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Groundwater–Stream Connectivity Mediates Metal(loid) Geochemistry in the Hyporheic Zone of Streams Impacted by Historic Mining and Acid Rock Drainage
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High concentrations of trace metal(loid)s exported from abandoned mine wastes and acid rock drainage pose a risk to the health of aquatic ecosystems. To determine if and when the hyporheic zone mediates metal(loid) export, we investigated the relationship between streamflow, groundwater–stream connectivity, and subsurface metal(loid) concentrations in two ~1-km stream reaches within the Bonita Peak Mining District, a US Environmental Protection Agency Superfund site located near Silverton, Colorado, USA. The hyporheic zones of reaches in two streams—Mineral Creek and Cement Creek—were characterized using a combination of salt-tracer injection tests, transient-storage modeling, and geochemical sampling of the shallow streambed (<0.7 m). Based on these data, we present two conceptual models for subsurface metal(loid) behavior in the hyporheic zones, including (1) well-connected systems characterized by strong hyporheic mixing of infiltrating stream water and upwelling groundwater and (2) poorly connected systems delineated by physical barriers that limit hyporheic mixing. The comparatively large hyporheic zone and high hydraulic conductivities of Mineral Creek created a connected stream–groundwater system, where mixing of oxygen-rich stream water and metal-rich groundwater facilitated the precipitation of metal colloids in the shallow subsurface. In Cement Creek, the precipitation of iron oxides at depth (~0.4 m) created a low-hydraulic-conductivity barrier between surface water and groundwater. Cemented iron oxides were an important regulator of metal(loid) concentrations in this poorly connected stream–groundwater system due to the formation of strong redox gradients induced by a relatively small hyporheic zone and high fluid residence times. A comparison of conceptual models to stream concentration–discharge relationships exhibited a clear link between geochemical processes occurring within the hyporheic zone of the well-connected system and export of particulate Al, Cu, Fe, and Mn, while the poorly connected system did not have a notable influence on metal concentration–discharge trends. Mineral Creek is an example of a hyporheic system that serves as a natural dissolved metal(loid) sink, whereas poorly connected systems such as Cement Creek may require a combination of subsurface remediation of sediments and mitigation of upstream, iron-rich mine drainages to reduce metal export.
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INTRODUCTION

Over 64,000 inactive metal mines persist in the United States and contribute high metal loads to streams and groundwater, damaging aquatic ecosystems (Nordstrom, 2011; Hudson-Edwards, 2016; Horton and San Juan, 2020). In watersheds impacted by historic mining activity, chemical weathering of minerals containing high metal content can occur at rates three times as fast as natural weathering rates (Alpers et al., 2007). Some of these metal(loid)s, such as arsenic (As), copper (Cu), and manganese (Mn), are commonly found in high concentrations downstream of hard-rock mines. They pose a well-documented risk to human and aquatic health (Smedley and Kinniburgh, 2002), and their toxicity and concentration are highly sensitive to changes in pH and redox conditions of streams and groundwater (Smedley and Kinniburgh, 2002; Borch et al., 2010). Mixing of oxic stream water and sub-oxic, shallow groundwater within the hyporheic zone can rapidly change the geochemical conditions of the shallow subsurface over space and time (e.g., Bencala, 2011; Boano et al., 2014). Unlike the fate of organic carbon or nutrients, which are the focus of many hyporheic studies to date, the behavior of metal(loid)s in mine-impacted hyporheic zones are complicated by reactions with sediments, such as sorption/desorption (Harvey and Fuller, 1998), storage via complexation with organic matter (Findlay et al., 2003), surface redox chemistry, or (co)precipitation/dissolution reactions. Furthermore, redox gradients that form as a result of fluid exchange across the groundwater–surface water boundary (Kasahara and Hill, 2007) are often facilitated by diverse microbial metabolisms and can control the fate and form of nutrients (Findlay et al., 2003; Fischer et al., 2005). However, the role of groundwater–surface water connectivity in mediating the toxicity and mobility of redox-sensitive metal(loid)s is not well-quantified and could have important implications for our estimates of metal fluxes from mine-impacted watersheds (Gandy et al., 2007).

Hydrological parameters such as permeability, transient storage zone area, fluid exchange rate, and residence time influence hyporheic zone characteristics (e.g., Miller et al., 2006; Boano et al., 2014). These parameters vary seasonally as a function of changing temperature (Weber et al., 2010), discharge (Wondzell, 2006), and microbial processes (Saup et al., 2019). Seasonal changes in stream discharge and subsurface saturation may, in turn, affect the kinetics of metal(loid) release from the hyporheic zone, given that abiotic and biotic process rates are hypothesized to be inherently different in areas characterized by variable fluid saturation and redox chemistry compared to permanently oxic or anoxic environments (Borch et al., 2010). In an abandoned mine system, for example, the delivery of As via groundwater and the residence time of As in the hyporheic zone were greater in the summer and led to the saturation of sediment sorption sites and a resulting decrease in As storage (Brown et al., 2007). Similarly, seasonal fluctuations in discharge and groundwater levels in marine and estuarine environments influenced the speciation of metal(loid)s via interactions with sediments such as sorption, complexation, and precipitation (Howard et al., 1995; Fattorini et al., 2008). These previous studies suggest an important link between streamflow, hyporheic area and mass transfer rates, and metal(loid) redox chemistry.

In addition to the influence of streamflow on the physical and geochemical conditions of the hyporheic zone, previous studies have highlighted that streambed characteristics and mixing conditions within the hyporheic zone regulate microbial community composition (e.g., Feris et al., 2004; Danczak et al., 2016; Nelson et al., 2019) and trace metal concentrations (e.g., Benner et al., 1995; Harvey and Fuller, 1998; Nagorski and Moore, 1999; Gandy et al., 2007). Systems such as the East River near Crested Butte, CO, USA, where highly permeable, gravel-dominated streambed sediments control groundwater–stream mixing, were characterized by high levels of dissolved oxygen at depth, microbial homogenization, and seasonal variability in metal concentrations in the shallow subsurface (Nelson et al., 2019; Saup et al., 2019). Furthermore, increased mixing depth and supply of dissolved organic carbon caused respiration of Mn-oxides in the East River during spring snowmelt, whereas a small and well-oxygenated hyporheic zone caused Mn-oxide accumulation during baseflow conditions (Bryant et al., 2020). In contrast, the Colorado River near Rifle, CO, USA, had fine sediments and a low influx of surface water into the hyporheic zone, which reduced mixing, promoted redox stratification, and created a unique hyporheic microbiome (Danczak et al., 2016; Nelson et al., 2019). Given the potential influence of hyporheic zone connectivity on microbial processes and sediment–water interactions, we hypothesized that the degree of groundwater–surface water connection will influence whether the hyporheic zone serves as a source or sink of trace metal(loid)s.

The behavior of solutes in the hyporheic zone can be reflected at the reach or catchment scale in how solute concentrations respond to changes in streamflow, also known as concentration–discharge (CQ) relationships, yet few studies directly link hyporheic processes to stream export of major ions (Hoagland et al., 2017; Singley et al., 2017) and even fewer investigate hyporheic influences on trace metal export. Specific to trace metals, Sherrell and Ross (1999) linked metal(loid)–Q relationships to changing flow-path contributions to the stream, where anthropogenic sources of metals were accessed at high flow and in-stream processes aided metal removal at low flow. In other catchments, a link between metal concentrations and stream discharge was difficult to identify (Nagorski et al., 2003), or metal–discharge relationships were attributed to the formation of inorganic colloids (Trostle et al., 2016). These previous studies suggest that in-stream chemical dynamics, including processes occurring in the hyporheic zone, may mediate the response of trace metal(loid)s to stream discharge and overall metal(loid) export from disturbed watersheds.

The headwaters of the Animas River in southwestern Colorado are an ideal location to study the relationship between stream–groundwater connectivity, metal(loid) export, and stream discharge. This site is home to ~1,500 abandoned gold and silver mines (Buxton et al., 1997) and the site of the Bonita Peak Mining District, a US Environmental Protection Agency (EPA) Superfund site (Figure 1). The primary purpose of the Superfund site is to investigate the potential impacts of contaminated soil, groundwater, and surface waters on aquatic and human health. Bedrock weathering and abandoned mine adits contribute diffuse subsurface and surface flows of metal-laden waters to the Animas River headwaters and have led to the development of several water sources with elevated metal concentrations (Guerard et al., 2004). The headwaters of the Animas River gained publicity in August 2015 when an accidental breach of a tunnel connected to the legacy Gold King Mine led to the release of ~11 million liters of acidic mine drainage into surface waters that persisted as far as San Juan River in New Mexico (~200 km downstream) (Rodriguez-Freire et al., 2016). Dissolved metals associated with the Gold King Mine spill were hypothesized to have rapidly immobilized in the headwaters via adsorption onto streambed sediments and precipitation of Fe-oxyhydroxide minerals (Rodriguez-Freire et al., 2016; Saup et al., 2017). Although the Gold King Mine spill contributed a slug of metals to the system over a short period of time, numerous historic mines or mining-related sources contribute diffuse loads upwards of 20.4 million liters per day to the Animas River headwaters (USEPA, 2016). Furthermore, the three streams that comprise the headwaters—Cement Creek, Mineral Creek, and the Upper Animas River—exhibit wide seasonal variations in streamflow and pH. For example, pH and discharge (Q) measurements in 2019 at the US Geological Survey monitoring stations (sites 09358550 and 09359019) ranged from winter lows of pH ~3.5 and Q ~0.3 m3 s−1 to summer highs of pH ~6.4 and Q ~14.8 m3 s−1 in Cement Creek, whereas pH ranged from winter lows of pH 4.8 and Q ~0.4 m3 s−1 to summer highs of pH 7.4 and Q ~33.7 m3 s−1 in Mineral Creek (USGS, 2020).


[image: Figure 1]
FIGURE 1. The upper Mineral Creek and Cement Creek study areas are located at (A) the headwaters of the Animas River watershed in (B) the Bonita Peak Mining District north of Silverton, in the San Juan Mountains of southwestern Colorado. The study areas and the locations of the redox-sensitive metal sources are highlighted in (C) and denoted in (B) by the gray-shaded regions within the greater Cement Creek and Mineral Creek basins. Black points on subplots (A,B) represent all mine-related features in the state of Colorado and the Animas River headwaters (Horton and San Juan, 2020). The tracer study reaches are outlined by black boxes and are located downstream of trace metal(loid) sources at the headwaters of Mineral Creek and the headwater of the Prospect Gulch tributary. The blue triangles in (B,D) represent stream gages managed by the US Geological Survey at Cement Creek (Gage #09358550) and Mineral Creek (Gage #09359010). The white circles in (D,E) represent additional stream water sampling sites. Detailed views of the tracer test reaches [as outlined by the black boxes in (C)] are highlighted for (D) Cement Creek at Prospect Gulch and (E) Mineral Creek at Chattanooga Fen and presented at a 65° viewing angle. Elevation above mean sea level is mapped for (C) using the Shuttle Radar Topography Mission 30-m digital elevation model. Aerial imagery for (D,E) is from the USDA National Agriculture Imagery Program dated September 20, 2017.


The goal of this study was to understand how stream–hyporheic–groundwater connectivity influences dissolved metal(loid) concentrations and mobilization in streams impacted by mining activities. To address this goal, we investigated two reaches in the Bonita Peak Mining District downstream of redox-sensitive metal(loid) sources: (a) Cement Creek, a low-pH system with extensive ferricrete formation, located downstream of the Gold King Mine, and (b) Mineral Creek, a circumneutral pH stream without ferricrete precipitates, located downstream of the Koehler Tunnel (Figure 1C). At both sites, we conducted salt-tracer injection tests at high and at low flow, collected seasonal water samples, and compiled historical sediment and water data to constrain the timing of metal(loid) release or storage in the hyporheic zone.



METHODS


Hydrogeologic Setting and Site Selection

The headwaters of the Animas River, located in the San Juan Mountains of southwestern Colorado, USA, are characterized by a complex geologic and mining history. The three tributaries that comprise the headwaters—Cement Creek, Mineral Creek, and the Upper Animas River—connect south of Silverton, Colorado, to form the Animas River (Figure 1B), which serves as a primary drinking and agricultural water source for communities in southwestern Colorado, northern New Mexico, and southeastern Utah. The tributaries and town of Silverton lie almost completely within the Silverton caldera and are underlain by highly mineralized and faulted terrain that formed as a result of volcanotectonic and hydrothermal alteration events that occurred from 35 to 10 Ma (Yager and Bove, 2007). Metal-rich sulfide minerals formed during the mid- to late-Tertiary supported a gold and silver mining industry in this region beginning in the late 1800's and lasting for over a century (Yager and Bove, 2007). The history of mining in combination with natural sulfide weathering has led to low-pH and Fe-rich groundwater and streams in the Animas River headwaters (e.g., Guerard et al., 2004).

Given the complex terrain and geology of the Animas headwater catchments, careful consideration was taken when choosing stream reaches of interest. Based on historical data collected by the US Geological Survey and the Animas River Stakeholders Group, we identified a ~1.2-km stream reach in Mineral Creek and a ~1.8-km stream reach in Cement Creek located downstream of trace metal sources (Figure 1C). Mine drainage with elevated concentrations of metal(loid)s, such as arsenic, aluminum, copper, manganese, and zinc, discharges from Koehler Tunnel at the headwaters of Mineral Creek and from the Henrietta, Joe and John, and Lark Mines into the headwaters of Prospect Gulch, which eventually drains into Cement Creek (Figure 1C). Other major contributors of metals to Cement Creek include the Natalie/Occidental Mine, the American Tunnel, the Red and Bonita Mine, and the Mogul Mine (Figure 1C), all of which are mines prioritized by the EPA Superfund site. In addition to their location downstream of mine drainages, we selected reaches with the same stream gradient (~0.03 km/km) to control for potential effects of stream gradient on hyporheic exchange flows (e.g., Hester and Doyle, 2008) and with similar drainage areas (24.6 and 23.1 km2 for Cement Creek and Mineral Creek reaches, respectively). Furthermore, the topographical divide Mineral Creek and Cement Creek constitutes the southern lobe of the Red Mountain acid–sulfate alteration system, which contains silver, lead, and copper mined from breccia-pipe chimney deposits (Bove et al., 2007). Both sites contain iron-rich groundwater wetlands, or iron fens (Chimner et al., 2010), along the banks.

The Mineral Creek stream reach is located within the 0.07-km2 Chattanooga fen complex (Figure 1E) and will be referred to as the “MC-Fen” site throughout the remainder of the text. The MC-Fen is a rare and sensitive ecosystem characterized by low pH (~3.4), high dissolved Fe concentrations, and unique vegetation including Sphagnum mosses, Carex sedges, and bog birch (Chimner et al., 2010). By definition, fens are groundwater-fed wetlands, and the iron fens in the Silverton area predate mining activity by thousands of years (Chimner et al., 2010). The water table in the fen is shallow, fluctuating between 0 and 40 cm below ground level (bgl) (Chimner et al., 2010). The MC-Fen is located ~2.8 km downstream of the first trace metal(loid) source, which includes two draining abandoned mines, Koehler Tunnel and Junction Mine, and one abandoned dry mine, Longfellow Mine (Figure 1). Prior to remediation efforts in the early 2000's, flows from the Koehler Tunnel constituted nearly 50% of flow entering the head of the stream and contained elevated concentrations of copper, lead, zinc, and arsenic (Runkel and Kimball, 2002; Walton-Day et al., 2007; Runkel et al., 2009b). In 2003, a bulkhead was installed in the Koehler Tunnel, reducing surface drainage from 11.7 to <0.3 L/s (Runkel et al., 2009a). Although these efforts significantly reduced metal loads, the Koehler Tunnel and Junction Mine and the Longfellow Mine have been identified by the Bonita Peak Mining District Superfund as primary sources of mining-related contamination to the watershed, where waste rock samples exceeded the human health risk-based level for arsenic (Smith, 2018).

The second trace metal(loid) source includes several abandoned mines, including the Henrietta Mine, Joe and John Mine, and Lark Mine, located at the head of the Prospect Gulch tributary, which flows into Cement Creek. The Gladstone Treatment Plant, managed by the US EPA and located at the upstream end of the Cement Creek study reach, treats discharge from the Gold King Mine adit with lime (CaO) to raise the pH and trigger the precipitation of metals out of solution. However, the pH downstream of the plant at the outlet of Cement Creek remains low (~3 < pH < ~4.5), which is likely a result of several other draining mines such as the Mogul Mine or Red and Bonita Mine (Figure 1C) that contribute low pH and metal-rich water to Cement Creek and do not undergo treatment (USGS, 2020). Historic data show dissolved aluminum, copper, and zinc concentrations as high as ~18,500, 285, and 7,280 μg/L, respectively, in Cement Creek downstream of the Prospect Gulch inflow (Johnson et al., 2007). Recently, the Bonita Peak Mining District Superfund identified the Henrietta Mine as a priority contamination source as a result of elevated aqueous concentrations of Al, Cd, Cu, Pb, and Zn and high sediment-As concentrations (USEPA, 2017). We investigated Cement Creek along a reach extending from the Gladstone Treatment Plant to ~600 m downstream of Prospect Gulch (referred to throughout the remainder of the text as CC-PG; Figure 1D). Metal-rich groundwater in the Cement Creek catchment can discharge into the stream along this reach via several flow paths, including direct discharge from upslope mine drainages, natural seeps and springs, or diffuse subsurface discharge through iron fens and streambanks. Furthermore, the mine drainages can comprise a notable portion of total streamflow in Cement Creek during baseflow conditions (Cowie and Roberts, 2020). Cement Creek, including within the study area, is characterized by abundant ferricrete deposits along the stream channel and banks. Ferricrete deposits form when reducing acidic groundwater, containing high concentrations of iron, interacts with the atmosphere or oxygenated surface water and causes the precipitation of amorphous iron oxyhydroxides that, in turn, cement clastic sedimentary conglomerates (Guerard et al., 2004; Walton-Day et al., 2007). These ferricrete deposits serve as a long-term sink of metals and contain solid-phase concentrations as high as ~300 ppm As, ~350 ppm Cu, and 350 ppm Pb (Wirt et al., 2007).



Field Instrumentation

Stream gages were installed at MC-Fen on May 20, 2019 and CC-PG on July 18, 2019 (Figures 1D,E). Water and barometric pressure were measured every 15 min at each gage using pressure transducers (HOBO U20) and corrected to water level with a staff plate. A rating curve was built for each site based on 12 flow measurements at Cement Creek and 11 flow measurements at Mineral Creek using a HACH flow meter (Supplementary Figure 1). The rating curve at Mineral Creek was supplemented with eight additional measurements collected from a nearby stream gage managed by the US Forest Service (Mineral Creek below Mill Creek; Figure 1E). Given the spatial variability in alpine rainfall events, we include data from a NOAH-II All-Weather Precipitation Gauge (ETI Instrument Systems) installed by the US EPA and managed by the Mountain Studies Institute.1 Discharge measurements were compared to 10-min precipitation measurements from the Gladstone Treatment Plant weather station (Figure 1C). Water levels were summed for daily measurements following corrections for evaporative losses. Snow water equivalent data were obtained from the Snowpack Telemetry Network (SNOTEL) monitoring site (#629) located downstream of MC-Fen (USDA, 2020).

A cluster of three hyporheic zone monitoring wells was installed in the streambed at each site to determine vertical hydraulic gradients, perform slug tests, and sample porewater chemistry (Figures 1D,E; described in “Section continuous salt-tracer injection tests”). The wells were installed on July 18, 2019 in CC-PG and May 21, 2019 in MC-Fen and constructed from PVC with a 19-mm inner diameter and a 0.2-mm slotted screen comprising the bottom 10 cm of each well. The hyporheic zone monitoring wells at Cement Creek (37.88049, −107.66814) extended to depths of 28, 44, and 58 cm (Figure 1D), and the wells at Mineral Creek (37.86970, −107.72387) extended to depths of 20, 40, and 68 cm (Figure 1E). To determine the vertical hydraulic gradient, manual water level measurements were made with a water level tape in each well prior to the high and low flow tracer tests at each site (described below). Slug tests were performed in the monitoring wells, and hydraulic conductivity was estimated according to Bouwer and Rice (1976).

To compare temporal variations in average linear velocities for CC-PG and MC-Fen, thermal probes were installed adjacent to the well clusters in each stream reach. The Thermochron temperature logging iButtons (Model #DS 1922L-F5) recorded stream-water temperature and streambed temperatures at 10- and 40-cm depths every 15 min with a precision of 0.0625°C. Our primary focus of these measurements was twofold: (a) explore the effects of ferricrete precipitates on average linear velocity of the stream infiltrating into the subsurface of Cement Creek and (b) determine when, during the year, the streams were gaining or losing. Thermal probes were constructed by drilling out three 2 × 24-mm holes in a wooden stake and adhering iButtons into the holes with epoxy. The thermal probes were deployed from July 19, 2019 to October 19, 2019 in Cement Creek and May 24, 2019 to October 10, 2019 in Mineral Creek; however, data gaps exist for portions of these time series due to iButton damage during removal of the thermal probes and instances when the stream temperature iButton was not submerged. All temperature data were filtered using a bandpass filter, resampled, and processed in MATLAB according to the temperature time-series analysis developed by Hatch et al. (2006). We calculated average linear velocities into the sediment based upon the amplitude ratio (VAr) and phase shift (VΔϕ) between the shallow and the deep thermal signals and assuming parameters for a saturated, sandy streambed (Hatch et al., 2006, 2010). These parameters included porosity (η = 0.35), fluid and sediment densities (ρf = 997 kg m3 and ρs = 2,650 kg m3), fluid and sediment heat capacities (cf = 4,180 J kg−1 °C−1 and cs = 800 J kg−1 °C−1), thermal dispersivity (β ~0.001 m), and thermal conductivity (λ0 = 1.58 W m−1 °C−1) (Hatch et al., 2010). Based on field observations of sand-sized grains between streambed cobbles, we assumed that these parameters for a sandy streambed would be representative of the two sites but acknowledge that there are likely heterogeneities in these parameters along the reaches. Negative linear velocities indicate losing conditions (i.e., stream water infiltrates into the streambed), whereas positive linear velocities indicate gaining stream conditions (i.e., groundwater discharges into the stream).



Continuous Salt-Tracer Injection Tests

Continuous injection salt-tracer tests were conducted to quantify mass transfer parameters and hyporheic zone area. Two tracer tests were conducted at Mineral Creek during baseflow (September) and high flow (July/August) and were compared to high and low flow tracer tests conducted in Cement Creek. During each tracer test, a saltwater solution (~240 g/L NaCl) was injected into the stream at a constant rate for a period of 4 h. The injection rate was determined based on stream discharge at the time of the tracer test (Supplementary Table 1). Prior to the baseflow tracer test, the stream discharge in MC-Fen (Q ~0.12 m3 s−1) was similar to the discharge measured prior to the low flow tracer test in Cement Creek (Q ~0.15 m3 s−1), and the specific conductivity was ~450 and 1,090 μs/cm at MC-Fen and CC-PG, respectively. Prior to the high flow tracer test, the stream discharge in MC-Fen and CC-PG were 2.2 and 1.1 m3 s−1, respectively, and the specific conductivity was ~120 and 440 μs/cm, respectively (Supplementary Table 1). Specific conductivity was measured every minute during the tracer test using fluid electrical conductivity loggers (HOBO U-24, Onset Computing). One conductivity logger was deployed upstream of the saltwater injection point to measure background fluid conductivity, and three conductivity loggers were deployed downstream (200, 475, and 680 m in MC-Fen; Figures 1D,E) of the tracer mixing zone. Based on previous estimates of approximate mixing zone lengths of 25 times the stream width (Day, 1977), the loggers at 225 m in MC-Fen and 185 m in CC-PG were launched at these locations to ensure adequate mixing of the stream and the tracer.

Stream water samples for analysis of Cl−, [image: image], and Na+ concentrations were collected during the arrival of the tracer 200 m downstream of the MC-Fen injection point and 700 m downstream of the CC-PG injection point. The timing of grab-sample collection was based upon continuous conductivity measurements using a handheld meter (Orion Star A325). Samples were collected during the arrival of the tracer, every 30 min during the breakthrough curve plateau, and during the recession of the tracer until stream conductivity returned to background conditions. The samples were collected in Whatman vials, filtered (<0.2 μm, Nylon), and frozen until analysis using ion chromatography for anions (Dionex ICS-2100) and cations (Dionex ICS-1100).

Transport parameters were determined at high and low flow for both study reaches using the one-dimensional transport with inflow and storage (OTIS) model (Runkel, 1998) coupled with the parameter estimation (PEST) model (Doherty, 2010). OTIS compartmentalizes the system into the main stream channel and the transient storage zone and operates under the primary assumptions that (a) mass is conserved, (b) solute concentration only varies in the longitudinal direction, and (c) transient storage is the only physical process affecting solute concentration in the transient storage zone (Runkel, 1998). The models were constrained using conductivity time-series data, measured Cl− concentrations, and stream discharge measurements. Air bubbles near the conductivity sensor led to noise in the sensor measurements. To remove the noise, the conductivity time-series data were filtered using the robust locally weighted scatterplot smoothing (RLOWESS) filter and smoothdata function in MATLAB using a 10-min window. The data were then sampled every 10 min to reduce the dataset size prior to importing into PEST. The models then solved for the best-fit area of hyporheic fluid exchange (As), rate of mass transfer between the stream and hyporheic zone (α), dispersion coefficient (D), lateral inflows (qlat), and concentration of lateral inflows (clat).

Additional metrics were calculated to allow for direct comparison of the two stream reaches by normalizing the model estimates to stream characteristics such as discharge and cross-sectional area. Storage zone residence time (Tsto), which gives the average time a water molecule remains in transient storage, was calculated from the modeled parameters,

[image: image]

where A is the stream area. We also calculated the hydraulic retention factor (Rh) as

[image: image]

which represents the storage-zone residence time relative to the hydraulic turnover length (e.g., discharge, Q) (Morrice et al., 1997; Wondzell, 2006) and the average distance a molecule travels before entering the storage zone (Ls),

[image: image]

where u is the stream water velocity as well as the proportion of the median travel time resulting from transient storage (Fmed),

[image: image]

which quantifies the movement of the tracer into the storage zone relative to the total mass transport (Runkel, 2002). Furthermore, we can determine the relative importance of transient storage and advective velocity using the Damkohler index (Da) as follows:

[image: image]

where L is the reach length (Wagner and Harvey, 1997). The experimental Da also reflects if the model estimates for transient storage zone parameters are reasonable (Wagner and Harvey, 1997). Da on the order of 1 indicates minimum uncertainty in α and As (Wagner and Harvey, 1997).



Stream, Groundwater, and Hyporheic Zone Sampling

Independent of the tracer tests, water samples were collected from the stream channel near the hyporheic zone well clusters at Mineral Creek (n = 8) and at Cement Creek (n = 10) from February to November 2019, when weather conditions allowed. Shallow groundwater samples were collected from a private well in Mineral Creek (referred to herein as the Artist's Cabin well, n = 1; Figure 1E) and from a shallow well (120 cmbgl) installed in the iron fen adjacent to the hyporheic zone well clusters in Cement Creek (n = 3; Figure 1D). One sample was collected from a fen wetland pool in the Chattanooga Fen complex at Mineral Creek (Figure 1E). Two samples from the Koehler Tunnel discharge and one from Prospect Gulch inflow near Cement Creek (Figure 1C) were collected for comparison to historical data.

The hyporheic zone was sampled directly twice during high flow (June 2019 and 2020) and once during low flow conditions (September 2019) from the hyporheic zone well clusters installed at MC-Fen and CC-PG (Figures 1D,E). The wells settled for 2–4 weeks before the first sampling event. Prior to collecting the water samples, each shallow well was purged at a low flow rate until the measurements of pH, temperature, and specific conductivity stabilized (USEPA, 2010). After these measurements stabilized, water samples were collected for analysis of total and dissolved metals, major anions, and total organic carbon (described below). Ferrous iron (Fe2+) and dissolved oxygen (DO) were measured immediately in the field using a portable spectrophotometer (HACH DR1900). Fe2+ was determined using 1,10-phenathroline reagent (HACH Method 8146), and DO was determined using AccuVac Ampules (HACH Method 8166).

During each sampling campaign, measurements of pH, conductivity, and temperature were made using an Orion Star A325. The alkalinity measurements were made in the field using a field kit (HACH Model AL-DT). All water samples were collected according to standard methods (Clesceri et al., 1999). Total metals (unfiltered) and dissolved metals (defined here as <0.2 μm) were collected in acid-washed polypropylene sample bottles and acidified to pH < 2 with trace-metal-grade nitric acid. Samples for major anions were collected in Whatman vials and filtered to <0.2 μm (Nylon). Total organic carbon (TOC) samples were collected in amber glass vials (combusted at 400°C) and preserved with hydrochloric acid to pH < 2. All samples were kept on ice in the field and frozen (e.g., anion and metal samples) or refrigerated (e.g., TOC samples) within 6 h of sample collection.



Geochemical Analyses and Calculations

The stream, groundwater, and hyporheic zone water samples were analyzed for total and dissolved metals, including Al, As, B, Ba, Be, Ca, Cd, Cu, Cr, Fe, K, Li, Mg, Mn, Mo, Na, Ni, P, S, Sb, Se, Si, Sn, Sr, Ti, Tl, V, and Zn, using an inductively coupled plasma-optical emission spectrometer (ICP-OES, Perkin-Elmer Optima 5,300 DV) at Colorado School of Mines (Mines). Major anions (Br−, Cl−, F−, [image: image], [image: image], [image: image], and [image: image]) were analyzed using ion chromatography (Dionex ICS-2100) with an IonPac AS-11 analytical column (2 × 250 mm) at Mines. The TOC samples were analyzed by a Shimadzu TC-Analyzer at the Mines Advanced Water Technology Center.

Mineral saturation indices were calculated for stream and hyporheic zone water samples using PHREEQC with the WATEQ4F database (Ball and Nordstrom, 1987; Parkhurst and Appelo, 2013). The dissolution reaction and associated solubility product for schwertmannite was added to the database (Bigham et al., 1990). We calculated saturation indices for minerals previously identified using x-ray diffraction in Cement Creek and Mineral Creek (Vincent et al., 2007; Wirt et al., 2007; Yager and Bove, 2007) and using measurements from this study of pH, temperature, alkalinity, DO, and dissolved concentrations of major ions and trace metal(loid)s. All water samples were charge-balanced using chloride for geochemical modeling; however, the charge balance error was less than 5% for all samples, except the Mineral Creek 40 cmbgl samples for high and low flow in 2019 (<10%) and several samples collected in 2020 (<20%).



Compilation of Historic Data and CQ Analysis

To determine the influence of variable streamflow on solute fluxes, we compiled historical streamflow and geochemical data for locations nearby the MC-Fen and CC-PG sampling locations. Data were compiled for redox-sensitive elements, including total and dissolved concentrations of Al, As, Cu, Fe, Mn, and [image: image]. Four samples of stream chemistry and streamflow were compiled from recent US EPA reports (USEPA, 2016, 2017) for MC-Fen. For the CC-PG reach, a total of 10 geochemical samples and corresponding streamflow measurements were compiled from Johnson et al. (2007) and one from a US EPA report (site no. CC27) (USEPA, 2017). These historic data were combined with the samples collected for this study in 2019 to assess concentration–discharge relationships for MC-Fen (total sample count of 10) and CC-PG (total sample count of 20).

A CQ analysis was performed using the compiled datasets for the MC-Fen and CC-PG locations (using historic and new data) to assess potential influences of hyporheic processes on metal(loid) export. A power-law slope (b) was calculated by plotting the concentrations (C) of each redox-sensitive element against the corresponding discharge (Q) in log–log space (e.g., Godsey et al., 2009). The coefficient of variation of each redox-sensitive element (CVC) was normalized to the coefficient of variation of the discharge (CVQ) to determine the variability in concentration with respect to discharge (Thompson et al., 2011; Musolff et al., 2015). The use of b alone to interpret chemostatic behavior, when concentration is invariant with changes in discharge, can be misleading because concentration variability could be high even in cases where b < ±0.1 (Thompson et al., 2011; Musolff et al., 2015). Chemostatic solute behavior is defined here as b ≤ ±0.1 and CVC / CVQ ≤ 0.2. We characterize solutes as moderately chemodynamic when 0.2 < CVC / CVQ ≤ 1 and chemodynamic when CVC / CVQ > 1.0. Gini coefficients, which are a measure of inequality, were calculated to determine the temporal inequality of loads (GL) and discharge (GQ) for Lorenz curves, which relate the cumulative proportion of a variable [in this case, streamflow (Q) or solute load (C)] and the cumulative proportion of the population (in this case, time; Figure 2A) (Jawitz and Mitchell, 2011). For example, chemostatic behavior would result in load inequality (GL) controlled primarily by discharge inequality (GQ) because variability in concentration is low compared to variability in discharge and thus GL / GQ ≈1 (Figure 2B).
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FIGURE 2. Schematics of (A) Lorenz curves and (B) dual Lorenz curves for load versus flow, as modified from Jawitz and Mitchell (2011) and Gall et al. (2013). The shape of the curves are determined by the Gini coefficient for load and discharge, where perfect equality is G = 0 and perfect inequality is G = 1, and can be used to indirectly evaluate concentration-discharge relationships.





RESULTS AND DISCUSSION


Physical Characteristics of Streambed Determine Stream–Groundwater Connectivity

Transport modeling of the tracer test data, in combination with measurements of hydraulic conductivity and average linear velocities, elucidate the physical controls on the hyporheic zone at Mineral Creek and Cement Creek. According to temperature time-series data, both stream reaches were losing (e.g., negative average linear velocities) during all time periods observed (Figure 3); however, the stream velocity into the subsurface was greater at MC-Fen (−0.7 to −0.5 m/day, Figure 3D) compared to CC-PG (−0.16 to −0.03 m/day; Figure 3C). Vertical hydraulic gradients (dh / dz) measured in the hyporheic zone well clusters also reflected losing stream conditions, where hydraulic heads were greater in the shallower well-compared to the deep well at both sites (Supplementary Table 2). The lower linear velocity at CC-PG was consistent with the lower hydraulic conductivity at depth (~4 × 10−5 m/s at low flow and 8 × 10−5 at high flow in the 39 cmbgl well) compared to the higher linear velocities and hydraulic conductivity at depth in the MC-Fen reach (~9 × 10−5 m/s at low flow and 1 × 10−4 at high flow in the 63 cmbgl well) based on slug test data (Supplementary Table 3).
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FIGURE 3. Temperature time-series data for (A) Cement Creek–Prospect Gulch during the low-flow tracer test and (B) Mineral Creek–Chattanooga Fen during the high-flow tracer test, as well as average linear velocity estimates based on amplitude ratios (VAr) (Hatch et al., 2006) for (C) Cement Creek and (D) Mineral Creek in 2019. Data are not presented for the high-flow tracer test in Cement Creek due to temperature sensor damage and loss of data. The black stars indicate the average linear velocity at the approximate time of the tracer tests. Note that the thermal sensors were removed from Mineral Creek on September 26, before the tracer test was completed on September 28. The blue dashed lines represent uncertainty in the average linear velocity estimates. Negative velocities indicate water fluxes from the stream into the subsurface (e.g., losing stream conditions). The gray-shaded areas in (D) indicate high uncertainty velocity estimates given that the estimates were calculated only from stream temperature and 10 cmbgl temperature sensors due to damage of the 40 cmbgl temperature sensor. Values on plot (D) represent the offset used to correct the Mineral Creek average linear velocity estimates in the shaded regions to the estimates made for the July–August data. We subtracted 0.412 m/day from all velocity estimates measured from May 30 to July 7 and added 0.236 m/day to all estimates made in September, assuming that the measurements made during these time periods were offset from the low uncertainty velocity estimates measured from July 8 through August.


The physical differences in average linear velocities and hydraulic conductivity of the streambeds in the MC-Fen and CC-PG reaches influenced the hyporheic storage and mass transfer rates between the stream and the transient storage zones. Model estimates of mass transfer parameters using PEST with OTIS and the tracer data (Supplementary Figure 2) measured at the hyporheic zone well clusters (e.g., 200 m downstream of the injection site for MC-Fen and 700 m downstream of the injection site for CC-PG) indicated that hyporheic storage (As) and the proportion of solute storage in the hyporheic zone compared to the stream (As / A) were greater at high flow and low flow in MC-Fen compared to CC-PG (Table 1, Supplementary Figures 3, 4). Thus, the smaller hyporheic zone areas of 0.1 m2 at low flow and 0.4 m2 at high flow for CC-PG were consistent with low average linear velocities and less permeable sediments, whereas the larger hyporheic zone areas of 0.6 m2 at low flow and 1.8 m2 at high flow for MC-Fen were associated with high average linear velocities and more permeable sediments. It is important to note that we observed surface-flow contributions from hillslope tributaries to MC-Fen that likely caused a variable discharge along the reaches investigated and caused a lag between the measured and the modeled breakthrough curves for the low flow tracer tests. To minimize this lag, the stream discharge in OTIS was adjusted for the low flow tracer test to improve model fits (Table 1). The root mean square error of the data-model fit was relatively low for all simulations (~11 to 43; Table 1), indicating that model estimates were representative of the breakthrough curves. However, the mass transfer rate (α) was less sensitive to model output than As, and estimates of α were similar across site and flow regime (0.001 < α < 0.005 s−1).


Table 1. One-dimensional transport with inflow and storage with parameter estimation (PEST) model constraints, model outputs, and calculated transient storage zone parameters [data were filtered prior to entry into PEST using a robust locally weighted smoothing filter (RLOWESS)].
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Cement Creek as a Model of Poorly Connected Groundwater–Stream Systems

In the CC-PG well cluster, the dissolved concentrations of Cl−, Li+, and Ca2+ varied with depth during high flow in 2019, as indicated by the high coefficients of variation (CV) for these solutes (111, 56.6, and 23.4%, respectively; Table 2). Furthermore, the percent difference between high flow and low flow in dissolved concentrations of Li+, Ca2+, and Na+ for the stream and shallowest well (23 cmbgl), and dissolved Cl− for the shallowest well only, was greater compared to the middle and deep wells (39 and 53 cmbgl, respectively) (Figures 4A,B). The invariability of water chemistry in the middle and deep wells compared to the chemical variability in the shallow well in response to flow suggests a disconnect between the shallow and the deeper two wells. This disconnect is also reflected in the dissolved oxygen concentrations as a function of depth in the CC-PG wells. While the pH varied by only ~1 pH unit with depth (Figure 4C), the dissolved oxygen concentrations decreased from ~9 mg/L in the stream to ~2 mg/L in the deepest well (Figure 4D). Furthermore, a fourfold difference in dissolved oxygen concentrations in the shallow well (23 cmbgl) between low flow (3.7 mg/L) and high flow conditions (7.6 mg/L) is consistent with model results from OTIS, where the hyporheic mixing of oxygenated stream water and shallow groundwater was limited to an area (As) of ~0.1 m2 during low flow and ~0.4 m2 during high flow (Table 1). Given that (a) dissolved Ca2+, Na+, and Li+ in the middle and deep wells changed minimally in response to changing stream discharge (percent difference between high flow and low flow of 1.1–18%), (b) dissolved Ca2+, Na+, Li+, and Cl− in the stream and shallowest well did change in response to variable stream discharge and fluctuations in hyporheic area (percent difference of 26–1,310%), and (c) the middle well was characterized by low hydraulic conductivity and low dissolved oxygen, a physical disconnect between hyporheic mixing that occurs above the middle well and groundwater below the middle well was indicated.


Table 2. Average, standard deviation, and coefficient of variation for dissolved concentrations of conservative elements as a function of depth in the hyporheic zone well clusters.
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FIGURE 4. Percent difference between high flow in 2019 and low flow in 2019 (solid lines), as well as high flow in 2020 and low flow in 2019 (dashed lines), in the dissolved concentrations of (A) Ca2+, Na+, and Li+, and (B) Cl−. Field measurements are included for all sampling times of (C) pH and (D) dissolved oxygen. The discharges corresponding to these sampling times are included in the legend of (C). The data points at depth represent the mid-point of the 10-cm screened interval. The 0-cm depth represents concentrations or measurements in the stream.


We propose that the physical disconnect between hyporheic mixing and groundwater in CC-PG occurs as a result of ferricrete precipitation at the approximate location of the middle well and the estimated maximum area of hyporheic mixing (40 cm2). Hyporheic mixing would facilitate the penetration of oxygenated waters to this depth, where it would mix with reducing groundwaters and trigger the precipitation of minerals that compose ferricrete (Wirt et al., 2007). The potential of ferricrete deposits to serve as a barrier between stream water and groundwater is consistent with previous observations that the reduced permeability from ferricrete cementation of clastic sediments decreases the flow of groundwater near streams and influences streambed geomorphology (Vincent et al., 2007; Wirt et al., 2007).



Mineral Creek as a Model of Well-Connected Groundwater–Stream Systems

In comparison to CC-PG, the MC-Fen system was characterized by a larger hyporheic storage area (Table 1), higher average linear velocities (Figure 3), and higher hydraulic conductivity (Supplementary Table 3). The behavior of conservative solutes in the subsurface of MC-Fen also differed from CC-PG. The coefficient of variation as a function of depth for dissolved concentrations of Cl−, Na+, and Ca2+ in the MC-Fen wells under high flow and low flow conditions was ≤15% (compared to ≤111% for CC-PG; Table 2). Similarly, the percent differences in dissolved Ca2+, Na+, and Cl− were within 10, 15, and 34%, respectively, of each other with depth, and pH (6.2–7.3 pH) and dissolved oxygen (6.4–10 mg/L) exhibited no identifiable trend with depth (Figure 4). The dissolved concentrations of Li+ were below detection limits in all samples. While the shallow and deep wells in the CC-PG system were disconnected, both the shallow well chemistry and the deep well chemistry at MC-Fen responded to flow, where an increase in flow resulted in a decrease in conservative solute concentrations at all depths (Table 2, Supplementary Figure 6). This behavior indicates that groundwater and surface water were well-connected at this site, and this connection facilitated the homogenization of chemistry in the hyporheic zone. Chemical homogenization at MC-Fen was consistent with observations from the East River, where intermittent surface water infiltration and high hydraulic conductivities homogenized the subsurface water chemistry (Nelson et al., 2019; Saup et al., 2019).




Metal(loid) Behavior in the Hyporheic Zone at CC-PG and MC-Fen

Here we focus on how differences in subsurface mixing processes (as highlighted by the conservative element behavior) influence dissolved metal–sediment interactions in the shallow subsurface at CC-PG and MC-Fen. Although the metal sources at these two sites—Koehler Tunnel and Prospect Gulch—had dissolved and total concentrations of Al, Fe, Mn, and Zn that were the same order of magnitude (Table 4), the average dissolved concentrations of these elements were at least one order of magnitude greater in the stream at CC-PG compared to those in the stream at MC-Fen (Table 3). The metal(loid) concentrations in this study were consistent with measurements of seeps, springs, and draining mines in Prospect Gulch made by the US EPA from 2016 to 2018 (Table 3) and previous water quality surveys by the US EPA at Koehler Tunnel in 2016 and 2017 (Table 3). Furthermore, the dissolved Al, As, Fe, Mn, Pb, and Zn concentrations were several orders of magnitude greater in a wetland pool in the Chattanooga Fen adjacent to MC-Fen than in the Koehler Tunnel, but these concentrations were not reflected in the stream at MC-Fen. The following sections highlight how a well-connected groundwater–stream system influences the relatively low dissolved Al, Fe, and Mn concentrations in Mineral Creek, while a poorly connected groundwater–stream system influences the relatively high Al, Fe, and Mn concentrations in CC-PG.


Table 3. Stream chemistry for the samples collected in 2019 adjacent to the hyporheic zone well clusters and used in CQ analysisa.
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Ferricrete Is an Important Regulator of Metal Concentrations at CC-PG

The stream and the shallow groundwater at CC-PG were poorly connected, and a ferricrete layer at depth limited the areal extent of the hyporheic zone. The low average linear velocities facilitated low dissolved oxygen fluxes into the subsurface (8.0 g/m2/h O2(aq) at low flow and 109 g/m2/h O2(aq) at high flow in 2020), which resulted in a steep decrease in oxygen (Figure 4D) and correspondingly steep metal concentration gradients (Figure 5). Furthermore, the dissolved and total metal concentrations were within error for nearly all samples and metals, which was likely due to the stable and acidic pH at all depths and over time (Figure 4C). Notable partitioning between dissolved and total Fe and Al in the deeper two wells (i.e., in and below the ferricrete layer) was only observed for the 2020 high flow sampling event (Figures 5A,I) and for Mn at low flow, indicating the limited precipitation of Al, Fe, and Mn particulates or colloids. Dissolved concentrations of Mn, [image: image], and Cu, which were sensitive to changes in streamflow in the stream and shallowest well but were insensitive to changes in streamflow near the ferricrete layer and the deepest well, further highlight the disconnect between the shallow hyporheic zone and groundwater at this site. Metals such as Al and Fe, which increased in dissolved and total concentration with depth until the ferricrete layer and did not change in response to streamflow in the shallowest well, reflect that processes other than stream water infiltration and hyporheic mixing regulated these metal concentrations (Figures 5A,I).
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FIGURE 5. Hyporheic zone chemistry in the CC-PG (A,B,E,F,I,J) and MC-Fen (C,D,G,H,K,L) well clusters. The colors represent different sampling events and associated stream discharge (Q), the dashed lines represent dissolved (<0.2 μm) concentrations, and the solid lines represent total metal(loid) concentrations (e.g., unfiltered). Note the difference in x-axis range for the Al, Mn, and Fe subplots for Mineral Creek. The deepest data points on the Cement Creek plots represent shallow groundwater chemistry sampled from a nearby well (Figure 1D). The shaded red bar represents the low hydraulic conductivity barrier between groundwater and hyporheic mixing zone. The gray-shaded regions represent the range of the hyporheic extent (relative to ground surface) modeled in one-dimensional transport with inflow and storage. The white area from 0 cm to the top of the gray-shaded area represents the hyporheic extent at low flow and the gray-shaded area represents the hyporheic extent at high flow, where the hyporheic extent at high flow for Mineral Creek extends off the plot to a depth of 180 cm. The arrows in (D,H) represent total Cu concentrations at 68-cm depth in Mineral Creek (corresponding data in Supplementary Table 5).


According to saturation index calculations (Table 5) and Eh–pH diagrams (Figure 6), the Al and Fe concentrations were buffered by several minerals commonly identified in acid rock drainage environments, such as alunite (Wirt et al., 2007; Yager and Bove, 2007), jurbanite (Anthony and McLean, 1976), and Fe-bearing minerals that typically form ferricrete, such as ferrihydrite, goethite, and schwertmannite (Stanton et al., 2007; Wirt et al., 2007). For dissolved Al, waters were at or near equilibrium (defined here as SI < ±0.5) with respect to jurbanite and alunite (Table 4). Furthermore, most samples at low flow and at high flow were near equilibrium between [image: image] and jurbanite on the Eh–pH diagram, based on the pH measured during sampling and Eh calculated from the Fe2+ / Fe3+ redox couple (Figure 6). Although all samples, except for the stream at low flow, were calculated to be oversaturated (SI > ±0.5) with respect to ferrihydrite, goethite, and schwertmannite (Table 5), the Eh–pH diagram calculations show samples near equilibrium between the schwertmannite and FeOH2+ or Fe2+ species boundary when the iron concentrations are high (dashed line in Figure 6A). Although the measured pH and calculated Eh levels do not plot directly on this boundary, the equilibrium constants can vary with crystallinity and the age of iron oxide minerals (Schwertmann, 1991), where a change in the equilibrium constant toward a more soluble, freshly precipitated form of iron oxide would shift the position of the dashed line in Figure 6A up toward the plotted data. Thus, we posit that schwertmannite dissolution likely plays a role in buffering iron concentrations in the shallow subsurface of CC-PG, particularly at high flow (Figure 6A). This observation is consistent with the measured increase in dissolved As concentrations with depth at high flow, which may occur as a result of decreased Fe-oxide sediment surfaces and desorption (Smedley and Kinniburgh, 2002). These calculations suggest that Al- and Fe-bearing minerals regulate dissolved Fe and Al concentrations, as well as sorption of metal(loid)s such as arsenic, with depth in the subsurface at Cement Creek.
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FIGURE 6. Eh–pH diagrams calculated in Geochemist's Workbench for Fe at (A) Cement Creek and (B) Mineral Creek and for (C) [image: image] at Mineral Creek and Cement Creek. Points on the stability diagrams represent the Eh and the pH of stream and hyporheic well cluster samples collected in 2019. Eh was calculated assuming that Fe2+ / Fe3+ was the dominant redox couple for Cement Creek and assuming that O2 / O(0) was the dominant redox couple for Mineral Creek. The dashed lines represent contours for diagrams calculated using different molar concentrations of Fe for the range of concentrations measured in the streams and the wells.



Table 4. Groundwater, metal(loid) source, and iron fen trace metal(loid) and sulfur chemistry, including historical data from Koehler Tunnel and Prospect Gulch collected by the Environmental Protection Agency.
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Table 5. Saturation indices calculated in PHREEQ-C using stream and hyporheic zone water chemistry.
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The small hyporheic zone at CC-PG (Table 1), facilitated by low linear velocities (Figure 3) and a physical disconnect between shallow groundwater and the stream, results in less movement of stream water through the hyporheic zone. For example, the average distance a solute travels in Cement Creek before entering the storage zone (Ls) was 450 and 680 m, and the median travel time resulting from transient storage (Fmed) was 12 and 14% at high flow and at low flow, respectively. This indicates that water in the shallow subsurface has more time to react before being replenished with new infiltrating stream water, which allows for more reaction time with subsurface sediments. Thus, we conclude that poorly connected systems with a small hyporheic zone facilitate the formation of strong redox and metal concentration gradients and enhance metal–sediment interactions (Figure 7A).


[image: Figure 7]
FIGURE 7. Conceptual model for (A) a poorly connected stream–groundwater system at Cement Creek and (B) a well-connected groundwater–stream system at Mineral Creek. The color of the arrows corresponds to oxygen concentration, where light blue represents oxygenated waters and dark blue represents waters with low dissolved oxygen concentrations. The text in gray denotes low flow, and the text in black denotes high flow oxygen and transient storage conditions. The transient storage areas (As) for the poorly connected and well-connected conceptual models are bounded by one-dimensional transport with inflow and storage model estimates. The exchange rate was the same order of magnitude at high and low flow for both systems (α ~ 0.001– 0.005 s−1).




Connected Stream–Groundwater System Facilitates Colloid and Precipitate Formation

Unlike for CC-PG, where metal concentrations were predominantly in the dissolved phase (<0.2 μm), the total metal concentrations (unfiltered) in the wells of MC-Fen were several orders of magnitude greater than the dissolved concentrations of Al, Cu, Fe, and Mn at all depths within the hyporheic zone (Figures 5C,D,H,K). Furthermore, dissolved oxygen penetrated to a depth of at least 70 cm (Figure 4D), dissolved oxygen fluxes were two orders of magnitude greater (170 and 110 g/m2/h O2(aq) at high flow and at low flow, respectively) compared to CC-PG, and dissolved Al, Cu, Fe, and Mn concentrations remained low as a function of depth (Figure 5). Saturation indices and stability diagrams indicate that the waters were oversaturated with respect to minerals such as goethite, Fe(OH)3(a), and manganite, as well as alunite during high flow in 2019 (Table 5, Figure 6B, Supplementary Figure 7). The formation of metal colloids and precipitates would decrease dissolved metal concentrations relative to the conservative elements, which were invariable as a function of depth (Figure 4, Supplementary Figure 6). Higher concentrations of Al, Cu, Fe, and Mn in unfiltered samples compared to filtered samples indicate the presence of some colloidal and precipitated metals, consistent with the deep penetration of oxygen in the subsurface (Figure 4D). We posit that the mixing of metal-rich groundwater with oxygen-rich stream water in the hyporheic zone of MC-Fen, facilitated by high linear velocities and a large hyporheic area, triggers the precipitation of metal oxides in the subsurface (Figure 7B). Furthermore, the higher total metal concentrations with depth at high flow compared to those at low flow (Figure 5) suggest that colloid and precipitate formation is enhanced at high flow when the groundwater level is higher (Supplementary Table 2) and the hyporheic zone is larger (Table 1).




Stream Concentration–Discharge Relationships Linked to Hyporheic Zone Processes

Seasonal changes in streamflow influenced the hyporheic zone area and mass transfer rates for the Mineral Creek and Cement Creek reaches (as noted in “Section 3.1.4”) as well as the subsurface metal(loid) interactions with sediments (“Section metal(loid) behavior in the hyporheic zone at CC-PG and MC-Fen”). During the period of investigation (February 2019 to May 2020), flow varied from 0.2 to ~7.8 m3 s−1 at MC-Fen and from 0.2 to ~3.3 m3 s−1 at CC-PG (Figure 8). Streamflow reached as high as ~7.8 m3 s−1 at MC-Fen following melt of snowpack ~180% above that recorded on May 1 of the 2018 water year (according to SNOTEL site #713) (USDA, 2020). Although the high snowpack followed a period of extreme to exceptional drought that began in January 2018 (NIDIS, 2020), the annual streamflow variability follows a pattern similar to what we observed in 2019, where discharge was greatest following late spring snowmelt and lowest in late summer throughout the winter.
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FIGURE 8. (A) Precipitation from the Gladstone Treatment Plant smoothed using a RLOWESS filter with a filtering window of 3 days, (B) snow water equivalent data from the Mineral Creek SNOTEL site (USDA, 2020), and (C) hydrographs for the stilling wells installed in Mineral Creek near Chattanooga Fen and Cement Creek downstream of Prospect Gulch. The gray-shaded bars represent the period during which tracer tests were completed at high and low flows. The stars represent times of hyporheic zone well sampling.


The variability in flow between spring snowmelt, late summer monsoon season, and winter baseflow conditions leads to marked differences in seasonal water chemistry in the Bonita Peak Mining District and is reflected in stream CQ relationships. First, the ratio of the load and discharge Gini coefficients (GL / GQ) for total and dissolved solutes at MC-Fen was nearly all 1 ± 0.2 (except for dissolved Ca and Fe), whereas the GL / GQ values for solutes at CC-PG were as low as 0.5–0.6 for metals such as As, Fe, and Al. This indicates that load inequality is dominated by discharge inequality at MC-Fen (i.e., relatively low variability in concentration compared to variability in discharge), whereas the load inequality is greater than the discharge inequality at CC-PG (i.e., high variability in concentration compared to discharge variability). We posit that this difference could be related to the fact that a greater number of draining mines with temporally heterogeneous flow contributions are located upstream of the Cement Creek reach, while the only large draining mine above the Mineral Creek reach is the Koehler Tunnel, which is bulkheaded and had minimal discharge during this study. Second, all solutes in both stream systems were moderately chemodynamic (1.0 > CVC / CVQ > 0.2) to chemodynamic (b > ±0.1, CVC / CVQ > 1.0), and no solutes exhibited a purely chemostatic behavior with low concentration variability (b < ±0.1, CVC / CVQ < 0.2). Cu and Pb in CC-PG and Mn and Pb in the MC-Fen were the only trace metal(loid)s with power-law slopes for dissolved species less than ±0.1 (Table 6), which indicates a chemostatic behavior. While the increase in flow dilutes all other metal concentrations, additional sources of Cu, Mn, and Pb that are only accessed at high flow may contribute to the stream channel to counteract dilution.


Table 6. Power law slopes (b) for concentration–discharge relationships for Mineral Creek and Cement Creek at two locations, including the standard error of the slope (sb), coefficients of variation (CV), and Gini coefficients for concentration (GL) normalized to the Gini coefficient for discharge (GQ).
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CQ trends for major elements (i.e., Ca2+, Cl−, Mg2+, Na+, [image: image]) were characterized by negative power law slopes at both CC-PG and MC-Fen, whereas power law slopes were positive for the redox-sensitive metals Fe, Al, Cu, and Mn at MC-Fen (i.e., b > 0.1, flushing behavior) and negative at CC-PG (i.e., b < −0.1, dilution behavior) (Figure 9A and Supplementary Figure 8, Table 6). The difference in trace metal(loid) power law slopes appears to be linked to differences in how metals are exported from the catchment at these two sites. In general for MC-Fen, the power law slopes for total Fe, Al, Cu, and Mn concentrations with dissolved, colloidal, and particulate material (unfiltered samples) were higher than the power law slopes of dissolved concentrations (filtered samples, <0.2 μm for our samples and <0.45 μm for historical data) (Figure 9A, Table 6). In contrast, the power law slopes for total and dissolved concentrations of these same metal(loid)s at CC-PG were similar (Figure 9A), indicating that metal transport in the dissolved phase is relatively more important at CC-PG compared to MC-Fen. We also observe a separation between MC-Fen and CC-PG when comparing the power law slopes to the ratio of dissolved-to-total metal concentrations (Figure 9B). Positive power law slopes were correlated with low concentration ratios of Al, Cu, Fe, and Mn at MC-Fen, suggesting that the flushing CQ behavior at MC-Fen may be linked to the accumulation of colloids and particulates in the subsurface during baseflow conditions that are accessed and transported to the stream at high flow. A relationship between flushing CQ behavior and concentration ratio was previously observed by Trostle et al. (2016), who found that metals, such as Al, with steeper, positive power law slopes were characterized by a lower ratio of dissolved-to-colloidal form of the metal, and thus these metals were more influenced by colloidal transport. In contrast, a correlation between negative power law slopes and high dissolved-to-total concentration ratios for CC-PG (Figure 9B) indicates that metals are transported primarily in the dissolved phase, and an additional source of colloidal or particulate metals is not contributing metals to the stream under high flow conditions.
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FIGURE 9. (A) CVC / CVQ and power law slopes for redox-sensitive metals and major elements for the tracer study reaches and (B) power law slopes vs. the ratio of dissolved (<0.2 or <0.45 μm) and total (unfiltered) samples.


Our findings indicate a link between stream–groundwater connectivity in the hyporheic zone (i.e., well-connected vs. poorly connected systems) and stream metal(loid) export at high flow and low flow. In the connected groundwater–stream system of Mineral Creek, colloids and particulates formed as a result of groundwater–surface water mixing in the hyporheic zone. For Mineral Creek near Chattanooga Fen, the increase in hyporheic zone area at high flow compared to low flow (Table 1), the increase in total metal concentrations in the wells at high flow compared to low flow (Figure 5), and the lower concentration ratios of dissolved-to-total metals compared to CC-PG indicate that the flushing CQ behavior of Al, Cu, Fe, and Mn at high flow is linked to colloid and particle generation in the well-mixed hyporheic zone. Given the lack of stream–groundwater connection (Figure 7A), the small hyporheic area (Table 1), and the difference in dissolved metal concentrations in the stream and the hyporheic zone (Figure 5), we posit that the dilution-driven trends at CC-PG are not strongly influenced by hyporheic processes. The relatively greater influence of hyporheic processes on whole-stream mass transport at MC-Fen compared to CC-PG is further supported by calculations based on mass transfer estimates from the tracer test data. For example, the proportion of median travel time for a solute in the hyporheic zone (Fmed) was lower for CC-PG compared to MC-Fen, indicating that reactions occurring within the hyporheic zone of CC-PG will have less influence on the metal concentrations in the stream (Table 1).



Potential Implications for Remediation

The contrast between hyporheic zone processes at these two sites located downstream of acid mine drainage has potential implications for approaches to remediation. The enhanced hyporheic mixing and invariant dissolved metal concentrations with depth at MC-Fen indicate that the initial concentrations of metal(loid)s in the infiltrating stream water are important. Given that the metal(loid) concentrations in the stream are well-mixed with the shallow subsurface, streams such as Mineral Creek would benefit from treatment of the stream itself. Furthermore, dissolved metal contributions to MC-Fen from upwelling groundwater or inflows from metal-rich iron fens are inhibited by precipitation of colloidal and particulate metals in the hyporheic zone. Although these colloidal and particulate metals may be supplied to the stream at high flow (Figure 9A), dissolved metals are naturally attenuated in the subsurface by mixing in the hyporheic zone at MC-Fen.

Dissolved metal(loid)s at depth in Cement Creek were not as sensitive to changes in streamflow as they were at Mineral Creek, and the small hyporheic zone at this site did not naturally remediate metals at CC-PG via surface water–groundwater mixing. The change in metal(loid) concentrations with depth was rather controlled by interactions with subsurface sediments. We posit that high Fe loads from metal-rich mine drainages in the upper portion of the Cement Creek watershed have contributed to ferricrete precipitation and the clogging of hyporheic pore spaces, which limits groundwater–surface water exchange and, in turn, concentrates toxic metal(loid)s in the shallow subsurface. We suggest that subsurface reactive barriers or removal of contaminated sediments will restore the ecosystem services provided by the hyporheic zone and help remove naturally occurring metals discharging from metal-rich groundwater to the stream, as well as anthropogenic metals infiltrating from the stream into the hyporheic zone. However, direct restoration of hyporheic sediments will not be effective unless iron loading from upstream draining mines is also reduced. Flow reduction from draining mines will decrease iron contributions to Cement Creek, which may, reduce ferricrete precipitation and clogging of the hyporheic zone. Even though Fe is not considered as toxic a metal as As, Al, Cd, or Zn, which are the primary foci of remediation efforts in the Bonita Peak Mining District, our study suggests that treatment of Fe is equally important given the effect it has on the physical structure of the hyporheic zone at Cement Creek.

The transient storage model OTIS, in combination with geochemical data from the hyporheic zone well clusters, highlighted distinct differences in metal fate and transport at Mineral and Cement Creeks, yet the parameters estimated in OTIS do not necessarily capture the full complexity of physical and chemical processes occurring in the hyporheic zone, particularly for highly advective streams such as Mineral Creek. Future work could implement multi-rate mass transfer models (e.g., Fang et al., 2020), physical and advective models that consider channel morphology (e.g., Cardenas and Wilson, 2007; Marzadri et al., 2012, 2013; Boano et al., 2014), or coupled reactive transport-hyporheic models (Zarnetske et al., 2012; Trauth et al., 2014) to understand finer-scale processes affecting the metal dynamics in poorly connected and well-connected stream–groundwater systems.




CONCLUSIONS

The goal of this study was to determine how the hyporheic zone influences metal export in streams impacted by acid mine drainage. By comparing the hydrogeochemical properties of two streams in the Animas River headwaters of southwestern Colorado, we discovered differences in how the form and function of the hyporheic zone influence the concentrations of redox-sensitive metal(loid)s in mine-impacted and acid rock drainage streams. The key findings highlighted in this study include:

(i) The stream system with low average linear velocities and less permeable sediments (Cement Creek) was characterized by relatively small hyporheic zone areas at low flow and high flow, whereas the system with high average linear velocities and more permeable sediments (Mineral Creek) was characterized by relatively large hyporheic areas that were sensitive to changes in stream discharge.

(ii) Mass transfer rates from OTIS modeling and conservative element behavior in the well clusters reflected the degree of connection between the stream and the groundwater in the hyporheic zone. Mineral Creek represented a well-connected groundwater–stream system, facilitated by a large hyporheic storage area and invariable conservative element concentrations as a function of depth. Cement Creek represented a poorly connected groundwater–stream system, where hyporheic area and low hydraulic conductivities were limited by ferricrete precipitation. Conservative element concentrations were insensitive to changes in streamflow in the deep subsurface compared to the stream and shallow subsurface.

(iii) Saturation indices and Eh–pH diagrams indicated that Al and Fe were buffered by mineral equilibria at Cement Creek, and the sediment–dissolved metal(loid) interactions in this poorly connected system were a more important regulator of metal concentrations than physical mixing of water within the hyporheic zone. Colloid and particulate precipitation in Mineral Creek were due to the extensive mixing of oxygen-rich stream water and metal-rich groundwater in the hyporheic zone.

(iv) Differences in groundwater–stream connectivity at these two sites impacted stream metal(loid) export, as highlighted by concentration–discharge relationships. Positive power law slopes were linked to colloidal and particulate metal formation in the hyporheic zone at Mineral Creek. The poorly connected groundwater–stream system of Cement Creek was less important for overall stream metal(loid) export, and negative chemodynamic power law slopes reflect the influence of hillslope flow contributions on CQ rather than in-stream processes.

These differences in hyporheic zone characteristics and groundwater–stream connectivity can inform localized approaches to treatment. Even though Mineral Creek was downstream and adjacent to metal-rich sources (i.e., a mine drainage and iron fen), the neutral pH and low metal concentrations in the stream reflected the pH and the metal concentrations in the hyporheic zone. Thus, streams such as this with geochemically well-mixed hyporheic zones already benefit from the natural attenuation of metals in the subsurface, such that remediation efforts could focus on stream water treatment. The small hyporheic zone and poorly connected groundwater–stream system at Cement Creek did not attenuate metals in the subsurface and did not appear to influence stream metal(loid) export. Metals such as Fe and Al concentrated in the subsurface as a result of interactions with metal-laden sediments. Poorly connected systems such as these would benefit from remediation of the shallow subsurface and removal or treatment of sediments.
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Mineral Creek cl 20.8 1.14 5.49 175
L <07 NA NA <0.7
Ca 0.34 0.06 13.7 2.10
Na 59.5 9.09 153 210

@Average dissolved concentrations are reported in units of juM for Ci, Li, and Na and units of mM for Ca.
bDuplicate Li analyses on Mineral Creek samples indicated a high error (41 ppm) on Li values.
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Stream reach Field measurements
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Mineral Creek at Chattanooga 0.12 0.14
2.2 1.0

Cement Creek at Prospect Gulch 0.18 0.45
13 0.68

pH

8.5
6.8
39
52

Model inputs

Adjusted discharge®
m?s!

0.20
na.
0.26

na.

A
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22

0.62
16
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9.7 x 10-8
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Model estimates and RMSE
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0.004
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%

40.6
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u, stream velocity; A, stream cross-sectional area; Qui—in, discharge of leteral inflows; Cat_n, concentration of lateral inflows; As, transient storage zone cross-sectional area; D, dispersion; «, mass transfer rate; Da, Damkohler number;
Tato, storage zone residence time; Ry, hycraulic retention factor; L, average distance a solute travels before entering the storage zone; Fseq, median travel time resulting from transient storage.

2For both low-flow model runs, the discharge was adjusted to account for a lag in the arrival time of the modeled breakthrough curve.

®The boundary condition for Quat-out (m" =1 m") was set (0 0.

°Root mean square error (AMSE) = | Fepesa.

9Hydraulic retention factor (Ry) was ca/cu/a(ed ustng the adjusted discharge values, when applicable.
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