
1. Introduction
Geologists investigate the evolution of the land surface through direct observation. In contrast, below the land 
surface, water dissolves and precipitates minerals in localized zones called reaction fronts that define landscapes 
we cannot see Brantley et al. (2014). These subsurface landscapes have both a physical and chemical structure 
that impact many processes such as groundwater flow and storage (e.g., Hoagland et al., 2017; Molli et al., 2015; 
Poole et al., 2006; Xu et al., 2021) and contaminant fate and transport (e.g., Essaid et al., 2015; Kim et al., 2019; 
Xu et al., 2022). Of particular interest is the redox architecture of a watershed, a term we use to refer to the zones 
of oxidized and unoxidized deep subsurface (Gu, Rempe, et  al.,  2020). Understanding the redox architecture 
of a watershed, including both minerals and organic matter, is essential because the fate and transport of many 
environmental contaminants depend on redox processes along subsurface flow paths (e.g., Borch et al., 2010). 
For example, nitrate leaching into groundwater from excess fertilizer application is one of the major threats to 
environmental and public health worldwide (e.g., Galaviz-Villa et al., 2010). Although conservation efforts have 
reduced nitrate runoff from farms (application timescales of decades to centuries), stream nitrate concentrations 
have remained high due to the persistence of legacy nitrate in groundwater (groundwater residence times of 
centuries to millennia; Van Meter et al., 2017, 2018). Whether or not a watershed is susceptible to legacy contam-
ination may depend in part on its underlying redox architecture (Tesoriero et al., 2013, 2015). Several studies have 
aimed to predict redox conditions in groundwater using measurements of redox-sensitive species (e.g., dissolved 
oxygen [DO]), watershed characteristics (e.g., lithology, land use, and soil properties), and statistical analysis 
(e.g., Botchet et al., 2020; Close et al., 2016; Friedel et al., 2020; Tesoriero et al., 2017, 2015), but interpreting 
these results with respect to watershed function and contaminant transport remains difficult—especially at large 
spatial scales—because of landscape heterogeneity.

While we do not focus on the nitrate system here, we nonetheless explore the redox architecture of the subsur-
face by investigating pyrite oxidation. Pyrite, a ubiquitous iron sulfide accessory mineral, is generally depleted 
through oxidation in the upper layers of near-surface rock through interaction with oxygenated water (Gu, 
Rempe, et al., 2020, and citations therein). In fact, only rarely are detrital pyrite-containing sediments found in 
the rock record since atmospheric oxygen levels increased above 10 −5 PAL (present atmospheric level) because 
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pyrite in these particles oxidizes so rapidly near Earth's surface (Johnson et al., 2019). Gu, Rempe, et al. (2020) 
showed that many rocks remain unaffected by oxidation at depths of tens of meters below the land surface but 
are completely pyrite-free at the land surface. A depth interval of oxidation (a reaction front) somewhat paral-
lels the land surface under many headwater catchments (e.g., Brantley et al., 2014; Gu, Heaney, et al., 2020; 
Wan et  al.,  2019). In some watersheds, where the front is sub-parallel to the land surface, pyrite-containing 
rock never reaches the land surface, but in other watersheds, river incision exposes pyrite in the channel (Gu, 
Heaney, et al., 2020). We hypothesized that the pyrite oxidation front might indicate the transition from oxic to 
anoxic groundwater in a watershed and might control the dynamics of sulfate concentrations in stream waters. 
Understanding the weathering profiles of pyrite in the subsurface (i.e., the depth of the reaction front across 
watersheds) might eventually enhance predictions of transport for redox-active contaminants such as nitrate or 
organic compounds.

Here, we join a machine learning-based mixing model with a physically based oxidation model to explore what 
concentration-discharge relationships can teach us about the subsurface redox architecture of a watershed across 
spatial scales, and we apply it to watersheds in the United States (US) using publicly accessible water quality 
databases. This investigation is important because, although it is known that outcropping rock type is a major 
control on river chemistry (e.g., Gaillardet et al., 1999; Hartmann, 2009; Meybeck, 1987), we do not typically 
have detailed information about the subsurface, especially at large spatial scales, and we, therefore, do not know 
how it affects riverine chemistries. Studies have nonetheless demonstrated how subsurface mineral distributions 
impact river chemistry (e.g., Torres et  al.,  2015; Zhi et  al.,  2019), with several specifically targeting sulfide 
mineral oxidation (e.g., Hilton et al., 2021; Kemeny et al., 2021; Wan et al., 2019; Winnick et al., 2017). If our 
understanding of the linkages between stream concertation and the subsurface redox architecture is improved, our 
ability to predict water quality and legacy contamination could greatly increase.

2. Methods
2.1. Data Acquisition

For this study, we first aggregated data sets of stream concentration and discharge measurements in a series 
of four increasingly larger, nested watersheds on sedimentary rock that range from first order to seventh order 
(HUC16 to HUC4; Figure 1; Table S3 in Supporting Information S1). For the smallest watershed known as 
Shale Hills (HUC16; Figure 1a), we utilized data collected from 2008 to 2010 (Brantley et al., 2013a; Brantley 
et al., 2013b; Brantley et al., 2013c). For the next larger watershed of Shaver's Creek (HUC10; Figure 1b), we 
utilized data sets from three locations for samples collected from 2014 to 2020 (Brantley et al., 2018a; Brantley, 
Forsythe, Hoagland, Pederson, & Russo, 2018, this study). This HUC-10 watershed comprises the Susquehanna 
Shale Hills Critical Zone Observatory (SSHCZO; Brantley et al., 2018b). Lastly, data were downloaded for two 
sites in the Juniata River Basin (HUC8; Figure 1c) and nine sites in the Susquehanna River Basin (SRB; HUC4; 
Figure 1d) from the Water Quality Portal (WQP; Read et al., 2017), a national repository for water quality data. 
These sites were selected based on the following criteria: (a) they were located along the main stem of the river, 
and (b) they provided >15 samples where aqueous Ca 2+, Mg 2+, Na +, K +, Cl −, 𝐴𝐴 NO3

− , and 𝐴𝐴 SO4
2− , were all meas-

ured between 2014 and 2020. All data from the WQP were accessed and downloaded using dataRetrieval, an R 
package developed by the United States Geological Survey (USGS; De Cicco et al., 2018).

To disentangle effects related to watershed scale from those related to presence/absence of coal, we also retrieved 
data from watersheds in the Western United States. For these watersheds, we do not apply the machine learning 
model (see Section 2.3) to separate the sources of sulfate due to computational limitations. Instead, we target 
watersheds where pyrite is expected to be the predominant source of sulfate by querying for watersheds that meet 
five criteria. Specifically, these watersheds: (a) are located west of longitude −104° to minimize the effects of 
acid rain (longitude determined using acid deposition maps from the National Atmospheric Deposition Program; 
http://nadp2.slh.wisc.edu/data/animaps.aspx); (b) are characterized by <5% agricultural land use to minimize the 
effects of fertilizers; (c) are reported to not show major evaporite (i.e., gypsum) deposits at land surface to mini-
mize the effect of other mineral sources of sulfate; (d) are characterized by a positive water balance (precipitation/
potential evapotranspiration >1) to minimize the effects of evaporation; (e) provide >15 concentration-discharge 
(C-q) measurements for analysis. We identified 291 watersheds that met these criteria. These criteria do not 
ensure that pyrite is the only source of sulfate but are likely to minimize the impacts of the other contributing 
sources to the total sulfate budget.

Software: Andrew R. Shaughnessy
Supervision: Susan L. Brantley
Validation: Andrew R. Shaughnessy
Visualization: Andrew R. Shaughnessy
Writing – original draft: Andrew R. 
Shaughnessy
Writing – review & editing: Andrew R. 
Shaughnessy, Michael J. Forgeng, Tao 
Wen, Xin Gu, Jordon D. Hemingway, 
Susan L. Brantley

 19447973, 2023, 5, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022W

R
033445 by Syracuse U

niversity L
ibraries, W

iley O
nline L

ibrary on [04/05/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://nadp2.slh.wisc.edu/data/animaps.aspx


Water Resources Research

SHAUGHNESSY ET AL.

10.1029/2022WR033445

3 of 20

2.2. Water Sampling and Analysis

Although much of the Shaver's Creek data has been published as referenced above, some waters were also 
sampled in this study using identical sampling approaches. For routine sampling, we collected stream water and 
split the sample into two subsamples. For cation analysis, we filtered the sample through a 0.45 μm filter and 
field-acidified to pH < 2 using 10% nitric acid. For anion analysis, we filtered the sample through a 0.45 μm filter 
and left the sample unacidified. All samples were stored at temperatures 5°C before analysis. Cation concentra-
tions were measured on a Thermo Scientific iCAP 7400 Inductively Coupled Atomic Emissions Spectrometer 
and anion concentrations were measured on a Dionex Ion Chromatograph.

Additionally, an optical sensor (Campbell Scientific CS511) was deployed 20 m below land surface (mbls) in 
a well (CZMW11) at Shale Hills to measure DO concentrations over time from 2019 to 2020. A stage sensor 
(MeterGroup Hydros 21) was also deployed to monitor water level depth during the same time interval. Meas-
urements were taken every 15  min and stage measurements were corrected to account for instrumental drift 
(Shaughnessy et al., 2021). All data for these sensors can be found on the SSHCZO website (http://www.czo.psu.
edu/data_time_series.html).

On two sampling campaigns, surface water and groundwater were collected over the course of 2 days through-
out the SSHCZO (Shale Hills [Figure 1a, Cole Farm, Garner Run, Shaver's Creek (Figure 1b); see Brantley 
et al., 2018b for site details]) for sulfur isotope compositions of sulfate (i.e., δ 34S, reported in units of permil, ‰; 
Table S2 in Supporting Information S1). These samples were vacuum filtered through a 0.2 μm filter in the labo-
ratory. Then, samples were dripped through an ion exchange column packed with 5 g of Cl − type Bio Rad 1-X8 
anion exchange resin. Before introducing each sample, ion exchange columns were pre-cleaned by triple rinsing 
with 3 M hydrochloric acid and then triple rinsing with deionized water. Once loaded, sulfate from each sample 
was eluted with 45 mL of 0.8 M hydrochloric acid as described in Le Gendre et al. (2017). This approach isolates 

Figure 1. Maps showing the sampling locations for surface water sites and relationships of the four nested watersheds: (a) 
Shale Hills, (b) Shaver's Creek (SCAL, SCCF, and SCO), (c) Juniata River (J1 and J2), and (d) Susquehanna River (S1–S9). 
Shapes refer to river basin and intensity of shading indicates relative drainage area of the sub-catchments (light, smaller, dark, 
larger). Samples within Shale Hills and Shaver's Creek were collected by the SSHCZO and samples within the Juniata River 
and Susquehanna River were collected by the USGS and USEPA (Table S3 in Supporting Information S1).
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sulfate and removes potential contamination by other anions (e.g., nitrate). Once eluted, sulfate was precipitated 
as barite (BaSO4) by adding 5 mL of saturated BaCl2 in deionized water. Barite was then centrifuged and rinsed 
3x with deionized water and dried for isotope analysis.

For isotope analysis, ∼0.3–0.4 mg of barite was weighed into a tin boat along with an excess (∼5x) of vanadium 
pentoxide (V2O5) to ensure consistent  18O abundance in resulting SO2 analyte gas, as  32S 18o 16O will isobarically 
interfere with  34S 16O 16O (e.g., Fry et al., 2002). Samples were dried at least overnight in a vacuum oven prior 
to analysis on a Thermo Flash EA coupled to a Thermo Delta V isotope ratio mass spectrometer operated in 
continuous flow mode. Results are reported on the Vienna Canyon Diablo Troilite scale by analyzing a 3-point 
suite of international reference standards between every 10 samples (IAEA SO-5, δ 34S = +0.5 ‰; IAEA SO-6, 
δ 34S = −34.1 ‰; NIST NBS127, δ 34S = +20.3 ‰). Samples were analyzed in duplicate and uncertainty is 
reported as the difference between duplicate measurements; long-term precision of standard reference materials 
was always better than ±0.3 ‰ (±1 std. dev.).

2.3. Rock Sampling and Analysis

In addition to water samples, in-place bedrock was sampled from outcrops within the streambed at various loca-
tions within Shaver's Creek catchment (Figure S1 in Supporting Information S1; Table S4 in Supporting Informa-
tion S1) in order to investigate the subsurface distribution of minerals (e.g., Figure 2). These samples were either 
collected from the surface using a rock hammer or recovered using a Shaw Portable Core Drill. The pulverized 
samples (<150 μm) were analyzed for the concentration of total sulfur (Gu, Rempe, et al., 2020) and the values 
were compared to unweathered bedrock to estimate the extent of pyrite oxidation by assuming pyrite is the 
main sulfur-bearing mineral. A few thin sections were made by cutting across the center of the rocks and were 
checked under scanning electron microscopy (SEM). The elemental compositions of spots within the thin section 
were determined by energy dispersive X-ray spectroscopy (EDS). Based on the bulk analysis of total sulfur and 

Figure 2. (a) Schematic representation of (left) a weathering profile under a ridgetop (where we assume one-dimensional, 
vertical water flow) and (right) schematic depth profiles for pyrite-derived sulfate and dissolved oxygen concentrations (i.e., 
Csulf and CDO, respectively) in the downward-flowing groundwater based on consumption of dissolved oxygen (DO) via pyrite 
oxidation across the pyrite reaction front under ridgelines. (b) 3-D cross-sectional view of a schematic watershed showing 
the subsurface pyrite oxidation zone (yellow) and hypothetical subsurface flow paths: (1) above the oxidation front, (2) 
partially through the front, and (3) through the reaction front. In both (a and b), the pyrite reaction front (yellow) is defined 
as the zone where oxidation is actively occurring and pyrite is still present but is partially depleted. Above the oxidation zone 
(i.e., brown), pyrite has been 100% oxidized, leaving secondary iron oxide minerals. Below the oxidation zone, negligible 
oxidation is occurring; therefore, this zone is fresh, pyrite-containing bedrock. Except for a few upward-connected fracture 
sets (Gu, Rempe, et al., 2020), oxidation does not occur below the oxidation front because DO is completely depleted as water 
travels through the oxidation front (a). This means that groundwater above the reaction front is generally oxic and below the 
reaction front is anoxic.
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microscopic observations from SEM and EDS, the samples were classified as either fully oxidized, partially 
oxidized, or unoxidized with respect to pyrite (Figure S1 in Supporting Information S1).

2.4. Machine Learning Model

To separate the sources of sulfate, we utilize a machine learning-based mixing model called Non-negative Matrix 
Factorization (NMF) (Shaughnessy et al., 2021). In short, NMF determines the chemistry of the endmembers and 
the mixing proportions simultaneously. As a “blind source separation”, the user does not stipulate an endmember 
chemistry a priori; rather, NMF identifies endmember water chemistries and then geochemists must interpret 
the identity of the endmember based on understanding of the system. We chose to use the NMF-based mixing 
model rather than a more traditional technique because the large geographic extent of the SRB and the geological 
complexity of the region make it difficult to constrain the endmember chemistries. There are methods to solve 
for under-constrained endmember chemistries using more traditional inverse methods (e.g., Cole et al., 2022; 
Kemeny & Torres, 2021); however, due to our previous success at utilizing NMF at Shale Hills (Shaughnessy 
et al., 2021) and in other regions (e.g., Epuna et al., 2022; Shaheen et al., 2022), we chose to utilize NMF here 
as well. NMF also provides the benefit that it does not rely a priori on assumptions about water chemistry of 
endmembers.

NMF decomposes a matrix of stream chemistry, V (dimensions = n × m), into the product of two matrices, W 
and H. The m columns of V are concentration ratios [X]/[𝐴𝐴 SO4

2− ], where brackets denote molar concentration and 
X = Ca 2+, Mg 2+, Na +, K +, Cl −, and 𝐴𝐴 NO3

− . The n rows of V are samples taken at different sampling dates for a 
given site or group of sites. W has the dimensions n × p, where n is the number of sampling dates and p is the 
number of endmembers. The cell entries of W are the mixing proportions of the endmembers. The row sum of 
each entry in W is constrained to equal 1.00 ± 0.05, meaning that the stream chemistry is completely described 
(±0.05) as a combination of endmembers. This is referred to as a unity constraint. H has the dimensions p × m 
and its cell entries represent the chemical signature of each of the endmembers.

As used here, NMF is governed by a series of mass balance equations and the only parameter that needs to be 
set before the model is run is p—the number of endmembers. We utilize principal component analysis (PCA) to 
determine the number of components that are needed to explain >90% of the variation in the stream ratio data and 
we define this value as p. This number of components represents the smallest number of endmembers needed to 
“unmix” the stream chemistry. For our analysis, we utilize the “prcomp” function from the “stats” package in R. 
PCA has been used elsewhere to determine the number of endmembers in a mixture as well (e.g., Christophersen 
& Hooper, 1992). We developed this approach of using PCA by running the model using many different numbers 
of endmembers (2, 3, 4, etc.) and then comparing the results to our geochemical knowledge of the system. We 
discovered that for all of the watersheds we have investigated with our technique, the PCA analysis yielded results 
that are consistent with our geochemical knowledge, as well as revealing the “correct” endmember chemistries 
for synthetic data sets (see Shaughnessy et al., 2021). This is the motivation behind using PCA to determine the 
number of endmembers.

The solution for NMF is non-unique; therefore, we run the model 10,000 times to account for variability in the 
derived endmember compositions and mixing proportions. We filter out any models that do not fulfill the unity 
constraint. Additionally, following Shaughnessy et al. (2021), we filter out poor-fitting models and retain only the 
fifth percentile of best-fitting models. These are averaged and reported here. For both the PCA and NMF calcula-
tions, we utilize default parameters in R and SK-learn algorithm implementations, respectively.

The validity of the NMF modeling was investigated by Shaughnessy et al.  (2021). In our previous study, we 
created a synthetic data set where the mixing proportions and the endmember chemistries (H) were known, but 
not input into the model. We found that NMF successfully derived the correct endmember chemistries and mixing 
proportions for the synthetic data set. In addition, we compared sulfur isotopes and calcite saturation indices to 
the modeling results for samples from Shale Hills. We found that when pyrite-derived sulfate concentrations were 
high (as determined by NMF), sulfur isotopes showed a depleted signature that is consistent with pyrite at Shale 
Hills (see Figure 4a in Shaughnessy et al., 2021), and the water was saturated with respect to calcite, which is 
consistent with sulfuric acid driving dissolution of the ubiquitous mineral, calcite, at depth. Both of these obser-
vations are consistent with pyrite oxidation, which supports that our model identifies the pyrite-sulfate signal in 
the stream chemistry and separates pyrite-sulfate from other sulfate sources such as acid rain or fertilizer.
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2.5. Data Analysis

First, for the Shaver's Creek analysis, stream samples were utilized in the NMF model (Section 2.3) to sepa-
rate the sources of sulfate. From the NMF decomposition for Shaver's Creek and the H matrix, the endmember 
chemistries were then attributed to sources using sulfur isotopes and site-specific and geochemical knowledge. 
After developing the Shaver's Creek model, we constructed models for the Juniata and Susquehanna River sites 
similarly (Figures 1c and 1d).

After NMF, we utilized the pyrite-derived sulfate concentrations, Csulf, in an oxidation model for each site (see 
Section 4.1; Equation 10). Following a published approach (i.e., Ibarra et al., 2016), we fit the oxidation model 
to the concentration and discharge data using a nonlinear least squares model. We utilized the 95th percentile 
value of concentration for each stream as the starting point for each of the nonlinear least squares models (Ibarra 
et al., 2016) and the Gauss-Newton algorithm to solve for model parameters (i.e., Dw and 𝐴𝐴 𝐴𝐴

max,obs

sulf
 ; Equation 10). 

All model calculations were performed in R using the “nls2” package (Grothendieck, 2013).

3. Results
3.1. Sources of Sulfate

Following our previous approach for Shale Hills where two components (i.e., pyrite oxidation and acid rain) were 
observed to explain stream sulfate concentrations (Shaughnessy et al., 2021), we investigated pyrite oxidation 
in the larger and encompassing HUC-10 watershed of Shaver's Creek. For that data set, PCA revealed three 
components were needed to explain >90% of the variance in stream chemistry. Given that Shaver's Creek has 
agricultural land use, we anticipated that the three sources of sulfate would be the two identified at Shale Hills 
(acid rain, pyrite) and an additional sulfate source, fertilizer.

Sulfur isotopic measurements are also consistent with three inferred sources of sulfate in Shaver's Creek (Figure 3). 
In particular, the isotopic signature of dissolved sulfate in Shaver's Creek water falls between the inferred compo-
sitions of three sources inferred to be acid rain, pyrite, and fertilizer. For example, the δ 34S values in shallow 

Figure 3. Plot showing sulfur isotope values in stream sulfate (i.e., δ 34S) plotted versus the reciprocal of sulfate concentration 
[𝐴𝐴 SO4

2− ] (μM) for surface and groundwater samples across the Shaver's Creek watershed. Sulfur isotope ranges shown for 
fertilizer (i.e., the y-axis range for green rectangle) are from a global compilation (Zhang et al., 2015), and the concentration 
range (i.e., the x-axis range) is inferred from measurements of sulfate in groundwater near a farm field in Shaver's Creek (i.e., 
Cole Farm Well CFW4; see Forgeng, 2021 for well location). Sulfur isotope and concentration ranges for pyrite oxidation 
are also shown (yellow rectangle) as inferred for pyrite oxidation at Shale Hills (Jin et al., 2014). The range of values for acid 
rain (blue rectangle) are based on measurements of rain chemistry at Hubbard Brook, a watershed ∼600 km to the northeast 
(Alewell et al., 2019). Circles are surface and groundwater samples from Shale Hills reported by Jin et al. (2014) and squares 
are surface and groundwater samples collected throughout the SSHCZO in this study.
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groundwater near a farm field are consistent with measurements of fertilizer sulfate as reported elsewhere (Zhang 
et al., 2015). In contrast, the δ 34S values in groundwater in a non-agricultural subcatchment within Shaver's Creek 
that is underlain by sandstone (i.e., Garner Run) are consistent with acid rain. A third sulfate source in Shaver's 
Creek is inferred from the δ 34S values in deep groundwater at Shale Hills: these are much depleted, ranging from 
−15‰ to 0‰, consistent with pyrite oxidation (Jin et al., 2014). The isotopic signature of dissolved sulfate in 
Shaver's Creek water falls in between the inferred compositions of acid rain, pyrite, and fertilizer, as expected if 
these three endmembers contribute sulfate to Shaver's Creek (Figure 3).

Based on the PCA and the isotope data, we set the number of endmembers (i.e., p) in the NMF model to 3. After 
running the model, the derived geochemical signatures for each of the three endmembers are distinct (Table S1 in 
Supporting Information S1). We use geochemical knowledge to identify these sources. Comparing results from 
Shaver's Creek to the non-agricultural shale-underlain headwater catchment of Shale Hills, we identify the first 
two sulfate sources in Shaver's Creek as pyrite oxidation and acid rain (Shaughnessy et al., 2021). Pyrite oxida-
tion can be identified because oxidation releases sulfuric acid which, in sedimentary rock, causes dissolution of 
(Ca, Mg) carbonate minerals at depth, releasing Ca 2+ and Mg 2+ to ground waters (Calmels et al., 2007; Torres 
et al., 2016). Furthermore, dissolution of carbonate minerals has been observed to accompany pyrite oxidation at 
Shale Hills in hand samples from depth (Gu, Mavko, et al., 2020). Therefore, the source with the highest ratios 
of [Ca 2+]/[𝐴𝐴 SO4

2− ] and [Mg 2+]/[𝐴𝐴 SO4
2− ] is identified as pyrite oxidation. To identify the acid rain endmember, we 

note that rain sometimes retains the Na/Cl ratio of ocean water, 0.86 (Möller, 1990; Neal & Kirchner, 2000), 
very close to that of endmember 2, 0.89 (Table S1 in Supporting Information S1). The third endmember in the 
Shaver's Creek model has the highest [𝐴𝐴 NO3

− ]/[𝐴𝐴 SO4
2− ] ratio, which is consistent with sulfate-containing fertilizer 

application in the watershed. A breakdown of the average source contributions per site can be found in Figure 4c.

3.2. DO Dynamics

The reactant driving pyrite oxidation is DO at the reaction front (Gu, Rempe, et al., 2020). In Figure 5b, we 
show the concentration of DO, CDO, measured from 2020 to 2021 in groundwater from a borehole (CZMW11) 
located toward the outlet of the watershed at Shale Hills. The DO probe was placed at 20 mbls within the reaction 
front,  the depth of which was determined via solid phase analysis of drill cuttings (Gu, Rempe, et al., 2020). 
Although sampled in different years, the seasonal trends of pyrite-derived sulfate, Csulf (sampled 2008–2010), in 
the stream and CDO (sampled 2020–2021) in groundwater are opposite. Csulf is high in the dry season and low in 
the wet season, while CDO is high in the wet season and low in the dry season.

3.3. Streambed Pyrite in Shaver's Creek

The extent of pyrite oxidation observed in intact bedrock from the stream bed varied downstream in Shaver's 
Creek (Table S4 in Supporting Information  S1). In the samples where thin sections were made, euhedral or 

Figure 4. (a) Plot showing the average concentration of sulfate at sites in the Susquehanna River Basin (SRB). (b) Plot showing an example of the temporal series of 
sulfate concentrations broken down by source for site S4 in the SRB as determined by Non-negative Matrix Factorization (see Figure 1d). (c) Plot showing the average 
mixing proportions of sulfate sources for each site.
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framboidal pyrite was observed in unoxidized samples via SEM. Where oxidation had occurred, we observed iron 
oxide pseudomorphs after pyrite, similar to those observed at depth under Shale Hills previously (Gu, Heaney, 
et al., 2020; Gu, Rempe, et al., 2020). The pseudomorphs document pyrite that has been oxidized in the subsur-
face. The elemental compositions of the oxidized framboids were determined by EDS and the pseudomorphs 
were found to contain no sulfur. We found that in some samples, pyrite framboids and iron oxide pseudomorphs 
were both present, which we refer to as partially oxidized samples. In the upper part of Shaver's Creek watershed, 
pyrite in outcrops within the streambed was fully or partially oxidized, whereas pyrite in downstream outcrops 
was predominantly unoxidized (Figure S1 in Supporting Information S1). Location and lithologic formation data 
be found in Table S4 in Supporting Information S1.

3.4. Concentrations Across Watershed Scale

The average sulfate concentrations in the stream waters increase as the size of the drainage basin increases 
(Figure 4a). At the outlets of Shale Hills, Shaver's Creek, the Juniata River, and the Susquehanna Rivers, for 
example, the average sulfate concentrations are 95 ± 17, 114 ± 23, 160 ± 37, and 223 ± 57 μM, respectively. All 
sites show similar seasonal trends in stream sulfate concentrations, where sulfate concentrations are highest in the 
summer and fall and lowest in the winter and spring.

The relative proportions of sulfate sources, namely pyrite and acid rain fractions, change both temporally (season-
ally) and with increasing spatial scale. The proportions of acid rain sulfate are larger in small watersheds, and as 
the watershed size increases, the proportions of sulfate from pyrite and fertilizer both increase (Figure 4c). In all 
watersheds, we observe the highest proportion of pyrite-derived sulfate in the summer and fall and the highest 
proportion of acid rain in the winter and spring (Figure 4b), a trend previously observed for the subcatchment 
of Shale Hills (Shaughnessy et al., 2021). We observe no significant temporal trend in fertilizer-derived sulfate, 
likely due to the pervasive legacy fertilizers present in groundwater in the SRB (e.g., Van Meter et al., 2017).

4. Discussion
4.1. Oxidation Model

To explore river and groundwater sulfate dynamics, we propose a simple model that describes pyrite oxidation 
along a flow path as recorded in variations in stream chemistry. There are many oxidation reactions that remove O2 
from groundwater. Some of the electron donors in these reactions include soil organic carbon, petrogenic organic 
carbon, and redox-sensitive minerals such as pyrite (Gu, Rempe, et al., 2020) and chlorite (Liao et al., 2022). We 
assume that oxidation of the modern organic matter occurs strictly in the soil and sediment, affecting the initial 
DO concentrations entering the underlying rock (as described below). In contrast, petrogenic organic matter can 

Figure 5. Concentration-discharge relationship for pyrite-derived sulfate concentrations measured in the outlet stream at Shale Hills (a) measured during 2008–2010. 
The solid line is the fit of Equation 2 to the data, and the dashed lines are the 95% confidence intervals. (b) shows the monthly average dissolved oxygen (DO) 
concentration in groundwaters collected at 20 mbls in a borehole near the outlet (CZMW11) at Shale Hills from 2020 to 2021 plotted versus the water table depth. 
Arrows in (b) indicate the general trend over time. First, DO is advected to the sensor in the wet season and then DO is depleted in the dry season.
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oxidize in the rock or in the soil. In general, however, pyrite is usually observed to be the first mineral to oxidize 
in bedrock. For example, observations document that pyrite tends to be depleted by oxidation before all the 
petrogenic organic carbon is oxidized (Bolton et al., 2006; Hemingway et al., 2018; Petsch et al., 2000). Further-
more, although the exact depth of the front in Shale Hills is difficult to measure, the concentration of petrogenic 
organic carbon is very low and the extent of depletion is smaller than pyrite (Ogrič et al., 2023). For this reason, 
we focus on pyrite oxidation because it is likely the deepest oxidation occurring in the bedrock.

Following other simple weathering model treatments (e.g., Berner,  1978; Kump et  al.,  2000), the change of 
pyrite-derived sulfate concentrations, Csulf (mol m −3), in stream waters over time, t, is a balance between dilution 
and R, the rate of pyrite oxidation (mol sulfate m −3 yr −1):

𝜕𝜕𝜕𝜕sulf

𝜕𝜕𝜕𝜕
= 𝑅𝑅 − 𝜕𝜕sulf

𝑄𝑄

𝑉𝑉
 (1)

For simplicity, we abbreviate pyrite-generated sulfate as p-sulfate. In Equation 1, Q is the volumetric flow rate 
of water through the system (m 3 yr −1) and V is the volume of water stored in the watershed (m 3). The rate of 
oxidation, R, at the mineral surface can furthermore be expressed for any packet of water moving through the 
watershed as follows:

𝑅𝑅 = −
𝜕𝜕𝜕𝜕DO

𝜕𝜕𝜕𝜕
= 𝑘𝑘1𝜕𝜕DO (2)

Here, k1 is the rate constant (yr −1) and 𝐴𝐴 𝐴𝐴DO is the concentration of DO in the groundwater, specifically within the 
fractures of the oxidation zone where groundwater flows. Here, we assume that the packet of fluid can continue 
interacting with pyrite in the bedrock until all the DO is consumed. Next, we rewrite R with respect to 𝐴𝐴 𝐴𝐴sulf , rather 
than 𝐴𝐴 𝐴𝐴DO . To transform from 𝐴𝐴 𝐴𝐴DO to 𝐴𝐴 𝐴𝐴sulf , we note that 15 mol of O2 are consumed for every 8 mol of sulfate 
produced (where the equation is written under the assumption that all iron precipitates as hematite):

15O2 + 4FeS2 + 8H2O ↔ 2Fe2O3 + 8SO
2−

4
+ 16H

+ (3)

The concentration of DO in water entering the subsurface is assumed to be equilibrated either with O2 in the 
atmosphere or, if other mineral or organic matter reductants are present in the soil, with the soil atmosphere at 
the soil-bedrock interface. Here, we denote either concentration as 𝐴𝐴 𝐴𝐴

atm

DO
 . If water (at 10°C) is in equilibrium with 

the  atmosphere, 𝐴𝐴 𝐴𝐴
atm

DO
 equals 353 μM and if in equilibrium with the soil atmosphere at the base of soil in Shale 

Hills, this value equals about 260 μM (Gu, Heaney, et al., 2020; Gu, Rempe, et al., 2020). For any packet of water 
that enters the subsurface with 𝐴𝐴 𝐴𝐴

atm

DO
 and then reacts with pyrite, the stoichiometry of reaction 3 dictates that:

𝐶𝐶DO = 𝐶𝐶
atm

DO
−

15

8
𝐶𝐶sulf (4)

We define the concentration of sulfate after reaction with pyrite where 𝐴𝐴 𝐴𝐴DO = 0 as 𝐴𝐴 𝐴𝐴
max,pred

sulf
 . Given this definition 

and the stoichiometry of reaction 3,

𝐶𝐶
max,pred

sulf
=

8

15
𝐶𝐶

atm

DO
 (5)

Substituting Equations 4 and 5 into Equation 2 yields

𝑅𝑅 = 𝑘𝑘1

15

8

(

𝐶𝐶
max,pred

sulf
− 𝐶𝐶sulf

)

 (6)

Inserting Equation  6 into Equation  1, and solving for steady-state concentration of sulfate (i.e., 𝐴𝐴
𝜕𝜕𝜕𝜕sulf

𝜕𝜕𝜕𝜕
= 0 ) 

results  in:

𝐶𝐶sulf =
𝑘𝑘
′

1
𝐶𝐶

max,pred

sulf

𝑘𝑘
′

1
+ 𝑘𝑘𝑓𝑓

=
𝑘𝑘
′

1
𝐶𝐶

max,pred

sulf
𝑧𝑧

𝑘𝑘
′

1
𝑧𝑧 + 𝑞𝑞

 (7)

Here, we have rewritten the rate constant to include the stoichiometric coefficient (𝐴𝐴 𝐴𝐴
′

1
=

15

8
𝐴𝐴1 ). In the derivation of 

Equation 7, we assumed that V is constant while Q varies. Again, following a previous treatment (Berner, 1978), 
the frequency that the watershed is flushed, Q/V, is defined as kf (yr −1) and the inverse of kf is the residence time 
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for water in the watershed. The assumption that V in a watershed is constant must be incorrect to some extent 
depending upon the time frame of analysis (e.g., Birkel et al., 2011; Kirchner, 2009). This assumption will impact 
the transit time distribution of flow paths entering the stream, which has been shown to change the shape of the 
concentration-discharge curve (Torres & Baronas, 2021). We note that this is a limitation to our approach, but this 
parsimonious model is a starting point that allows us to compare concentration-discharge dynamics across water-
sheds where the transit time distributions are unknown. This assumption is also roughly equivalent to the hypoth-
esis of exponential transit times and is thus consistent with the treatment by Maher and Chamberlain (2014).

Conceptualizing the watershed as a one-dimensional chemical reactor in these equations, we furthermore consider the 
flushing frequency in terms of runoff q (m yr −1) along an average representative flow path of length z: 𝐴𝐴 𝐴𝐴 = 𝑧𝑧𝑧𝑧𝑓𝑓 .Both 
of the terms are in the denominator of Equation 7 can then be related to the Damköhler number, Da, for a watershed:

𝐷𝐷𝐷𝐷 =
𝑘𝑘
′

1

𝑘𝑘𝑓𝑓

=
𝑘𝑘
′

1
𝑧𝑧

𝑞𝑞
 (8)

In effect, Da is the ratio of the characteristic time scale of advection divided by that of dissolution. When Da >> 
1, reaction is fast compared to transport (𝐴𝐴 𝐴𝐴

′

1
 >> kf) and the system is transport-limited, but when Da << 1 (𝐴𝐴 𝐴𝐴

′

1
 << 

kf), the system is kinetic- or reaction-limited. For chemical engineers, Da is usually expressed as a function of the 
length of the chemical reactor z. For the simple approximation for a watershed presented here, z can be consid-
ered to be the length of the weathering flow path (Brantley & Lebedeva, 2021). Conceptually, for kinetic-limited 
oxidation (where Da << 1), water leaves the watershed before it reaches equilibrium for the mineral reaction but 
for transport limitation where Da >> 1, water leaves the watershed after equilibration. We can then substitute 
Equation 8 into Equation 7, which results in:

𝐶𝐶sulf =
𝐶𝐶

max,pred

sulf
𝐷𝐷𝐷𝐷

𝐷𝐷𝐷𝐷 + 1
=

𝐶𝐶
max,pred

sulf
𝐷𝐷𝐷𝐷

𝐷𝐷𝐷𝐷 + 𝑞𝑞
 (9a)

𝐷𝐷𝐷𝐷 =
𝐷𝐷𝐷𝐷

𝑞𝑞
 (9b)

𝐷𝐷𝐷𝐷 = 𝑘𝑘
′

1
𝑧𝑧 (9c)

Maher and Chamberlain (2014) define a new term Dw as the Damköhler coefficient (m yr −1), which we adopt 
here shown in Equation 9b. These authors use C eq (i.e., concentration of solute in equilibrium with the bedrock) 
instead of C max in their model. In later iterations of the model (Ibarra et al., 2016), they replace C eq with C max, 
which is the empirical maximum solute concentration. Their results for weathering reactions in many watersheds 
(Ibarra et al., 2016) show that C max is often less than what would be expected at equilibrium. Based on this obser-
vation, we also replace 𝐴𝐴 𝐴𝐴

max,pred

sulf
 (a theoretical equilibrium value) with 𝐴𝐴 𝐴𝐴

max,obs

sulf
 (an empirical, observed value) in 

Equation 9a and derive the following expression:

𝐶𝐶sulf =
𝐶𝐶

max,obs

sulf
𝐷𝐷𝐷𝐷

𝐷𝐷𝐷𝐷 + 𝑞𝑞
 (10)

Although derived differently, Equation 10 is mathematically equivalent to the solute production model (SPM) 
previously proposed (Maher & Chamberlain, 2014), when C0 (the initial concentration of solute entering the 
watershed) in the original SPM equals zero. Because we first use an inverse model to separate the sources of 
solutes (i.e., NMF), C0 in our model implicitly equals zero (pyrite oxidation only occurs in the watershed). 
The SPM has been used by several authors to fit C-q data for silicate weathering (Ibarra et al., 2016; Wymore 
et  al.,  2017), carbonate weathering (Zhong et  al.,  2020), and global weathering patterns (Ibarra et  al.,  2017; 
Maher & Chamberlain, 2014); however, this study is the first time that the model is linked to the subsurface 
distribution of minerals. We determined 𝐴𝐴 𝐴𝐴

max,obs

sulf
 and Dw for each watershed here by fitting measurements of Csulf 

versus q to Equation 10 using nonlinear least squares regression.

The flux of p-sulfate, Fpyrite, is manifested in stream chemistry as the product of 𝐴𝐴 𝐴𝐴sulf and q and thus, using Equa-
tion 10, we can write

𝐹𝐹pyrite = 𝑞𝑞𝑞𝑞sulf =
𝑞𝑞𝑞𝑞

max,obs

sulf
𝐷𝐷𝐷𝐷

𝐷𝐷𝐷𝐷 + 𝑞𝑞
 (11)
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When q is very small, 𝐴𝐴 𝐴𝐴pyrite ≈ 𝑞𝑞𝑞𝑞
max,obs

sulf
 and 𝐴𝐴 𝐴𝐴sulf ≈ 𝐴𝐴

max,obs

sulf
 (Equations 10 and 11), which means that p-sulfate 

concentrations are constant, and the rate of pyrite oxidation linearly increases with runoff. This behavior is inter-
preted as pyrite oxidation limited by transport of DO into or sulfate out of the system (advective transport-limited 

oxidation). When q is very large, 𝐴𝐴 𝐴𝐴pyrite ≈ 𝐶𝐶
max,obs

sulf
𝐷𝐷𝐷𝐷 and 𝐴𝐴 𝐴𝐴sulf ≈

𝐴𝐴
max,obs

sulf
𝐷𝐷𝐷𝐷

𝑞𝑞
 (Equations 10 and 11), which means 

that p-sulfate concentrations are inversely proportional to runoff and the pyrite oxidation rate is constant. In this 
regime, the rate of oxidation cannot keep up with the rate of dilution (kinetic- or reaction-limited oxidation).

Next, we interpreted our oxidation model with respect to the subsurface redox architecture across small and large 
watersheds. First, we remind the reader that 𝐴𝐴 𝐴𝐴

max,pred

sulf
 is the maximum concentration of p-sulfate in groundwater 

predicted after complete consumption of DO. As discussed earlier, we assume water at 10°C (i.e., the aver-
age temperature of groundwater at Shale Hills) is equilibrated with atmospheric oxygen (i.e., DO = 11.3 mg/l 
or 353 μM) and reacts with pyrite until DO reaches zero. Given these assumptions, 𝐴𝐴 𝐴𝐴

max,pred

sulf
 equals 188 μM. 

Although 𝐴𝐴 𝐴𝐴
max,pred

sulf
 varies slightly with temperature, we assume that 𝐴𝐴 𝐴𝐴

max,pred

sulf
  = 188 μM everywhere for simplicity.

We suggest five reasons why 𝐴𝐴 𝐴𝐴
max,obs

sulf
 could be less than 𝐴𝐴 𝐴𝐴

max,pred

sulf
 . First, our NMF decomposition could simply be 

attributing too much sulfate to other sources, inaccurately lowering the concentration of p-sulfate. Second, water 
entering the subsurface could be in equilibrium with soil gases rather than atmospheric gases. At Shale Hills, soil gas 
O2 concentrations are 75% of PAL at the base of the soil; therefore, groundwater in equilibrium with soils should have 
DO concentrations of 260 μM (8.3 mg/l; Gu, Rempe, et al., 2020; Hodges et al., 2019). Third, other redox-sensitive 
species in the bedrock (e.g., petrogenic organic matter, chlorite, and ankerite) could consume DO before the oxygen 
reaches pyrite. The relative importance of each electron donor in removing DO is determined by the distribution, 
concentration, and oxidation kinetics of each species in the bedrock. Fourth, there could be too little pyrite in the 
bedrock to completely deplete the DO for a given packet of water and flow path. In this situation, then the ground-
water that emerged into the stream will still contain DO. Lastly, the depth of groundwater flow might be less than the 
depth of the pyrite reaction front. A typical weathering profile from Shale Hills and other shale-underlain watersheds 
(Gu, Rempe, et al., 2020) for pyrite is shown in Figure 2a. Based on this weathering profile structure, three gener-
alized types of flow path are possible (Figure 2b): (a) above the reaction front such that water does not interact with 
pyrite and 𝐴𝐴 𝐴𝐴sulf = 0 ; (b) through part of the reaction front such that pyrite oxidation affects the water but does not 
deplete all DO, resulting in 𝐴𝐴 𝐴𝐴sulf < 𝐴𝐴

max,pred

sulf
 , and (c) completely through a reaction front that has enough pyrite to 

deplete the DO, such that 𝐴𝐴 𝐴𝐴sulf = 𝐴𝐴
max,pred

sulf
 (Figure 2b). Flow paths 1 and 2 result in 𝐴𝐴 𝐴𝐴

max,obs

sulf
  < 𝐴𝐴 𝐴𝐴

max,pred

sulf
 .

Given the five explanations for understanding 𝐴𝐴 𝐴𝐴
max,obs

sulf
 , only the last explanation (i.e., differing flow paths) has 

any implicit scaling relationship. In other words, the length and depth of flow paths can change as a function 
of drainage area, but it is unlikely that under-apportioning of p-sulfate (explanation 1), the relative importance 
of different redox reactions (explanations 2 and 3), or the concentration of pyrite in the bedrock (explanation 4) 
systematically varies with watershed size. For this reason, we infer that 𝐴𝐴 𝐴𝐴

max,obs

sulf
 can give clues to the average flow 

path and its position with respect to the reaction front.

Another way to understand the chemistry of each packet of water along a flow path is to consider the average 
length of flow of the packet through the reaction front, 𝐴𝐴 𝐴𝐴  , normalized by the length of the total flow path from the 
land surface to the stream (L). Those two quantities can be used to approximate the advective Damköhler number, 
Da, for a reaction under some circumstances (Brantley & Lebedeva, 2021):

𝐷𝐷𝐷𝐷 =
𝐿𝐿

𝑙𝑙
 (12)

In defining this Damköhler number, the watershed is likened to a packed-bed chemical reactor where L is the 
length of the reactor and l is the length of the reaction zone. For Da > 1 (L > l), the system is transport-limited, 
and for Da = 1 (L = l), the system is kinetically limited (the derivation for this treatment does not allow Da < 1 
because L cannot be smaller than l). We can determine the relative flow path length through the reaction front 
by converting Dw from our oxidation model to Da (i.e., Da = Dw/q) by multiplying by the mean runoff for each 
watershed.

4.2. Oxidation Model for Shale Hills

As discussed in Shaughnessy et al. (2021), there are two sources of sulfate at Shale Hills: pyrite oxidation and 
acid rain, and the NMF model successfully separates contributions in each stream sample from each source. 
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Using the oxidation model (Equation 10) and our NMF decomposition, we aimed to describe how the concen-
tration of pyrite-derived sulfate (Csulf) in the stream at Shale Hills changes as a function of runoff, q. At low q, 
Csulf varies by a factor of ∼5, while at high q, Csulf varies by a factor of ∼30. The relatively constant Csulf at low 
q is consistent with pyrite oxidation limited by the transport of DO to the reaction front (i.e., advective transport 
limited). At high q, Csulf is diluted to lower values, consistent with pyrite oxidation limited by reaction (reaction- 
or kinetic-limited). For Shale Hills, we observe both regimes as evidenced in the C-q curve shown in Figure 5a. 
Fitting Equation 10 to Csulf and q, we find 𝐴𝐴 𝐴𝐴

max,obs

sulf
  = 54 ± 2 μM and Dw = 0.4 ± 0.05 m yr −1 (p < 0.01; Figure 5a).

At Shale Hills, 𝐴𝐴 𝐴𝐴
max,obs

sulf
< 𝐴𝐴

max,pred

sulf
 , regardless of whether we use soil O2 or atmospheric O2 to define 𝐴𝐴 𝐴𝐴

max,pred

sulf
 . 

Using the conceptual model in Figure 2, we interpret this to mean that the stream mostly integrates flow paths 
above and partially through the reaction front with little contribution of completely oxygen-depleted water that 
travels in flow paths completely through the reaction front. However, we know that some groundwater flow paths 
at Shale Hills cross the pyrite reaction front. For example, Sullivan et al. (2016) collected groundwater samples 
from a ridgetop borehole (i.e., CZMW8) below the pyrite oxidation front as determined based on mineralogical 
analysis of borehole cuttings at depth. They found that the average sulfate concentration in the groundwater 
from this well at 30.1 mbls was 182 ± 38.7 μM (n = 9), which is consistent with 𝐴𝐴 𝐴𝐴

max,pred

sulf
  = 188 μM. Water that 

crosses the oxidation front entirely might not contribute significantly to the stream; therefore, it is not detected by 
our  treatment, which emphasizes water in flow paths above and partially through the oxidation front.

The seasonality of Csulf and CDO is consistent with consumption of DO via pyrite oxidation at Shale Hills. We 
observe that CDO increases seasonally (in CZMW11) as the water level in the borehole increases, that is, as the 
water table rises (Figure 5b). This is consistent with advection of groundwater with high DO to the reaction 
front—perhaps through interconnected fractures (Gu, Heaney, et al., 2020; Sullivan et al., 2016)—during the 
wet season. As the water level lowers, CDO decreases sharply, likely due to pyrite oxidation removing DO from 
the groundwater (Figure 5b). Because the measurements shown in Figure 5 were made in water samples from 20 
mbls (within the pyrite reaction front at the location of the borehole), it is unlikely that the removal of oxygen 
from the groundwater in this location is due to oxidation of other materials (e.g., organic matter).

4.3. C-q Analysis

Similar to Shale Hills (see Section 4.2), we calculated Dw and 𝐴𝐴 𝐴𝐴
max,obs

sulf
 for sites across Shaver's Creek, the Juniata 

River, and the Susquehanna River using the oxidation model. The oxidation model successfully described the C-q 
behavior for all the sampling points (watersheds) in the study, except for S9, the most upstream site in the SRB. For 
S9, we observe an increase in Csulf as q increases, which cannot be described by our model. The fit of the model 
to the C-q data (for all sampling locations except for S9) can be seen in Figure 6. Generally, 𝐴𝐴 𝐴𝐴

max,obs

sulf
 increases and 

Figure 6. Plot showing the C-q relationships for all 14 sampling locations where symbols (NMF derived p-sulfate 
concentrations) are plotted on top of one another and lines refer to model fits to each sub-watershed. Gray scale as shown at 
right is used for lines and symbols to indicate drainage.
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Dw decreases with increasing drainage area. Small watersheds tend to show 𝐴𝐴 𝐴𝐴
max,obs

sulf
  < 𝐴𝐴 𝐴𝐴

max,pred

sulf
 and large water-

sheds tend to show 𝐴𝐴 𝐴𝐴
max,obs

sulf
  > 𝐴𝐴 𝐴𝐴

max,pred

sulf
 . As discussed previously, values of 𝐴𝐴 𝐴𝐴

max,obs

sulf
  < 𝐴𝐴 𝐴𝐴

max,pred

sulf
are easy to explain ; 

however, the conceptual model (Figure 2b) fails to explain 𝐴𝐴 𝐴𝐴
max,obs

sulf
  > 𝐴𝐴 𝐴𝐴

max,pred

sulf
 in large watersheds. We explore this 

trend further in Section 4.4.

4.4. Explanations for 𝑨𝑨 𝑨𝑨
𝐦𝐦𝐦𝐦𝐦𝐦,𝐨𝐨𝐨𝐨𝐨𝐨

𝐨𝐨𝐬𝐬𝐬𝐬𝐬𝐬
  > 𝑨𝑨 𝑨𝑨

𝐦𝐦𝐦𝐦𝐦𝐦,𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩

𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬

4.4.1. Two Hypotheses

To explain why most large watersheds show 𝐴𝐴 𝐴𝐴
max,obs

sulf
  > 𝐴𝐴 𝐴𝐴

max,pred

sulf
 in the SRB, we hypothesized that a different 

oxidant is present for the pyrite in larger watersheds. Fe 3+ is a known oxidant for pyrite (Silverman, 1967), but 
ultimately, in a closed system, O2 is needed to transform Fe 2+ (produced during pyrite oxidation by Fe 3+) back 
to Fe 3+ (i.e., regeneration of oxidant) and ferric iron concentrations are low at circumneutral pH; therefore, ferric 
iron is unlikely to be the missing oxidant unless the system is open to O2. Some studies have suggested that 𝐴𝐴 NO3

− 
can oxidize pyrite (Juncher Jørgensen et al., 2009; Torrentó et al., 2011); however, this reaction must be micro-
bially mediated. Pore throats in the pyrite-containing zone of the shale at Shale Hills are too small for microor-
ganisms to access the pyrite; therefore, pyrite oxidation in these locations is abiotic (Gu, Rempe, et al., 2020). 
Although other watersheds might have larger pores, it is unlikely that pore size depends on watershed size; there-
fore, 𝐴𝐴 NO3

− -dependent pyrite oxidation is also unlikely to explain the overall trends. We, therefore, concluded that 
an alternate oxidant alone is unlikely to explain our findings.

This led us to hypothesize that transport of O2 to the mineral surface differed in large and small watersheds: in 
other words, oxidation in large watersheds is better described as open-system rather than close-system oxidation. 
If this is the explanation, then both Fe 3+ and micro-organisms could be important in localities in the larger water-
sheds. Furthermore, the open-system nature is likely related to the importance of coal mining in impacting river-
ine sulfate dynamics in the SRB over the last many decades (Raymond & Oh, 2009). For example, coal mining 
in parts of the SRB has exhumed pyrite and exposed it at the surface, which allows direct interaction of pyrite 
with gaseous O2 (i.e., an open system). The easy influx of O2 in the air to mined layers could explain riverine 
concentrations of Csulf and 𝐴𝐴 𝐴𝐴

max,obs

sulf
 greater than 𝐴𝐴 𝐴𝐴

max,pred

sulf
 . We infer that as drainage area in the SRB increases, the 

probability that the watershed is impacted by coal mining increases (Figure S2b in Supporting Information S1). 
After mining coal in the larger watersheds, oxidation of pyrite becomes kinetic-rather than transport-limited 
because the system is open rather than closed with respect to oxygen. For example, studies investigating pyrite 
oxidation in mine tailings have documented that oxidation is limited by reaction kinetics (Elberling et al., 1994). 
In effect, as the transport of O2 changes from advection of oxygenated water to depth in small watersheds to trans-
port of air to mining-exposed pyrite in large watersheds, the overall rate-limiting step changes from transport-to 
kinetic-limited.

To test this hypothesis, we used a geospatial data set of coalbed lithology (East, 2013; Figure S2a in Supporting 
Information S1) and classified each watershed as “coal containing” (>0% of watershed area occupied by coal 
mining) or “non-coal containing” (0% coal mining). Using these classifications, we discovered that watersheds 
with coal show 𝐴𝐴 𝐴𝐴

max,obs

sulf
  > 𝐴𝐴 𝐴𝐴

max,pred

sulf
 , and those without show 𝐴𝐴 𝐴𝐴

max,obs

sulf
  < 𝐴𝐴 𝐴𝐴

max,pred

sulf
 (Figure S3a in Supporting Infor-

mation S1). We quantified this further by utilizing a logistic regression model. Logistic regression models work 
by fitting explanatory variables (i.e., drainage area) to binary responses (i.e., a watershed contains coal or does 
not). The model is fully described in Supporting Information S1. We analyzed 335 watersheds within the SRB 
and found that any watershed >1,355 km 2 has >50% chance of containing coalbeds. We conclude that in the 
SRB, stream chemistry yields evidence for a change in rate-limiting step at larger spatial scales (or a change from 
closed to open system with respect to oxygen), and this is likely because larger subbasins within the SRB always 
contain coal.

One issue in the SRB, however, is that spatial scale and coal-containing lithology co-vary; therefore, we cannot 
entirely disentangle the effects of coal mining from spatial scale. Thus, an alternate hypothesis might be that 

𝐴𝐴 𝐴𝐴
max,obs

sulf
 increases above 𝐴𝐴 𝐴𝐴

max,pred

sulf
 simply because the watersheds are larger. As a first test of the scaling hypoth-

esis, we identified two additional sites slightly north of the SRB that are large and contain no coal: the Hudson 
(USGS site 01358000; drainage area: 20,981 km 2) and the Mohawk Rivers (USGS site 01357500; drainage area: 
8,950 km 2). Water quality data were accessed as for the SRB (see materials and methods). 𝐴𝐴 𝐴𝐴

max,obs

sulf
 values for these 

two watersheds equal 97 and 108 μM, respectively. These values are both below 𝐴𝐴 𝐴𝐴
max,pred

sulf
 . This suggests that coal 

is a better explanation than watershed size for why 𝐴𝐴 𝐴𝐴
max,obs

sulf
  > 𝐴𝐴 𝐴𝐴

max,pred

sulf
 in large subwatersheds of the SRB.
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These arguments are consistent with a change in rate-limiting step (and a change from closed to open system with 
respect to oxygen) as watersheds become large enough to be coal-containing. In the next two sections, we provide 
additional evidence for the presence of coal mining in watersheds as the important variable (rather than scaling). 
First, we look at the power-law exponent in C-q behavior, and then we look at watersheds in other parts of the 
US. This latter investigation also allows us to determine if the behavior we document in the SRB is particular to 
just this one region or is more general.

4.4.2. Sulfate Concentration-Discharge Relationship

Many researchers have documented a power-law relationship between stream concentration, C, and discharge, q 
(Godsey et al., 2009) and have interpreted the power law exponent, b, in terms of physical processes:

𝐶𝐶 = 𝑎𝑎𝑎𝑎
𝑏𝑏 (13)

In addition to increases in 𝐴𝐴 𝐴𝐴
max,obs

sulf
 , we therefore tested how coal mining impacts the power-law relationship 

between sulfate concentration and discharge. If DO is the sole oxidant source within a relatively closed system, 
then there is a fixed amount of oxidant available within any packet of water (i.e., the amount of O2 that can be 
dissolved in water). In such systems where the source of the oxygen is dissolved in groundwater, we might expect 
C-q behavior is either chemostatic or dilution (i.e., b ≈ 0 or b < 0) depending on whether dilution is fast enough 
to outcompete the rate of oxidation (i.e., transport or kinetic-limited, respectively). In contrast, if gaseous O2 is 
freely accessing the pyrite-water interface because the system becomes open to the atmosphere, we might only 
expect dilution behavior (i.e., b < 0) because in such systems, oxidation is usually kinetic-limited (Elberling 
et al., 1994). We tested this using 92 watersheds throughout the SRB. For these sites, we did not separate the 
sources using our machine learning model due to limited concentration data availability, but rather calculated 
the C-q power law slope for total sulfate concentrations. We found that 71% of coal-containing watersheds show 
weak dilution C-q behavior (b = −0.2 ± 0.2, n = 56), and 72% of non-coal containing watersheds show chemo-
static C-q behavior (b = 0.0 ± 0.1, n = 36; Figure S3b in Supporting Information S1). This supports our hypoth-
esis of a change in rate-limiting step of pyrite reaction as a result of coal mining. Additionally, corroborating this 
conclusion, we also observed an inverse relationship between Dw and b in watersheds where both quantities were 
calculated (see Ibarra et al., 2016).

4.4.3. Other Systems With 𝑨𝑨 𝑨𝑨
𝐦𝐦𝐦𝐦𝐦𝐦,𝐨𝐨𝐨𝐨𝐨𝐨

𝐨𝐨𝐬𝐬𝐬𝐬𝐬𝐬
  > 𝑨𝑨 𝑨𝑨

𝐦𝐦𝐦𝐦𝐦𝐦,𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩

𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬

Although 𝐴𝐴 𝐴𝐴
max,obs

sulf
 > 𝐴𝐴 𝐴𝐴

max,pred

sulf
 seems to be related to coal mining in the SRB, other systems with very high 𝐴𝐴 𝐴𝐴sulf 

have been reported globally. For example, 𝐴𝐴 𝐴𝐴sulf in rivers in Taiwan (Das et al., 2012), the Himalayas (Turchyn 
et al., 2013; Wolff-Boenisch et al., 2009), the Andes (Torres et al., 2016), Colorado (Winnick et al., 2017), and 
China (Liu et al., 2022) all exceed 188 μM (our assumed 𝐴𝐴 𝐴𝐴

max,pred

sulf
 based on a closed system where water was 

pre-equilibrated with the atmosphere). Like our hypotheses in Section 4.4.1, the authors have suggested several 
reasons for these high concentrations. Similar to our coal mining explanation, erosion rates in some of these 
mountainous watersheds could be high, leading to pyrite being shallow in the subsurface and exposed to soil or 
atmospheric gases. Winnick et al. (2017) hypothesize that the water table might seasonally fluctuate above and 
below the reaction front, exposing pyrite at low flow.

Our preferred explanation based on analysis in the SRB and other sites globally is that there are several 
circumstances where closed system dynamics might not accurately describe pyrite oxidation in watersheds, 
and these circumstances are likely related to enhanced exposure of pyrite to atmospheric gases (either natural 
through erosion or anthropogenic through mining). Gu, Rempe, et al.  (2020) discuss how long-term pyrite 
oxidation rates are paced by erosion rates and hypothesizes that the mechanism by which erosion accelerates 
oxidation is that erosion accelerates fracturing, which in turn allows access of oxygen to more pyrite. In fact, 
pyrite is oxidized only around a few very deep fractures at Shale Hills but is more completely oxidized near the 
high densities of fractures created in other watersheds experiencing faster erosion (Gu, Heaney, et al., 2020). 
These long-term dependencies could lead to the variability we observe in the short-term oxidation dynamics. 
In other words, systems with high erosion rates such as Taiwan might be characterized by open-system oxida-
tion dynamics over interannual timescales because of the high density of erosion-related fractures, whereas 
systems with low erosion rates such as Shale Hills might be characterized by closed-system oxidation dynam-
ics over interannual timescales. This needs to be more thoroughly tested and provides a future avenue for 
research.
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4.5. Application to Other Data Sets

To further investigate the effects of coal and watershed size on pyrite oxidation at the same time as exploring new 
climate and lithologic effects, we queried data within the WQP for the western US. In this region, we were able 
to investigate large watersheds on several lithologies in different climate regimes that do not contain coal. We 
identified 293 watersheds that fulfill the criteria outlined in materials and methods (109 with and 184 without 
coal-lithology; Figure 7a). Using this data set, we were able to test how pyrite oxidation changes as a function 
of drainage area of a watershed regardless of whether it contained coal. Using the total sulfate concentration and 
discharge, we calculated Dw and 𝐴𝐴 𝐴𝐴

max

sulf
 for each watershed as described above (Equation 10).

Analogs to the eastern US results (i.e., SRB), watersheds with coal show 𝐴𝐴 𝐴𝐴
max,obs

sulf
  > 𝐴𝐴 𝐴𝐴

max,pred

sulf
 and watersheds 

without coal tend to show 𝐴𝐴 𝐴𝐴
max,obs

sulf
  < 𝐴𝐴 𝐴𝐴

max,pred

sulf
 (Figure S4 in Supporting Information S1). In addition, for water-

sheds without coal, as spatial scale increases, 𝐴𝐴 𝐴𝐴
max,obs

sulf
 approaches 𝐴𝐴 𝐴𝐴

max,pred

sulf
 (=188 μM) (Figure 7b) rather than 

increasing above 𝐴𝐴 𝐴𝐴
max,pred

sulf
 as observed in the SRB. Once again, this corroborates the findings from the SRB that 

𝐴𝐴 𝐴𝐴
max,obs

sulf
  > 𝐴𝐴 𝐴𝐴

max,pred

sulf
 is only observed in the presence of coal.

To explain why 𝐴𝐴 𝐴𝐴
max,obs

sulf
 approaches 𝐴𝐴 𝐴𝐴

max,pred

sulf
 (=188 μM) in the western data set, we turn back to observations 

at Shale Hills and Shaver's Creek. Explanations might include that the predominant flow path type changes 
and/or that the depth of the oxidation front changes relative to land surface as a function of spatial scale. In 
small headwater watersheds (like Shale Hills) flow paths above and within the pyrite reaction front contribute 
dominantly to the stream. In other words, the reaction front is relatively deep (Figure 2b), consistent with 

𝐴𝐴 𝐴𝐴
max,obs

sulf
   < 𝐴𝐴 𝐴𝐴

max,pred

sulf
 (Figure  8). In larger watersheds, flow paths through the pyrite reaction front are domi-

nant, as evidenced by 𝐴𝐴 𝐴𝐴
max,obs

sulf
  = 𝐴𝐴 𝐴𝐴

max,pred

sulf
 . In addition, if watersheds are like Shaver's Creek, the pyrite reac-

tion front is likely to become increasingly shallow as the stream incises into bedrock (Figure 2b), leading to 
𝐴𝐴 𝐴𝐴

max,obs

sulf
  = 𝐴𝐴 𝐴𝐴

max,pred

sulf
 (Figure 8).

In addition to 𝐴𝐴 𝐴𝐴
max,obs

sulf
 , we found that Dw (and Da) also change with scale. In particular, as watersheds get larger, 

Da approaches 1. In relationship to Equation 4, this can be conceptualized as 𝐴𝐴 𝐴𝐴  approaches L as watersheds get 
larger.

Figure 7. (a) Map showing the selected sites in the Western United States. Boxplots for natural (i.e., contains no coal) watersheds showing how (b) 𝐴𝐴 𝐴𝐴
max,obs

sulf
 and (c) Da 

change as a function of the drainage area of the watershed.
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4.6. Subsurface Redox Architecture in Small and Large Watersheds

To recap the observations, as watersheds without coal become larger, we 
found that 𝐴𝐴 𝐴𝐴

max,obs

sulf
 approaches 𝐴𝐴 𝐴𝐴

max,pred

sulf
 and Da approaches 1 (Figure 7). Both 

observations are consistent with 𝐴𝐴 𝐴𝐴  approaching L (see Equation  12). We 
propose two ways to interpret this observation for these United States data. 
The first explanation is that as watersheds get larger, their streams integrate 
water from deeper flow paths where water is more likely to have traveled 
completely through the reaction front, depleting DO completely (i.e., flow 
path 3; Figure  2b). The second explanation is that streams incise into the 
pyrite reaction zones in increasingly larger watersheds. It is important to note 
that these two explanations are not mutually exclusive. For example, deeper 
flow paths might be depleted with respect to DO, resulting in a shallowing 
of the reaction front.

Explanation 1 implies that flow length and depth of flow both increase 
as drainage area increases. This idea is a corollary to hydrologic models 
which show only local flow paths contributing to flow in first order 
streams but significant regional groundwater flow paths contributing to 
third order  streams (Gleeson & Manning, 2008). However, tributaries also 
enter the mainstem of large rivers contributing significantly to streamflow. 
Instead of integrating deeper flow paths, therefore, large rivers might simply 
be manifesting the influence of their tributaries (i.e., higher order streams 
are a summation of lower order streams; Hrachowitz et al., 2010; Shaman 
et al., 2004). For example, runoff in watersheds in the Neversink River water-
shed in New York changed little between subcatchments exceeding 21 km 2 
(Shaman et al., 2004). This suggests that water from deeper flow paths only 

significantly increase streamflow in moderately small watersheds. Moreover, in another study, mean transit times 
of water in streams converged to the same value at increasingly large watershed scale, and large watersheds 
showed no major change of dominant flow paths (Hrachowitz et al., 2010). Given these findings, variations in 
flow length and depth likely describe some of the differences between small in large watersheds, but they cannot 
solely account for all the trends in our data.

We, therefore, favor explanation two: reaction fronts shallow as watershed size increases. Instead of flow paths 
becoming consistently deeper, allowing stream waters to have interacted with pyrite for longer, the reaction front 
instead shallows such that shallow flow paths are within the reaction front rather than above it (i.e., flow path type 
1 disappears in favor of flow path type 2; Figure 2b). This explanation is also consistent with the observation of 
unoxidized pyrite outcropping along sections of Shaver's Creek (Figure S1 in Supporting Information S1) and in 
other locations such as northern California and Taiwan (Gu, Rempe, et al., 2020). Headwater streams (i.e., zeroth 
or first order) may generally develop deep pyrite oxidation fronts at least partly because recharging water has high 
concentrations of DO. But as groundwater flows from the headwaters downstream to join higher-order streams, 
it becomes depleted with respect to DO and in turn becomes less reactive with pyrite; therefore, the reaction 
front shallows downstream (schematically depicted in Figure 2b). Because the reaction front is less deep down-
stream, shallower flow paths interact with pyrite leading to increased 𝐴𝐴 𝐴𝐴

max,obs

sulf
 . This interpretation of our data thus 

empha sizes changes in the subsurface redox architecture as a function of watershed size. Integrating subsurface 
mineral distributions into conceptual and hydrologic models will help improve water quality predictions.

5. Conclusions
Through a combination of machine learning and physically based modeling, we investigated the mechanism of 
pyrite oxidation recorded in the concentration-discharge relationships of streams. We found three characteristic 
concentration-discharge trends as depicted in Figure 8. In small watersheds without coal, we found that the maxi-
mum stream sulfate concentrations are less than predicted by equilibrium with pyrite (𝐴𝐴 𝐴𝐴

max,obs

sulf
  < 𝐴𝐴 𝐴𝐴

max,pred

sulf
 ), and 

the Damköhler number (Da) is greater than 1. In large watersheds without coal 𝐴𝐴 𝐴𝐴
max,obs

sulf
  = 𝐴𝐴 𝐴𝐴

max,pred

sulf
 and Da = 1. 

We attribute this partly to subsurface flow paths that get deeper and longer as spatial scale increases but also, 
more importantly, to downstream shallowing of the pyrite reaction front in larger watersheds. Nonetheless, across 

Figure 8. Schematic plot showing the three characteristic 
concentration-discharge patterns observed in watersheds in the northeastern 
and western US. By studying catchments within the Susquehanna River 
Basin and western US, we observed that pyrite oxidation is always limited by 
advective transport of the oxidant to the mineral everywhere except where coal 
has been exhumed at the land surface. For the latter catchments, oxidation is 
kinetic- (or reaction-) limited. In this plot, 𝐴𝐴 𝐴𝐴

max,obs

sulf
 equals 500, 188, and 70 μM 

for the kinetic-limited, transport-limited (large), and transport-limited (small) 
curves, respectively. Dw is 1 for transport limited (small) and 0.1 for kinetic 
limited and transport limited (large).
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all spatial scales, the advective transport of DO to the reaction front limits pyrite oxidation in these watersheds 
(Figure 8).

On the other hand, coal mining results in 𝐴𝐴 𝐴𝐴
max,obs

sulf
  > 𝐴𝐴 𝐴𝐴

max,pred

sulf
 across all-sized watersheds, which is consistent with 

kinetic-limited, rather than transport-limited, oxidation of exhumed pyrite (Figure 8). We attribute the effect 
of mining to the enhanced exposure of pyrite to atmospheric oxygen which allows open-system rather than 
closed-system oxidation, a transition that might also occur with increasing fracture density in high erosion rate 
watersheds. We also found that coal containing watersheds have steeper C-q power law slopes (i.e., more nega-
tive b values) than non-coal containing watersheds; therefore, C-q slopes might indicate the relative importance 
of kinetic-versus transport-limited oxidation. Through analysis of C-q relationships, we were able to determine 
information about subsurface flow paths, the subsurface redox architecture, and oxidant source dynamics, all of 
which will help to elucidate reaction mechanisms across spatial scales. Understanding the subsurface redox archi-
tecture of a watershed will help to improve our predictions of legacy contamination in the future.
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