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Abstract Weathering is the ultimate source of solutes for ecosystems, controls chemical denudation of
landscapes, and drives the geologic carbon cycle. Mining and other land-moving operations enhance
physical weathering by bringing large volumes of shattered bedrock to the surface. Yet, the relative influence
of these activities on chemical weathering remains poorly constrained. Here we show that catchments
impacted by mountaintop removal coal mining have among the highest rates of chemical weathering ever
reported. Mined catchments deliver more than 7,600 kg-ha™"-year™" of dissolved solids downstream. The
chemical signatures of these exceptionally high weathering rates reflect the product of sulfuric acid
weathering of carbonate-bearing rock, driven by the oxidation of pyritic materials. As this strong acid rapidly
weathers surrounding carbonate materials, H* ions are consumed and Ca’, Mg“, and HCO; ™ ions are
exported to balance the elevated SO,°~ exports, generating alkaline mine drainage. The sulfate exports from
pyrite oxidation in mountaintop-mined catchments account for ~5-7% of global sulfate derived from pyrite,
despite occupying less than 0.006% of total land area. Further, the suite of weathering reactions liberate
100-450 kg of rock-derived C-ha™"-year™' as CO,, with an additional 90-150 kg C-ha™"-year™' of C released
when HCO3™ reaches the ocean. This rock C release contributes to the high carbon costs of coal combustion.

Plain Language Summary The reclaimed mountaintop removal coal mines of central Appalachia
have exceptionally high weathering rates, with sulfuric acid weathering of carbonate rock releasing more
than 4.5 million t of rock-derived solutes and at least 531,000 t of rock carbon as CO, each year.

1. Introduction

Chemical weathering of bedrock is typically dominated by carbonic acid weathering, which acts as a geologic
sink of CO, (Dessert et al., 2003), ultimately regulating the carbon cycle over millennia (Maher & Chamberlain,
2014). However, when exposed to air or combusted, sulfur (S) compounds in coals and shales can be
important sources of sulfuric acid (H,SO,4, a strong weathering acid; Calmels et al, 2007; N. M. Johnson
et al, 1972; Li et al,, 2008; Raymond & Oh, 2009; Reynolds & Johnson, 1972; Torres et al.,, 2014; Xu & Liu,
2007). Substantial research documents that the CO, (Maher & Chamberlain, 2014) and SO, derived from coal
combustion enhances regional and global weathering rates (N. M. Johnson et al., 1972; Lerman et al., 2007; Li
et al., 2008; Xu & Liu, 2007), but little work has examined how weathering may be altered in the mines from
which coal is extracted (though see Raymond & Oh, 2009). Mine operations expose large volumes of pyritic
minerals (FeS,-bearing rock) bringing these reduced materials into contact with air and water, generating
sulfuric acid and oxidized iron (equation (1)).

Pyrite oxidation and release of sulfuric acid

1
1502 + 14H20 + 15F652 = 8H2504 + 4FE(OH)3 ( )

Raymond and Oh (2009) estimated that escalation of this process by deep coal mining may account for
28-40% of modern global riverine S fluxes from pyrite oxidation.

Before 1970, U.S. coal was primarily produced from underground mines (Lutz et al., 2013), which altered
weathering patterns in mined areas by simply exposing FeS, to water and air (Raymond & Oh, 2009). Since
1970, coal production has been dominated by surface mining operations. In addition to exposing
acid-generating FeS, to oxygen, surface mining also mechanically fragments large volumes of overlying
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bedrock. Mountaintop removal coal mining with valley fills as practiced in Central Appalachia is a particularly
extreme form of surface mining, excavating ridges as deep as 200 m and burying adjacent valleys and
streams beneath many meters of highly heterogeneous fractured bedrock (Greer et al., 2017) and coal resi-
dues (Ross et al,, 2016). These impacts are extensive (Drummond & Loveland, 2010; Townsend et al., 2009),
covering more than 5,900 km? in central Appalachia (Pericak et al., 2018).

Postmining landscapes have lower slopes (Maxwell & Strager, 2013; Ross et al., 2016), increased water storage
potential (Barbour et al., 2016; Ross et al., 2016; Wunsch et al., 1999), altered hydrologic flowpaths (Greer et al.,
2017; Messinger & Paybins, 2003; Miller & Zégre, 2014; Nippgen et al, 2017; Zegre et al, 2014), and
acid-generating pyrite in the particularly reactive form of small pyrite particles (Clark et al, 2018).
Pyrite-bearing rocks are intentionally mixed with acid-neutralizing carbonate-bearing bedrock (Odenheimer
et al, 2014) to prevent acid mine drainage. The physical fragmentation of bedrock alone likely leads to
elevated weathering rates due to an increase in exposed surface area (equation (2)) as seen for rapidly
weathering glacial till deposits (Calmels et al., 2007; Hilton et al., 2014; Lyons et al.,, 2005; Torres et al., 2017).

In mountaintop mining overburden deposits, a suite of chemical reactions generate alkaline mine drainage
(Griffith et al, 2012; Lindberg et al., 2011). The production of alkaline mine drainage is initiated by FeS,
dissolution and oxidation (equation (1)), generating sulfuric acid (Silverman & Ehrlich, 1964). This sulfuric acid
can be neutralized through either silicate or carbonate weathering reactions (Clark et al., 2018). While the fill
material across much of Central Appalachia is predominately silicate minerals (Clark et al., 2018), the alkaline
mine drainage characteristic of coal mines in this region has been attributed to enhanced carbonate
weathering of CaCOs; and MgCOs (Banks et al., 1997; Daniels et al,, 2016; Hawkins, 2004; Zhang et al.,
1995). Together, these reactions liberate soluble ions previously held in bedrock (50427, Ca**, Mg,
HCO;™, K*, Na*, and CI7), which collectively increase both the pH and specific conductance of mine water
effluent (Bernhardt et al., 2012; Griffith et al., 2012; Lindberg et al., 2011; Orndorff et al., 2015).

While both silicate and carbonate weathering reactions contribute to high solute concentrations of mining
effluent, they have quite different implications for carbon cycling (equations (2)-(5) and Figure 1). In the
absence of strong acids, weathering of silicates can be a substantial net carbon sink (equation (2)) over
geologic timescales (Hamilton et al., 2007; Louvat & Allegre, 1997). In contrast, strong acid weathering of
silicates is carbon neutral (equation (3)) and can liberate fossil carbon from carbonate rock weathering
(equation (4)), with the CO, released from this reaction balanced by million-year timescales of sulfate
reduction (Calmels et al., 2007; Li et al., 2008). The fate of this liberated C depends on solution pH, with
CO, gas from equation (4) equilibrating with HCOs;™~, a pH-dependent process (equations (4) and (5);
Stumm & Morgan, 1996). In the heterogeneous reaction matrix of a valley fill (Greer et al., 2017), weathering
reactions are occurring at the interface between pyrite, silicate, and carbonate minerals generating both
acidic and basic conditions along the weathering fronts (Figure 1), with the aggregate result generating
alkaline mine drainage (Lindberg et al., 2011). The following equations show carbonate weathering with
calcium carbonate and silicate weathering with potassium feldspars, but replacing calcium with magnesium
or potassium with sodium yields the same acid-neutralizing results.

Silicate mineral weathering by carbonic acid—geologic C sink
Ca,Si0; 4 2C0O; + H,0 = Ca** + 2HCO;- + SiO,
Silicate mineral (feldspar) weathering by sulfuric acid—geologic C Neutral
2KAISi30g + H2S04 + 10H,0 = 2K + 4Si (OH)4 + Al,Si;Os(OH), + S04~

)

3)

Carbonate mineral weathering by sulfuric acid at reaction site—geologic C source

(4)
CaCO0; + H,S0, = Ca*™ + H,0 + S04 + CO,

Under alkaline conditions, much of this CO, is converted to HCOs™ via carbonate equilibrium reactions
(Stumm & Morgan, 1996), which yields the following net reaction (5):

Carbonate mineral weathering by sulfuric acid, net reaction after carbonate equilibria

5
2CaC0; + H,504 = 2Ca?t 4 5042 + 2HCO;- ©®

Bicarbonate ions released by this weathering reaction (equation (5)) will be exported downstream with other
weathering products but may also be evaded as CO, when waters become less alkaline downstream (Marcé
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Figure 1. Conceptual diagram of valley fill structure and weathering reactions: Diagram shows the theoretical structure of a
mountaintop-mined landscape and the chemical reactions that generate high concentrations of weathering products
and high specific conductance in mined catchments. These reactions start with the oxidation and dissolution of pyrite
particles (1) and the subsequent weathering of carbonate minerals by strong acid (2). Acidic conditions at the reaction site
produce gaseous CO,, which evades into solution, producing bicarbonate (HCO3 ). The net reaction produces a suite of
weathering products, with the dominant ions being 50427, HCOs3 Ca®*, and Mg2+ shown in (3). These weathering
products are either generated and/or routed through valley fills, where they leave the system as dissolved ions in streams.

et al, 2015). Mining-derived HCO3™ that enters the ocean can act as a CO, source over geologic timescales
that occur over 10° years (Torres et al., 2014, 2017) via

Oceanic carbonate precipitation—Geologic C source

2+ o ©)
Ca?* 4 2HCO;- = CaCO;3 + H,0 + COyg)

Despite ample research on the high concentrations of rock-derived ions in streams draining mountaintop
mines, there has been insufficient research on chemical weathering fluxes and almost no work looking at
elevated pyrite oxidation and carbonate weathering effects on the geologic C cycle. Here we use a
paired-catchment approach to estimate the impact of mountaintop mining on weathering rates and
geologic C cycling.

2. Methods

2.1. Sites and Data Collection

This study was conducted in West Virginia's Mud River basin, where the Hobet surface mine is the primary
form of landuse change with little history of deep mining (Messinger & Paybins, 2003) and only small
amounts of low-density rural development (Figure 2, https://mtm-weathering.web.duke.edu). The Mud
River basin covers three similar coal-bearing geologies: the Kanawha Formation, the Conemaugh Group,
and the Allegheny formation. These formations are generally sequences of sandstone, siltstone, shale,
limestone, and coal, with little or no marine sediments and primarily made up of carbonates and silicate
minerals (Ehlke et al., 1982). Mixed hardwood forests dominate unmined portions of the landscape, while
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Figure 2. Study map: Hillshade maps of study sites. Reference catchments
(RB and LF) are outlined in green, while red and orange highlight the

mined catchments (LB and MR), and blue indicates stream lines. Sensors
were placed at watershed outlets and samples taken at the same points.
Insets show digital elevation model of first-order catchments with topo-

graphic changes shown at Laurel Branch (LB) with premining and postmin-

ing digital elevation models.

2.2. Data Analysis

postmining landscapes are generally covered in grassland/shrublands
with limited forest recovery (Zipper et al.,, 2011). Average annual rainfall
is ~ 1100 mm distributed evenly throughout the year.

We monitored changes associated with mining at two different spatial
scales (Figure 2). At the headwater scale, we compared the unmined
Rich’s Branch (RB, 118 ha, mean slope 19.5°) to the mined Laurel Branch
(LB, 68 ha, mean slope 13.3 °). Laurel Branch was 97 ha before mining
activities deposited 10-14 million m* of spoil into the valley, shrinking
the catchment area by 30% and lowering the mean slope by 7.5° from a
premining 20.5° (Ross et al., 2016). At the fourth-order scale, we compared
the reference site, Left Fork (LF, 3,463 ha, mean slope 17.5°), to the partially
mined Mud River catchment (MR, 3,672 ha, mean slope 18.9 °). Nearly half
of MR (46%) has been heavily altered by mining with an estimated
162-185 million m> of spoil deposited into its headwater valleys, resulting
in a decrease in mean slope of 3° and an increase of mean elevation by
2 m. These extensive topographic alterations are consistent with changes
throughout the region (Ross et al., 2016). LB was mined from 2003 to 2010,
and various parts of MR were mined from 1985 to 2015, with most mining
operations in the two catchments completed by 2010.

We measured water level, conductivity (specific conductance in
microsiemens per centimeter), and temperature at 10-min intervals from
1 October 2014 to 30 September 2015. Rating curves were developed for
each stream to convert water level data to streamflow (see Nippgen
et al., 2017 for details). Specific conductance data at all sites had periods
of drift due to either deposition of dissolved particulates onto the sensor
electrodes or through partial sand burial. To correct for this sensor drift,
we assumed linear drift from the previous download and corrected
specific conductance to a handheld meter that was calibrated monthly.

We collected bulk surface water samples biweekly from each site along
with pH measurements using a handheld probe. This regular sampling
effort was supplemented with intensive storm sampling for six storms.
All water samples were filtered through a 0.45-um mixed-cellulose fiber
filter and stored at 4 °C prior to analysis. All samples were analyzed for
50,27, Ca%t, Mg®*, K*, Na*, NO5~, and CI~ using simultaneous anion and
cation analysis on two Dionex ICS-2000 ion chromatographs with an
AS-40 autosampler (Dionex, Sunnyvale, CA). Anions were analyzed on
AS-18 guard and analytical columns. Minimum detection was 10 ppb for
CI™ and SO4*>~ and 3 ppb for NOs-N. Cations were analyzed on CS-12A
guard and analytical columns. Minimum detection was 0.3 ppm for Ca**,
Mg?*, and Na* and 30 ppb for K*. All samples with SO, concentrations
greater than 200 ppm were diluted prior to analysis. Dissolved Si was
determined by inductively coupled plasma-mass spectrometry for a
subset of 50 samples collected from each site that were chosen to repre-
sent the full range of observed hydrologic conditions.

Bicarbonate concentrations for each sample were calculated by charge equivalence, assuming that all unmet
negative charge could be attributed to HCO3 ™, such that in equivalents per liter,

[HCO3™| = Xcations — Xanions

For this equation cations are Na*, K*, Mg?*, and Ca®*, and anions are S0,%~, CI~, and NO;~. We performed
this calculation individually on every sample. Assuming all unmet charge is accounted for by HCO;™ is a
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pH-dependent assumption (Stumm & Morgan, 1996), but pH data from this study and more than 14 years of
prior work in the study catchments suggests that pH in both reference and mined catchments is consistently
between 6.8 and 8 (supporting information [SI] Figure S1), where unmet negative charge should be
predominantly captured by HCO3™.

We used the ratio of sulfate to bicarbonate ions to infer dominant weathering sources. Carbonate weathering
with full equilibration of CO, to HCO;™ (equations (4) and (5)) should generate HCO;:50,%~ balanced at a
2:1 ratio. Solute yields well above this 2:1 ratio can only be achieved through carbonate weathering by
carbonic acid, which sequesters CO, (equation (2)). In contrast, solute yields with a HCO37:50,%~ well below
2:1 are consistent with CO, production from strong acid weathering of carbonate rock (equation (4)). In the
latter case, we can further assume that for each mole of excess SO4%~ exported, 1 M of CO, must be produced
(molar ratio of 1:1, equation (3)). We can then use this relationship to calculate rock weathering CO, efflux.
This approach allows us to assess weathering reactions regardless of stream water pH, which integrates
across the heterogeneous pH conditions found throughout the valley fill (see Figure 1). In addition to acid
neutralization through carbonate weathering (equations (4) and (5)), silicate minerals can also neutralize
sulfuric acid as in equation (3). As a result, we first account for Na* and K™ with SO, at a 1:1 ratio before
assessing the HCO5:50,% ratio.

We also used a second approach to estimate CO, sink strength from the relationships between major cations
and HCO3™ concentrations (equation (7), Hamilton et al., 2007).

[CO, sink strength] % = [HCO;~ — 0.5(Ca*" + Mg?")]/[0.5(Ca®" + Mg*")]" 100 7)

The dominant solutes in stream water are notably consistent over time and are strongly correlated with
stream water specific conductance and discharge. Element concentration samples were taken every other
week throughout the year with additional storm sampling. These data are well suited to a regression
approach for estimating ion concentrations with sensor data, allowing predictions of ion concentrations at
10-min intervals. We tested multiple regression approaches between grab sample solute concentrations
and in situ specific conductance and discharge. These approaches include modeling element concentration
as a function of natural log of discharge, specific conductance, log discharge and specific conductance, and
specific conductance and percent baseflow contribution (from Nippgen et al., 2017). Compared to simple
flow-weighted mean estimates of element flux, the resulting concentration estimates provide higher
temporal resolution data, more accurate estimates, and uncertainty bounds (Appling et al., 2015) on the flux
of weathering products.

All analyses were completed using R statistical software, primarily the tidy data framework and associated
packages (Wickham, 2011, 2014) in addition to the linear modeling built into R.

3. Results and Discussion

Stream water chemistry from unmined catchments indicates weathering of silicate and carbonate materials
(Gaillardet et al., 1999), consistent with weathering of mixed sandstone and limestone bedrock (Gaillardet
et al, 1999; Dessert et al., 2003; Xu & Liu, 2007; Figure 3b). The observed increases in Mg:Na and Ca:Na ratios
in our mined catchments place the chemistry of receiving streams outside of the range of a global database of
stream and river waters (Dessert et al., 2003; Gaillardet et al.,, 1999; Xu & Liu, 2007), indicating that mining is
dramatically enhancing carbonate weathering, with higher amounts of Mg potentially released from chlorite
weathering (Clark et al., 2018). Mining clearly elevates concentrations of carbonate weathering products (Ca%*
and Mg?"), but direct measurements of silicate weathering rates show that mean Si concentration does not
differ between mined and unmined sites (Figure 3c). However, elevated concentrations of Na* and K* in
mined sites indicate an increase in K-feldspar and Na-feldspar silicate weathering, as suggested in previous
work (Clark et al., 2018). The high concentrations of Na* and K*, but low Si concentrations suggest that while
silicate minerals are being weathered, Si is remineralized before export in stream water. The highest mean con-
centrations of Si were observed in RB, the first-order reference catchment, where the Conemaugh Group,
which is higher in sandstone, comprises more of the geology than all other sites. By promoting ideal condi-
tions for strong acid weathering of carbonate rocks, mining shifts these catchments from silicate/carbonate
weathering CO, sinks to strong acid carbonate weathering CO, sources (equation (7) and Figure 3d).
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Figure 3. Specific conductance and ion correlations, weathering rates, and CO, sink strength: (a) correlation between spe-
cific conductance and individual ion concentrations at all sites from biweekly samples and three storms. These relation-
ships, along with baseflow indices, were used to calculate daily flux estimates. (b) Na-normalized ratio of Ca and Mg
from this study (plotted in circle colored points) and a synthesis of global stream water chemistry; crosses (x) denote global
large rivers (Gaillardet et al., 1999), open squares denote karstic streams (Xu & Liu, 2007), and basalt streams are shown as
closed diamonds (Dessert et al., 2003). The blue and purple circles indicate a range of ratios from pure carbonic acid
weathering of carbonate and silicates, respectively (from Gaillardet et al., 1999). Note that the reference catchments have a
mix of silicate and carbonate weathering signals, while the mined catchments clearly shift to being dominated by
carbonate weathering ratios (high Mg and Ca). (c) Boxplot of dissolved Si concentrations from storm and baseflow samples
at all sites, showing no statistical difference between mined and unmined Si concentration. (d) Violin plots with relative
CO, sink strength as inferred from stream water chemistry (see text for details); negative values indicate that weathering
was a source of CO, (equation (7)). RB = Rich’s Branch; LB = Laurel Branch; LF = Left Fork; MR = Mud River.

There were strong positive correlations (S| Figure S2) between stream-specific conductance, natural log of
discharge, percent baseflow contribution, and major ion concentration at all sites during both stormflow
and baseflow (Ca*, Mg?*, and 50,4>~; Figure 3a). To provide robust estimates of elemental flux, we compared
four different types of linear models that predict element concentration based on sensor data measured at
10-min intervals. We used two methods to choose the best modeling approach. First, we built linear models
using 70% of the data for each site, and, using the remaining 30% of data, we calculated the median absolute
percent error by comparing observed element concentrations versus predicted. All models generally had
errors <20%. The model where element concentration depends on specific conductance and percent
baseflow had the lowest average error across all sites and elements (SI Figure S3, average error 14%).
Secondly, we calculated the annualized flux of elements using the four different models by multiplying
concentration by discharge and integrating over the study period. By comparing these models, we tested
how sensitive the estimates of flux were depending on modeling approach. Our estimates of annual flux were
robust across all four model formulations (Figure 4), with consistent estimates of flux across sites and
elements. Using the lowest error model allowed us to use specific conductance and percent baseflow as a
proxy for all individual ions at all sites (R?> > 0.65, SI Table S1), effectively providing an estimate of ion
concentrations at 10-min intervals for the entire water year (see SI Table S1 for R? and equations for all
reported elemental concentrations). For presentation purposes, we took daily averages to display
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Table 1

Annual lon Flux Estimates Across Sites and the Ratio of Flux (Mined:Unmined)
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Figure 4. Annual flux of major weathering products using different modeling approaches: Bar plots show annualized ele-
ment flux estimates in kilograms per hectare using four different modeling approaches: Log Q, Log Q & SC, SC, and SC &
%baseflow, where Q is discharge in millimeters per hour and SC is specific conductance in microsiemens per centimeter.
The 90% confidence interval estimates are shown as black lines with hashes at the end. Notice that the axis changes
between each plot, and flux estimates are substantially similar regardless of modeling approach. The final modeling
approach used in this study and for all subsequent figures was elements as a function of specific conductance (SC) and the
percent baseflow (%baseflow) (Nippgen et al., 2017). RB = Rich’s Branch; LB = Laurel Branch; LF = Left Fork; MR = Mud River.

elemental flux data. With these estimates, we assumed that all unmet negative charge in modeled element
concentration was met by HCO3™ (Sl Figure S4).

Across all sites NO3~ was not predictable using the simple models of specific conductance and baseflow,
likely because NOs;™ export is strongly influenced by biotic factors such as season and temperature, and
therefore we excluded it from the annual analyses. For charge-balance purposes, NOs™ made up less than
1% of total charge in all samples across all sites, so it has negligible impact on the calculations of HCO3™.
Similarly, previous work in the same study area has shown that dissolved
organic carbon and metal concentrations make up less than 5% of the
charge balance and likely have a small impact on the annualized HCO3™
estimates (dissolved organic carbon ranged from 1.7 to 8.1 mg/L in

Lindberg et al,, 2011).

First-order Fourth-order

Site annual watershed watershed In the two unmined catchments, many elements (Ca>*, Mg**, K*, and
Element element flux (kg/ha) — — S04%7) were exported at nearly the same area-adjusted rates. At the
Mined/ Mined/ first-order reference, RB, total weathering products were exported at rates
LB MR RB LF unmined unmined of 203 + 40 kg-ha~"-year™", while the fourth-order reference, LF, exported
& 1095 365 30 36 36,5 10.1 solutes at rates of 247 + 71 kg-ha™ '-year ' (Table 1 and Figures 4 and 5,
a 27 22 4 14 6.8 1.6 https://mtm-weathering.web.duke.edu). The similarity in areal export rates
HCOz* 1,602 919 90 111 17.8 83 between the unmined headwater and fourth-order catchment suggests
N o - € e e 2 that natural weathering processes and routing of precipitation are similar
Mg 929 431 non 84.5 359 between these unmined sites regardless of catchment size (Figure 5). The

Na 34 23 5 10 6.8 23
SO, 5170 1911 57 58 907 329 first order fully mined catchment, LB, exported 44 times more weathering
TDS* 8939 3,703 203 247 44 15 solutes than its reference counterpart RB (8,939 + 325 kg-ha™ -year™'). MR,

*HCO3 flux estimates shown here is calculated where all unmet negative
charge is assumed to be met by HCOs. LB = Laurel Branch; MR = Mud
River; RB = Rich’s Branch; LF = Left Fork; TDS = total dissolved solids.

the larger, mined catchment (46% mined), exported 15 times more solutes
than its paired reference site LF (3,703 + 442 kg-ha™"-year ). If we assume
that the 54% of MR that is unmined has weathering rates similar to the
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Figure 5. Daily flux of major weathering products: (a) modeled daily flux of major ions from the four study sites (see text for modeling details). Please note different y
axes scaling between reference and mined sites. Green shading in LB and MR denotes the y axis scale of the reference sites. HCO3 ™ was calculated by assuming
charge balance. (b) Cumulative flux of major ions and TDS by site. Reference sites have nearly identical per-area flux, which obscures the LF line at times. RB = Rich’s
Branch; LB = Laurel Branch; LF = Left Fork; MR = Mud River; TDS = total dissolved solids.

reference catchments, we can then estimate that the mined portion of the catchment exported dissolved
solutes at rates of ~7,600 + 961 kg-ha’1-year’1. As such, the total weathering rates at the two mined sites
were nearly equivalent, given measurement uncertainty. Such similar rates of solute export occur even
though MR drains a series of mines that range in age from 5 to 30 years old, while LB drains a single mine
that is ~ 5 years old, suggesting similar weathering processes regardless of mine age, which is consistent
with prior findings (Ross et al., 2016).

These are extremely high chemical weathering rates. Only a single catchment, the Waiho catchment in New
Zealand, exports dissolved solutes at a higher rate (11,900 kg-ha™'-year™", Lyons et al., 2005). The Waiho river
drains a glacier and has much higher specific water yield, exporting 7-10 times more water per area than our
sites. These mountaintop mining catchments are exporting twofold to eightfold more weathering solutes
than the highly reactive, fresh bedrock, and high runoff islands of Iceland (Louvat et al., 2008), Réunion
(Louvat & Allégre, 1997), and Papua New Guinea (Gaillardet et al., 1999), whose reported chemical weathering
rates are among the highest in the world (1,100-3,380 kg-ha™"-year™").

High weathering rates have often been associated with C sequestration—indeed weathering reactions in
these steep, geologically young islands act as important geologic C sinks through carbonic acid weathering
of silicate and carbonate rock, sequestering as much as 25 g C-mz-year_1 (Dessert et al., 2003). In contrast, the
high weathering rates in mined catchments is driven by sulfuric acid weathering of carbonate rock leading to
a loss of rock C as CO,. It may initially seem hard to reconcile this strong acid weathering source with the
alkaline pH observed in receiving streams (pH ~7.1-8.3, SI Figure S1), yet the observed HCO3 :S04> ratios
can only be explained by strong acid weathering of carbonate rock (Figure 6). Sulfuric acid weathering of

ROSS ET AL.

1189



Global Biogeochemical Cycles 10.1029/2017GB005798

RB LF

i%

10/14 01/15 04/15 07/15 10/15 10/14 01/15 04/15 07/15 10/15

MR

100

50 ) /_/"

-100

H
(=]
o

-
\m

Cumulative Charge Flux (keg/ha)

N

-50

-100

10/14 01/15 04/15 07/15 10/15 10/14 01/15 04/15 07/15 10/15

Figure 6. Cumulative charge flux: Shows cumulative ion flux (as kiloequivalents per hectare per year (keq-haq-year*]) for
each site, with anions labeled in white (light blue = Cl) and cations labeled in black (dark gray = K). RB = Rich’s Branch; LB =
Laurel Branch; LF = Left Fork; MR = Mud River.

carbonates under alkaline conditions should produce a molar ratio of HCO; :50,%~ of 2:1; however, the ratio
at the mined sites is 1:2, suggesting that there is far more S0,%~ produced than can be accounted for by our
estimates of HCO3™ flux, even when accounting for neutralization of sulfuric acid through feldspar
weathering (equations (3)-(5) and Figures 1 and 7). In contrast, the reference sites export HCO3~ and
S04~ ions at a ratio closer to 2.7:1, suggesting that there is excess HCOs;~ produced by carbonic acid
weathering, consistent with a weathering sink for CO, (equation (2) and Figure 7). When accounting for
the potential for feldspar weathering to neutralize acidity from H,SO,4 (equation (3)), we estimate that
carbonic acid weathering in the unmined catchments sequesters 0.5-0.8 g C-m Zyear™' (Figure 7),
while mined catchments are releasing rock C as CO, at rates of 10-45 g-m’z-year’1. In the ocean, over a
10%year timescale (Torres et al, 2014), bicarbonate released from sulfuric acid weathering in mined
headwaters will reach the ocean and evade as CO, through equation (7), bringing the total C release rates

up as high as 90-145 g-m2year™".

Previous estimates from the region suggest that mountaintop-mined coal produces 0.83 Mg C for every
square meter of mined land (Lutz et al., 2013). It would take more than 5,000 years for the acid weathering
C release to match the C released directly from coal combustion. However, fossil C release from weathering
in mined catchments could offset 20-90% of annual net ecosystem C uptake by vegetation on mined lands
(estimated at 167-389 g C:m2year™, Lutz et al, 2013). Since the release of weathering derived solutes
persists for decades after mining ceases (Ross et al., 2016), oxidation of ancient rock-organic C bound up in
coal residues and shales could dramatically increase our estimates of fossil C release from these mines
(Hilton et al., 2014), especially when considering elevated oxidation of lithosphere C in rapidly weathering
catchments (Hemingway et al.,, 2018). These additional carbon release pathways add substantially to previous
estimates of the full carbon costs of coal (Campbell & Fox, 2010).

The high weathering rates and CO, efflux observed from mined catchments likely alters the physical
structure of valley fills. For example, at LB, the loss of more than 700 t of material per year through
downstream export of weathering products should create void spaces of 225-350 m® annually, assuming
that spoil material bulk density ranges from 2 to 3 g/cm® (Wunsch et al., 1999). If this void generation rate
were applied evenly over the entire LB catchment, it would represent a chemical denudation rate of at least
330 mm/kyr, a rate 55 times faster than the background estimates of chemical and physical denudation rates
for Berylium-10 derived rates in Appalachian mountains of 6 + 3 mm/kyr (Hancock & Kirwan, 2007).

ROSS ET AL.

1190



~1
AGU

100

ADVANCING EARTH
'AND SPACE SCiENCE

Global Biogeochemical Cycles 10.1029/2017GB005798

Mined Unmined

401
COy(g)
20- I .

01

Adjusted elemental flux (Kmoles/ha)

T T T T

RB
H* source Products H* source Products H* source Products H* source Products

Figure 7. The amount of CO, evaded or sequestered from chemical weathering depends on weathering reactions as
shown in equations (2)-(5). Sulfuric acid weathering of carbonates and silicates can be neutralized by equations (3)-(5),
and by accounting for the net efflux of these weathering products (5042_, HCO3 ", Nat, and K*) we can estimate the
carbon consequences of weathering after adjusting for their molar ratios in equations (3)-(5). This graph shows that in
mined catchments there is excess sulfate—from sulfuric acid, H,SO4, solid red bar—when compared to its balanced
weathering products; we assume that all of this excess sulfate is balanced by CO, efflux to the atmosphere (black and red
striped bars). The opposite is true in the unmined catchments, where there is not enough sulfate (expressed as H,SOg4 in the
plot) to explain the total weathering products. As a result, in the unmined catchments we assume the opposite is true:
Additional weathering products are generated by silicate weathering with H,CO3 and CO, as the ultimate H" source,
making unmined catchments a net CO5 sink. RB = Rich’s Branch; LB = Laurel Branch; LF = Left Fork; MR = Mud River.

By our estimate, at least 760 t of dissolved solids and ~90-145 t of geologic C are being released from each
square kilometer of mines in the Mud River catchment per year. The solute concentrations and their ratios
reported here are similar to other studies from the region (Griffith et al., 2012; Lindberg et al., 2011). Our rate
estimates were also consistent between the small recently mined catchment and the larger catchment that
includes areas mined progressively over the last four decades. These consistencies support scaling the results
of the current study to the entire Central Appalachian coal-mining region. If we apply our measured
weathering rates to the entire 5,900 km? of active, abandoned, and reclaimed mines (Pericak et al., 2018),
we estimate that strong acid weathering of mine spoil could export more than 4.5 million tons of dissolved
ions to regional rivers and release 531,000-855,000 t of geologic C as CO, annually.

Our regional estimates of chemical weathering rates and carbon release are conservative both regionally and
globally. Pyrite and carbonate content—the chemical engines driving elevated weathering—is relatively low
in this region with pyrite concentrations often not detectable in rock core samples (<1% of rock; Clark et al.,
2018), and the county with our study sites has low carbonate concentrations compared to the other parts of
Central Appalachia where it ranges from 1% to 13% (Clark et al., 2018). Furthermore, total sulfur content in the
coal, another proxy for acid-weathering potential (Skousen et al., 2002), is on the low end (~ 1%) of the USA
(0.5-5%, Casagrande, 1987) and global range (1-10%, Chou, 1997). These lower-end pyrite and carbonate
concentrations still translate to very high weathering rates in our study system, but work in other parts of
Appalachia have reported specific conductance values 2-10 times higher than reported here, suggesting
much higher weathering rates are probable in the region (B. R. Johnson et al., 2010).

This regional impact has global consequences for the cycling of sulfur. While mountaintop mining operations
in Central Appalachia cover less than 0.006% of the land area of Earth, they contribute a globally significant
amount of sulfate to surface water through pyrite oxidation. Previous work estimates global, pyrite-derived
sulfate weathering rates at 4.5-6.2 * 10'3 g/year (Berner & Berner, 1996; Francois & Walker, 1992). Scaled to
the 5,900 km? of mountaintop mined land in central Appalachia, we estimate that mine lands export
3.24 % 10"? g/year of pyrite derived sulfate, accounting for 5-7% of the current global budget. Estimates of

ROSS ET AL.

1191



~1
AGU

100

ADVANCING EARTH
'AND SPACE SCiENCE

Global Biogeochemical Cycles 10.1029/2017GB005798

Acknowledgments

This research was funded by a National
Science Foundation EAR Hydrologic
Sciences grant 1417405 to B. L. McGlynn
and E. S. Bernhardt and an NSF
Graduate Research Fellowship to M.
Ross. The staff of WV DNR District 5
Upper Mud River provided logistical
support with special thanks to Nick
Huffman. We would like to thank Anita
and Stanley Miller for access to their
property and field assistance and thank
Brian Lutz for a thoughtful and helpful
initial review of this manuscript. Steve
Hamilton was vital to developing the
ideas in this manuscript. Data,
coarsened to daily means, for this paper
can be found at the public GitHub
repository for the interactive web
application visualizing all data found in
this manuscript. The address for the
web application is http://mtm-
weathering.web.duke.edu/, and the
GitHub repository location is https://
github.com/matthewross07/MTM.
Weathering.

worldwide pyrite oxidation rates are likely significant underestimates given more recent work showing
similarly high pyrite oxidation rates in glaciated landscapes (Calmels et al., 2007; Torres et al.,, 2017), heavy
rainfall catchments (Das et al.,, 2012), and deep mines (Raymond & Oh, 2009). Even if the global estimate
increases substantially, the rates of pyrite oxidized sulfate production from mined Appalachian catchments
will still be significant and highly disproportionate to their area. Lastly, increases in pyrite-driven weathering
and the subsequent increase in bicarbonate flux will likely impact regional HCO5;™ flux and alkalization of
rivers (Raymond & Hamilton, 2018).

More than 40% of the 5.6 billion tons of coal mined globally (Reichl et al., 2016) is derived from surface mining
techniques (World Coal Institute, 2005). These coal mining activities will result in the liberation and oxidation
of pyrite minerals, enhanced potential for strong acid weathering, the production of dissolved salts, and the
release of geologically bound C. Unlocking geologically sequestered pyrite has important implications for
global biogeochemical cycles of S, C, Ca, and Mg, whether it is the result of glaciers (Torres et al., 2017) or
coal mines.
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