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Abstract
This is the second of three papers dealing with metal-bearing circumneutral mine drainage from the inactive Rico-Argentine 
mine site located at an elevation of ≈ 2740 m (9000 feet) in the San Juan mountain range in southwestern Colorado. This 
paper evaluates two years of mine drainage treatment using a passive system that included a vertical-flow engineered biotreat-
ment cell. The collapsed St. Louis Tunnel (SLT) discharges circumneutral mine water from several sources that contains 
elevated concentrations of Cd, Cu, Fe, Mn, Zn. A demonstration-scale 114 L/min (30 gpm) gravity-flow passive treatment 
system was installed, consisting of a settling basin (utilizing coagulant addition to improve suspended solids settling effi-
ciency), an anaerobic sulfate-reducing bioreactor, and an aeration cascade for effluent polishing. The treatment system 
generally met target treatment goals for Cd, Cu, Fe, and Pb. Nanophase ZnS in system effluent decreased the frequency 
of meeting total Zn project treatment goals. Unexpectedly high levels of Mn removal were observed in both the anaerobic 
bioreactor and the aeration cascade. Large seasonal variations in influent metals concentrations and pH present the greatest 
challenge in managing system performance.
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Introduction

At the remote inactive Rico-Argentine silver–lead–zinc mine 
site located in southwestern Colorado, metal-bearing mine 
drainage from several sources discharges year-round from 
a collapsed former haulage and drainage tunnel known as 
the Saint Louis Tunnel (SLT). Discharge from the SLT is 
circumneutral and contains elevated concentrations of Cd, 
Cu, Fe, Mn, and Zn. Flow rates range from 1670 L/min 
(440 gpm) to 5320 L/min (1400 gpm) (details in Lewis-
Russ et al. 2022). The site is located at an elevation of ≈ 
2743 m (9000 ft) in the San Juan mountain range. Winter 
weather conditions at the site are typical for high-elevation 

alpine environments; temperatures regularly reach as low 
as − 29 °C (− 20 °F), average annual snowfall is 4390 mm 
(173 in), and multiple avalanche paths runout on the site. 
Additional background information about the site can be 
found in Lewis-Russ et al. (2022).

Because of the site’s remote location, high elevation, 
periodic avalanches, and extreme winter weather, year-round 
operation of active chemical treatment systems, such as lime 
treatment, is operationally difficult. The site was considered 
an excellent candidate for a gravity-flow passive treatment 
system that would require minimal operation and monitor-
ing during the winter season. Bench- and pilot-scale studies 
were started in 2012 (Sobolewski et al. 2022) and indicated 
that the mine drainage at the site was amenable to passive 
treatment via augmented gravity settling and sulfate-reduc-
ing bioreactors. The primary objectives of this study were to 
determine achievable year-round project-specific treatment 
levels, to understand seasonal management requirements for 
year-round operation, and to develop design criteria for a 
potential full-scale treatment system.

This paper is the second of three related papers regarding 
this project. The first, Lewis-Russ et al. (2022), presents site 
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historic data and a conceptual site model for the seasonal 
SLT flow and composition. This paper presents design and 
performance information and lessons learned from a pas-
sive vertical-flow system. The third paper, Sobolewski et al. 
(2022), presents information from a passive horizontal-flow 
system. Studies of the two treatment systems were conducted 
over the same time period, using the same seasonally vary-
ing influent water, at a nominal 30 gpm flow rate to facilitate 
evaluation of the technologies that would be further tested 
at the site.

Background

Passive treatment of metal-bearing mine drainage is well-
documented in the literature. As early as the late 1970s, 
papers were published describing natural attenuation of 
acidic mine drainage (AMD) that passed through natu-
rally occurring Sphagnum bogs in Ohio (Huntsman et al. 
1978) and West Virginia (Wieder and Lang 1982). Fol-
lowing these discoveries and passage of the Clean Water 
Act (CWA) in the United States in 1972, the potential for 
low-cost treatment of metals-bearing mine drainage using 
wetland-type treatment systems generated considerable 
academic and regulatory interest. By the early 1990s, over-
view papers summarizing the technology had been pre-
sented and published (e.g. Hedin et al. 1994; Kleinmann 
1991; Nairn and Hedin 1993). Full-scale sulfate-reducing 
bioreactors treating flows in excess of 3785 L/min (1000 
gpm) were in use by the late 1990s (Gusek et al. 1998).

Implementation of passive treatment in general, and sul-
fate-reducing bioreactors specifically, slowed in the early to 
mid-2000s following poor performance or outright failure 
of several prominent systems (Johnson and Hallberg 2002). 
The most common failure modes were loss of hydraulic 
conductivity in the organic matrix due to insufficient pre-
treatment of influent suspended solids, selection of overly 
fine-grained matrix materials, and selection of matrix mate-
rials with poorly bioavailable organic carbon (Neculita et al. 
2007). Subsequent research attempted to identify and devise 
matrix materials that optimize organic carbon bioavailability 
(Figueroa et al. 2004) and provide grain sizes that ensure 
long-term maintenance of hydraulic conductivity (Hagerty 
et al. 2011).

Sulfate-reducing bacteria (SRB) are obligate anaerobes 
capable of reducing sulfate to sulfide when provided with a 
labile organic carbon source and an anaerobic environment. 
Organic carbon serves as the electron donor while sulfate 
serves as the terminal electron acceptor. The reaction is gen-
erally expressed as:

2CH2O + SO
2−

4
→ H2S + 2HCO

−

3
;

where  CH2O in the sulfate reduction reaction is a generic 
representation of simple organic carbon (Widdel 1988). The 
soluble sulfides  (H2S,  HS−) react with metals to form insolu-
ble metal sulfide precipitates:

where M is typically a divalent cationic metal such as Cd, 
Fe, Ni, Cu, or Zn. Sulfate-reducing bacteria are only capable 
of oxidizing simple, short-chain organic carbon compounds 
and cannot directly utilize complex organic carbon sources 
(i.e. cellulose, hemicellulose) provided in typical sulfate-
reducing bioreactors (Postgate 1984). The SRB in these bio-
reactors rely on other cellulolytic and fermenter microbes to 
degrade complex organic carbon compounds into simpler 
molecules, and SRB activity can be limited by the activity of 
these cellulose-degrading microflora (Figueroa et al. 2004; 
Neculita et al. 2007).

Using thermodynamic modelling to explain metal con-
centrations from wetlands systems has had limited success, 
due to limited availability of thermodynamic data for poorly 
crystalline sulfide mineral phases and difficulties in filtering 
colloidal metal sulfide particles from water samples (Gam-
mons and Frandsen 2001). Use of total and dissolved metal 
data is important in understanding metal partitioning in wet-
land systems (Gammons et al. 2000).

Methods and Materials

A general arrangement drawing of the passive treatment 
system, herein referred to as the vertical biotreatment train 
(VBTT) is presented in Fig. 1. The principal components 
of the VBTT consist of a settling basin (settling basin no. 2 
[SB2]) for removal of settleable solids (primarily particulate 
Fe oxyhydroxides with other sorbed metals), an anaerobic 
sulfate-reducing bioreactor (biocell) for removal of Cd, Cu, 
and Zn via sulfide precipitation, and an aeration cascade for 
removal of residual dissolved sulfide and restoration of dis-
solved oxygen (DO).

Settling Basin No. 2 (SB2)

SB2 was constructed as a gravity-fed, geomembrane-lined 
basin with a surface area of 191  m2, a volume of 141  m3, a 
nominal hydraulic residence time (HRT) of 20 h at a flow 
rate of 114 L/min (30 gpm), and a hydraulic loading rate of 
0.60 L/min/m2 (0.015 gpm/ft2). SB2 was designed with a long 
and narrow profile (length to width ratio of 3.4:1) meant to 
prevent short-circuiting and maximize settling capacity (key 
SB2 dimensions are presented in supplemental Table S-1). 
SB2 was designed with a central “sump” area to concentrate 
settled solids in the deepest part of the basin where they are 

H2S + M
2+

→ MS ↓ + 2H
+
;
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isolated from disturbance by wave action and can be more 
easily removed during maintenance activities. Floating high-
density polyethylene (HDPE) insulating balls were placed 
across the entire surface of SB2 to minimize heat loss during 
winter operation and reduce wave action at the SB2 water sur-
face. A baffle curtain was installed across the width of SB2 to 
enhance particle settling by promoting an even distribution of 
water flow across the basin and reducing short-circuiting. The 
baffle curtain was installed near the basin inlet to maximize its 
effect on solids settling.

Unpublished data from a previous pond system at the site 
indicated that particulate settling rates of raw mine water were 
too slow to achieve sufficient clarification to prevent plugging 
of the bioreactor media. These observations were further sup-
ported by laboratory particle size analysis, which indicated 
that 90% of particulates were colloidal in size and finer than 
1.24 µm. Laboratory screening was performed to test the effi-
cacy of multiple coagulants and flocculants. Aluminum chlo-
rohydrate was the most effective coagulant tested, practical 
to implement, and therefore selected for use in this study at a 
rate of 15 mg/L. The coagulant was added using a peristaltic 
pump and static mixing chamber just prior to the settling basin.

Biotreatment Cell

The biocell was constructed as a gravity-fed, geomembrane-
lined basin with a surface area of 278  m2, an organic sub-
strate volume of 272  m3, and a nominal HRT of 12 h. Key 
biocell dimensions, volumes, and estimated matrix poros-
ity are presented in supplemental Table S-2. The organic 
matrix consisted of ≈ 65% (by volume) wood chips (2.5 cm 
[1.0 inch] to 5 cm [2.0 inch] diameter), 25% wood shav-
ings (1.3 cm [0.5 inch] to 2.5 cm [1.0 inch] diameter), 5% 
chopped alfalfa hay, and 5% composted cattle manure. Wood 
species consisted of pine, fir, spruce, and/or aspen, with 
primary consideration given to local availability. All wood 
products had been stockpiled by the vendor for at least 1 year 
and were not produced from fresh-cut wood.

An influent pipe network consisting of perforated PVC 
pipe laterals distribute flow across the cell surface. Effluent 
from the biocell was collected through a network of perfo-
rated PVC pipe laterals placed across the entire cell bottom. 
Effluent laterals are bedded in a layer of drainage rock. The 
effluent piping was connected to an adjustable-height outlet 
structure (Agridrain™) that allows for up to 60 cm (2 ft) of 
water level adjustment. Water level adjustment provide for 
HRT control, in order to maintain effluent sulfide concentra-
tions in the optimum range.

Aeration Cascade

The aeration cascade was constructed as a series of five 
high-density polyethylene (HDPE) troughs, each 0.6 m (2 

ft) deep, 0.6 m (2 ft) wide, and 3 m (10 ft) long. Treated 
effluent free-fell 0.5 m (1.5 ft) between each trough into open 
water to maximize air-stripping of  H2S gas and  O2 dissolu-
tion. Complete design criteria for the aeration cascade are 
provided in supplemental Table S-3.

Flow through the aeration cascade was entirely gravity-
driven and effluent depth was controlled by the spillway ele-
vation of each trough. The number of troughs was selected 
based on the existing topography. Total hydraulic head loss 
through the aeration cascade was ≈ 2.3 m (7.5 ft), or ≈ 70% 
of the 3.2 m (10.5 ft) of head loss through the entire system. 
This total fall height was within standard criteria for cascade 
aerators, which typically range from 2 m (6.5 ft) to 7 m (23 
ft) (TU Delft 2010). Trough depth and the 0.5 m (1.5 ft) fall 
height between troughs was selected based on established 
design criteria for cascade aerators (TU Delft 2010) to maxi-
mize aeration efficiency. The downgradient half of each aer-
ation cascade trough was filled with 7.6 cm (3-inch) nominal 
diameter, angular limestone rock to provide surface area for 
the growth of aerobic sulfide-oxidizing bacteria. Biological 
oxidation of sulfide proceeds up to five orders of magnitude 
more rapidly than abiotic oxidation of sulfide, with the high-
est rates of biological sulfide oxidation achieved by aerobic 
chemotrophic bacteria (Luther et al. 2011).

Telemetry System and Analytical Monitoring

A telemetry system was developed to remotely monitor the 
status of the VBTT and provide authorized real-time access 
to data via the internet. Real-time system monitoring mini-
mized the need for personnel to enter the site during winter 
operations.

The YSI EXO2 sondes were deemed to be most appro-
priate for long-term deployment in these aquatic environ-
ments. They were equipped with several sensors to measure 
pH, oxidation–reduction potential (ORP), DO, temperature, 
conductivity, turbidity, and water depth. These sondes were 
calibrated monthly and periodically cleaned of accumulated 
biofilm. A weather station and remote cameras were also 
connected to the telemetry system. Monitors were installed 
around the aeration cascade to quantify any potential safety 
risks posed by hydrogen sulfide gas.

Sampling and Analysis

Water samples were collected on a nominal frequency of 
monthly or semi-monthly from the inlets and/or outlets of 
each VBTT component (Fig. 1). Sampling frequency was 
increased to weekly during startup due to rapidly chang-
ing conditions. Some sampling events were skipped due to 
weather and site access issues. Metals analyses were con-
ducted using total and dissolved (filtered using 0.45 μm 
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filters) sample collection techniques (U.S. EPA 1994). Water 
samples were analyzed for metals and other water quality 
parameters by a commercial laboratory using standard U.S. 
EPA-approved methods (Lewis-Russ et al. 2022).

Results

General Water Chemistry

The primary effects on general water chemistry were from 
the seasonal variability of the influent waters and chemical 
reduction in the biotreatment cells. Median values for the 
SLT are included in Table 1 and the seasonal variability 

of water chemistry is detailed in Lewis-Russ et al. (2022). 
The SLT mine water is typically circumneutral; however, the 
freshet that occurs following snow melt can have pH values 
(Fig. 2) as low as 6.2 at the initiation of the freshet. The 2015 
freshet lasted longest and produced the most negative impact 
on the biocell, with a minimum pH value of 6.5. Alkalinities 
ranged from 30 to 150 mg  CaCO3/L.

Start up and maturity of the VBTT was best visualized 
with biocell effluent sulfide concentration data. Early sam-
ple results showed that sulfides were only present in the 
biocell and aeration cascade effluents and monthly meas-
urements were collected at those locations (Fig. 3). Startup 
of the system was subject to very low redox values begin-
ning at < − 444 mV (vs. Ag/AgCl) and water levels in the 

Fig. 1  Vertical biotreatment 
train general arrangement draw-
ing. Includes primary sampling 
locations, Influent, SB2EFF, 
BTEFF, and AC2EFF
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biocell were lowered via the effluent Agridrain to decrease 
the retention time. Sulfide concentrations increased over the 
first month to values of 100–1000 mg/L. The readily avail-
able organic matter in the biocell medium produced a brown 
color in the effluent water during this time, as the dissolved 
organics were degraded. An abrupt decrease in sulfide con-
centrations from the biocell effluent occurred in Novem-
ber 2014 to values of 4–8 mg/L with a slight downward 
concentration trend. The onset of the 2015 freshet caused a 
decrease in sulfides at the BTEFF and AC2EFF locations, 
reaching < DL values halfway through the freshet season and 
extending one month past the freshet. Sulfide concentrations 
at BTEFF increased to an average of 1 mg/L after the 2015 
freshet, then decreased less dramatically during the 2016 
freshet. Sulfides again recovered to pre-freshet concentra-
tions after the 2016 freshet. Sulfide concentrations in the 
aeration cascade effluent (AC2EFF) showed a decreasing 
trend over the duration of the study (especially during 2016) 
with a final removal efficiency of 97%.

One question at the beginning of the study was whether 
the harsh winters and low winter temperatures at this eleva-
tion would cause a significant seasonal limitation to passive 
biotreatment. Average monthly temperatures are plotted for 
each VBTT component effluent (Fig. 4). The geothermally-
influenced influent water had a narrow range of 18.3–19.3 °C 
over the study. Use of insulating balls on the exposed water 
surface in the settling pond (SB2) limited thermal losses 
but most thermal loss occurred in the settling basin. The 
minimum effluent water temperatures emanating from the 
VBTT were 8 °C in November 2015 (AC2EFF). Year-round 
input of warm geothermal water into the system resulted in 
minimal seasonal thermal effects on treatment efficiency that 
were otherwise overwhelmed by the seasonal influent water 
chemistry effects of the annual freshet.

Metals Concentrations

The greatest factor influencing metals concentrations dis-
charged from the VBTT was the seasonal influent metals 
concentrations and flows, as described in Lewis-Russ et al. 
(2022). These variations are attributable to snowmelt infil-
tration into the mine workings and dissolution of soluble 
metal salts and acids. Influent concentrations of total Cd, Cu, 
Mn, and Zn increased by an average of 330%, 560%, 111% 
and 396% in spring 2015 and 2016 (Table 2). Time series 
plots for Cd, Cu, Fe, Mn, Pb, and Zn total concentrations 
are contained in Figs. 5, 6, 7, 8, 9, 10, respectively, for the 
VBTT influent and effluents from the SB2 (SB2EFF), the 
biocell (BTEFF), and aeration cascade (AC2EFF) (Fig. 1). A 
complete set of time series plots are included as supplemen-
tal figures using log concentration axes to better present low 
concentration data (Figs. S-1 to S-6). Cumulative probability 
data for metal concentrations are contained in supplemental 

Figs. S7–S12. The project treatment goals (discussed in 
Sobolewski et al. 2022, this issue) are presented in Table 3 
and Figs. 5, 6, 7, 8, 9, 10 and are primarily dissolved met-
als standards. However, for discharge permits in Colorado, 
effluent monitoring to determine compliance with metals 
must use the “potentially dissolved” method unless it is 
demonstrated that the dissolved analyses are statistically 
comparable to the potentially dissolved analysis (CDPHE 
2017). For this study, total recoverable metals were used as 
a conservative surrogate for potentially dissolved concentra-
tions and were compared with project treatment goals, along 
with dissolved concentrations.

The behavior of metals in the VBTT water depended on 
whether each metal was dominated by adsorbed/precipitated 
phases (e.g. Fe, Pb, and Cu to some extent), or soluble met-
als concentrations (e.g. Mn, Cd, and Zn). The seasonal varia-
bility of total Fe concentrations in the VBTT influent (Fig. 7) 
shows that the highest concentrations occurred before and 
after freshets and correlate to some extent with turbidity. 
Carryover from the settling basin at SB2 during these shoul-
der seasons results in filtration of Fe particulates at the sur-
face of the biotreatment cell media (based on visual obser-
vation) and is important to the required maintenance and 
long-term life expectancy of the media. Figures 7, S-3 and 
the cumulative probability plot for total Fe concentrations 
(Fig. S-9) at the VBTT effluent show that only one point 
exceeded the project treatment goals by a small margin.

Total Pb is another metal that is primarily in the solid 
phases at the VBTT influent and correlates with Fe, sug-
gesting that it is predominately sorbed to Fe oxides (Fig. 9). 
The highest concentrations were in the freshet’s shoulder 
seasons. The time series plot and cumulative probability 
plots for total Pb in VBTT effluent (Figs. S-5 and S-11) 
illustrate that Pb met all project treatment goals during the 
study (Table 4).

Total Cu shows mixed behavior, being predominantly 
sorbed to Fe oxides during the freshet shoulder seasons, but 
with higher dissolved concentrations during the lower pH 
freshet periods (Fig. 6). The dissolved Cu carries through the 
settling basin (SB2) but is attenuated readily in the biocell 
(BTEFF) by complexation to organic matter and sulfide pre-
cipitation. The time series plots and cumulative probability 
plot for total Cu (Figs. 6, S-2, and S-8) show that total Cu 
met project treatment goals throughout the study on both a 
total and dissolved basis (Table 4).

Zn primarily entered the VBTT in the soluble phase 
and total Zn concentrations (Fig. 10) reached their highest 
influent concentrations immediately as the mine drainage 
hydrograph began to rise (Lewis-Russ et al. 2022). Changes 
in influent pH are subtle during freshet (minimum values 
of 6.5–6.2 compared to 6.8–7.1 during non-freshet periods) 
but these corresponding increases in dissolved Zn con-
centrations during freshet are consistent with smithsonite 
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Table 1  Summary of influent 
water chemistry (Median 
values) from the St Louis 
Tunnel

Values are highly seasonal and extreme values during freshet are included if they occur (Lewis-Russ et al. 
2022). Values during freshet are maxima, except where noted

Analyte Units Median values Freshet max/min

Total analysis Dissolved analysis Total freshet Dissolved freshet

Al μg/L 726 86.3 2070 1780
As μg/L  < 0.065  < 0.065
Cd μg/L 22 21.2 88.5 88.2
Cu μg/L 129 14.3 777 690
Fe μg/L 5730 2020
Pb μg/L 4.4  < 0.13
Mn μg/L 2290 2260 4310 4260
Ni μg/L 5.5 5.5 11.1 11.0
Zn μg/L 4070 3850 14,700 14,400
pH su 6.7 6.2 (min)
ORP mV (Ag/AgCl) 27 163
Alkalinity mg/L 97.4 32 (min)
Sulfate mg/L 622 908

Fig. 2  Field pH data. Primary 
sampling locations include 
Mine Water Influent, Settling 
Basin 2 Effluent (SB2EFF), 
Biotreatment Cell Effluent 
(BTEFF), and Aeration Cascade 
Effluent (AC2EFF). Note: 
Spring freshets indicated by 
blue shaded bars
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equilibrium (Lewis-Russ et al. 2022, this issue). There was 
limited attenuation as Fe precipitated in the settling basin, 
but most of the Zn passed through the settling basin (SB2) 
and into the biocell. The Zn concentrations exceeded the 
treatment capacity of the biocell and cascade aerator (AC2), 
and total concentrations exceeded the project goals during 
the freshet seasons of 2015 and 2016 (Figs. 10, S-6). The 
cumulative plot for total Zn indicates that project treatment 
goals were met 49% of the time (dissolved 95%), more 
frequently following system startup (61%), and frequency 
increased to the end of the study (Table 4 and Fig. S-12). 
Plots for total Cd concentrations and cumulative prob-
ability are shown in Figs. 5 and 11, respectively. Total Cd 

concentrations of the VBTT effluent were within project 
treatment goals throughout the study (Table 4).

Manganese is also predominantly soluble in the 
VBTT inf luent and shows similar behaviors to Zn, 
with influent Mn concentrations during freshet consist-
ent with rhodochrocite equilibrium (Lewis-Russ et al. 
2022). Exceedances of project treatment goals occurred 
during system start up and freshet seasons (Fig.  8). 
Although significant attenuation of Mn in the VBTT 
was not expected, significant Mn attenuation occurred 
in both the biocell and aeration cascade (AC2). The 
cumulative probability plot for total Mn illustrates that 
80% met project treatment goals (95% for dissolved), 

Fig. 4  Average monthly tem-
perature for water within the 
Vertical Wetlands Treatment 
Train (VWTT) at the Influent 
and effluents of the Settling 
Basin (SB2EFF), Biotreatment 
Cell Effluent (BTEFF), and 
Aeration Cascade (AC2EFF). 
Locations in Fig. 1

Table 2  Percent increase in 
metals concentration during 
spring freshet—Cd, Cu, Mn, 
and Zn

The “T” and “D” refer to total and dissolved sampling/analytical methods and data, respectively

Cd (T) Cd (D) Cu (T) Cu (D) Mn (T) Mn (D) Zn (T) Zn (D)
% % % % % % % %

2015 Freshet increase 298 318 251 246 129 123 256 284
2016 Freshet increase 361 441 870 95.6 92.9 102 280 283

Fig. 5  Total cadmium data. 
Primary sampling locations 
include Mine Water Influ-
ent, Settling Basin 2 Effluent 
(SB2EFF), Biotreatment Cell 
Effluent (BTEFF), and Aeration 
Cascade Effluent (AC2EFF). 
Note: Spring freshets and 
system startup indicated by blue 
shaded bars
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Fig. 6  Total copper data. 
Primary sampling locations 
include Mine Water Influ-
ent, Settling Basin 2 Effluent 
(SB2EFF), Biotreatment Cell 
Effluent (BTEFF), and Aeration 
Cascade Effluent (AC2EFF). 
Note: Spring freshets and 
system startup are indicated by 
blue shaded bars

Fig. 7  Total iron data. Primary 
sampling locations include 
Mine Water Influent, Settling 
Basin 2 Effluent (SB2EFF), 
Biotreatment Cell Effluent 
(BTEFF), and Aeration Cascade 
Effluent (AC2EFF). Note: 
Spring freshets and system 
startup are indicated by blue 
shaded bars

Fig. 8  Total manganese data. 
Primary sampling locations 
include Mine Water Influ-
ent, Settling Basin 2 Effluent 
(SB2EFF), Biotreatment Cell 
Effluent (BTEFF), and Aeration 
Cascade Effluent (AC2EFF). 
Note: Spring freshets and 
system startup are indicated by 
blue shaded bars
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Fig. 9  Total Lead Data. Primary 
sampling locations include 
Mine Water Influent, Settling 
Basin 2 Effluent (SB2EFF), 
Biotreatment Cell Effluent 
(BTEFF), and Aeration Cascade 
Effluent (AC2EFF). Note: 
Spring freshets and system 
startup are indicated by blue 
shaded bars

Fig. 10  Total zinc data. Primary 
sampling locations include 
Mine Water Influent, Settling 
Basin 2 Effluent (SB2EFF), 
Biotreatment Cell Effluent 
(BTEFF), and Aeration Cascade 
Effluent (AC2EFF). Note: 
Spring freshets and system 
startup are indicated by blue 
shaded bars

Table 3  Project treatment goals 
for performance evaluation of 
the Vertical Wetlands Treatment 
System

The “T” and “D” refer to total and dissolve sampling/analytical techniques and data, respectively

As, T Cd, D Cu, D Fe, T Pb, D Mn, D Ni, D Zn, D
µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L

Lower target ND 2.3 8.1 903 1.22 1,908 10 476
Upper target 3.7 2.3 15.7 1,410 3.00 4,210 48 729
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more frequently (90%) as the system matured (Fig. S10, 
Table 4).

Discussion

The time series plots (Fig. 2 through Fig. 10) illustrate dra-
matic seasonal variation in influent metals concentrations, 
pH, and sulfide concentrations during the “freshet” period 
from mid-May to mid-July (Lewis-Russ et al. 2022). The 
form of these metals (particulate vs. soluble) determines the 
mechanisms of attenuation and the difficulty of treatment. 
The above results illustrate that Fe, Pb, and Cu were pri-
marily particulate, removed for the most part in the settling 
basin, have high removal efficiencies (Table 4), and met pro-
ject treatment goals over the course of the study. Cd behaved 
similarly to Zn, but total and dissolved Cd were below pro-
ject treatment goals throughout the study. The remaining 
discussion will be limited to Mn and Zn, which occur in the 
influent as dissolved species and were the greatest challenge.

Zinc Attenuation

Meeting project treatment goals for Zn was problematic 
with 49% and 95% of concentrations meeting goals for total 
and dissolved Zn concentrations, respectively (Table 4 and 
Figs. 10 and S-6). Attenuation of total Zn in the system 
predominately occurred in the biocell and is best followed 
as the difference between the biocell influent (SB2EFF) 
and effluent (BTEFF) in Fig. 11. Total and dissolved Zn 
were attenuated in the biocell as ZnS precipitated, with an 
88.6% and 98.2% average removal efficiency, respectively 
(Table 4). Comparison of influent vs. effluent total Zn con-
centrations illustrates that high levels of attenuation were 

operable from the initiation of the VBTT and also illustrates 
that most of the Zn discharged from the biocell was particu-
late ZnS. The average Zn concentrations in the total sus-
pended solids from the BTEFF during both freshet seasons 
are estimated at 57% and 85% (respectively) on a ZnS basis 
((ZnTot –  ZnDiss)/TSS). Scanning electron microscopy with 
energy dispersive x-ray spectroscopy (SEM–EDX) was used 
to image and analyze > 0.45-μm filter residue collected from 
effluent water at BTEFF. The SEM micrograph presented in 
Fig. 12 illustrates that the filter residue material was a fine-
grained filter cake, with particle sizes typically below reso-
lution (e.g. < 1 µm). The SEM–EDX spectra also illustrates 
that the material was predominantly ZnS (78% by weight). 
Colloidal ZnS particles have been noted in wetlands litera-
ture and this likely explains the ability of some of the ZnS 
particulates to pass through the filtering capabilities of the 
biocell (Gammons and Frandsen 2001; Jarvis et al. 2015).

The highest concentrations of total and dissolved Zn in 
the settling basin (SB2EFF) and biotreatment cell (BTEFF) 
effluents occurred during the 2015 freshet (Fig. 11), when 
pH and sulfide concentrations in the biocell were low (Figs. 2 
and 3). Since sulfide concentrations went below detection 
during that time, there was speculation that the SRB were 
functioning at a diminished level during that season. A mass 
balance for Zn and residual dissolved sulfide described by 
Sobolewski et al. (2022) is included as Fig. 13. The total 
precipitation capacity (TPC) is the sum of the µmol/L of 
Zn precipitated as ZnS and residual sulfide discharged from 
the BTEFF. Figure 13 contains a time series accounting 
of the precipitated calculated TPC and ZnS across the BT 
cell, total and dissolved Zn concentrations at BTEFF, dis-
solved Zn at BTINF, and the lower TPG. The startup of the 
VBTT resulted in high levels of dissolved organic carbon 
that resulted in very high concentrations of sulfides over the 

Table 4  Frequency table for 
meeting project treatment goals 
for total and dissolved metals 
concentrations at the effluent of 
the VWTT system

Also includes average monthly removal rates. Less than detection data calculated with ½ MDL. The NA 
indicates that the average removal percentage was not calculated because the majority of data were below 
detection limits

Analyte Percentage meeting project treatment goals (%)

All evaluation samples
(n = 41)

Post startup samples
(n = 31)

Average monthly 
removal percentage
(n = 41)

Total Dissolved Total Dissolved Total Dissolved

As 100 100 100 100 NA NA
Cd 100 100 100 100 99.1 99.9
Cu 100 100 100 100 99.4 99.5
Fe 98 100 97 100 95.9 82.5
Mn 83 83 90 90 49.6 50.7
Ni 100 100 100 100 NA NA
Pb 100 100 100 100 NA NA
Zn 49 95 61 94 88.6 98.2
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first two months, exceeding the amount required for metal 
attenuation. A steadily declining TPC occurred following 
startup until initiation of the 2015 freshet, when the amount 
of Zn (D) in the influent and Zn attenuation increased greatly 
and the residual sulfide decreased during the first two dates 
and went to < DL during the next three dates. Dissolved Zn 
broke through the lower TPG at BTEFF on two dates during 
the 2015 freshet; however, total Zn containing ZnS particu-
lates occurred at higher concentrations and broke through 
at all freshet dates. Although the TPC declined through the 
2015 freshet (plus one additional sampling date), there was 
still significant Zn attenuation, implying that SRB activity 
was only partially inhibited, or sulfide accumulated within 
the biotreatment cell was being mined. The reductions in 
SRB activity and residual sulfides could have been related 
to the lower pH (6.2), as the SRBs present from before the 
freshet were acclimated to the somewhat higher pre-freshet 

pH. A lower pH could be affecting the growth or sulfate 
reduction rate in the SRBs or the microbial community that 
supports them. While acidophilic strains have been isolated 
from acidic environments, most known SRBs are neutro-
philic with an optimal pH range of 6–8 (Sánchez-Andrea 
et al. 2014). There is evidence to suggest that pre-exposure 
to unfavorable conditions (e.g. aerobic stress, high metals 
loading, etc.) could select for more resilient populations 
of SRB that can be used to inoculate and treat a biocell 
(Lefèvre et al. 2013). Specific metal inhibition of SRB 
activity could also contribute to reduced activity. Labora-
tory studies in bioreactors (Utgikar et al. 2001) have shown 
EC50 values (minimum concentration to cause 50% reduc-
tion in sulfate reduction) of 14 mg/L for Zn, consistent with 
influent Zn concentrations during freshet experienced in 
our field study (Fig. 10). Additional studies have shown 
that solid-phase metal sulfides can reduce SRB activity in 

Fig. 11  Total (T) and dissolved 
(D) Zn concentrations plotted 
over time for influent (SB2EFF) 
and effluent (BTEFF) water 
for the anaerobic biocell. Note: 
blue shaded bars denote freshet 
seasons for 2015 and 2016. Less 
than detection data plotted as 
½ MDL

Fig. 12  SEM Micrograph and Elemental Analysis of Biocell Effluent (BTEFF) Filter Residue (0.45 μm filter). Individual particle size in the fil-
ter cake is below resolution of the SEM and likely less than 1 μm
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laboratory cultures by coating SRB cells with sulfide crys-
tals, as opposed to specific metal toxicity (Utgikar et al. 
2002). The TPC resumed the same steady post-startup rate 
of decline following the 2015 freshet (Fig. 13). During the 
fall and winter of 2015/2016, total Zn exceeded the lower 
TPG, but there was residual sulfide at BTEFF and exceed-
ances were driven by particulate ZnS. The exceedances of 
the total Zn TPG in fall/winter 2015/2016 were most likely 
caused by an operational adjustment made in late October 
2015 (increased water level) and were not related to BT cell 
influent water chemistry. The freshet of 2016 was less severe 
and the SRBs were likely better acclimated to the abrupt 
onset of freshet conditions. Residual sulfides were very low 
on the lowest pH sampling date, but dissolved Zn at BTEFF 
remained below the lower TPG and particulate ZnS resulted 
in a slight exceedance of total Zn at both 2016 freshet sam-
pling dates. Carryover of particulate ZnS seems to be as 
important as diminished SRB activity during the freshet.

Laboratory data from the 2015 freshet lagged some of the 
field observations and a response to the metals breakthrough 
was to increase the water level at the outflow of the biocell 
to increase the hydraulic retention time and the saturated 
volume of media in the biocell. That learning was used in 
2016 when the water levels were proactively raised prior to 
the freshet, based on the telemetry system data. Less dra-
matic freshet effects were noted in 2016. Similar behavior 
was noted, to a lesser extent, for highest total concentrations 

of Cd and Cu during freshet conditions; however, these all 
met project treatment goals (Figs. 5 and 6).

Manganese Attenuation

Manganese removal observed in the biocell was unexpect-
edly high, with an average removal efficiency of 50% and 
a maximum removal efficiency of 98% (Table 4, Fig. 14). 
Manganese removal rates in sulfate-reducing bioreactors 
are typically low (Brookens et al. 2000; Canty et al. 2001; 
Watzlaf et al. 2000). Removal as manganese sulfide (MnS) 
was considered unlikely because Mn does not readily form 
a stable sulfide under reducing anaerobic conditions (Doshi 
2006; Gammons and Frandsen 2001). Preliminary results 
from an ongoing investigation indicate that Mn is oxidiz-
ing from Mn(II) to Mn(IV) in the upper 20 to 30 cm of the 
biocell matrix and precipitating as Mn oxides. Data from 
Sobolewski et al. (2022) suggests that Mn is precipitated 
in the oxidizing transition zone at the leading edge of the 
bioreactor.

Manganese removal efficiency has been added to Fig. 8 to 
form Fig. 14 and shows how Mn removal changed during the 
study. Removal of Mn started at 0% as the readily available 
organic carbon in the biocell developed low ORP and high 
sulfides. These high sulfide (low ORP) conditions dimin-
ished abruptly in November 2014, when total Mn removal 
efficiency rose to 75%. After degradation of much of the 
labile organic carbon, a transition zone in the leading (more 
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oxidized) portion of the biocell appears to have provided 
an environment conducive to Mn-oxidizing bacteria where 
Mn could be oxidized and precipitated (Sobolewski et al. 
2022). The freshet initiation of 2015 had a severe impact 
on Mn removal (Fig. 14), likely due to the lower pH and/
or increased dissolved metals concentrations on the activity 
of Mn-oxidizing bacteria. Negative effects on Mn removal 
were greater than other metals in the study. Manganese may 
have been temporarily remobilized from part of the biocell 
during the 2015 freshet, where peak concentrations of total 
and dissolved Mn in the BTEFF and AC2EFF occurred one 
month following the peak influent concentrations (Fig. 14). 
The later peak that eluted at BTEFF and AC2EFF contained 
higher concentrations of total and dissolved Mn than the 
peak concentrations at the influent and SB2EFF, resulting 
in negative removal efficiency values. Lower pH values 
and slightly higher dissolved Fe concentrations during this 
period may have contributed to reductive dissolution of pre-
viously attenuated Mn. As the effects of the 2015 freshet 
diminished, Mn removal rates increased to values at or above 
those seen before the freshet conditions.

Unexpected Mn removal also occurred in the aeration 
cascade. For the first 17 months of operation, no Mn removal 
occurred in the aeration cascade (Fig. 14). Starting in March 
2016, however, Mn removal was noted in the aeration cas-
cade, with typical removal efficiency values for the VBTT 
increasing to 85%. Black staining of the rock media in the 
cascade was consistent with Mn oxidation and precipita-
tion. Residual sulfides in the aeration cascade reached low 
concentrations at this time and continued to decline to the 
end of the study (Fig. 3). Mn removal was not anticipated 
in the aeration cascade as the HRT was less than 30 min, 
whereas oxic Mn removal systems typically employ HRTs 
longer than 12 h (Nairn and Hedin 1993). The freshet con-
ditions of 2016 again negatively impacted the Mn removal 

efficiency (to a lesser extent) and removal stayed lower until 
the effects of the freshet diminished. The system continued 
to mature and develop Mn removal capacity following the 
freshet, resulting in 98% removal efficiency at the end of the 
study (Fig. 14).

System Management

Improved frequency of meeting treatment goals in 2016 is 
the result of multiple factors related to system management 
and maturity of the biocell. Following startup of the VBTT 
in Fall 2014, organic matter in the media was fresh and ORP 
values as low as − 444 mV were observed. Concerned that 
these conditions might favor methanogenesis, the water level 
in the biocell was reduced below the maximum to decrease 
HRT, increasing ORP values. The water level was raised to 
the maximum level in June 2015 after analytical data indi-
cated biocell metals removal had been negatively impacted 
by the reduced influent pH and increased metals concentra-
tions. Increasing the HRT and quantity of saturated media 
in contact with the water improved sulfide generation and 
system performance. The water level was lowered again in 
November 2015, causing slight exceedances of total Zn for 
several months (Fig. 10), and then preemptively raised back 
to the maximum in April 2016 in anticipation of the freshet. 
The biocell water level was maintained at its maximum level 
since that time. Less freshet effects were noted in 2016 and 
excessively low ORP values were not observed since 2015, 
due to maturation of the organic media.

The robust nature of the system was demonstrated during 
2016, when influent flow to the system was shut off multiple 
times for periods of two to seven days to accommodate con-
struction activity at the site. Restarting the system consisted 
of only re-introducing flow, and sampling data indicate that 
the system was not adversely affected by the shutdowns.

Fig. 14  Time series plot of total 
Mn over time for each compo-
nent of the VWTT system from 
Fig. 11 plotted with Mn removal 
efficiency (%) to show evolution 
of the system over time
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Conclusions

Overall, data from the study indicate that the VBTT pro-
vided effective, reliable treatment of metal-bearing mine 
drainage at the site. The system is robust and operates with 
minimal oversight and operational input. Adjustments to 
water height in the cells were required on startup to pre-
vent excessively low ORP values, but little adjustment was 
required during the rest of the study. The system was well 
suited to the site conditions, including: circumneutral mine 
drainage, geothermal inputs, and limited site access and on-
site safety issues during the harsh winters.

Effects of seasonal ambient temperature on system per-
formance were limited by consistent inputs of warm geo-
thermal mine influent waters (18–19 °C) and system design 
(including below grade construction of ponds and other 
thermal conservation measures), which may be incorporated 
into other site settings. Thermal effects were overshadowed 
by the effects of the spring freshet on the chemistry of the 
influent waters.

Seasonal fluctuations of influent metal concentrations and 
pH values presented the greatest challenges to meeting pro-
ject treatment goals. Monitoring data indicates that future 
exceedances of project treatment goals for Mn and Zn total 
concentrations are possible, if not likely, during 6- to 8-week 
freshet periods of some years. Total Zn concentrations dur-
ing freshet seasons is the primary limitation to meeting pro-
ject treatment goals. Most of the total Zn and TSS leaving 
AC2EFF was colloidal ZnS and represents an opportunity 
to improve system performance.

Manganese attenuation was significant in both the biocell 
and aeration cascade due to biochemical oxidation and pre-
cipitation of Mn oxides in transition zones. Manganese 
attenuation occurs year-round at the temperatures within 
the VBTT.

The telemetry system provided real time data that was 
used to observe dynamic changes in pH and other param-
eters. This was used to proactively manage system flow 
parameters, improve safety, optimize sampling occurrence, 
and provided measurements equilibrated with parameters 
such as pH and ORP.
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