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Abstract

This publication is a case study of the seasonal variability of mine water drainage from the Saint Louis Tunnel (SLT) at the
inactive Rico-Argentine mine site located in southwestern Colorado. It is an introductory paper for the two passive water
treatment system technology evaluations contained in this issue. Mine water chemistry changes from baseflow to a snowmelt
runoff event (SMRE) where snowmelt runoff follows preferential migration pathways to flush acidic weathering products
from the upper mine workings to the SLT. Baseflow mine drainage is characterized as circumneutral, with Zn, Cd, Mn,
and Ni concentrations primarily in the dissolved form. Dissolved Zn, Mn, Fe, and potentially Cd illustrate equilibrium with
carbonate minerals. Total concentrations of Fe, Cu, Pb, and As are primarily in the suspended form and suggest sorption
to Fe oxides. Mine water chemistry during the SMRE reflects mixing of circumneutral baseflow waters with more acidic
waters flushing the upper mine workings. Geothermal activity provides for a consistently warm mine water discharge from
the SLT. The two seasons that provide the most challenge to passive water treatment of SLT mine drainage are the SMRE
period and the low flow stage of the Dolores River. Mine water flow and chemistry during SMRE are highly correlated with
Dolores River flow and this site conceptual model was and will be used to assist in pilot project evaluation, water treatment
system design, monitoring system design, a seasonal compliance approach, and water management.

Keywords SRB - Sulfide - Cadmium - Copper - Iron - Manganese - Zinc - High elevation - Colorado - Telemetry -
Constructed wetlands - Biotreatment - Smithsonite - Rhodochrosite - Siderite - Snowmelt

Introduction

The St. Louis Tunnel (SLT) of the Rico-Argentine Mine Site
(Rico site), Colorado, discharges on average 2600 L per min-
ute (Lpm; 680 gallons per minute [gpm]) of circumneutral
water containing elevated concentrations of Cd, Cu, Fe, Mn,
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and Zn, as well as lesser concentrations of As, Pb, and Ni.
The mine water since the mid-1980s has flowed through a
collapsed portal (filled with rubble and rock) followed by a
series of settling ponds before the water is discharged to the
Dolores River. Site-specific surface water discharge stand-
ards have not been established; however, the EPA and one
of the potentially responsible parties are developing a final
mine water management strategy. Because of the mountain-
ous location, the Rico site is challenging to access, espe-
cially during the winter, and is sometimes inaccessible
owing to deep snow and/or avalanche hazards. Therefore,
demonstration-scale, passive treatment systems are being
evaluated as management alternatives for SLT discharges.
This paper provides a site conceptual model that describes
the sources, migration pathways, chemical composition, and
seasonal variability of discharge flow that is important for
developing, operating, and evaluating passive biotreatment
systems. Two of the demonstration-scale systems evaluated
at the site are presented as companion papers, Parts 2 and
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3, in this issue of MWE (Dean et al. 2022; Sobolewski et al.
2022).

Background

This site is in the Rico Mountains of southwestern Colo-
rado near the town of Rico, Dolores County. The Rico
Mountains are a group of 3700-m (12,000-ft) peaks at
the southwest edge of the San Juan Mountains, close to
the margin of the Colorado Plateau and Rocky Mountain
physiographic provinces. The Rico Mountains have been
uplifted, resulting in an elliptical shape, referred to as the
Rico Dome. The Rico Dome is bisected by the Dolores
River, which flows southward through the mountains.
Downcutting and erosion by the Dolores River have pro-
duced a valley with relief of more than 910 m (3000 ft)
(Pratt et al. 1969). Lower mountain slopes are mantled
by a thick cover of colluvium, talus, and landslide debris.
The river channel and adjacent, low-lying area is pre-
dominantly a floodplain situated at an average elevation
of 2700 m (8800 ft).

The climate is characterized as semi-arid with long-
duration, cold, snowy winters and short-duration, mod-
erately wet, warm summers. The mean annual tempera-
ture near Rico is 3.7 °C (38.7 °F), averaging about 13 °C
(55 °F) during the summer and —14 °C (6.5 °F) during
the winter. The mean annual precipitation is & 690 mm
(27 in), and average annual snowfall is 4390 mm (173 in)
per year.

A diagram of the Rico site is contained in Fig. 1. The
town of Rico is situated on the banks of the Dolores River
and the SLT portal is shown north of Rico on the site of
former mineral processing facilities and settling ponds.
Mine workings are at elevations >2750 m (> 9000 ft)
and are situated along the Black Hawk Fault (Fig. 1). The
mining objective was epithermal deposits resulting from
circulation of geothermal fluids in faults and interacting
with carbonate materials. Two groups of mine workings
developed over time, the Mountain Spring-Wellington
Group and the Rico Argentine Group (McKnight 1974).
During the 1930s, the SLT was driven at a grade of 0.4%
into the mountain 1.5 km (5000 ft) and two cross cuts were
constructed to provide mine drainage and transport of ore.
The NW Crosscut connected to the Mountain Spring-Wel-
lington Group and the SE Crosscut connected to the Rico
Argentine Group to the SLT system. Active mining in the
area ceased around 1971. Exploration occurred during the
late 1970s and early 1980s during which time a significant
molybdenum deposit was identified in the deeper geother-
mal system; but it was never developed. The portal to the
SLT was open until the late 1980s, and mine water flowed
through a series of ponds (with periodic lime treatment)
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before discharge to the Dolores River (Paser 1996). In the
late 1980s, disturbance of the site resulted in collapse of
the SLT portal, and mine water continued to emerge from
a permeable plug of rock and rubble. In 2001, dispersed
surface flows from the collapsed SLT portal area were col-
lected into a common channel, diverted through a Parshall
flume (now designated as monitoring station DR-3), and
more securely routed to a system of ponds (referred to as
the St. Louis Ponds) to enhance particulate metals settling
prior to release of water from the ponds to the Dolores
River. In 2015-2016, two relief wells were directionally
drilled to assist the drainage of the SLT tunnel to the DR-3
monitoring station.

Water that exits the SLT derives directly from seepage
into the tunnel and crosscuts, as well as from the large
system of interconnected mine workings that serve as
conduits for the mine water that enters the mine through
numerous major and minor faults, interconnected frac-
tures, joints, and exploration drill holes. Known work-
ings, particularly of the Mountain Spring-Wellington Mine
Group and the Rico-Argentine Mine Group are illustrated
in Fig. 2. Both mine groups have complex, multi-level
workings in carbonate-hosted deposits that are closely
associated with faulting and are connected to the SLT at a
low level by two crosscuts. The SLT and crosscuts together
act as a drain for natural seepage and mine water. The
recharge area of the SLT and associated mine workings is
estimated to comprise a watershed of ~ 39 km? (15 mi?).

A detailed presentation of the geology and composi-
tion of the epithermal deposits comprising the materials
mined from the Mountain Spring-Wellington and Rico
Argentine Groups is contained in the work of Hudson et al.
(1997), Larson (1987) and McKnight (1974). The sulfide
minerals of mining significance included pyrite, sphaler-
ite, galena, and chalcopyrite. Common gangue/secondary
minerals included quartz, fluorite, calcite, dolomite, man-
ganoan siderite, rhodochrosite, rhodonite, smithsonite,
and sericite. Weathering of sulfide systems which contain
significant carbonate minerals can create circumneutral
mine drainage (Desbarats and Dirom 2006; Lindsay et al.
2015; Nordstrom 2011a; Plumlee et al. 1999). The inactive
Myra Mine (British Columbia) produced Cu and Zn from
a massive sulfide deposit with carbonates and produces
year-round flow of circumneutral mine water discharge
from an underground tunnel (Desbarats and Dirom 2006).
At that site, seasonal changes in mine water chemistry
are associated with flushing of the mine by heavy rainfall
events in the fall, analogous to the spring freshet events
during snowmelt at the Rico site.

The hydrothermal system beneath the Rico site has a high
geothermal gradient (>80 °C/km) that suggests economi-
cally viable geothermal energy resources (Sares et al. 2009).
Hot springs and vent wells are present at the site and produce
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Fig.2 Oblique diagram of the mine workings and crosscuts that report to the Saint Louis Tunnel

year-round flow of warm water to the surface. Flow of warm
water from the SLT will benefit passive treatment systems in
the harsh winters at the site.

Work has occurred and is ongoing at the St. Louis Ponds
portion of the Rico-Argentine Mine Site Rico - Tunnels
Operable Unit 01, under a 2011 Unilateral Administrative
Order (US Environmental Protection Agency [USEPA]
2011a), a Removal Action Work Plan (RAWP) (USEPA
2011b), a 2021 Administrative Settlement Agreement and
Order on Consent for Removal Action (USEPA 2021a), and
an updated Removal Action Work Plan (USEPA 2021b). As
a key task under the RAWPs, tests of wetland technologies
began in 2012 and are ongoing, including a pilot-scale wet-
land and larger wetlands systems, with both horizontal-flow
and vertical-flow anaerobic sulfate-reducing process steps.
The two passive system studies were conducted in 2015 and
2016 and are the subject of two companion articles in this
issue. A larger, demonstration-scale semi-passive treatment
system was completed in 2017, with more than 1900 Lpm
(500 gpm) capacity, and presently treats the majority of
baseflow from the SLT. Evaluation of this demonstration-
scale system is the subject of a publication in progress. The
SLT discharge data collected from 2014 to 2020 are the sub-
ject of this publication, which presents the site conceptual
model for evaluation of technology and management of the
SLT discharge.

Methods

Mine water characterization data for this study were col-
lected at the DR-3 sampling station for both flow and water
chemistry (Fig. 1). The mine water that emanated from the
SLT through the rock and rubble of the collapsed portal and
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surface flowed to the DR-3 sampling location where dis-
charge flow measurements were conducted using a modified
Parshall flume. Relief wells were installed behind the col-
lapsed portal in September 2016, and mine water currently
flows through these wells to the DR-3 location, although
lessor volumes still discharge from the debris plug. Pressure
transducers at DR-3 downloaded measurements at 15-min
intervals and require monthly cleaning. A YSI EX02 sonde
(measuring pH, oxidation/reduction potential (ORP), dis-
solved oxygen (DO), temperature, specific conductance, and
turbidity) was used to collect water quality parameters at
15-min intervals. Values of ORP are uncorrected and are
expressed as mV relative to an Ag/AgCl reference elec-
trode (3 M KCI). The sonde was equipped with wipers to
limit fouling of the sensors and was calibrated monthly or
as needed. Data were collected using data loggers and later
using an HDMI and telemetry system that are also accessible
via the internet to off-site project personnel. The telemetry
system also transmitted data from a site camera and an on-
site weather station.

Sampling of mine water discharge at DR-3 was con-
ducted using standard EPA methods (USEPA 1993, 1994)
and Level IIB QAQC protocols (USEPA 2017). Sampling
events were performed approximately monthly from 2014
to the end of 2017, with more frequent sampling as needed
during freshet events. Sampling frequency was reduced to
bimonthly beginning in 2018. Field parameters were col-
lected using portable equipment for pH, temperature, con-
ductivity, turbidity, ORP, and DO. Instruments were cali-
brated at least daily and monitored using standards for drift
during the day. The values of field parameters are presented
in this paper (more accurate) and sonde data are used to
study shorter-scale time variability (more frequent data).
Metals and As were analyzed using EPA Method 200.8
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(USEPA 1994) and samples were collected for both total and
dissolved (0.45 mm filtered) metals. Collection and analysis
protocols for sulfides (SM 4500S2D), TSS (SM 2540D) and
alkalinity (SM 2320B) are from APHA (2005), and sulfate
(EPA 300.0) is from USEPA (1993).

Dolores River flow data were obtained from the USGS
on-line database. Data for the “Dolores River below Rico”
(USGS Sta. 09165000) were used to represent the Rico site,
although minor additional flows from Silver Creek occur
between the site and the USGS monitoring station (USGS
2022). Snowpack estimates were from the SNOTEL data-
base and the Scotch Creek site was used as most representa-
tive of site conditions (USDA NRCS 2021).

Results

Hydrographs for the mine water discharge from the SLT
(monitoring point DR-3) and Dolores River flow are shown
for 2014-2020 in Fig. 3. The SLT hydrographs for each
year show minimum SLT flow at the end of winter when
the ground and surfaces are frozen. As temperatures rise in
March, snow begins to melt, infiltrate, recharge groundwater,
and increase the SLT flow rate. Ice in the mine workings
begins to melt as well. The SLT hydrograph increases with
the increasing rate of snowmelt and surface water runoff
and reaches a maximum in mid-June. Following snowmelt,
the hydrograph declines as surface water contributions
slow, infiltration is reduced and groundwater from storage
becomes the dominant contribution to the hydrograph and
flows from the SLT. Summer monsoon rains can slow the
decline of the hydrograph as it declines to a minimum in

winter months. The 2016 water year contained heavy rains
in the later summer and fall that caused a late peak in the
hydrograph around the first of September. Mine water flow
from the SLT is driven predominantly by snowmelt infiltra-
tion and groundwater recharge, with flow rates ranging from
1342 to 4453 Lpm (353-1172 gpm) and a maximum value
3.3 times that of the minimum (2014-2020). The rising limb
of the hydrograph for the Dolores River is driven predomi-
nantly by snowmelt runoff and demonstrates a more abrupt
rise and fall of the hydrograph with the peak corresponding
to maximum snowmelt runoff rates. The Dolores River flow
ranges from 116 to 36,812 Lps (30 to 9687 gps) reaching a
maximum value of 317 times that of the low-flow rate in late
fall and winter. Peaks of the SLT hydrographs occur from
mid-June to mid-July, except for 2016 (dominated by late
summer rains) and 2018 and 2020 when minimal snowpacks
occurred. Peak Dolores River flows occurred with a narrow
range of May 31 to June 11 during the study period, from
2014 to 2020.

Seasonal variability of SLT mine water flow and chem-
istry present a challenge to evaluating, designing, and
operating passive biotreatment systems at the Rico site. A
time-series plot of pH and SLT flow is contained in Fig. 4a.
Consistent values above pH 6.6 occur throughout most of
each year, with annual low-pH events occurring in late-May
to early-July. The pH drops from circumneutral to slightly
acidic during this time each year, with a minimum value
of 5.67 in 2019. Depressions in pH occur most years dur-
ing the SLT flow rise, prior to the peak of the hydrograph.
One pH-low also occurred during the later-summer of
2016, when high rainfall and runoff created a second later
peak in SLT flow rates. Values of ORP also change during
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occur at relatively consistent concentrations until the low
pH event, which occurs during the rising limb of the SLT
hydrograph (mid-May to mid-June). The time-series plots of

year are represented as time-series plots of total and dis-
solved metals concentrations with the SLT hydrograph in
Fig. 5a—d for Zn, Mn, Cd, and Ni, respectively. These metals
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other metals that do not show consistent increases of concen-
trations solely during the low-pH events are contained (along
with the SLT hydrograph) in Fig. 6a—d for Fe, Cu, Pb, and
As, respectively. Copper shows intermediate behavior, with
peaks in dissolved Cu during low-pH events in 2015, 2016,
2017, and 2019 (Fig. 6b).

Average baseflow mine water composition is summarized
in Table 1, along with water chemistry for the lowest pH-
event that occurred during the 2019 season. The mine water
is a Ca-sulfate type water for both baseflow and low-pH
events, as is consistent with most circumneutral mine waters.
Calcium and sulfate concentrations suggest the waters are
about 30-50% saturated with gypsum during baseflow.
The total metals data illustrate an increasing magnitude
of metals concentrations in average baseflow such that As,
Ni<Pb, Cd<Cu< <Al<Mn, Zn < Fe, whereas dissolved
metals show Al<Mn, Fe <Zn. Filtration of samples using
a 0.45 pm membrane is used for monitoring purposes and
terminology of dissolved metals is used here for filtered
samples, although some particulates may pass through the
filter membrane. Dissolved metals analysis for Zn, Mn, Cd,
and Ni show that dissolved concentrations are >90% of
total metals concentrations. Sulfate comprises 87% of the
anion mass (mg/L) and 78% of the charge balance (mEq/L;
Table 1). The pH of the average baseflow is 6.77, with a low
pH of 5.76 during 2019 (the most intense low-pH event of
the study). ORP values are inverse of pH with an average
ORP of 15 mV during baseflow and an ORP of 198 mV dur-
ing the 2019 low-pH event. Carbon dioxide occurs in high
concentrations in the SLT mine water and partial pressure of
CO, (Pc(,) was calculated for selected water samples during
baseflow and the 2019 low-pH event. The speciation code
PHREEQ was used to speciate and determine P, from pH,
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alkalinity, ionic strength, and temperature. Values of Pq,
were 0.031 and 0.064 atm for the baseflow mine drainage
and low pH conditions, respectively (Table 1).

Correlations of dissolved metals, pH, ORP, and total
suspended solids (TSS) are contained in supplemental
Table S-1 and suspended metals and TSS correlations
are contained in supplemental Table S-2. The metals Zn,
Mn, Cd, and Ni are contained primarily in the dissolved
fraction and have a strong negative correlation with pH
and a positive correlation with ORP (Table S-1). Metals
contained primarily in the suspended fraction (Table 1)
show a strong positive correlation between Fe, Al, Cu,
Pb, As, and TSS (Table S-2). The suspended concentra-
tions of Al and Cu correlate with other suspended metals
during baseflow conditions, but dissolved concentrations
increase significantly during low-pH events. The metal
Cu has the greatest peak concentration divided by aver-
age baseflow concentrations of any metal, with a ratio of
100 (Table 1).

Passive biosystems are often not evaluated in high-alti-
tude alpine locations due to the important effect of water
temperatures on biochemical reactions. Geothermal energy
contributes to the stable monthly average temperatures of
discharge from the SLT compared to the monthly ambi-
ent air temperatures shown in Fig. 7. Average monthly
temperatures of SLT discharge range from 17.8 to 20.5 °C
(64.0-68.9 °F), whereas average monthly temperatures
for ambient air on the site range from — 14.9 to 19.2 °C
(5.18-66.6 °F). Lower SLT discharge temperatures cor-
respond with highest flows from the SLT and represent
the largest flow of snowmelt-derived groundwater through
the geothermal system. The consistently warm mine water
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discharge is somewhat unique to the SLT system and adds
to the efficiency of passive treatment systems at the site.

Discussion
Hydrology of the SLT Discharge

The annual hydrographs for flow from the SLT consist of
a baseflow component related to capture of groundwater
and a flashy snowmelt runoff component that results from
snowmelt runoff entering the mine workings via preferential
pathways. Hydrographs for SLT baseflow are derived from
infiltration and recharge, followed by capture of groundwater
in the lower mine workings and natural faults (many min-
eralized) that interconnect with the SLT workings. Snow-
melt provides the greatest source of water for groundwater
recharge and the hydrograph peaks roughly correlate with
peak annual snowpack (supplemental Fig. S-1). Corre-
spondingly, very limited hydrograph peaks occurred dur-
ing 2016 (minor), 2018 (none), and 2020 (minor), and are
associated with the years when the snowpack is low (Fig. 3).
Summer rain events dominate the freshet peaks in 2016 and
2020 and these hydrograph peaks, of smaller magnitude, are
shifted to later summer. The 2018 season lacked sufficient
snowpack or rainfall, so no hydrograph peak resulted, with
SLT flow continuing to decrease to the end of 2018. The
Dolores River hydrograph is dominated by snowmelt runoff
and is also displayed in Fig. 3 to illustrate how SLT snow-
melt runoff could contribute to the SLT hydrograph. Studies
of the Dolores and Colorado River hydrographs indicate that
the rising limb of the river hydrograph is driven by snowmelt
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runoff, with the timing and rate of release affected primarily
by dust radiative forcing in snow (Bryant et al. 2013; Painter
et al. 2007, 2018). Snowmelt runoff contribution to the SLT
flow occurs as a small peak in the same relative position
as the Dolores River hydrograph peak during 2016 and
2020 (Fig. 3). Contributions of snowmelt runoff to the SLT
hydrograph for the years 2015, 2017, and 2019 correspond
with the Dolores River hydrographs and consist of a steep-
ening of the hydrograph during the rising limb of the SLT
hydrograph. The contribution of snowmelt runoff to the SLT
hydrograph is important because of changes to the chemistry
of SLT flow. Figure 8 relates total Zn concentrations in SLT
mine water discharge to the hydrograph of the Dolores River
(analogue for SLT snowmelt contribution) and the correla-
tion is striking in the timing, duration, and intensity of the
annual events. This suggests that the same mechanism that
drives the rising limb of Dolores River flow (snowmelt run-
off) also drives Zn concentrations in SLT discharge.

The SLT drainage basin is 39 km? (15 mi?) and surface
drainage features tend to follow the surface expressions of
faults. Infiltration of snowmelt and rainfall in the basin is
the primary contributor to groundwater recharge and SLT
flow. Drainage patterns funnel snowmelt runoff water to the
surface expressions of faults in the SLT watershed, the most
pronounced being the Blackhawk fault. This fault is known
to have preferential flow pathways that rapidly transmit sur-
face water to the mine workings (Cowie et al. 2014; McK-
night 1974; USEPA 2012, and other unpublished mining
reports). Contributions may also occur year-round where
the Blackhawk fault crosses the saturated alluvium of Silver
Creek (Cowie et al. 2014; McKnight 1974; USEPA 2012).
The mining record contains references to the hanging wall
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Table 1 Mine water analytical data collected at DR-3 for average base flow and the 2019 peak SMRE (most intense event)

Analyte Average base flow 2019 peak SMRE Dissolved/total (%) 2019 peak Diss Me/Fe
- - SMRE/base
Total Diss Susp  Total Diss Susp Average 2019 Peak g (Dis- Average base flow
Base Flow SMRE solved)
pH (S.U.) 6.77 5.67
ORP (mV) 15 198
Fe (pg/L) 10,005 2460 7545 50,500 15,600 34,900 24.6 30.9 6.3
Al (pg/L) 1006 108 898 7040 5440 1600 10.8 71.3 50.3 0.044
Zn (pg/L) 3763 3453 310 20,600 20,600 0 91.8 100 6.0 1.40
Mn (pg/L) 2206 2176 29.7 6760 6730 30 98.7 99.6 31 0.885
Cu (pg/L) 168 21.3 146 2570 2140 430 12.7 83.3 100 0.009
Pb (pg/L) 16.3 <0.8 15.5 116 21.7 94.3 5.0 18.7 NC NC
Cd (pg/L) 20.0 18.4 1.6 144 146 0 91.9 101 7.9 0.007
Ni (pg/L) 53 52 0.1 16.2 15.5 0.7 91.7 95.7 3.0 0.002
As (pg/L) 1.3 <02 1.1 59 22 3.7 14.8 37.3 NC NC
Ca (mg/L) 242 240
Mg (mg/L) 192.0 18.7
Na (mg/L) 10.0 9.6
K (mg/L) 1.7 1.7
Alkalinity (mg/L) 104 21.4
Sulfate (mg/L) 635 908
Sulfide (mg/L) <0.05
PCO2 (atm) 0.031 0.064

Data are provided for total, dissolved (Diss), and suspended (Susp) forms
NC—Not calculated because of < DL data

Me—Refers to concentration of each metal analyte in Table 1 divided by Fe concentration

Limited analyses for major cation and anion data (2 samples)

Sulfide data for (DR-3) were collected during 2014 and discontinued afterward, as the median value was <0.05 mg/L (RL)

Analyses include total, Diss (dissolved, <0.45 pm filtered), and Susp (suspended, total-dissolved)

Fig.7 Time-series plot of

SLT mine water temperature

(Celsius) measured at DR-3

with ambient air temperatures

measured on site
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Fig.8 Time series plot of total 25,000
Zn in SLT mine water with
Dolores River flow.
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of the fault producing significant amounts of water to mine
workings during the snowmelt season and in proximity of
Silver Creek. Earlier work at the site used tracers to char-
acterize the flow path between the Blaine Tunnel and the
SLT discharge (Cowie et al. 2014; USEPA 2012). The study
showed a direct connection with an 18-h travel time and
limited dispersion. The SLT hydrograph has two compo-
nents: (1) baseflow originating from groundwater recharge
and capture that produces a rise of flow in the spring through
fall, and (2) flow that also includes contribution of snowmelt
surface runoff to SLT flow, which appears as a short duration
steepening of the rising limb of the SLT hydrograph and is
analogous to the Dolores River hydrograph shown in Fig. 3.
The groundwater captured in the SLT is henceforth referred
to as baseflow and the period where significant snowmelt
surface water runoff is also captured by the upper workings
of the SLT is referred to as the SLT snowmelt runoff event
(SMRE).

The SE Crosscut (Fig. 2) water flow and chemistry have
more recent data because of modifications and maintenance
of the mine systems draining to it and studies that have
been recently completed. The mine workings draining to
the NW Crosscut and SLT have only mine water chemis-
try and flow data from Aug. 18, 1980 (Whyte 1982) when
personnel could access the SLT at the point where the NW
and SE crosscuts and 145 Raise join the SLT (Fig. 2). Data
for flow estimates and metals concentrations are included in
Table 2. Estimated flow from the SE and NW crosscuts and
145 Raise were estimated as 67%, 25%, and 8%, respectively
(based on observation of total flow). Estimated metals load
values for the NW crosscut (Table 2) indicate the percentage
of metals load originating from the NW Crosscut for Cd, Fe,
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and Zn were 82%, 90%, and 79%, respectively. Although pH
values for drainage were compromised, higher metals con-
centrations in the NW crosscut suggest that the mine water
pH values may have been lower.

Chemistry of Baseflow Mine Water

Baseflow conditions of SLT discharge (outside the SMRE
of mid-May to mid-July) resulted in relatively consistent
water chemistry over time as shown in the time-series plots
of Figs. 5a—d and 6a—d. Slightly lower baseflow metals
concentrations occurred during the summers of 2017 and
2019 when summer rains extended the hydrographs of DR-3
flow, and during 2018 when annual snowfall, rainfall, and
SLT discharge were at their lowest levels (Fig. 5a). Con-
sistency of composition suggests that groundwater con-
tributions from mineralized zones are responsible for the
bulk of water collected by the SLT system during baseflow.
Figure 9 illustrates that the SE Crosscut connects with the
Rico Argentine Workings just below the 400-ft level and that
much of the baseflow component of the mine drainage may
be basin groundwater transported through the lower, flooded
mine workings and other naturally mineralized faults and
pathways. Oxygenated groundwaters in the basin enter the
system through infiltration and are transported through soils,
mineralized zones, and lower flooded mine workings where
limited oxidation of sulfide minerals produces acidity that is
neutralized by the carbonate minerals described as gangue
carbonate materials including calcite, dolomite, manganoan
siderite, rhodochrosite, and smithsonite (McKnight 1974). In
flooded mine workings that are not fully aerated, acid gener-
ating reactions are limited and development of circumneutral
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Table 2 F_IOW Contributions Analyte Units Southeast ~ Northwest 145raise  SLT portal SLT discharge
to St. .LOLI.IS Tunnel 2 FIQW crosscut crosscut
Contributions to St. Louis
Tunnel Estimated percent flow 67% 25% 8% Total -

Total cadmium mg/l 0.009 0.107 <0.001 0.022 0.029

percent total load 18% 82% - - -

Total Iron mg/L 3.7 102 5.6 16.2 12.8

percent total load 8.6% 90% 1.6% - -

Total Zinc mg/L  2.62 27 0.50 52 5.0

percent total load 21% 79% 0.5% - -

Fluoride mg/L 2.7 18 1.7 4.3 5.8

percent total load 28% 70% 2% - -

Sulfate mg/L 544 1,070 505 562 620

Percent total load 54% 40% 6% - -

Samples and observations collected Aug 18, 1980 (Whyte 1982)
Estimated percent flow to St. Louis Tunnel (SLT) as reported in unpublished mine report (Whyte 1982)

Percent total load accounts for percent of flow and concentration

Data from unpublished laboratory report

Sample location identified in unpublished mine report except for "SLT Discharge," which was identified on

the laboratory report

Exact sample locations for “SLT Portal” and “SLT discharge” are not known but are assumed to be in close

proximity near the mouth of SLT

pH of 7.0 reported for STL discharge location; others were tested from samples suspected of being acidi-
fied prior to pH analysis; for example, pH for STL Portal was 1.8

conditions can develop after flooding occurs (Demchak et al.
2004; Donovan et al. 2000; Lambert and Dzombak 2000).
Dissolution of carbonate minerals can also accelerate this
process producing CO,, which is dissolved in the migrating
mine water (Cravotta 2007; Kirby et al. 2009; Nairn 2013).
The historic mining records at Rico also contain references
to high levels of CO, that posed historic mining hazards
(McKnight 1974). Limited air exchange in the crosscuts and
SLT results from flooded conditions where the mine work-
ings decant to the crosscuts and at the flooded SLT portal,
which backs up water into the SLT (Fig. 1). Restricted aera-
tion and presence of old mine timbers and lagging in the
SLT may result in conservation of high levels of CO, and
minimization of ferrous iron oxidation in the SLT system.
Mine water composition at the SLT portal was interpreted
using The Geochemist’s Workbench (Bethke and Farrell
2022). Figures 10a—c contain phase stability diagrams for
smithsonite, rhodochrosite, and siderite. Chemical data from
SLT discharge (differentiated as to baseflow and SMRE)
and from limited data collected in the upper mine workings
(Table 3) are also plotted. Mineral stability fields were cal-
culated for P, values of 0.031 atm (average of baseflow
data), 0.064 atm (SMRE peak during 2019), and 0.01 atm.
Metals concentrations of Zn, Mn, and Fe (dissolved) appear
to be solubility-controlled in baseflow SLT mine water at the
DR-3 sampling location. Circumneutral mine waters in other
underground systems that have air exchange often contain
less CO, and ferrous iron, pH> 7.4, are elevated in Eh and

dissolved oxygen, undersaturated with respect to carbon-
ate phases, and with metal concentrations controlled by Fe
oxide sorption (Desbarats and Dirom 2006). Baseflow SLT
mine water (and even some SMRE water) is in equilibrium
with respect to smithsonite (Fig. 10a). Smithsonite is typi-
cally found as a reaction byproduct of sphalerite oxidation,
occurring generally beneath a water table (Ridgley 2018),
as occurs at the Rico site. The dissolved Zn concentrations
appear to flatten at pH values > 6.8 and could be related to
dilution, or another unidentified mineral phase or ion pair.
The shortfall of this type of plot is that P, and pH values
systematically change at the same time and P, decreases
as pH increases (as shown by different equilibrium lines
calculated for different P, values) and could account for
the flattening of the Zn concentrations. Changing the mine
water conveyance to DR-3 during the relief-well construc-
tion project allowed more water sample aeration early in
the study and those higher pH baseflow values were from
that period. The average of log saturation indices for smith-
sonite in all baseflow samples was -0.022. Calculations
were made to determine if Cd concentrations were solubil-
ity controlled, but waters were consistently undersaturated
with respect to otavite and other Cd minerals. The positive
correlation between Zn and Cd concentrations (Table S-1)
in SLT mine waters may be the result of Zn/Cd ratios in
oxidizing sphalerite (or turkey fat) ores (Bao et al 2021),
or the existence of a solid solution of smithsonite/otavite
(Ridgley 2018). The rhodochrosite phase diagram (Fig. 10b)
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Fig. 9 Diagram of Rico Argentine mine workings reporting to the Saint Louis Tunnel

shows the baseflow concentrations of Mn are near satura-
tion or slightly undersaturated with respect to rhodochrosite
(log SI=—- 0.50). The siderite phase diagram (Fig. 10c)
illustrates that baseflow dissolved iron concentrations are
near equilibrium or slightly undersaturated with respect to
siderite (log SI=— 0.55). Saturation of SLT baseflow with
respect to Zn, Mn, and Fe carbonate minerals occurs due
to attenuation of acid mine drainage transported through
flooded portions of the mine underground and equilibrium
with the metal carbonates that occur naturally in mineral-
ized fractures and in saturated underground mine workings.
Slight undersaturation with respect to Mn and Fe carbonate
minerals likely occurs because all of the SLT tunnel drainage
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water does not migrate through mineralized faults and frac-
tures during baseflow.

Thermodynamic modeling of the SLT waters (DR-3 dis-
charge) indicates that Cu, Pb, and As were undersaturated
with respect to any carbonate minerals within The Geo-
chemist’s Workbench databases and that concentrations
were likely controlled by mixing circumneutral baseflow
waters with other acid drainage from upper mine workings
and/or sorption of metals to iron oxides. The percentage of
dissolved concentrations (M(diss)/M(total)) in baseflow for
these metals are low, with averages of 13%, 5%, and 15% for
Cu, Pb, and As, respectively (Table 1). The As ratio is artifi-
cially high as both total and dissolved As concentrations are
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Fig. 10 Phase stability diagrams for a smithsonite, b rhodochrocite,
and c siderite plotted with chemical data for DR-3 baseflow, DR-3
SMRE, and upper mine workings analyses plotted with respect to

mostly near detections limits. The specific metal removed
by adsorption depends on pH, in the general order of As
being adsorbed at lower pH, then Pb, Cu, Mn, Zn, and Cd
as pH increases (Langmuir 1997; Smith 1999). Other factors
also influence metals removal by adsorption, but typically
Mn, Ni, Zn, and Cd are only efficiently adsorbed when pH
is above neutrality (Smith et al. 1992). Therefore, Cd, Mn,
Ni, and Zn in the baseflow SLT mine water are mostly in the
dissolved phase (Table 1, Fig. 5a—d). When waters emerge
from the SLT, degassing of CO, and oxidation of ferrous Fe
by dissolved oxygen will take place within settling ponds
and result in higher pH values and precipitation of fresh iron

phase boundaries. Different assumptions of P, are also plotted (val-
ues within the SLT are unknown) but 0.031 atm was the average cal-
culated for baseflow samples collected at DR-3

oxyhydroxides in the form of ferrihydrite. Research suggests
that earlier settling pond design criteria for oxidation and
removal of ferrous Fe (Hedin et al. 1994) may be insufficient
to degas CO, and oxygenate CO,-rich net-alkaline waters
and use of less passive methods may be appropriate (Kirby
et al. 2009). The Zn(S)/Fe(S) of suspended solids discharged
directly from DR-3 during baseflow is only about 0.04
(Table 1), reflecting lower pH values where iron was pre-
cipitated and potentially increased ripening (crystallinity) as
it is transported through the system. Sorption of Zn to fresh
ferrihydrite will eventually occur during treatment when oxi-
dation of ferrous Fe occurs at pH values >7 and maximum
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Table 3 Mine water concentrations from the Rico-Argentine workings and in St. Louis Tunnel discharge

Location Sample date  Sulfate Iron Cadmium Copper Manganese Zinc Sum metals® pH  Bicar-
bonate
alkalinity

mg/L mg/L.  pg/L pg/L pg/L pg/L pg/L s.u mg/L

Argentine Tunnel® 6/23/2011 6180 1950 12,000 349,000 294,000 2,460,000 2,766,000 225 -

Blaine Tunnel 8/4/2011 279 315 339 4140 28,200 61,700 94,379 225 -

Blaine Tunnel 10/3/2011 6370 1390 953 15,800 61,600 161,000 239,353 270 -

Blaine Tunnel 9/5/2012 - 1890 1540 26,600 107,000 226,000 361,140 220 <200

Blaine Coffer Dam 10/6/2011 9690 2190 1180 30,300 115,000 199,000 345,480 - -

Blaine Inflow 1° 8/4/2011 - 46 285 2250 17,000 51,500 71,035 33 -

517 Shaft 10/3/2011 1630 81.7 399 2700 23,300 67,700 94,099 - -

517 Shaft 455 ft 10/3/2011 1650 753 390 2810 23,400 67,500 94,100 25 -

517 Shaft 475 ft 6/23/2011 618 0445 52 55.2 4270 10,200 14,577 6.70 -

SLT Discharge (DR-3)  8/17/2011 512 1.5 19.4 44 2920 4630 7574 739 -

SLT Discharge (DR-3)  10/20/2011 535 1.09 175 <5.00 2250 3810 6078 740 -

SLT Discharge (DR-3)  9/5/2012 622 0.349 195 25 1970 3890 5882 692 974

Data are for dissolved (0.45 pm) filtered samples

# Argentine Tunnel location described as "Lower Acid Pool" and not representative of flowing water

®Sample from water flowing into the Blaine Tunnel from a raise; other Blaine Tunnel samples from pooled water in-by of the Blaine Tunnel cof-

ferdam

°Sum metals: concentrations of cadmium + copper + manganese + zinc

particulate Zn/Fe values are achieved. Dissolved Zn/Fe in
the average SLT baseflow discharge is 1.4 (Table 1), and it
is unlikely that Zn treatment goals will be achieved using
oxidation/precipitation and settling with ferrihydrite alone.

Chemistry of SLT Mine Water During SLT Snowmelt
Runoff Event

Capture of snowmelt runoff in the SLT system greatly
affects the chemistry of the SLT discharge water. Migra-
tion of runoff water through the upper workings during
the SLT SMRE mobilizes (flushes) acid sulfate weather-
ing products produced during the year and stored in dis-
connected pools and as acid precipitates on mine walls
and above water levels (Desbarats and Dirom 2006; Jam-
bor et al. 2000; Nordstrom 2011a, b). Table 3 contains
the available chemical data for the upper mine workings
and illustrates low pH values (2-3) and high metals con-
centrations. Annual flushing of the upper workings does
not occur every year (Fig. Sa—d). In 2016 and 2020, the
snowpack (Fig. S1) and subsequent snowmelt runoff was
low and muted Zn concentration peaks occurred. In 2018,
there was even less snowmelt runoff and no SLT SMRE
signature was apparent in Zn concentrations (Fig. 5a). It
is interesting that the year following the lack of flushing in
2018, the 2019 SLT SMRE shows even greater peak met-
als concentrations (Zn, Mn, Cd) suggesting the previous
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year’s stored acidic materials contributed to the following
year’s metals concentrations. The SMRE signatures for
Zn and Cd (Fig. 5a, c) appear different than those of Mn,
Ni, and Cu (Figs. 5b, d, 6b, respectively). Plots for Zn
and Cd concentrations show abrupt rises and falls of the
SLT SMRE, whereas Mn, Ni, and Cu concentrations rise
abruptly, and then trail off as the SMRE wanes. The ability
to see this trailing contribution is likely due to the greater
dissolved 2019 SMRE peak/average baseflow concentra-
tion ratios during 2019 (6 and 8 times) for Zn and Cd
(Table 1), vs. lesser 2019 SMRE peak/average baseflow
concentration ratios (3 times) for Mn and Ni. The abrupt
rise in these metal concentrations and low pH values rep-
resent a challenge for passive biotreatment systems that
take time to acclimate to changing conditions (Dean et al.
2022; Sobolewski et al. 2022). The SLT SMRE concentra-
tions of Zn, Mn, Cd, and Ni are almost completely in the
dissolved form, as pH values are well below 7 and sorption
to precipitated Fe oxides is limited.

The SLT SMRE results in a mixture of circumneutral
groundwaters in equilibrium with metal carbonate min-
erals and snowmelt runoff that has flushed stored acidic
materials from the upper mine workings formed during
the fall and winter low flow seasons (acid mine drainage).
These SMRE waters plot on stability diagrams for Zn and
Mn (Fig. 10a, b, respectively) between the equilibrated
baseflow samples (gray points) and samples collected from
pools from the upper workings that contain stored acidic
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sulfate weathering products (gold points). Mixing of these
waters controls the Zn and Mn concentrations of SMRE
waters discharging from the SLT tunnel during the spring.
Concentrations of Cd closely correlate with Zn during the
SLT SMRE flow and baseflow. This may be due to Cd
substitution in the oxidizing sphalerite (Bao et al 2021),
or because Cd and Zn carbonates can form solid solutions
in carbonates (Ridgley 2018) in natural fractures and the
saturated zone of mine workings. Although Fe, Cu, Pb,
and As are primarily contained in the suspended fractions,
mixing of baseflow and SMRE waters did cause some
increased dissolved concentrations of Fe, Cu, Pb, and As
in 2015, 2016, 2017, and 2019 (Fig. 6a—d). Dissolved Cu
concentrations increased during SMRE with peak concen-
trations during 2019 of 100 times the average baseflow
concentration (Table 1). Spikes in total Fe concentrations
outside the SLT SMRE were often related to SLT con-
struction projects on the site and were coincident with high
TSS values. These elevated total Fe concentrations co-vary
with concentrations of Cu, As, and Pb (Tables S1 and S2).
Copper is the metal most likely displaying sorption control
on Fe-oxides at the pH values of the SMRE mine water.
Suspended Cu divided by suspended Fe concentrations are
plotted as a time-series in Fig. 11 to illustrate increased
copper sorption during the peak SMRE periods, due to
higher dissolved Cu concentrations, despite mildly acidic
pH values.

Loadings of metals to potential passive treatment sys-
tems are important for system design and are shown with
time-series plots for each metal in supplemental Figs.
S-2a—-d and S-3a-d. Although it was originally thought
that peak SLT metals concentrations occurred at the peak
of the SLT hydrograph, it was determined that the peak
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concentrations occur on the rising limb of the SLT hydro-
graph (SMRE) and not the peak. Since the SLT SMRE
occurs during high SLT metals concentrations and ele-
vated SLT flows, the relative increase in load is greater
than that explained by concentrations alone. Metals load-
ing values plotted with time show more skew later in the
season, as the metal concentrations decline more quickly
than the falling SLT hydrograph.

Challenges in Seasonal Chemistry and Flow

Effective treatment and discharge of SLT mine water may
continue to be challenging during two seasons: (1) SMRE
that occurs for both the SLT and Dolores River, and (2)
Dolores River low flow (late fall and winter). The SMRE
for the SLT is characterized by higher mine water flows,
lower pH, higher P, and higher metals concentrations in
SLT discharge. Abrupt short-term changes in SLT chemistry
during the SMRE may result in a lower treatment efficiency
event while biological organisms adapt to changes in influent
chemistry (Dean et al. 2022; Sobolewski et al. 2022). More
frequent water management may be required during this
short season. The SMRE season also correlates well with the
high flow stage of the Dolores River (Fig. 8). Both the timing
and intensity of the SLT SMRE and Dolores River freshet
(SMRE) correlate well year-to-year during the study period.
This relationship should continue indefinitely, as both SLT
SMRE chemistry and peak river flows are caused by snow-
melt runoff. The flow ratio of the Dolores River/SLT flow
can be used to calculate the hypothetical effects of untreated
SLT mine water (zero treatment efficiency) allowed to flow
to the Dolores River (Fig. 12). Delta Zn is the calculated
increase in Zn concentrations of mixed waters above that
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already existing in the upstream Dolores River water. Fig-
ure 12 shows that peak SLT metals concentrations and flow
may occur during the SMRE but are offset by concurrent
peak Dolores River flows and minimal delta Zn values. The
SMRE season challenges the efficiency of the biotreatment
cells, but there is less potential to adversely affect Dolores
River water quality during this high flow period.

Low flow periods of the Dolores River occur during late
fall/winter and pose the second seasonal challenge to pas-
sive biotreatment of mine water at the Rico site. Flow ratio
of the Dolores River/SLT flow ranges from a low of < 10
during winter to a maximum of > 800 during the high river
stage (SMRE). Fortunately, the period during low river stage
also corresponds with SLT discharge with less flow, higher
pH, and lower metals concentrations, where passive biotreat-
ment of mine waters is most effective. Geothermal effects on
mine water discharge will also result in relatively constant
warm water influent temperatures during this cold ambient
temperature period.

The consistency between the rising limb of the Dolores
River hydrograph (SMRE) and the SLT SMRE low-pH
high-metal concentrations response provides an opportunity
to predict the timing of the abrupt SLT SMRE chemistry
effects, manage mine water sampling and system operations,
design future treatment systems, and develop discharge
standards. Access to the site, especially the higher eleva-
tions where upper workings are located, is very difficult
during winter and snowmelt conditions. Dolores River flow
measured at the USGS station can be used as an indicator
of the onset of SMRE conditions in the SLT mine drainage
discharge. The SMRE onset is easier to detect in the Dolores

@ Springer
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River hydrograph, as the range of flow increases 317 times
for the Dolores River event, as opposed to 3.3 times for the
SLT flow (2014-2020 data).

Conclusions

The SLT baseflow hydrograph is dominated by snowmelt
and rainfall infiltration, groundwater recharge, and collec-
tion via the SLT system of mine workings, crosscuts, and
tunnels. Another significant event occurs when snowmelt
runoff predictably enters the system via preferential path-
ways along the Blackhawk Fault (also the alignment of the
NW and SE crosscuts) and flushes acidic drainage from
the upper-mine workings.

The baseflow of the SLT mine drainage is circumneu-
tral and thermodynamic analysis suggests equilibrium with
metal carbonate minerals (smithsonite, rhodochrosite, and
siderite). These carbonates form as acid mine drainage is
neutralized and are found naturally in the mineralized ore
deposits. Other metals (Cu, Pb, and As) that occur pre-
dominantly in the suspended phase as metals are adsorbed
or coprecipitated with Fe oxides.

The SMRE results in mine water discharge with lower
pH and higher metals and CO, concentrations. This mine
water results from mixing of circumneutral groundwater
captured from the flooded lower mine workings with acidic
salts stored in the upper mine workings and mobilized
during snowmelt runoff drainage through the upper-mine
workings. The SMRE is brief, predictable, and highly cor-
related with the Dolores River flow hydrograph.
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Geothermal activity associated with this mineralized
area results in near-constant year-round temperatures
of SLT discharge, despite a large range in ambient air
monthly average temperatures at the site.

Since snowmelt runoff rates drive the rising limb and
peaks of the Dolores River hydrograph and the SLT SMRE
events, Dolores River flows can be used to predict the onset
and duration of the SMRE, manage sampling and operations
of treatment systems, and develop seasonal discharge criteria
to the Dolores River.

The challenging seasons for passive treatment systems
will be: (1) the abrupt seasonal SMRE effects of SLT dis-
charge chemistry and flow on biological treatment systems,
and (2) the low flow ratio of Dolores River/SLT flow that
occurs in late fall and early winter months.
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