zn (fig. 9); though a greater Mn concentration decrease was observed between
GS-09 and BPS07-24. A significant decrease (3 orders of magnitude) in Fe concentration
was observed in the Parrot Tailings area (between GS-41 and GS-42), which was not
observed for any other analyte (downgradient of the Parrot Tailings area, Fe concentrations
peak in the MA at MSD-2 and then decrease to below detection until AMW-13B).

In general, the divalent metal concentrations show similar trends in water from the MA unit
downgradient of the Parrot Tailings area (AMW-1B), except for Fe concentrations (fig.

10). Concentrations decrease downgradient of MSD-2 with increasing pH, but different
elements decrease more rapidly than others. Iron is the first divalent cation to decrease,
followed by Cd, Mn, Cu and Zn. Dissolved Fe is the only metal that decreases to below
detectable concentrations (<6 pg/L) and is not detectable in wells GS-09, BPS07-24, and
AMC-24B. The other metals have detectable concentrations throughout the sampled
portion of the MA unit.
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3.2.3.1 Spatial Groundwater Quality Distribution for Selected Contaminants of
Concern

Concentrations of Cd, Cu, Zn, and specific conductance for all wells sampled as part of the
current study are presented in plate | and in appendices B (surface water) and C
(groundwater). Copper and zinc concentrations were selected to demonstrate the general
spatial distribution of contaminants of concern in the SA and MA units because their highly
elevated concentrations are more persistent than other COCs (As, Cd, Hg, and Pb).

Isopleth maps (figs. 11, 12) of Cu and Zn in SA water show multiple areas of elevated
concentrations. The highest Cu concentrations (fig. 11) and Zn concentrations (fig. 12)
occur below areas where mine wastes have been left in place (Parrot, Northside, and
Diggings Tailings areas). Cu concentrations >1,000 pg/L, not associated with a known
waste area, were also detected south of the SBC/MSD channel near Harrison Avenue.

MA unit Cu and Zn isopleth maps are presented in figures 13 and 14. The highest
concentrations occur at the Parrot Tailings area and decrease downgradient toward the
confluence of SBC/MSD and Blacktail Creek. West of Harrison Avenue to the south of the
SBC/MSD channel, Cu and Zn concentrations decrease markedly. North of SBC/MSD, the
extent of the plume is undefined due to a lack of data/wells. Similar to the SA aquifer,
south of the Parrot Tailings area there are elevated Cu and Zn concentrations that do not
underlie any known waste left in place and that are not downgradient of the Parrot Tailings
area.

3.2.3.2 Temporal Groundwater-Quality Trends

All data used for this report can be found on the MBMG Groundwater Information Center
projects webpage under project code BPSOU-2010GWQ (GWIC,
http://mbmggwic.mtech.edu). Prior to the 2010 sampling event, the data were collected by
multiple organizations, including the MBMG and BP/ARCO.

Eight wells in the study area have historical (prior to 1990) water-quality data (GS-41S,
GS-41D, GS-44S, GS-44D, AMC-12, AMC-06, MF-10, and GS-09) and are shown on
plate 1. The water-quality trend from well GS-44S was not included in this analysis because
COC concentrations could have been compromised as the result of well-completion issues.
Prior to October 2008, well GS-44S had a flush mount completion, and was in a
topographically low-lying area. The well was often covered under several inches of water
and ice for significant periods of time. Sampling of this well during the winter and early
spring months was often prevented by the freezing and bridging of surface water inside the
two-inch casing. Analysis of unusually low SC values during sampling events (~100
ps/cm) supports the conclusion that a significant volume of surface-water contamination
(i.e., snowmelt, rain events) may have influenced the well’s water chemistry. To prevent
surface infiltration at this site, in October 2008, a protective outer surface casing was added
and extended 2 ft above ground surface. For this reason, well GS-44S was not used in this
report.

Concentration trends were not displayed for wells that do not have an adequate historical
record (i.e., sites AMW-01, MSD-01, MSD-02, MSD-03, and MSD-05, and BPS-07 series
wells). However, the limited data available (some with only three sampling points) for
wells without historical data were consistent with data from wells with historical data. It
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should be noted that wells GS-08, 09, and 11 were included in this report though the EPA
questions the well completion integrity of these wells. MBMG disagrees with this
hypothesis, and references the aquifer test data available in the Phase | RI for SBC
(MultiTech, 1987), which clearly demonstrates that a hydraulic connection among GS-08,
09, and 11 does not and never did exist. Wells GS-08, 09, and 11 represent the only
historical nested site downgradient of the Parrot Tailings area with screened intervals
completed in the MA aquifer. All other wells completed in the MA were installed after
2004; historical trends analysis is not available for the deeper aquifers. MBMG believes it
would be irresponsible not to consider the only data set that provides historical trends in
deeper aquifers downgradient of the Parrot Tailings.

Time series plots of Cu and Zn in the Parrot Tailings area (GS-41S and GS-41D) show
increasing concentrations for both analytes (plate I). In the SA (well GS-41S), Cu and Zn
concentrations increased by at least a factor of 3 between 2003 and 2008. After 2008, the
concentrations of Cu and Zn decreased to approximately two to three times the 2003
concentrations. Similarly, in the MA (well GS-41D), Cu and Zn concentrations increased
from 2003 with a peak in 2008; however, the concentrations did not decrease to the same
extent in 2009 as those observed in the SA. Concentrations in GS-41D appear to be
increasing again in 2010.

Temporal water-quality trends in the MA unit to the east and southeast of the Parrot
Tailings area (AMC-06, AMC-12, and GS-44D) show decreasing concentrations for Cu
and Zn between Farragut Avenue and Harrison Avenue (plate I). Between 1983 and 1993,
Cu concentrations in well AMC-12 increased. The Zn concentrations in the early AMC-12
samples follow the same general decreasing trend as the rest of the Zn data for this well.
Copper concentrations in wells AMC-06 and GS-44D have continually decreased since
records began in 1983 and are below the drinking water standard. If Cu concentrations in
AMC-12 water continue on the same downward trend, the Cu concentrations will be below
the human health standards by 2021. These wells are not downgradient of the Parrot
Tailings area and show steadily decreasing trends in both Cu and Zn concentrations since
the 1980s.
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In general, concentrations of COCs in water beneath the Diggings East have increased
during the period of record (plate I, GS-09, MF-10). Concentrations of Cu and Zn in MA
water from well GS-09 appeared to peak in 2004, but the only earlier sample was collected
in 1989; since 2007, Cu and Zn concentrations have increased. Data from well MF-10
show Cu and Zn concentrations in water have increased by 2 orders of magnitude between
2007 and 2010 (plate I, MF-10). Zn has been increasing since 2007, but the greatest change
in Cu occurred between the 2009 and 2010 sampling events. Well MF-10 is a low-yield
well. In 2010 the sample was collected after the well was redeveloped, which may have
influenced the observed concentrations in Cu, but not Zn, which has been increasing since
2007. However, the results from subsequent sampling of MF-10 are consistent with those
observed in 2010, suggesting that the 2010 samples are not anomalous. Unfortunately,
other wells in the Northside and Diggings East areas were not sampled with sufficient
frequency to support time series analysis.

3.3 Geochemical Calculations and Modeling

The water chemistries of both the SA and MA aquifers along the transect A-A" were
modeled using PHREEQC to evaluate the potential for mineral formation. Geochemical
modeling of SA unit water samples downgradient from the Parrot Tailings area indicates
that the primary Fe and Mn species are Fe** and Mn?* (tables 6, 7). In water from well MF-
10, the model predicted that Fe** (relative to Fe?*) was the predominant species; however,
the sample evaluated had an anomalously high Eh measurement, which may be erroneous
(appendix C). Even though the model predicted Fe?* would be the dominant Fe species in
most waters, it also predicted the formation of iron oxides and hydroxides (supersaturated
(S1>0) values for ferrihydrite, lepidocrocite, magnetite, and cupricferrite) in the SA. The
Fe**-sulfate mineral K-jarosite also was at or near saturation in the SA water. Na-jarosite
was supersaturated in water at AMW-01 and MF-10. With the exception of water from GS-
11, green rust, a mixed Fe?*/Fe®" hydroxide, was supersaturated in all water downgradient
of GS-42S. No Mn oxide or hydroxide minerals were predicted to be supersaturated in SA
waters.

The modeling indicated that carbonate minerals for most metals of interest are
undersaturated in most SA waters (table 8). Exceptions were siderite, which was
supersaturated at AMW-13A, and malachite, which was supersaturated in water from well
GS-11. Rhodochrosite and smithsonite were predicted to be undersaturated in all SA
waters. Gypsum was undersaturated in most SA waters (table 8); however, the gypsum was
also near equilibrium in water from wells GS-41S, GS-42S, GS-11, and AMW-13. The
pattern of waters near equilibrium with gypsum roughly coincides with the high sulfate
concentrations along the transect.

Modeling of the MA waters downgradient from the Parrot Tailings area indicates that
aqueous Fe exists primarily as Fe** and Mn solely as Mn®* (tables 6, 7). Detectable Mn
concentrations were observed in all wells, which suggests that reducing conditions exist
throughout the aquifer along the A—A" transect. Iron was not present in detectable
concentrations in water from wells GS-09, BPS07-24, or AMC-24B, and the Fe
concentration at AMW-13B was near the detection limit of 0.001 mg/L. Ferrihydrite was
predicted to be undersaturated in all wells with measurable iron concentrations.
Lepidocrocite, magnetite, cupricferrite, and K-jarosite were predicted to be supersaturated
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in water from wells GS-41D, AMW-01B, and MSD-02B. Na-jarosite was slightly
supersaturated in water at AMW-01B and essentially in equilibrium at MSD-02B. Green
rust was undersaturated in all MA water, but was near saturation (normalized to iron) with
water from MSD-02B. All Mn minerals were undersaturated in water from MA wells.

The modeling showed that carbonate minerals for most metals of interest are
undersaturated in most MA waters (table 8). Siderite was not predicted to be supersaturated
with any of these waters; however, only one well had both dissolved Fe and HCO3'.
Malachite was predicted to be supersaturated in water from wells GS-09 and BPS07-24.
Rhodochrosite and smithsonite were predicted to be undersaturated in all MA waters.
Gypsum was near equilibrium in most MA waters (table 8) and undersaturated in water
from wells AMC-24B and AMW-13B, located the farthest downgradient. This may
indicate that gypsum may have been precipitating in the aquifer but only to a limited
extent, as both Li and SO4* downgradient trends are quite similar.

Eh—pH diagrams are a common geochemical tool used to visualize the thermodynamic
stability fields for specific aqueous species or mineral phases. This type of analysis
typically uses 4 to 6 chemical variables from one sample to construct the stability fields in
X-Y space. Additional samples are plotted on the diagram by using the Eh and pH values.
Eh—pH diagrams showing iron oxide and carbonate (Mn, Cu, and Zn) stability relationships
were plotted for MA waters along the transect downgradient from the Parrot area and
generally agreed with the PHREEQC modeling predictions for the sample that was used to
create the Eh—pH diagram. Both methods used the same thermodynamic database, so this
was a valuable confirmation of the two methods. However, the results did not compare
favorably when multiple water chemistries were plotted on a single Eh—pH diagram. The
additional water chemistries consistently plotted in stability fields that were not predicted
by the PHREEQC modeling. Eh—pH diagrams are most useful in areas of consistent water
chemistry, because the shape of the stability fields is dependent on the concentrations of
the elements used to create the diagram. Accurate representations of these water
chemistries would require individual Eh—pH diagrams for each sample. For these reasons,
Eh—pH diagrams were not presented in this report.

34



Table 6. Summary of calculated Fe speciation concentrations and geochemical modeling output data. Saturation indices for common
Fe minerals listed with Fe normalized saturation indices in parentheses for minerals with more than one Fe.

Distance Sl
Site from Fe(Nrotar | Fe(lll)rotal Sl SI Lepido- Sl Sl Sl Sl Sulfate Green
Parrot (mol/L)* | (mol/L)* | Ferrihydrite crocite Magnetite | Cupricferrite K-Jarosite Na-Jarosite Rust**
(ft) Fe(OH)s FeOOH Fes0, CuFe,04 KFe3(SO4)2(0OH)s | NaFe3(SO4)2(0OH)s | Fes(OH)12(SO4)
SA Unit Wells
GS-41S 0 2.97E-02 | 9.76E-07 | -1.45 (-0.36) 1.10 (0.37) 4.99 (0.71) 2.37 (0.34) 1.53(0.13) -1.34 (-0.11) -1.90 (-0.10)
GS-42S 500 2.13E-02 | 3.02E-06 | -1.17(-0.29) | 1.36(0.45) | 4.77(0.68) | 2.21(0.32) 2.00 (0.17) -0.85 (-0.07) -4.80 (-0.25)
AMW-1A 1,000 3.36E-04 | 4.36E-05 | 2.72(0.68) 5.24 (1.75) 16.97 (2.42) | 10.20(1.46) 3.62 (0.30) 0.79 (0.07) 14.43 (0.76)
MSD-2A 2,000 1.14E-04 | 2.53E-06 0.31 (0.08) 2.91 (0.97) 9.38 (1.34) 4.78 (0.68) 0.57 (0.05) -2.19 (-0.18) 1.90 (0.10)
GS-11 3,400 5.32E-08 | 8.26E-07 | 0.83(0.02) 3.25(1.08) 8.68 (1.24) | 10.08 (1.44) 1.13 (0.09) -1.78 (-0.15) -6.84 (-0.35)
MEF-10 3,900 1.43E-04 | 2.09E-04 2.17 (0.54) 4.38 (1.46) 12.53 (1.79) 9.82 (1.40) 8.09 (0.67) 4.84 (0.40) 0.95 (0.05)
AMC-24 4,900 8.79E-05 | 9.93E-07 | 1.19(0.30) 3.55(1.18) 13.36(1.91) NA -0.75 (-0.06) -3.69 (-0.31) 8.10(0.43)
AMW-13 5800 | 8.36E-04 | 8.00E-07 | 1.12(0.28) | 3.52(1.17) | 14.07 (2.01) | 6.76(0.97) 1.00 (0.08) -2.48 (-0.21) 12.12 (0.64)
MA Unit Wells
GS-41D 0 2.82E-02 | 3.57E-07 | -2.01 (-0.50) 0.54 (0.17) 3.62 (0.52) 1.06 (0.15) 0.26 (0.02) -2.62 (-0.22) -3.84 (-0.20)
GS-42D 500 1.09E-06 | 3.38E-09 | -3.85(-0.96) | -1.33(-0.44) | -3.92(-0.56) | -3.19 (-0.46) -5.92 (-0.49) -8.97 (-0.75) -23.72 (-1.25)
AMW-1B 1,000 8.69E-05 | 3.57E-06 | -0.43 (-0.11) 1.94 (0.65) 5.41 (0.77) 4.20 (0.60) 3.44 (0.29) 0.41 (0.03) -8.78 (-0.46)
MSD-2B 2,000 6.34E-03 | 2.43E-06 | -0.89 (-0.22) 1.60 (0.53) 5.85 (0.84) 2.33(0.33) 2.72(0.23) -0.04 (-0.003) -2.68 (-0.14)
GS-09 3,400 BD BD NA NA NA NA NA NA NA
BPS07-24 3,900 BD BD NA NA NA NA NA NA NA
AMC-24B 4,900 BD BD NA NA NA NA NA NA NA
AMW-13B 5,800 5.44E-08 | 1.07E-07 0.80 3.31(1.10) 10.75(3.58) | 7.10(1.01) -4.51 (-0.38) -7.16 (-0.60) -0.41 (-0.02)

*Total (before aqueous speciation) concentrations calculated by the model.

**Green rust thermodynamic data were added to the database using data from Genin and others (1998) and Maziena and others
(2008).

Sl, Saturation Index: negative values indicate the water is undersaturated with respect to the mineral. Positive values indicate the water
IS supersaturated with respect to the mineral.

NA, not applicable due to a lack of one of the aqueous species required for mineral formation.

BD, the analyte was below detection.
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Table 7. Summary of geochemical output for Manganese (Mn) and saturation indices for
several common Mn-oxide minerals.

. Distance M (1o SI . SI . SI . . SI ' ' SI ‘
Site from Manganite | Pyrochroite Pyrolusite Birnessite | Bixbyite
Parrot (ft) e MnOOH Mn(OH), MnO, MnO, Mn,0;3
SA Unit Wells

GS-41S 0 1.61E-03 -10.64 -11.86 -18.99 -19.42 -24.05
GS-42S 500 6.43E-04 -10.68 -12.92 -17.90 -18.38 -24.03
AMW-1A 1,000 4.37E-05 -6.17 -7.87 -13.89 -14.38 -14.96
MSD-2A 2,000 1.76E-04 -7.37 -9.57 -14.97 -15.29 -17.72

GS-11 3,400 4.23E-04 -3.40 -7.52 -8.19 -8.91 -8.95
MF-10 3,900 1.42E-04 -6.30 -10.15 -10.30 -11.49 -13.78
AMC-24 4,900 1.01E-05 -8.00 -8.38 -16.27 -17.10 -17.91
AMW-13 5,800 2.48E-05 -8.59 -8.13 -17.87 -18.63 -19.25

MA Unit Wells

GS-41D 0 3.54E-03 -10.84 -11.75 -19.49 -19.92 -24.43
GS-42D 500 4.15E-03 -8.24 -11.12 -14.77 -15.27 -19.09
AMW-1B 1,000 6.09E-03 -6.79 -10.29 -11.94 -12.78 -15.50
MSD-2B 2,000 5.82E-03 -8.94 -10.86 -16.31 -16.86 -20.38
GS-09 3,400 5.57E-04 -5.17 -8.68 -10.60 -11.30 -12.52
BPS07-24 3,900 8.54E-06 -9.25 -9.15 -18.66 -19.20 -21.03
AMC-24B 4,900 3.65E-08 -8.30 -11.44 -14.28 -14.90 -18.95
AMW-13B 5,800 1.82E-08 -7.70 -9.83 -14.93 -15.45 -17.97

SlI, Saturation Index: negative values indicate the water is undersaturated with respect to

the mineral. Positive values indicate the water is supersaturated with respect to the

mineral.

NA, not applicable due to a lack of one of the aqueous species required for mineral

formation.
BD, the analyte was below detection.
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Table 8. Summary of geochemical modeling output data. Saturation indices for common

carbonate minerals.

S|
Distance SI Mala- S| Sl
Site from S| S| Rhodo- chite Smith- Gypsum
Parrot HCO; Calcite Siderite chrosite Cu,CO; sonite CaSO,*
(ft) (mol/L) Ca(CO); Fe(CO); Mn(CO)3 (OH), | Zn(CO); 2 H,0
SA Unit Wells
GS-41S 0 BD NA NA NA NA NA 0.04
GS-42S 500 BD NA NA NA NA NA -0.33
AMW-1A 1,000 1.65E-03 -1.51 -0.50 -0.92 -3.76 -1.64 -1.76
MSD-2A 2,000 9.43E-05 -3.98 -3.36 -2.66 -4.89 -3.76 -1.43
GS-11 3,400 1.25E-03 -1.41 -4.98 -0.58 3.37 -0.59 -0.26
MF-10 3,900 8.66E-04 -2.96 -2.74 -2.30 -1.89 -2.12 -0.69
AMC-24 4,900 1.15E-03 -1.76 -1.19 -1.68 NA -3.33 -1.68
AMW-13 5,800 1.03E-02 -0.09 0.48 -0.58 -3.81 -2.18 -0.33
MA Unit Wells

GS-41D 0 BD NA NA NA NA NA 0.02
GS-42D 500 BD NA NA NA NA NA -0.01
AMW-1B 1,000 BD NA NA NA NA NA -0.05
MSD-2B 2,000 BD NA NA NA NA NA -0.03
GS-09 3,400 9.84E-04 -2.01 NA -1.25 0.43 -1.90 -0.04
BPS07-24 3,900 2.30E-03 -1.00 NA -1.95 0.42 -1.65 -0.19
AMC-24B 4,900 1.13E-03 -1.57 NA -4.53 -0.94 -2.41 -0.58
AMW-13B 5,800 1.76E-03 -1.09 -3.50 -3.50 -2.91 -2.92 -2.08

Sl, Saturation Index: negative values indicate the water is undersaturated with respect to
the mineral. Positive values indicate the water is supersaturated with respect to the

mineral.

NA, not applicable due to a lack of one of the aqueous species required for mineral
formation.
BD, the analyte was below detection.
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3.4 Acid-Neutralization Experiments

The acid-neutralization experiments performed on water from MA well MSD-2B
produced a green particulate that precipitated from solution (fig. 15). Prior to acid
neutralization (pH=4.16, fig. 15A), the MSD-02B water sample was clear and colorless.
A green particulate (green rust) began forming immediately upon addition of sodium
hydroxide and continued to form as the pH was increased (fig. 15B). After neutralization
to a pH >6.0, the precipitates from the sample bottle were poured into a beaker and left to
equilibrate with atmospheric oxygen for 1 hour (fig. 15C). After 24 hours approximately
half of the green rust precipitate altered to a reddish-orange precipitate, and after 3 days
the precipitate was completely replaced with reddish-orange precipitate.

Figure 15. Acid-neutralization experiments of well MSD-02B. Water samples were clear
and free of observable precipitate prior to acid neutralization (A). Green rust precipitate
formed immediately after the pH was adjusted (>6) (B), and remained in solution 1 hour
post-acid neutralization (C).
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4.0 DISCUSSION

4.1 Surface Water

The synoptic metal-loading analysis (Section 3, tables 2 and 3) suggests that a source of
copper and zinc loading to Blacktail Creek exists between Oregon Avenue (BTC @
Oregon) and George Street (SS-04). Although metals concentrations in groundwater are
reported in the dissolved form, the Cu load in the creek is predominately a particulate
(tables 2, 3). Influent groundwater containing dissolved Cu may form copper-complexes
as a result of changing geochemical conditions upon mixing. Several possible sources of
the Cu in waters entering Blacktail Creek include:

e Clark and Colorado Tailings via Grove Gulch (fig. 1), a tributary of
Blacktail Creek just downstream of the sampling location at Oregon. The
Colorado Tailings were placed with the Clark Tailings in an unlined repository in
the upper reaches of Grove Gulch in the 1990s, approximately 1 mile southwest
of Blacktail Creek. Prior to being capped with soil and vegetation in the 1990s,
the Clark Tailings were exposed and located adjacent to the Grove Guich
Channel.

o Blacktail Berm (fig. 1), located adjacent to the south bank of the creek near
the Butte Visitor’s center between Kaw Avenue and George Street. This berm
was constructed of mining-related waste at the beginning of the 20th century as an
impoundment dike. Loading from this potential source could be in the form of
groundwater or sediment.

e Waste left in place along the MSD corridor (Parrot Tailings, Northside, and
Diggings East areas). Concentrations of Cd, Cu, and Zn in MA wells (AMC-24B
and C) closer to the creek indicate that there may be significant contamination
that is not being captured by the MSD Subdrain (discussed in detail below).

More detailed groundwater/surface-water studies might provide these answers. The data
available at this time are insufficient to allow for a determination of the metals for source
of loading to Blacktail Creek. Since the collection of the data used in this report, surface-
water investigations designed to determine this source have been conducted by MBMG
and BP/ARCO.

4.2 Groundwater

Samples from monitoring wells show that there are several different sources of metals
contamination to the SA unit in the upper SBC/MSD area, primarily from areas where
near-surface mining-related waste has been left in place. Concentrations of Cu and Zn in
water from SA wells located in areas without near-surface waste were significantly lower
than wells located in areas where waste was left in place. The tight spacing between the
Parrot, Diggings East, and Northside Tailings areas and the substantial decreases
observed in metals concentrations in SA groundwater between them shows that the
plumes around each source may be geographically constrained in the SA unit. In
addition, the temporal trends indicate that in the Parrot Tailings and Diggings East areas,
the Cu and Zn concentrations have increased in recent years.
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4.2.1 Spatial Distribution

The SA unit is a water-table aquifer throughout the study area. Groundwater levels in the
SA were lowered in 2003/2004 as a result of the installation of the MSD Subdrain
(appendix A; A6), which was installed to capture shallow contaminated groundwater and
prevent it from discharging to SBC (EPA, 2006a). Although a quantitative analysis of the
capture zone associated with the subdrain has not been performed by the MBMG, the
subdrain appears to be capturing a significant amount of Cu and Zn (BP/ARCO, 2010b),
and it is likely that the subdrain may be capturing much of its flow from SA unit
groundwater. Above GS-11, there is greater confidence that the subdrain is capturing
contamination in the SA unit, because the sources are near the subdrain and distant from
Blacktail Creek. There is less confidence that the shallow groundwater in the Diggings
East and to the southwest is being captured by the subdrain, because these areas are
farther from the subdrain and closer to BTC. Also, hampering the assessment of capture
in the Diggings East area is a lack of potentiometric-surface data (wells). This area has a
relatively flat hydraulic gradient (0.002 ft/ft) that is likely to be influenced by seasonal
fluctuations in stream stage. Data from the available wells near the SBC/MSD indicate
that the greatest concentrations of COCs (Cd, Cu, and Zn) and more conservative ions
(SO4* and Li) are concentrated near source areas (Parrot, Northside, and Diggings areas;
figs. 5-13). These source areas appear to be currently contributing COCs to groundwater
in the SA unit. However, the elevated concentrations within the SA decrease
downgradient from source areas, which may indicate that the subdrain is capturing these
contaminated waters. A quantitative analysis of the capture zone is needed to estimate
with any confidence the amount of SA contamination being captured by the subdrain.
This type of capture analysis was beyond the scope of this project.

Elevated concentrations of COCs in the SA unit were also observed south of the Parrot
Tailings area. Groundwater flow paths from the Parrot Tailings area is southwest (fig. 2),
and under the current flow system it is unlikely that the elevated metals concentrations
observed in water from the SA and MA units to the south of the Parrot Tailings area are
coming from the Parrot. Historically, it is also unlikely that groundwater in the SA or MA
units in the Parrot Tailings area would have flowed south of Silver Bow Creek, because
SBC should have been a natural groundwater divide with groundwater discharging to or
recharging from SBC. The downward vertical gradients near the Parrot Tailings area
suggest that the SA may have been recharged by SBC in this area. The nearly 100 years
of mine discharge to the creek is the most likely source for the contamination observed in
the SA unit south of the Parrot Tailings area. This argument also implies that
groundwater plumes emanating from the Parrot Tailings area have only been moving on
their current flow paths since 1982, when mine discharges ceased.

Boundary and flow conditions in the MA unit are more complex than for the SA. In
general, in the Parrot Tailings area (north and east of Harrison Avenue), there is a
hydraulic connection between the SA/MA units and a downward vertical gradient (fig. 2).
In the Parrot Tailings area, contamination from near-surface mining-related waste is
observed in the SA and MA units (plate I). Similar concentration trends shown by
samples from SA and MA wells in the Parrot Tailings area indicate that the
contamination observed in the MA unit is coming from the Parrot Tailings. Further
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downgradient, southwest of Harrison Avenue, the vertical gradients are upward from the
MA to the SA at all nested well locations except AMW-13 (furthest downgradient near
BTC), where the vertical gradients fluctuate. The lack of downward vertical gradients
implies that the only source of contamination to the MA unit throughout the upper
SBC/MSD corridor must be from the Parrot Tailings area. The MA unit appears to be
confined downgradient of the Parrot to at least GS-09 based on upward vertical gradients,
geochemistry, and the pumping responses in the MA unit (Tucci and Icopini, 2010).
Because there is no evidence of a connection between the SA and MA units between
Harrison Avenue and GS-09, contamination entering the MA unit in the Parrot Tailings
area can only discharge to the SA unit west of GS-09. West of well GS-09, water-quality
differences between SA/MA nested wells suggest that contaminants in the MA have not
discharged to the SA as far downgradient as AMC-24B (table 5). Once the plume reaches
the SA unit it can discharge to surface water or the MSD Subdrain.

In general, the 2010 water-quality data collected from the MA unit shows steadily
decreasing Cu and Zn concentrations along the SBC/MSD corridor from AMW-1B to
AMW-13B; however, the concentration decrease between AMC-24B and AMW-13B
was more pronounced than the rate of decrease elsewhere (fig. 6). The wells used for this
analysis were located at a considerable distance downgradient from the Parrot Tailings
area and are not likely to fall on a single groundwater flow path, but probably do lie along
adjacent groundwater flow paths. Well AMW-13 may be intercepting a different part of
the Parrot plume than other wells along the transect, there may be greater dilution of the
plume in this area, or the well may not intercept the plume at all. Decreasing COC
concentrations along the entire transect support the conclusion that the wells used in this
evaluation lie along a similar flow path. This idea is supported by the nearly log-linear
concentration trends observed for conservative parameters (S04~ and Li; fig. 7) from
near the Parrot Tailings area to AMC-24B downgradient of the Diggings East area. The
available evidence for the MA unit suggests that the contamination plume originating at
the Parrot Tailings can be traced to a least AMC-24B at Kaw Avenue.

The north—south width of the Parrot Tailings plume in the MA unit is unknown. The very
high concentrations in the Parrot Tailings area form a plume extending to the southwest,
with an apparently sharp concentration gradient to the south along the upper SBC/MSD
corridor (figs. 10, 11). The dimensions of the plume to the north are unknown due to lack
of data, but the abrupt southern boundary suggests that the Parrot Tailings plume may be
relatively narrow.

The extent and fate of contamination in the DA aquifer remains undefined.
Contamination to the DA is evidenced by elevated concentrations in water from wells
AMW-01C, MSD-01C, GS-08, and AMC-24C. The source area for the DA unit is likely
the Parrot Tailings.

4.2.2 Temporal Trends

Historical water-quality data from the SA unit show that Cu and Zn concentrations
increased between 2004 and 2008 in the Parrot Tailings and Diggings East areas. The
cause of the increase is not clear, but may be related to the construction and operation of
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the MSD Subdrain starting in 2004. The subdrain may have altered groundwater flow
paths, drawing more highly concentrated parts of the plume toward the shallow wells.
Another possibility is that Cu and Zn concentrations are increasing as a result of some
other process such as artificial recharge related to irrigation and snow removal practices,
or the shift of the local groundwater divide (Tucci, 2010).

Concentration trends in the MA unit appear to result from two different processes. In the
Parrot Tailings area, the Cu and Zn concentration trends in MA water mimic those
observed in the SA unit; concentrations increased starting in 2004 (plate ). This
observation indicates that contaminated water is moving vertically downward from the
SA to the MA. Also, Cu and Zn concentrations in water at GS-09, which is 0.5 miles
downgradient from the Parrot Tailings area, have shown net increases since at least 2008.
The estimated groundwater travel time from the Parrot Tailing area to GS-09 is 1 to 3
years (Tucci and Icopini, 2010). Therefore, it seems likely that the concentration increase
observed in GS-09 is due to the downgradient movement of highly contaminated Parrot
Tailings water. The parallel increases over time support the conclusion that the increasing
metal concentrations observed in water near the Parrot Tailings area are actual increases
in MA plume concentrations and not the result of possible altered groundwater flow
directions caused by the installation of the MSD Subdrain.

Concentration trends in the MA water in wells to the south and east (not downgradient)
of the Parrot Tailings area suggest a different contaminant source (plate I). These wells
have long sampling histories dating back to 1983 for wells AMC-12 and AMC-06 and to
1989 for GS-44D. Water from all of these wells show a steady decrease in Cu and Zn
concentrations beginning in 1992. For almost a century, ACM discharged wastewater
from its mining practices into upper SBC, loading the creek with elevated concentrations
of Cu (>4,000 ppb) and Zn (>4,000 ppb). Prior to 1982, SBC between Continental Drive
and Harrison Avenue was a losing stream, and effluent discharged by ACM recharged the
aquifer in the immediate area of the streambed (MultiTech, 1987; Hydrometrics, 1983).
In the fall of 1982, ACM discontinued the discharge when it implemented a zero-point
discharge system. The decreasing metals concentrations in water from wells AMC-06,
AMC-12, and GS-44D (plate I) appear to be a response to the implementation of the
zero-point discharge system and the cessation of the historic loading source.

4.2.3 Geochemical Modeling and Possible Attenuation Mechanisms in the MA Unit

The processes controlling the observed metal concentration decreases in MA water
downgradient from the Parrot Tailings area are difficult to determine from the available
data. Possible attenuation mechanisms include: precipitation, co-precipitation, sorption
onto aquifer material, and dilution with adjacent waters. In many mining-impacted
systems, ferric iron (Fe**) oxides and hydroxides (hereafter referred to as Fe oxides)
dominate metal attenuation. Iron oxides typically form red to yellow precipitates with
large surface areas that can cause metal attenuation by sorption onto their surfaces or
through co-precipitation during Fe oxide formation and precipitation (McBride, 1994).

The geochemical model evaluated the potential for mineral precipitation to cause
decreases in metals concentrations in the MA downgradient of the Parrot Tailings area.
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PHREEQC geochemical modeling assumes thermodynamic equilibrium; Kinetic
limitations are not considered. Thermodynamic modeling is used to predict potential
mineral formation based on the saturation state calculated by the program. A positive
saturation index (supersaturation) indicates that mineral formation is thermodynamically
possible. However, the mineral may not form due to disequilibrium conditions or kinetic
limitations. The saturation state is also not an indication of the volume of the mineral that
may form, which is controlled by the concentration of the least abundant mineral
component. On the other hand, a mineral that is predicted to be undersaturated is very
unlikely to form and may dissolve in the system. Modeling results are not definitive, but
they provide valuable insights regarding mineral precipitation or dissolution, which
requires interpretation.

The modeling predicted that waters from MA wells GS-09 and BPS07-24 were
supersaturated with respect to malachite (table 6), indicating the potential for malachite to
form in the MA unit. However, the downgradient concentration trends for Cu and Zn are
quite similar (fig. 6), which suggests a similar attenuation mechanism for both metals.
PHREEQC modeling did not predict the formation of any other Cd, Cu, Mn, or Zn
mineral phases. It is possible that amorphous or mineral phases not in the MINTEQ
database could be important for metal attenuation in the aquifer, but it is unlikely that this
would be true for all the elements that behave similarly (Cd, Cu, Mn, and Zn). Therefore,
it is unlikely that formation of malachite is impacting Cu concentrations.

PHREEQC modeling also indicated that iron oxides are supersaturated in the MA
aquifer, suggesting that they may be precipitating. This is the result of the model
predicting small amounts of aqueous Fe** relative to Fe?*(table 6). In instances where the
model predicted aqueous Fe**(model predicted very low concentrations of Fe®* <0.2
mg/L), Fe?* was always the dominant Fe species in solution. However, the presence of
any aqueous Fe®* forces the model to predict that Fe oxides are supersaturated at these
pH values. The iron speciation predictions are sensitive to the field Eh measurements,
which can be difficult to measure accurately. Eh measurement errors could arise from
calibration issues or if the electrode is responding to multiple redox couples. Although
the modeling indicates that iron oxides may be forming, reliance on these results to
understand MA unit geochemistry will require additional evidence.

Iron oxides are often visually apparent when present because of their bright coloration. It
is common for acid-mine drainage at the surface or in the vadose zone to produce
widespread orange or red Fe-oxide staining (fig. 3A). Widespread iron staining was not
observed in core samples from MA unit sediments downgradient from the Parrot
Tailings. Some discrete clasts (sand to gravel) within the MA unit appear to have an
orange stain or coating indicative of Fe oxides, but the majority of clasts are not stained
(fig. 3B). SBC historically included tributaries from the Butte Hill where natural
weathering of sulfide minerals would have produced orange-stained rocks, and it seems
likely that the stained clasts observed in the MA unit were eroded and transported from
nearby sources or were the result of historic loading of high-Fe, high-oxygen waters to
the aquifer from the SBC channel. Furthermore, historic mine discharges to the SBC
Channel may have created a halo zone of Fe-stained clasts (near Kaw Avenue) from
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loading to the aquifer. The presence of Fe oxides in contact with water that contains
aqueous Fe?* (between AMW-1B and GS-09) is an apparent contradiction. However,
microbial activity is generally required to reduce iron oxides in the environment. The
presence of these Fe-oxide-stained clasts suggests that while Fe** may be the dominant
aqueous Fe species in the MA unit, there is insufficient microbial activity to drive active
Fe** reduction. The presence of aqueous Fe®* (between AMW-1B and GS-09) in contact
with solids that contain Fe oxides does not necessarily imply either the biological
reduction or precipitation of iron oxides.

The active formation of iron oxides is controlled by the presence of Fe?* and dissolved O,
(Drever, 1997). Oxygen concentrations in the MA well water between the Parrot Tailings
and BTC are less than 1 mg/L, except at AMC-24B (2.27 mg/L; table 5). The oxygen
concentration at AMC-24 was not collected using a flow-through cell and may have been
compromised. The concentration of dissolved oxygen in the MA unit water is likely a
rate-limiting factor in the production of Fe oxides. Without a source of dissolved oxygen
to the MA unit there is no oxidative driver for Fe oxide generation even though there may
be abundant Fe?* (between AMW-1B and GS-09).

There are few ways oxygen can reach the MA unit downgradient from Harrison Avenue.
One potential oxygen source is the migration from the land surface; however, this seems
unlikely for two reasons. First, the SA unit throughout the area contains both soluble Fe
and Mn, which indicates reducing conditions are present. Second, once water enters the
MA unit under the Parrot Tailings area and progresses downgradient from Harrison
Avenue, there is a consistent upward vertical gradient between the SA and MA units. The
only other potential source of oxygen would be the dilution of Parrot plume water with
oxygenated groundwater from the east.

The question of dilution of Parrot plume water with groundwater from the east to form
iron oxides can be assessed by examining the geochemistry between MSD-2B and GS-
09, which is a well-confined section of the MA unit. Water at MSD-2B contains 352
mg/L (6.3 mmol/L) Fe (likely Fe?), but the water downgradient at GS-09 contains no
measurable iron. It takes 1 mole of O, to oxidize 4 moles of Fe*". If oxygenated Whittier
School water (7.08 mg/L or 0.22 mmol/L O;) “mixes” with the Parrot plume water at
MSD-2B, the water at GS-09 would have to be diluted to the approximate extent of one
part MSD-2B water to seven parts Whittier School water (86 percent dilution) in order to
provide enough oxygen to oxidize and precipitate all of the Fe from solution. This level
of dilution is much greater than the apparent dilution of SO4> (42 percent) or Li (29
percent) between MSD-2B and GS-09. The precipitation of Fe oxides is also often
accompanied by the liberation of H, causing the pH to decrease (Drever, 1997);
however, the pH is higher at GS-09 than at MSD-2B. In addition, if Fe oxides were
precipitating in the unit between MSD-2B and GS-09, they would create an abundance of
sorption sites and/or co-precipitate with other metals, and the other divalent cation
concentrations (Cd, Cu, and Zn) would be expected to decrease to a much greater extent
than the observed concentrations between the two wells. This is not the case here,
especially for Cu and Zn (fig. 10). The concentrations of Cu and Zn decrease
considerably between GS-09 and AMC-24B and there is no measurable dissolved iron.
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Another indication of the lack of oxidative potential in the MA is the presence of
measurable dissolved Mn throughout the unit, which is likely to exist as reduced Mn?*
(table 6), because Mn** is very insoluble. Given the nature of groundwater mixing and
the lack of sufficient oxidation potential, it seems apparent that some mechanism other
than Fe oxide precipitation is responsible for the removal of Fe between MSD-2B and
GS-09. These observations suggest that the Fe oxide formation is not the main
attenuation mechanism for metals in the MA unit.

The cause for the decreasing iron concentrations between MSD-2B and GS-09 is difficult
to determine with the available data. The thermodynamic modeling suggests that iron
oxides or K-jarosite are capable of precipitating from waters at MSD-2B. However, the
formation of these minerals requires the oxidation of most or all of the dissolved iron,
which is unlikely for the reasons discussed above. Green rust was added to the
thermodynamic database because the iron in this mineral is primarily Fe?*. Green rust is
near equilibrium (relative to iron) with the water from MSD-2B, and it is possible this
mineral could be forming in the MA between MSD-2B and GS-09. The formation of a
green precipitate during the MSD-2B acid-neutralization experiments (fig. 15) strongly
supports the hypothesis that the formation of green rust is causing the decrease in iron
concentrations in the MA between AMW-01B and GS-09.

Dilution of the plume migrating within the MA unit is another possible mechanism for
decreasing metals concentrations. Dilution of groundwater is quite unlike mixing and
dilution of two surface waters because groundwater flow is laminar; groundwater flows
in smooth lines. Dilution of groundwater is caused by hydrodynamic dispersion, which
includes mechanical mixing (dispersion) and molecular diffusion (Freeze and Cherry,
1979). Dispersion occurs during groundwater advection as a result of the continual
division of flow around sand grains or clasts. Molecular diffusion is important only at
very slow groundwater velocities, which are not likely in the MA unit. Dispersion is
probably the dominant mechanism by which the plume water is diluted into adjacent
waters. Dispersion of groundwater is facilitated by the broadening or narrowing of flow
paths as the water moves through materials with different hydraulic conductivities.
Mixing and dilution in the sense of two flows intermingling completely, as with surface-
water flows, does not occur in groundwater in the absence of large subterranean void
spaces such as caverns or fractures, which do not exist in the MA unit.

Evidence for dilution of the MA unit plume includes the decreasing concentrations of the
more conservative analytes (fig. 7), but decreasing COC concentration rates along the
transect (fig. 6) are about 2 orders of magnitude greater than for the conservative
analytes. Nordstrom (2011) evaluated dilution of an acid-mine plume migrating in an
aquifer by plotting the weight ratios of various metal concentrations against the
concentration of sulfate. If dilution is the primary cause for the decline in metal
concentrations, the metal weight ratios will remain constant (form a flat line) relative to
the concentrations of sulfate, which was the case for the groundwater Nordstrom
evaluated. However, a similar evaluation of metal weight ratios plotted against sulfate for
the MA waters along the SBC/MSD corridor did not plot along a flat line (fig. 8). In the
region with the greatest metal declines (3,000 to 60 mg/L sulfate), there was a significant
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decline in the metal weight ratios as the sulfate concentrations approached zero. Although
dilution is occurring, this analysis indicates that there is at least one other dominant
mechanism causing metals concentrations in the MA aquifer to decrease between MSD-
2B and AMC-24B.

Because carbonate precipitation, dilution by dispersion, and Fe oxide precipitation do not
appear to account for the observed declines in metals concentrations, by process of
elimination, sorption of metals onto the alluvial sediments appears to be the dominant
attenuation mechanism in MA groundwater. The sorption process is consistent with the
observed downgradient pH and divalent metal concentration trends along the SBC/MSD.
Concentrations of Cd, Cu, Fe, Mn, and Zn (fig. 10) decrease by up to 4 orders of
magnitude within the plume, while conservative analytes (fig. 7) decrease by only 2
orders of magnitude across the same distance. The decrease in divalent metals
concentrations is concurrent with the increase observed in pH along the transect. The
increase in pH most likely results from weathering of carbonate minerals or granitic
sediments within the aquifer. Under low pH conditions, sorption sites will be dominated
by protons (H"), and as the pH increases, divalent metals will begin to out-compete the
protons for adsorption sites (Langmuir, 1997). Above pH 5, divalent metals readily
adsorb on to many solids including iron oxides, organic material, clays, and silicate
minerals that may exist within the MA aquifer (Langmuir, 1997). Iron oxides and organic
material typically have higher adsorption site densities and bind metals more strongly
than do clay and silicate minerals (McBride, 1994). Copper has a particularly strong
affinity for organic matter. However, alluvial sediments below the original soil horizon
typically contain little organic matter (Meinzer, 1914). Due to the limited amount of
organic matter in the MA unit, much of the metal sorption likely occurs on the iron
oxides coating the clasts (fig. 3B), clay minerals, and silicate minerals. The sorption of
COCs onto alluvial sediments is not an infinite attenuation mechanism because there are
a finite number of sorption sites. In time, continual metals loading to the MA unit is
likely to overwhelm this attenuation mechanism.

The decreasing metals concentrations in water from wells AMC-06, AMC-12, and GS-
44D located south of the Parrot Tailings area (plate 1) appear to be a response to cessation
of aquifer loading in 1982 from mine operation discharges. This concentration decrease is
consistent with an adsorption attenuation mechanism in the MA unit because adsorption
is a reversible thermodynamic process. Adsorption is generally a fast reaction; desorption
of divalent cations is thought to take longer than adsorption (McBride, 1994). For
example, during a Cu adsorption/desorption batch reaction experiment conducted at pH
5.5 using Fe-oxide/kaolinite (Al silicate) and Fe-oxide/gibbsite (Al hydroxide) soils, over
80 percent of the observed Cu adsorption occurred within 24 hours (Guilherme and
Anderson, 1998). Within 450 hours, approximately 10 to 20 percent of the adsorbed Cu
desorbed, and the trends indicated that Cu desorption would have continued with time
(Guilherme and Anderson, 1998). The rate of copper desorption was most rapid
immediately after the initiation of the desorption experiment and rate of desorption
decreased over time with concentrations gradually increasing. The Guilherme and
Anderson experiment is of significance here because the batch reaction conditions were
very similar to the conditions in the MA unit south of the Parrot.
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The environment within an aquifer is not directly comparable to a batch reaction
experiment, where metal-laden fluid can be replaced with a metal-free solution. In an
aquifer that is flushed with clean water, the concentrations would be expected to
gradually decrease with time similar to the Guilherme and Anderson experiment. That
may be occurring in the MA wells south of the Parrot, but decreasing concentrations
could also come from the flushing of the MA unit with relatively clean groundwater after
mine-water discharges ended. At GS-44D, using an approximate hydrologic gradient of
0.003 ft/ft (fig. 2; assuming similar SA and MA gradients), hydraulic conductivity values
of 120-640 ft/day (Tucci and Icopini, 2010), and a porosity of 30 percent (EPA, 2004)
for the MA unit, Darcy’s Law (Fetter, 1980) can be used to calculate a linear
groundwater velocity between 448 and 2,390 ft per year through this area. If a
conservative assumption is made that uncontaminated water must travel at least 3,000 ft
(approximate distance between GS-44D and BMF-05-03), it would take 1.3 to 6.7 years
for uncontaminated water to reach GS-44D. This implies that the area around GS-44D
has been flushed with clean water for 21 to 27 years. It should be noted that this is a
conservative estimate due to the high porosity value used, and a more realistic (lower)
porosity value would yield faster linear velocities.

Non-adsorbing solutes in porous-media column experiments typically reach effluent
concentrations consistent with influent concentrations within 2 pore volumes of flushing
(e.g., Matocha and Hossner, 1999). Although dispersion and diffusion will retard
movement of dissolved constituents relative to the groundwater velocity, it is unlikely
that much of the original dissolved metals would have been retained within the aquifer
after being flushed with clean water for more than a few years. Continued decreasing
trends in metals concentrations (AMC-06, AMC-12, GS-44D,plate 1) indicate desorption
is also occurring within an aquifer where a metals loading source has been removed. The
rate of decreasing concentrations (plate I: Cu, Zn) in wells contaminated by the SBC
plume suggest that this desorption process is much faster than previously assumed
(centuries; EPA, 2006a). The trends indicate that cessation of loading to the aquifer in
other areas would likely result in similar decreases in metals concentrations.

5.0 CONCLUSIONS

e There is a source of copper (Cu) and zinc (Zn) loading to Blacktail Creek in its
reach between Oregon Avenue and George Street. Currently, data are insufficient
to determine the source for the Cu and Zn observed in this reach of the creek.

e Multiple source areas appear to be loading the shallow alluvial (SA) unit in the
SBC/MSD corridor. These sources can be traced to the Parrot, Diggings East, and
Northside Tailings. These sites are known to contain mining-related waste that
has been left in place. Concentrations of contaminants in SA plumes originating
from these sources decrease substantially downgradient of their source areas,
which may be an indication that the MSD Subdrain is effectively capturing the
SA plumes. However, determining the overall effectiveness of the MSD Subdrain
collection system was beyond the scope of this investigation.
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The middle alluvial (MA) unit hosts a plume that contains the highest
concentrations of contaminants measured in the study area; this plume is the
farthest-reaching and most expansive in the SBC/MSD area. The Parrot Tailings
appears to be the primary source for arsenic (As), cadmium (Cd), copper (Cu),
and zinc (Zn) in the plume. The MA plume can be traced from the Parrot Tailings
area to Kaw Avenue (AMC-24), which more than doubles the previously
documented extent of the Parrot plume (MSD-02B; Metesh and Madison, 2004).
The maximum downgradient extent of the Parrot Plume beyond AMC-24 (MA
unit) remains undefined but is likely controlled by three possible scenarios, or
combinations thereof:

4) The plume’s contaminants naturally attenuate within the aquifer;

5) The MSD Subdrain effectively captures the plume west of Kaw Avenue; or
6) The plume is, or will be, discharging to Blacktail Creek or Silver Bow Creek.
Within the MA unit, sorption of metals onto alluvial sediments and, to a lesser
extent, dilution appear to be the attenuation mechanisms responsible for reducing
contaminants of concern (COCs; Cu, Zn, As, and Cd) as the water moves
downgradient. Sorption of COCs onto existing alluvial sediments is a finite
attenuation mechanism, as dissolved COCs will be progressively less attenuated
as the available sorption sites on alluvial sediments are exhausted. Although
dilution reduces COC concentrations, COCs are only dispersed and not removed
from solution.

Green rust precipitation appears to be the most likely mechanism for the
attenuation of iron (Fe) observed in the MA unit between wells MSD-01B and
GS-09.

In some SA and MA unit wells near the Diggings East and Parrot Tailings areas,
the COC concentrations have increased markedly since 2003.

The MA unit south and upgradient of the Parrot Tailings area appears to have
been contaminated from historic discharges of contaminated mine water to Silver
Bow Creek that ended in 1982. Since 1983, aqueous metals concentrations have
steadily declined in this area, which is the expected concentration trend for metal
desorption and dilution of a contaminated aquifer continually flushed with
relatively clean groundwater. However, dilution alone is not sufficient to explain
the concentration trends. The rates of decreasing metals concentrations suggest a
flushing/desorption process that is much faster than previously assumed (EPA,
2006b).

Some COCs (Cd, Cu, and Zn) have penetrated to the deep alluvial (DA) unit, and
water samples show concentrations above background levels. However,
concentrations are 1 to 2 orders of magnitude lower than in the MA unit. The
source area for the COCs in the DA unit is most likely the Parrot Tailings.
Elevated metals in the DA unit are present as far downgradient as well GS-08.
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