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Abstract

Shale formations account for 25% of the land surface globally and contribute a large proportion of the natural gas used in
the United States. One of the most productive shale-gas formations is the Marcellus, a black shale that is rich in organic mat-
ter and pyrite. As a first step toward understanding how Marcellus shale interacts with water in the surface or deep subsurface,
we developed a reactive transport model to simulate shale weathering under ambient temperature and pressure conditions,
constrained by soil and water chemistry data. The simulation was carried out for 10,000 years since deglaciation, assuming
bedrock weathering and soil genesis began after the last glacial maximum. Results indicate weathering was initiated by pyrite
dissolution for the first 1000 years, leading to low pH and enhanced dissolution of chlorite and precipitation of iron hydrox-
ides. After pyrite depletion, chlorite dissolved slowly, primarily facilitated by the presence of CO, and organic acids, forming
vermiculite as a secondary mineral.

A sensitivity analysis indicated that the most important controls on weathering include the presence of reactive gases (CO,
and O,), specific surface area, and flow velocity of infiltrating meteoric water. The soil chemistry and mineralogy data could
not be reproduced without including the reactive gases. For example, pyrite remained in the soil even after 10,000 years if O,
was not continuously present in the soil column; likewise, chlorite remained abundant and porosity remained small if CO, was
not present in the soil gas. The field observations were only simulated successfully when the modeled specific surface areas of
the reactive minerals were 1-3 orders of magnitude smaller than surface area values measured for powdered minerals. Small
surface areas could be consistent with the lack of accessibility of some fluids to mineral surfaces due to surface coatings. In
addition, some mineral surface is likely interacting only with equilibrated pore fluids. An increase in the water infiltration rate
enhanced weathering by removing dissolution products and maintaining far-from-equilibrium conditions. We conclude from
these observations that availability of reactive surface area and transport of H,O and gases are the most important factors
affecting rates of Marcellus shale weathering of the in the shallow subsurface. This weathering study documents the utility
of reactive transport modeling for complex subsurface processes. Such modelling could be extended to understand interac-
tions between injected fluids and Marcellus shale gas reservoirs at higher temperature, pressure, and salinity conditions.
© 2017 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Exposed shale formations account for 25% of the land
surface globally (Suchet et al., 2003). Subsurface shales
are now contributing close to half of the natural gas used
in the United States. Of particular importance in gas pro-
duction are black shale formations that are rich in organic
material — and which also host high concentrations of trace
and heavy metals (Jaffe et al., 2002; Tuttle and Breit, 2009).
To extract gas, high-volume hydraulic fracturing is used to
open the rocks and expose them to large volumes of water.
Various environmental issues can arise as a result of shale
gas development related to the return of metal- and
organic-containing high salinity water to the land surface
(Vidic et al., 2013; Warner et al., 2013; Brantley et al.,
2014). Trace metals are also released during weathering of
black shale at the land surface (Liermann et al., 2011;
Chapman et al., 2012; Phan et al., 2015; Stewart et al.,
2015). While very few data are available to constrain
water-rock interaction at high temperature in the deep sub-
surface (Balashov et al., 2015), observations from chemical
weathering in the shallow subsurface are more readily avail-
able (Jin et al., 2013). Here we investigate water-rock inter-
action in the Marcellus shale by focusing on surficial
processes where we have observational data to constrain
model simulations. Such models can be used to understand
dominant water-rock interaction processes, identify major
controls of soil formation and soil water chemistry, and
quantify kinetics of mineral dissolution and thus release
rates of rock-forming elements. The model provides a step-
ping stone toward the prediction of water-rock interactions
at higher temperature, pressure, and salinity during hydrau-
lic fracturing. In addition, such models can be used to
understand black shale weathering, the long-term controls
on oxygen over geologic time, and acid mine / rock
drainage.

Mineral weathering and soil formation have previously
been observed to depend on the infiltration of meteoric
waters (Brantley and White, 2009), the rate of erosion
(Millot et al., 2002; Riebe et al., 2004; West et al., 2005),
and the composition of reacting fluids (Oelkers et al.,
1994). The nature and concentration of acids in pore waters
also control weathering. For example, biological activity
often results in the production of organic acids that can
change mineral dissolution rates by lowering pH, accelerat-
ing the rates toward equilibration (Drever and Stillings,
1997), and enhancing aqueous complexation (Lawrence
et al., 2014). Likewise, soil pCO, also controls weathering
rates of granitic parent material (Moore et al., 2012).
Weathering of gray shale of the Rose Hill formation was
observed to initiate via pyrite oxidative dissolution at
23 m depth under a ridge, followed by the dissolution of
illite and chlorite that formed vermiculite and iron oxide-
hydroxides at shallower depths in the organic poor soil
(0.03-0.05 wt%) (Jin et al., 2010, 2013, 2014; Liermann
et al., 2011). These processes increased permeability and
water accessibility, and exposed other minerals to weather-
ing (Brantley et al., 2013).

In the past decades, reactive transport models (RTMs)
have advanced significantly and have been used widely to

understand, quantify, and predict chemical weathering,
geological carbon sequestration and other processes
(Hausrath et al., 2008; Li et al., 2017b; Lichtner, 1992;
Steefel et al., 2005; Zheng et al., 2009). In general, simula-
tion of chemical weathering has focused on one-
dimensional analysis. The RTM studies have found that
rates and extent of weathering are controlled by intrinsic
variables such as mineralogy, protolith porosity, surface
area, as well as extrinsic variables such as climate.
Hausrath et al. (2008) showed that dominant reactions dur-
ing basalt weathering include the dissolution of feldspars
and augite and precipitation of kaolinite and iron oxide-
hydroxides. Navarre-Sitchler et al. (2011) analyzed basalt
weathering rinds and found that plagioclase and augite dis-
solved while gibbsite, kaolinite, and goethite precipitated,
leading to drastic increase in pore connectivity and diffusion
in bedrock. Bolton et al. (2006) recently modelled weather-
ing of the New Albany black shale to understand geologic
controls on oxygen in the atmosphere. Other field and
laboratory-oriented studies also explored the shale weather-
ing and metal release (Jaffe et al., 2002; Tuttle and Breit,
2009; Tuttle et al., 2009). Our understanding on weathering
of Marcellus shale, however, is rather limited.

Given the importance of understanding water-shale
interactions at depth (for shale gas) and near the surface
(for metal contamination of water resources), we developed
a reactive transport model for Marcellus shale weathering
as a first step toward quantitative understanding and pre-
diction of water-shale interactions over a full range of tem-
perature and pressure conditions. Importantly, water
chemistry data can constrain the rates of processes at deca-
dal timescales (i.e. the residence time of meteoric waters in
soil profiles) and soil chemistry data can constrain the rates
of weathering processes over millennia (i.e., the residence
time of solid materials in soil profiles (Brantley, 2010).
RTMs can then be used to integrate across these time
scales, as well as to history match and forecast various
weathering stages under changing conditions.

2. METHODOLOGY
2.1. The Marcellus shale

This study focuses on weathering of black shale of the
Oatka Creek member of the Middle Devonian Marcellus
Formation within the Hamilton group. The Marcellus for-
mation underlies much of Pennsylvania, extending into
Ohio, West Virginia, and New York (Obermajer et al.,
1997). The Marcellus Formation at kilometers depth has
been the target of extensive drilling and high-volume
hydraulic fracturing since 2004 (Brantley et al., 2014); how-
ever here we focus on weathering of outcrops. Samples of
bedrock, soil and soil water were collected from a forested
northwest-facing planar hillslope, located in Jackson Cor-
ner, Huntingdon County, Pennsylvania.

2.2. Soil and water sampling and analysis

The field site and sample collection have been previously
described (Mathur et al., 2012; Jin et al., 2013) and are
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briefly introduced below. Soil profiles were sampled using a
hand auger along a roughly planar but convex-upward hill-
slope on Marcellus shale. The hillslope is defined between
two general sampling locations sited within 10 m of one
another: the first at the ridge top (augered cores at sites
RT1 and RT2) and the second at a valley floor location
(VFS) at an elevation 30 m below the ridgetop. The entire
slope is developed.

Bulk elemental chemistry was measured on the RT and
VFS samples (i.e., without removal of any particle size frac-
tion). Here we present elemental chemistry of soil pore
water sampled from three nests of lysimeters (soil water
samplers:  http://www.soilmoisture.com/1900L-Near-Sur-
face-Samplers/) installed May 2010 at the ridgetop (labelled
as the MRT site), middle slope (MMS), and valley floor
(MVF) along the same Marcellus transect (see Fig. 1 in
Mathur et al. (2012)). The diameter of the lysimeters is
4.8 cm. The ceramic frit at the bottom allows water to enter

and extend for 5 cm in the long dimension of the tube. The
vacuum is always set up at 0.5 cbar, so the lateral average
that contributes water to the lysimeters varies depending
on the soil moisture content. At each of the three locations,
several lysimeters were emplaced at ~10 cm depth intervals
(see Table B1 for depths at each location). Before emplace-
ment, lysimeters (from Soil Moisture Equipment Corp 1900
series) were washed with 10% nitric acid and rinsed repeat-
edly with double deionized water. Samples collected at
MRT, MMS, and MVF during lysimeter emplacement
were also analyzed for bulk density.

Soil pore waters were collected at roughly weekly inter-
vals starting two weeks after lysimeter emplacement. A
hand pump was used to pull vacuum on the lysimeters to
—50 centibars one week before each collection. Water sam-
pling was carried out by lowering PVC tubing into the cera-
mic cup and pumping water out with a syringe. The pH was
measured with a pH meter and an electrode (SymPhony
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Fig. 1. Water chemistry data versus depth at different sampling locations: ridge top (MRT), mid slope (MMS), and valley floor (MVF).
Symbols represent the average values at each location and depth as measured in approximately 240 samples taken between 05/14/2010 and 12/
02/11 (all values included in Table B1 in Supplementary Information). Mean and standard deviation values are reported in Tables B2 and B3.
Values of pH increase with depth. Silica was present at the highest concentration. Sulfate and chloride were the dominant anions. Al, Fe, and
K consistently decreased with depth at all three locations. Na and Mg concentrations remained relatively constant as a function of depth.
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SP70P) calibrated with standard pH buffers (4 and 7). Ali-
quots (30 mL) were then acidified with 5 drops of ultrapure
nitric acid and stored in pre-cleaned high density polyethy-
lene (HDPE) bottles for cation analysis. Acidified pore
water samples were analyzed for major cation concentra-
tions using inductively coupled plasma atomic emission
spectrometry (ICP-AES) (Perkin-Elmer Optima 5300). A
similar aliquot was stored without acid addition for anion
analysis using a Dionex ion chromatograph (ICS-2500).

2.3. Bedrock and soil samples

Jin et al. (2013) and Mathur et al. (2012) investigated a
total of 8 rock samples that were assumed to give an indi-
cation of parent composition: 4 derived from a nearby road
outcrop sampled at 5 m depth below the land surface, and 4
from the bottom of the augered soil cores. The organic car-
bon content of the putative parent rocks varied, as expected
given that the Marcellus formation (including the Oatka
creek member sampled here) has highly variable organic
content throughout Pennsylvania. Four of the 8 parent
samples were observed to contain organic carbon (1.16—
1.39 wt.% C) on average lower than those observed in deep
core samples of the most common production target for
shale gas in Pennsylvania, the Union Springsmember of
the Marcellus formation (1.9-7.3 wt.%) (Gu et al., 2015).
The parent samples for the Marcellus in this study were
much lower in C than those observed at depth between 9
and 13m in the New Albany black shale, 8-16 wt% C
(Wildman et al., 2004).

The deep-core samples were also observed to contain
0.29-1.53 wt% S. These values are much larger than the S
content (0.023 wt%) in a sample analyzed from the bottom
of the RT1 core from the top 2.5 m. Thus, it was inferred
that pyrite had begun oxidatively dissolving from the par-
ent material at tens of meter depth (Jin et al., 2013). Very
little S was retained in the <2 mm fraction of soil; however,
rock chips in the soil were observed to occasionally contain
pyrite under electron microscopy. This deep depletion of
pyrite is similar to observations for the New Albany black
shale where about 6.9 wt% S was observed at 8 m depth
while only 0.3-0.5 wt% of S was observed within the top
2.5m (Wildman et al., 2004). We therefore cannot use rel-
atively shallow samples to determine parent carbon content
because it is likely that organic carbon is depleted from the
shale at tens of meters of depth, i.e., deeper than the sam-
ples in this study (Jin et al., 2013). Deep oxidative dissolu-
tion of pyrite in the Marcellus is attributed to deep
penetration of O,-containing water. Such penetration is
expected given the likelihood of deep fracturing during
the periglacial period associated with the Last Glacial
Maximum.

Based on X-ray diffraction analyses of bedrock samples,
the dominant minerals in the Marcellus shale are chlorite,
illite, vermiculite, iron oxide-hydroxide, quartz and pyrite
(Mathur et al., 2012; Jin et al., 2013). For two soil samples
from RT1 core (from 20 to 26 cm depth and from 109 to
115 cm depth), clays were treated to separate minerals fol-
lowing the methods of Poppe et al. (2002). This included
ethylene glycol treatment, K saturation treatment, Mg sat-

uration treatment, and acid treatment. The clay-siozed min-
erals were identified to be chlorite (14, 7.2 and 3.5 A peaks),
illite (10, 5 and 3.3 A peaks), vermiculite (141& peak), a
small amount of quartz (4.3 and 3.3 A peaks) and possibly
kaolinite with a small particle size (broad 7.2 and 3.6 A
peaks). The occurrence of kaolinite cannot be conclusively
determined due to the presence of chlorite and its very low
abundance (if it is present at all).

2.4. Rain water chemistry

Annual rainfall averages 1.0 m in this study area (Jin
et al., 2011). Two National Atmospheric Deposition Pro-
gram sites in central Pennsylvania (PA-15 and PA-42) show
very similar rainwater chemistry. The rainfall concentra-
tions used as model inputs were therefore determined from
the monthly averages from both sites during 2006-2008
(Table Al in Supplementary Information). Due to the acid
rain in this part of Pennsylvania, the dominant anions
today are SO%~ and NO5. Dominant cations are Ca>",
Na*, and H', followed by Mg®tand K*. Our study mod-
eled chemical weathering for 10,000 years. However, acid
rain deposition was only important for the last 100 years
due to increases in S and N emissions related to hydrocar-
bon burning. Therefore, we set the rainfall chemistry for the
first 9900 years at pH 5.5. For the last 100 years, the dis-
solved CO, concentration in rain was increased to set a
pH at 4.4, a value within the typical acid rain pH range
of 4.2-4.4. Tons in pore water can become concentrated
due to evapotranspiration (ET). In central Pennsylvania,
ET is reported to be approximately half of the atmospheric
precipitation (Jin et al., 2011). To account for this, we
followed the approach of other researchers (e.g. Moore
et al.,, 2012) and multiplied the average rainwater ion
concentrations by 2.0 to approximate the effect of evapo-
transpiration during infiltration.

2.5. Reactive transport modeling

The code CrunchFlow was used to simulate the reaction
and transport processes. The operator-splitting scheme was
implemented in the code using the Strang scheme, in which
a half transport step is followed by a full reaction step
which is in turn followed by another half transport step
(Strang, 1968; Zysset et al., 1994). Reactions in natural sys-
tems include both kinetically-controlled reactions and fast,
thermodynamically-controlled reactions. Concentrations of
species involved in fast reactions such asaqueous
complexation are related through the laws of mass action
(equilibrium constants). CrunchFlow divides the species
into primary and secondary species. The secondary species
are written in terms of the primary species using the
equilibrium constants of fast reactions. Therefore, the
number of equations that the code solves reduces to
the number of the primary species instead of the total
number of species, which reduces the computation
expenses. The list of primary and secondary species is in
Table A2 in Supplementary Information.

CrunchFlow solves mass conservation equations and
has been used extensively (Steefel et al., 2015). CrunchFlow
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solves advection-dispersion-reaction equations for the pri-
mary species i:

ApC)  I(DC) OuC;) & o
8t = azx 8}( +;Ri‘j7 1= 1,...,np (1)

where x increases in the downward direction, C; is the
solute concentration of species i (mol/m?®), np is the
total number of primary species, u is Darcy flow velocity
(m*/m?/s), t is time (s), and D is the dispersion coefficient
(m?/s). This latter coefficient is a combination of diffusion
and dispersion calculated by the following:

D=D"+a-u (2)

where D" is the effective diffusion coefficient in porous
media (m?/s) and o is the dispersivity (m). In this work, o
was set to 0.0005 m, a value calculated for homogenous
sand columns (Salehikhoo et al., 2013). The D" is calculated
as ¢"Dy, where Dy is the aqueous diffusion coefficient
(1.0 x 10~° m?/s) and m is the cementation factor with a
value of 2.0 (Armatas, 2006). The reaction network also
includes mineral dissolution and precipitation that are
kinetically-controlled as well as aqueous complexation that
is thermodynamically controlled. The classical Transition-
State-Theory (TST) based rate laws were used to represent
the kinetics of mineral reaction j (Lasaga, 1998):

Ri,j = Aj(kj,HJfa’;IH + kj,HzO + kjtoHanOO}'Iq) (1 — %) (3)

eq.J
Here R;; is the reaction rate of mineral j that the species i is
involved (mol/m?/s), 4, is the surface area of a given min-
eral j per unit volume (which is dependent on mineral abun-
dance (mz/mS)), k; (kjn, k;n,0,k;0n) are the rate constants
of mineral j under acidic, neutral, and alkaline conditions
(molm~2s~1); the activities (a) are for H', water, and
OH™, IAP;is the ion activity product, and K, ; is the equi-
librium constant of the mineral reaction j. The saturation
index IAP/K,,; quantifies how far the aqueous phase is
from equilibrium. At equilibrium, IAPy/K,,; equals 1.0.
When the saturation index is less than one, the mineral dis-
solves and R;; is positive. When the saturation index is
more than one, the solution is oversaturated and precipita-
tion occurs. The term XR; ; in Eq. (1) is the summation over
all relevant removal and addition of aqueous species i by
dissolution and precipitation of mineral j that are con-
trolled by kinetics.

All simulations were carried out at 25 °C using the ther-
modynamic and kinetic parameters in Table 1, which is
based on detailed characterization and quantification of
mineralogy on the Marcellus Shale parent rock. Combined
heat and chemical treatments with XRD revealed that no
smectite was present. In the nearby Shale Hills Critical
Zone Observatory where we have investigated soils on the
Rose Hills (gray) shale, we observed that chlorite and illite
react to vermiculite and HIV and a small amount of kaoli-
nite. In that system, the starting clay mineralogy was the
same (chlorite, illite, no smectite), although with different
proportions. We therefore modelled the weathering of the
Marcellus by making defensible and simplified assump-

tions. First, although amorphous Fe oxides or oxyhydrox-
ides may form as intermediate phases, given the longer
timescale of this RTM simulate, we assumed goethite was
the most stable phase. Goethite is really a representative
iron oxide in the model — it represents the average behavior
of iron oxides in the model. Likewise, although we know
that HIV may be forming, we chose vermiculite as the
stable phase that retains Mg in the soil. At Shale Hills we
observed no evidence for precipitation of illite. In the model
illite reaction can occur in both dissolution and precipita-
tion directions however we do not observe illite precipita-
tion in the model either. To simulate goethite and
vermiculite as the secondary phases, we set their initial vol-
ume fractions close to zero to provide “seeds” for precipita-
tion to occur in the model. We used initial specific surface
areas from the literature value, because the precipitation
“seeds” are assumed to be small and are similar to SSA
of mineral powders measured using BET method. The
SSA of the precipitating minerals however are not to be
interpreted as representing laboratory-field rate differences.
In summary, our choice for inclusion of minerals in the
RTM is somewhat of a balance chosen among the con-
straints of the full complexity of what is in the soil, the lim-
itations of the RTM, and the choice of kinetic data from the
literature.

A 1D reactive transport model was set up with the
assumption that the flow is primarily in the vertical direc-
tion. This is particularly the case at the ridge top. The water
chemistry and soil profile data at the ridgetop therefore
were used to constrain the model. The code simulates
single-phase saturated flow without gas phases. In this
way we are not simulating the details of multiphase flow
in unsaturated zones however represent the average
water-rock contact that drives chemical weathering at the
geological time scale. Indeed, many RTMs are used to sim-
ulate weathering without including an explicit gas phase
(Lebedeva et al., 2007). The annual net precipitation (pre-
cipitation — evapotranspiration) in central Pennsylvania,
approximately 0.50 m/year, was used as the first try for
average flow velocity. Under such flow conditions, the Pec-
let number is around 20, meaning that diffusion and disper-
sion processes are relatively slow compared to the advection
process. At Mid slope and Valley floor sites, lateral flow
becomes important and hydrological conditions are more
complex so that the systems cannot be modeled as 1D col-
umns. The soil column was assumed to be 120 cm thick, as
observed in the ridge top. The simulation domain included
a total of 1200 grid blocks. The optimum grid size
(0.1 cm x 0.1 cm) was chosen by increasing the resolution
until the effluent concentrations did not change with further
increases. The top boundary has a constant concentration
condition such that incoming porewater chemistry equals
the water chemistry that doubles the concentrations of spe-
cies in the rainwater. This “doubling” was to take into
account of evapotranspiration processes that takes about
half of the total rainfall at the field site (Jin et al., 2013).
The bottom has fixed concentration boundary, meaning
the concentrations in the last grid block are the same as
the concentrations coming out of the domain.



Table 1

Minerals, reactions, and thermodynamic and kinetic parameters.”

Minerals Initial Reaction Log (K.;)  Mineral dissolution rate law (mol/m?/s)  SSA used in this  SSA in literature
Volume model (m%/g) (m*/g)
fraction
Quartz 0.400 Si0; > SiOsq) —4.000 107" A+ 107 PP 1071 Ay 10x 107 P10 x 107°-2.3 x 10°
Tllite 0.200 Mgo.15Feo 4Ko7Al 4811 0H7.040120 + 12.06 H — 0.18 Mg®™  9.026 11071180 Q031 + 1071248 9928 6.5 x 10° 4.2 x 10'-1.37 x 10?
+0.4 Fe** +0.7K" + 3.4 AP* + 1.0 SiOy(yq) + 10 H,O
Pyrite 0.020 FeS, + H,O + 3.5 0, & 2 H" +2 SO} + Fe?* 107.670 k107812 a1t a3 2.0x 1073 95,0 x 1072-2.3 x 10°
Albite 0.018 NaAlSi;Og + 4H" <> Na™ + A" + 3 SiOy,q) + 2 H,0 2.760 0777 add + 10726+ 10777 adf; 50 x 107 4.2 x 107249 x 107!
Chlorite 0.300 Mg, 0sFeg oK 25 Al 24SisH 35,015 + 10.48H" — 1.04 Mg>"  14.996 m1Q1077 9926 + 107109 2% 8.0 x 107! .1 x 10°-7.7 x 10°
+0.2 Fe** + 1.28K" + 2.24A1" 4 3 SiOy(,q) + 12 H,0
Vermiculite  0.000 MgoFeo 4K 3 Aly4Si; ¢Hg 50150 + 15.5H" < 0.2 Mg?" —5.390 110138 a9 9.0 x 107! #73 x 1072174 x 10
+0.4 Fe’* + 1.3K" + 4.4 AP + 1.6 SiOyaq) + 12 H,0
Goethite 0.000 Fe(OH); + 2H" < 0.25 Oyaq) + Fe** +2.5 H,0 —7.334 10784 3.0 x 10 4.7 x 10'-2.59 x 10?
Porosity 0.06

& Although average annual temperature is about 15 °C, rate constants at 25 °C are used to avoid introducing parameters for adjusting 7.
® Bennett et al. (1988), Brady and Walther (1990), House and Orr (1992).
¢ Kohler et al. (2003), Bibi et al. (2011), Suzuki-Muresan et al. (2011).

4 Kamei and Ohmoto (2000), Kuechler and Noack (2007), Liu et al. (2008), Truche et al. (2010).

¢ Chou and Wollast (1985a, 1985b), Casey et al. (1991), Stillings and Brantley (1995).

T Malmstrom et al. (1996), Brandt et al. (2003), Black and Haese (2014).
& Kalinowski and Schweda (2007), Mareschal et al. (2009).
b Whittemore and Langmuir (1974), Yoshida et al. (2002).

f Brantley et al. (2007a).
J Kohler et al. (2003).
K Williamson and Rimstidt (1994), Kolowith and Berner (2002), Liermann et al. (2011).

' Chou and Wollast (1985a), Peucker-Ehrenbrink and Hannigan (2000).
™ Peucker-Ehrenbrink and Hannigan (2000), Moore (2008).
" Kalinowski and Schweda (2007).
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2.6. Evolution of soil chemistry and porosity

During chemical weathering, porosity evolved as a result
of the reactions between the solid and aqueous phases. The
loss or gain in mass for each mineral phase through disso-
lution and precipitation were related to changes in volume
and porosity successively as per previous studies (Navarre-
Sitchler et al., 2009; Li et al., 2010; Brunet et al., 2016; Wen
et al., 2016). Briefly, CrunchFlow solved Eq. (1) to calculate
species concentration and mineral phase mass changes. The
mass changes were converted into volume changes using
mineral molar volumes, which were then converted to min-
eral volume fractions in each grid block. The porosity at
time ¢ in each grid block g was calculated as follows:

¢g‘t =1- ZVg\i-,t (4)
g=1

Here ¢,, is the porosity in the grid block g at time 7, n is the
total number of mineral phases, and V,;, is the volume
fraction of mineral phase j in grid block g at time ¢. Mineral
surface areas were updated according to evolving mineral
mass and the specific surface area (SSA). Dissolution and
precipitation may change SSA by decreasing grain size,
by increasing pore connectivity or by producing surface
coatings (Navarre-Sitchler et al., 2009, 2013). These pro-
cesses can change SSA in opposite ways and have not been
investigated specifically for this soil. Our model therefore
used a constant SSA and at each time step the model calcu-
lated the total surface area (A) of each mineral in each grid
block as the product of SSA (m?*/g) and the new mineral
mass (g). Over geological time scale, the shale rock lost min-
eral mass through outflow of dissolution products so that
porosity increased from the original 6% to about 50% at
10k years. Correspondingly, the permeability increased sig-
nificantly following the porosity-permeability relationship.
We however assume constant (average) flow velocity from
the net rainfall so total water mass going through the rock
is constant. This is commonly done in other RTM studies
for chemical weathering (Lebedeva et al., 2010; Moore
et al., 2012), because the water flow into the soil represents
the amount of the net infiltration.

2.7. Simulation conditions and model calibration

To model weathering of a black shale requires inclusion
of organic matter oxidation, mineral reactions, biota, ero-
sion, frost heave, climate change, and many more factors.
No such all-inclusive models are available today. The intent
of this modelling work was to assess weathering of the shale
after oxidation of the organic matter had already occurred
at depth. Thus, we constrain our model by (i) fitting the
modern day pore water chemistry and (ii) reproducing the
mineralogical depth profiles as observed today. We used
pore water data collected at MRT and soil chemistry mea-
surements at RT1. Soil chemistry of a secondary ridge top
location (RT2) was also reported by Jin et al. (2013). RT1
and RT?2 are similar in terms of trends but more data points
were reported for RT1. Given the geologically short time
scale of weathering (10,000 years since deglaciation, we

make the simplifying assumption that the rates of erosion
are comparable to those of uplifting so that soil profiles
and reaction fronts are primarily determined by chemical
weathering. We also assumed that weathering could be
modelled as an iso-volumetric process. That is, although
porosity changes during weathering, there is no compaction
or expansion that leads to pore volume alteration.

The minerals included in the simulation were chosen
based on (i) observations of putative parent samples and
soil samples, (ii) inferences from weathering of nearby soils,
(i) availability of kinetic and thermodynamic data, (iv)
practical considerations related to computational time.
Indeed, it was not our intent to reproduce every observa-
tion made for the soil, but rather to develop a tractable
model that would allow us to understand important fea-
tures of weathering of a black shale.

Given these considerations, a simplified initial bedrock
composition was used (Table 1) based on the rock samples
collected at shallow depths. These samples were reported to
contain ~40 wt% quartz, 2 wt% pyrite, up to 50 wt% clay
(illite and chlorite), 4 wt% plagioclase, and <2 wt% rutile.
We assumed that the organic matter had already been oxi-
dized and removed from the rock, as described previously.
Weathering of chlorite was assumed to produce vermiculite
based on previous weathering studies and the nearby Rose
Hill shale (Jin et al., 2010). Iron hydroxide (goethite) was
observed as a secondary mineral and therefore was included
in the model. We implicitly assumed that erosion during the
LGM removed all regolith and bare bedrock was exposed
at the time of initiation of weathering. An initial porosity
of 6.0% was set throughout the column (Jin et al., 2013).

The amount of pyrite in the soil today is negligible com-
pared to the amount of pyrite inferred to be present in the
parent rock. However, the model showed that pyrite was
only depleted by oxidative dissolution if Ox,q) Was contin-
uously present in the soil water. This observation is consis-
tent with previous RTM simulations of weathering where
the depths to reaction fronts and the reaction rates have
been shown to strongly depend on the interaction of the
pore fluid with Oy, and COsg) (Bolton et al., 2006;
Moore et al., 2012). Although we do not simulate multi-
phase flow dynamics here, we maintained a continuous
presence of Oy,q) in the modelled pore fluids by using an
imaginary mineral Ox) that continuously released Oyaq)
to maintain an equilibrium at 107> mol/I (8 mg/L) at all
times. In addition, because modeling without including
CO, showed calculated pH values were much higher than
measurements, we included an imaginary mineral (COx))
that continuously released COx,q) to represent the acidity
introduced by both COy(g) and organic acids (Drever and
Stillings, 1997; Moore et al., 2012). Similar to the O,
release, the CO, release was assumed fast. We have to
maintain a COy,q) concentration of 107> mol/L in the
model to reproduce data. This CO,,q) concentration is
much higher than the equilibrium concentration of
107352102 mol/L at typical soil CO, pressure 1.02-
2.0 x 1072 atm (Hasenmueller et al., 2015). This is because
the dissolved CO, (aq) was used to represent acidity intro-
duced by both soil CO,(g) and organic acids. The represen-
tation of organic acid using CO,(aq) has some limitations.
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Organic acids not only provide a source of acidity, but also
a capacity for complexation that can alter mineral solubility
(Neaman et al., 2005; Lawrence et al., 2014). This is not
represented in the model when CO, is used without organic
acids. Other effects of vegetation such as cycling of elements
in the shallow soil are also not considered in the model.
The solid phase elemental compositional data and pH
were reproduced first by adjusting the release rate of CO,
(aq) Into the pore water and the specific surface areas of dis-
solving minerals. Aqueous concentrations were then fit by
adjusting flow velocity and the SSA of vermiculite. This is
the only secondary mineral that takes up ions other than
Fe from the soil water in our model and is thus an impor-
tant constraint on pore water concentrations. In general, we
found that reaction kinetics of primary minerals were also
more important for reproducing the solid phase composi-
tion whereas the thermodynamics of secondary minerals
(equilibrium constants that determine at what concentrations
precipitation occurs) strongly controls aqueous chemistry.

2.8. Simulation cases for sensitivity analysis

We first calibrated a base case model to reproduce soil
and aqueous compositions. The base case model was
obtained by minimizing the sum of the square of the differ-
ences between the model output and data for all solid
phases and aqueous species (Gupta et al., 1998). This base
case simulation started with a parent composition with 6%
porosity (Table 1) and average infiltration of 0.4 m/year,
slightly lower than the 0.5 m/year based on mean annual
precipitation and evapotranspiration (see discussion
below). A sensitivity analysis was performed in 200 simula-
tion runs to determine the key parameters that control
weathering. Parameters such as diffusion and dispersion
were found to have negligible impacts whereas specific sur-
face area, flow velocity, and reactive gases were found to be
important. As an example, for the effects of SSA, we com-
pared the base case with two additional cases with 0.1x and
10.0x the SSA of the base case. The base case was also
compared with two additional cases with high flow (HF,
4.0 m/year) and low flow (LF, 0.04 m/year). Effects of the
reactive gases O, and CO, were examined in the base case
model (labelled “CO,&0,”) and three more cases including
either one of the gases (“CO,Only” and “O,Only”) or with-
out either gas (“NoGas”) (Table A3 in Supplementary
Information). The mass balance of each simulation case
was checked to ensure the correctness of the numerical
calculation.

3. RESULTS
3.1. Pore water chemistry

Measured pore water chemistry is in Table Bl for all
positions on the hillslope. Although we only modelled the
ridgetop soil (MRT), observations in other landscape posi-
tions help define the system. The pH of soil water from
10 cm below the land surface varied between 3.7 and 4.2
(Fig. 1a). The values observed in the MRT site were on
average about 0.4 units higher than those downslope

(MMS, MVF). The pH increased with depth at all sampling
locations; however, the specific trends varied among differ-
ent sampling locations. The MRT pH remained close to 4.5
while the MMS values increased from about 3.7 to 4.7.
Increasing pH with depth and with position downslope
were consistent with ongoing weathering reactions.

The dominant aqueous anions were sulfate and chloride
(Fig. 1b and c). Chloride concentrations were the lowest at
MRT and highest at MMS. Sulfate concentrations
remained relatively constant at MRT while increased with
depth in the MVF and decreased at MMS. Other anions,
including nitrate and fluoride, were present at relatively
low concentrations (Tables Bl and B2). In general, most
anions showed lower concentrations at MRT compared
to MMS and MVF, consistent with increasing concentra-
tions downslope. A reasonable explanation is that pore
water mostly moves vertically as unsaturated flow; how-
ever, some pore water moves downslope along the hill
due to periodic perched water conditions at the soil-
bedrock interface. For this reason, we only modelled the
MRT soil.

The dominant aqueous cations were Ca, Na, and K fol-
lowed by Al and Mg. Concentrations of Na and Mg
remained relatively constant with respect to depth. The
Na concentrations were lowest at the MRT, which also
had the highest Mg concentrations. The concentrations of
K, Al and Fe decreased consistently with depth. Such
behavior can indicate mineral precipitation (likely for Al
and Fe) or uptake into roots (likely for K). On a molar
basis, silica concentrations were the highest among all spe-
cies with a decreasing trend with depth at the MRT and an
increasing trend at MMS and MVF. Overall, the variations
of aqueous concentrations at different depths and sampling
locations reflect the hydrogeochemical complexity at the
hillslope scale.

3.2. The base case model

Here we first present the base case model that repro-
duces today’s pore water and soil chemistry data (Fig. 2).
The Al, Mg, and K increase rapidly with depth for the
top 50 cm but remain nearly constant from 50 to 100 cm.
Al comprises >6 wt.% of the soil at the surface and
>9 wt.% at 50 cm. Fe, Na, and Si concentrations remain
relatively constant with depth. The concentrations of S
were measured to be negligible (0.005-0.018%, not shown)
and constant with depth, consistent with complete pyrite
depletion in the top 120 cm of soil. The measured porosity
was 50% close to the surface, gradually decreasing to 40%
at depth (Fig. 2g). The modeled porosity captured the trend
of porosity change with depth but underestimated the
actual values. This might be due to the assumption of iso-
volumetric changes. In natural systems, porosity is also
altered by physical and biological processes, such as com-
paction and root growth that change the pore volume. Jin
et al. (2013) reported volumetric strain such that shallow
soils were expanded and deeper soils were slightly
collapsed.

Fig. 3 compares the soil water chemistry data (from the
lysimeter nest at MRT) and the model output. Concentrations
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(dissolving) illite and chlorite and (precipitating) vermiculite (Table B4). Iron is present in pyrite, illite, chlorite, and goethite. The porosity
data were derived from measurements at MRT. The elemental composition has a relative error of +5% that fall within the symbols.
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Fig. 3. Comparison of data (symbols) and model output (lines) at the ridgetop site MRT at the current time (10k years) for (a) pH, aqueous
concentrations of (b) K, (c) Mg, (d) Al (e) Fe, and (f) Na, and (g) mineral reaction rates (mol/L bulk volume/s). The increases in aqueous
concentrations in the top 30 cm in the model are generally due to dissolution of chlorite and illite (both of which consume H™). Between 30 cm
and 50 cm, vermiculite precipitates and pH decreases. Concentrations of Al, K, Mg and Fe vary depending upon the dissolution or
precipitation at each depth. Deeper than 50 cm, the concentrations of all species and pH increase with depth due to the slight dominance of
chlorite and illite dissolution over vermiculite precipitation (g).
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of Al, K and Mg were observed to be considerably higher
than Fe. Concentrations of Na and Mg remained relatively
constant versus depth while those of other elements gener-
ally increased with depth. The pH values increased from 4.3
in the rainwater to 4.7 at 30 cm. Between 30 cm and 50 cm,
the pH values decreased to a minimum of 4.3 at 50 cm. Sim-
ilarly, concentrations of K, Al, and Fe increased with
depth. Deeper than 50 cm, all species changed only slightly
with depth, indicating the most active zone in the top 50 cm
of soil. We do not show modeled anions such as Cl and
SO,. This is because no reactions in the modelled geochem-
ical reaction network (Table 1) would change these anions
at the present time, because Cl is a tracer and pyrite is
depleted. As such, in the ‘homogeneous soil column” that
we simulated, the modeled Cl and SO4 concentrations were
the same as the inlet concentrations from the rain. We
believe the spatial variations in Cl and SO4 concentration

(a) (b)
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data (Fig. 1) are likely caused by the dynamics of the
hydrological conditions (ups and downs of hydrological
conditions), the spatial heterogeneities such as preferential
flow paths, as well as possible microbe-mediated
reactions. These details are not represented in the current
model.

The solid and aqueous concentrations reflected the
chemistry at the present time where pyrite has become
depleted and chlorite is the main dissolving mineral and
vermiculite is the main precipitating mineral (Fig. 3g).
The dissolution of chlorite and illite consume H'tand
release Al, K, Mg, and Fe, while precipitation of vermi-
culite and goethite are the only precipitates incorporating
the latter 4 elements. This explains the generally increasing
or constant aqueous concentrations versus depth. At
approximately 30 cm, the solution becomes over-saturated
with respect to vermiculite and Fig. 3g shows that
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Fig. 4. The modelled evolving depth profiles of (a) pyrite, (c) chlorite, (e) vermiculite, (g) goethite, and (i) porosity; and modeled reaction rates
(mol/L bulk volume/s) for (b) pyrite, (d) chlorite, (f) vermiculite, (h) goethite, and (j) predicted pH. The curves show progress from the lightest
gray at the initiation of weathering to the darkest gray for the present time (time interval between curves = 1000 years). Pyrite was depleted
almost completely within the first 1000 years (and so only a few gray curves are shown) and was accompanied almost entirely by goethite
precipitation. Porosity evolved as a result of mineral volume fraction (i.e., the volume fraction of minerals + porosity was constrained to equal
100%). The black arrow indicates the direction of the evolution from 10,000 years ago to the present time.
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vermiculite precipitation rate reaches its maximum at
30 cm. Vermiculite precipitation reduces the aqueous con-
centrations of Al, K, Mg, and Fe and releases H". Iron is
solubilized during dissolution of pyrite, illite, and chlorite,
and precipitates as goethite or vermiculite. Albite is the only
Na-containing mineral in the model. The observed Na
concentrations do not change significantly with depth;
however, the model predicts a continuous increase in Na
concentration with depth because albite continues to
dissolve without precipitating. The data-model discrepancy
potentially indicates another sink for Na such as sorption
or ion exchange, which is not included in the model.

Fig. 4 shows the temporal evolution of mineral volume
fractions and reaction rates. Pyrite dissolved rapidly and
was completely depleted within the first 2000 years
(Fig. 4a). This pyrite dissolution was accompanied by low
pH (~4.1) in soils and pore waters, consistent with release
of H,SO, during oxidative dissolution of pyrite. After
1000 years, pH increased dramatically at 2000 years to a
maximum of 6.0 (Fig. 4j). Correspondingly, chlorite dis-
solved fast in the first 1000 years and slowed significantly
after that. After 2000 years, chlorite dissolution continued
to decrease corresponding to its volume fraction decrease
from 35% to 2% (Fig. 4b). Although not shown here, illite
dissolution slowed over time as its volume fraction
decreased by about 2% over 10k years.

Vermiculite and goethite were the major precipitating
minerals and the major Fe sink: their relative importance
switched before and after pyrite depletion (Fig. 4e and g).
Specifically, within the first 1000 years, goethite precipitated
with negligible vermiculite precipitation due to high con-
centrations of Fe(II). After 1000 years, vermiculite became
the major sink for dissolved Fe: this occurred because of
the lower Fe(II) concentrations and higher pH after pyrite
depletion. Over time, the spatial distribution of vermiculite
followed that of pH closely, i.e., the vermiculite precipita-

tion front moved upward with time, from the deeper
higher-pH soil toward the surface until it reached ~30 cm
after 10k years of weathering. As chlorite dissolved, vermi-
culite precipitated. Because chlorite dissolution rates
decreased over time, precipitation of vermiculite also dimin-
ished with time. The tendency for vermiculite to precipitate
in the deeper soil led to the formation of lower porosity in
the deeper soil. Thus, the porosity essentially mimicked the
vermiculite volume fraction in reverse (Fig. 4e and i).
Porosity in the base case model increased from the initial
value of 6 to ~45% at the top of the column and close to
30% at the bottom (Fig. 4i), consistent with field
measurements.

Fig. 5a shows a schematic of important reactions and
the role of reactive gases (O, and CO5,). Chlorite dissolution
released cations that in turn precipitated as secondary ver-
miculite and goethite. Pyrite reacted with O, and released
Fe. The Fe from pyrite and chlorite dissolution reacted with
O, and precipitated as goethite. Chlorite dissolved about
two orders of magnitude faster than illite for the first
1000 years. As illustrated in Fig. 5b, this rate difference
slowly diminished over time, reaching rates that were very
similar at the present time (mostly because of the
continuous decrease in chlorite abundance). Pyrite
dissolved rapidly and was depleted within the first 1000-
2000 years. Correspondingly, goethite precipitation domi-
nated over the first 1000-2000 years, whereas vermiculite
precipitation dominated after 2000 years (Fig. 5c). The rate
of goethite precipitation of goethite decreased after
1000 years while that of vermiculite increased until reaching
its maximum at about 5000 years. After 5000 year, the ver-
miculite precipitation rate decreased as chlorite dissolution
slowed due to diminishing mineral mass.

Two distinct stages of porosity increase can be identified
(Fig. 5d). The initial stage of fast increase lasted almost
1000 years during rapid pyrite dissolution. The dissolution

da
( ) Chlorite Diss.

Pyrite Diss.

FARN
[ co2

[0z]

S0z K' Mg

Vermiculite Ppn.

AR

\| Lt

Al E

Goethite Ppn.

() (©),, (d).
2 La0f¢ ¢ aat
3 4 . -1 > |88 AN
£ Chlorite 2 D |wE A
£ \"‘\\\ -12 990l § A
= —10. b g |@° & Stage 2
£ y llite _ 4 _on o= =~ -13 ° 7\

(=2 o —o— & —0— ® 910
==l -14 g [1-
8 Pyrite ‘;’ ’ 4—Stage1
= =12 -15 < 0
0 5000 10000 0 5000 10000 O 5000 10000
Time (year) Time (year) Time (year)

Fig. 5. (a) Schematic of the dominant reactions highlighting the roles of O, and CO, gases in controlling weathering. The figure emphasizes
that interaction of H,O + CO, with chlorite releases Si, KI, Mg, Al, and Fe, which in turn leads to vermiculite precipitation. Pyrite oxidation
also releases Fe(II) which then oxidizes and precipitates as goethite but is also incorporated into vermiculite. Reaction rates were averaged
over the whole column and plotted versus time for (b) dissolving and (c) precipitating minerals. (d) The predicted stages of weathering shown
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maintained acidic conditions, accelerated chlorite dissolu-
tion, and was responsible for the steep porosity increase.
The next stage started after pyrite depletion: during that
stage, chlorite dissolution drove the porosity increase.
Compared to the first stage, more vermiculite was precipi-
tated, which partly compensated for the porosity increase
related to loss of chlorite. The porosity increase in the sec-
ond stage slowed after about 6000 years because the chlo-
rite dissolution rate slowed significantly.

3.3. Sensitivity analysis

Sensitivity of the calculated weathering processes to dif-
ferent parameters was analyzed. The weathering processes
depend most strongly on specific surface area, flow velocity,
and the presence of COyg) and Oy, Among these, the key
parameters controlling the weathering are the mineral sur-
face areas of chlorite and vermiculite. Details of important
parameters are in Table A3 in Supplementary Information.

3.3.1. Specific Surface Area (SSA)

Reaction rates measured in well-mixed batch experi-
ments have been shown to be 2-5 orders of magnitude
higher than those measured in field studies (Swoboda-
colberg and Drever, 1993; White, 1995; White and

Brantley, 2003; Navarre-Sitchler and Brantley, 2007;
Luttge et al.,, 2013; Reeves and Rothman, 2013). This
discrepancy has hindered the use of laboratory-measured
rates in predicting processes in natural subsurface systems.
In reproducing data in the base case here, we reduced the
specific surface area for some of the reactive minerals (chlo-
rite, vermiculite, pyrite, and goethite) up to five orders of
magnitude compared to specific surface area values mea-
sured by BET and reported in the literature for mineral
powders (Table 1). This is not surprising compared to other
studies of reactive transport modelling of natural systems
(Li et al., 2017a; Moore et al., 2012). This indicates: (i) soil
mineral surface area is not comparable to mineral powder
surface area, and (ii) not all of the surface area of the react-
ing minerals is “‘accessible” to non-equilibrated water.

The lack of accessibility might be attributed to the pres-
ence of secondary clay precipitates that armor surfaces
(Nugent et al., 1998) and physical and chemical layering
or clustering of reactive phases. Various studies have also
used imaging techniques and X-ray neutron scattering to
show that the accessible fraction of surface area can vary
between 5% and 39% of total mineral surface areas
(Peters, 2009; Landrot et al., 2012; Beckingham et al.,
2016; Gu et al., 2016). Sometimes, accessibility of non-
equilibrated water is limited to a few major conductive flow
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Fig. 6. Effects of changing SSA: SSA was varied from the value in the base case (noted as 1x), to 10 times of base case (noted as 10x), to 10
times lower than the base case (0.1x). Changing chlorite SSA is shown in column I, vermiculite SSA in column II, pyrite SSA in column III,
and goethite SSA in column IV. The first three rows show the spatial profiles of volume fraction (mineral volume/ soil volume) of chlorite and
vermiculite, and pH; the last row shows the average porosity change over 10k years.
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pathways in heterogeneous porous media (Zachara et al.,
2016). In addition, not all accessible surface area is
effectively dissolving. For example, a mineral that does
not have any coating and is accessible through connected
pore structure can be bathed in a fluid at equilibrium in
the low permeability zone of a heterogeneous medium
and therefore it is not effectively dissolving (Molins et al.,
2012, 2017; Li et al., 2014; Salehikhoo and Li, 2015; Wen
et al., 2016). In natural systems, all these factors can oper-
ate simultaneously resulting in much smaller effectively-
dissolving surface areas than the measured BET or imaged
surface area. The dominance of different factors may vary
under different mineralogical and flow conditions.
Nonetheless, our modelling demonstrated that TST rate
laws can be used in a reactive transport model to simulate
weathering processes after reducing SSA of the reactive
minerals by orders of magnitude.

For the sensitivity test, the SSA of chlorite, vermiculite,
pyrite, and goethite were varied over two orders of magni-
tude in three demonstration runs. Specifically, the SSA of
each mineral was decreased or increased by 10 times while
all other values of SSA were held the same as the base-case
values. In this way, we sought to identify the effect of SSA
choices for the most important minerals that control the
weathering process. Fig. 6 compares four sets of numerical
experiments. A change of SSA for either chlorite or vermi-

culite significantly impacted the evolution of both the chlo-
rite and vermiculite volume fractions. After 10,000 years,
chlorite was either completely dissolved (a 10x increase in
SSA), or was depleted with only 2% remaining (1x, base
case), or depleted with 22% remaining (0.1x) (Fig. 6a).
Similarly, vermiculite precipitated much more in the 10x
vermiculite SSA case (13%), compared to 7% and 0% in
the base case and 0.1x SSA case (Fig. 6f). As a result, the
porosity increased rapidly in the 10x chlorite SSA case to
almost 30% over the first 2000 years while that of the lower
SSA case increased less than 10% over 10,000 years
(Fig. 6m). A change in the vermiculite SSA did not greatly
affect chlorite volume fraction however led to precipitation
of much more vermiculite. The extent of porosity evolution,
however, was relatively small (~7%) (Fig. 6n) compared to
more than 15% in chlorite SSA cases (Fig. 6m). This indi-
cates that although vermiculite precipitation regulates
aqueous solution compositions and pH, it plays a minor
role compared to chlorite dissolution, the primary driving
force for chemical weathering.

A decrease in the pyrite SSA (0.1x) did not change the
volume fraction of chlorite by much (Fig. 6¢); however, it
did increase the pH and facilitated vermiculite precipitation
(Fig. 6g and k). This in turn led to opening of 5% less
porosity compared to the 10x high pyrite SSA case
(Fig. 60). An increase in goethite SSA resulted in negligible
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vermiculite precipitation and lower pH.
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changes in chlorite; however, it led to less vermiculite pre-
cipitation because goethite and vermiculite competed for
the dissolved Fe. This in turn increased pH because ions
were not precipitating out of solution as vermiculite. At
the end, however, the decrease in vermiculite volume frac-
tion was compensated by an increase in goethite volume
fraction, leading to essentially the same porosity (Fig. 6p).

In general, changes in the SSA of primary minerals
(chlorite and pyrite) exert a stronger control than changes
in SSA of the secondary minerals (goethite, vermiculite)
on the porosity depth profiles. However, secondary mineral
precipitation (vermiculite and goethite) determines the
extent of accumulation of dissolved ions in water and there-
fore impacts pH.

3.3.2. Flow velocity

The mean annual rainfall in Pennsylvania is ~1 m.
Given that about half of the rainfall is lost to evapotranspi-
ration, the maximum amount of water that could enter the
soil is ~0.5 m/year. However, this estimate has considerable
uncertainty over 10k years and over seasons. As such, we
used flow velocity as a fitting variable. The flow velocity
of 0.4 m/year best reproduced the data (base case). One
explanation for this slightly low value might be that
0.1 m/year is lost as surface runoff that does not interact
with the weathering rock, which is actually close to the sur-
face runoff in the Shale Hills watershed that is about
30 miles away (Li et al., 2017a).
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Here we analyze the role of flow velocity by changing
the flow velocity by two orders of magnitude from
the base case. Fig. 7 compares the predicted mineral
composition profiles at the present time for the high-
flow (HF, 4.0 m/year), base-case (BC, 0.4 m/year), and
low-flow (LF, 0.04 m/year) simulations. Fig. 7a illustrates
that in all three cases, pyrite was almost depleted in the
top 120 cm of soil. Pyrite dissolution was thermodynam-
ically favorable and occurred under far from equilibrium
conditions. However, somewhat counterintuitively, pyrite
lasted longer in the HF cases. This is because water is
more acidic in the HF case and pyrite dissolution rates
inversely depended on acidity (Fig. 7b and ¢). The pH
was lower in the HF case due to lower residence times
and less reaction with chlorite and faster flush of chlorite
dissolution products. Compared to the large difference in
the chlorite remaining after 10,000 year (0% versus 20%)
using differing SSA values, the remaining chlorite only
varied from 1% to 4% in the HF and LF cases, respec-
tively (Fig. 7d).

The effect of flow rate was much more pronounced for
vermiculite (Fig. 7e). Vermiculite was observed to precipi-
tate only slightly (<1% volume fraction in the deep soil col-
umn) in the HF case while it reached 7% in the LF case due
to the much slower flushing rates of the chlorite dissolution
products. Overall, under conditions of HF, more chlorite
dissolved and less vermiculite precipitated, resulting in
almost 20% higher porosity in HF compared to LF at
10,000 years (Fig. 7i). These variations in flow velocity
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resulted in relatively large variations in the porosity pro-
files. One inference from this (and from the observation
in the previous figure that porosity profiles at 10k years
do not vary as much with SSA) is that the porosity of a
weathered profile may be used to tune the flow velocity
for an RTM.

3.3.3. Reactive Gases

The role of reactive gases (O, and CO») is shown in Fig. 8
with four cases: the base case with the presence of CO, and
0, (C0O,&05,) and three more cases including either one of
the gases (CO, Only and O, Only) or no gases (NoGas)
(Table A3). In particular, pyrite depletion and soil elemental
data can only be reproduced when both O, and CO, gases
are present in the column. Note that “no gases” and “CO,
only” do not mean there is no O, in the system at all. Rather,
it means that we did not include O,(s) that would have pro-
vided O, to the system throughout the simulation. In cases
without Oy(s), Oy(aq) is always present in the incoming rain-
water; therefore, in those simulations, pyrite still dissolves,
although at much lower rates due to the limited O,. Oxygen
is essential for pyrite oxidative dissolution and precipitation
of goethite. In the two cases without O,, for example, the
pyrite reaction front only penetrated 60-75cm over 10k
years. The average volume fraction of pyrite remaining at
depth equaled 1.5% after 10k years (Fig. 8a and b).
Although O, has a strong impact on the dissolution of pyr-
ite, the small pyrite volume fraction (2%) results in a rela-
tively small impact on the long-term development of
porosity. Without CO,, O, changed the local shape of chlo-
rite dissolution; however, it did not affect overall chlorite
dissolution to a great extent (Fig. 8d and g).

In contrast to O, the effects of soil CO, on pyrite disso-
lution are relatively minor. The pyrite dissolution front for
the CO,Only case is only slightly deeper than the NoGas
case. Carbon dioxide (which we include also asa proxy
for organic acids) controls the pH after pyrite depletion.
For silicates, the presence of CO, in general led to much
more acidic conditions (Fig. 8c). This in turn facilitated
more chlorite dissolution and less vermiculite precipitation
(Fig. 8d, e, g, and h). More chlorite dissolution and less
vermiculite dissolution led to a larger porosity increase in
the presence of CO, (Fig. 8i).

4. DISCUSSION
4.1. Model limitations

Like all models, the RTM here did not treat many
aspects of weathering. It is most useful as a tool to under-
stand net processes rather than as an exact simulation of
weathering. For example, we did not include the effect of
volume change during weathering as reported by Jin et al.
(2013) nor did we include some of the complexities of the
mineralogical changes. Likewise, we only assumed simple
TST-like reaction rate laws and we did not explicitly
include biological effects. We also did not include organic
matter — ancient or modern — in the model.

Even though the model did not incorporate all fac-
tors, the simulations yielded many robust conclusions

about the weathering process, including the importance
of pyrite oxidation, flow velocity, and reactive gas con-
centrations. Our model documented that pyrite oxidation
occurred very early during weathering. We implicitly
included the effects of organic acids released from
decomposition of ancient and modern organic matter
by including aqueous CO, (carbonic acid) as a source
of protons. Furthermore, since Jin et al. (2013) argued
that at least half of the sedimentary organic matter
(OM) oxidized to some extent before the depth of refu-
sal to hand augering, we assumed that the deep oxida-
tion of OM presumably did not need to be included
in our RTM since we focused only on the upper
~100 cm. In effect, we assume that the depth of organic
matter depletion from the parent bedrock is deeper than
our simulation and the removal of organics occurred
before soil formation.

4.2. Key controls of black shale weathering

Our observations and modelling are not discrepant from
the one RTM model in the literature for weathering of
black shale (Bolton et al., 2006). Unlike our efforts, that
team modeled both oxidation of pyrite and OM in a soil
column developed on black shale and compared it to obser-
vations (Wildman et al., 2004). They reported that the pyr-
ite weathering front occurs at a similar depth to that of
organic matter although the pyrite front was much sharper
than the OM weathering front. Neither Mathur et al. (2012)
nor Jin et al. (2013) explicitly report the depths of the
weathering fronts of OM and pyrite because these fronts
were both inferred to be deeper than the depth of sampling
(limited by hand augering). However, Jin et al. (2013) sug-
gested that one half or more of the OM was oxidized from
the Marcellus sites beneath the zone of sampling, whereas
pyrite was almost 100% depleted beneath the sampling
zone. Therefore, it is possible that, like the Bolton et al.
(2006) observations, the fronts for pyrite and OM are at
similar depths in the Marcellus although the pyrite front
is sharper. This suggests that pyrite may be more reactive
in the surface environment than the ancient OM.

In fact, to simulate observations, both our model and
that of Bolton et al. (2006) had to include O, for a contin-
uous presence of oxygen in the soil column to allow pyrite
oxidation. Indeed, in our model where we assumed that no
O, limitation occurred, pyrite was depleted within about
1000 years over the upper 120 cm. If we extrapolate this
rate over 10 ky, we calculate a depth of 12 m for the pyrite
reaction front. This inference is not inconsistent with the
pyrite dissolution front that has been observed deeper than
20 m in the nearby Rose Hill shale at a ridgetop (Brantley
et al., 2013). In that shale, the starting material has lower
pyrite content than the Marcellus, perhaps explaining the
extremely deep oxidation front. We conclude that the role
of O, is significant in the early stage of shale weathering
before pyrite depletion. Because pyrite only occupies 2%
volume fraction, however, the time duration over which
O, is important is relatively small and its impact on the evo-
lution of mineral composition and porosity development is
limited. Of course, the effect of pyrite oxidative weathering
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is expected to be important at some depth deeper than we
sampled — i.e., at the depth of the pyrite oxidation front.
After the early stage of pyrite depletion, the importance
of CO, increased. In fact, we have to include a continuous
source of acid in the model to reproduce weathering obser-
vations. The presence of a CO, source resulted in an addi-
tional average 8% in porosity compared to cases without
CO..

Our analysis also revealed the effects of specific surface
area and flow velocity. Among these, changes in the specific
surface area of highly reactive minerals including chlorite,
vermiculite, and pyrite induced the largest impacts on both
aqueous and solid phase elemental composition. The sensi-
tivity analysis showed that a decrease in SSA of chlorite by
an order of magnitude from the base-case value reduced the
porosity increase from 25% to only 10%. In general, chang-
ing SSA of the primary minerals (chlorite and pyrite) exerts
a stronger control because they are the driving force of the
weathering processes. Secondary mineral precipitation (ver-
miculite and goethite) determines the extent of accumula-
tion of dissolved ions in water and therefore alters water
chemistry and pH. However, compared to primary miner-
als, these secondary minerals exhibit a second-order control
on the overall weathering progress.

We were only able to reproduce field measurements if we
used very low specific surface areas of the reactive minerals:
indeed, our values were up to six orders of magnitude smal-
ler than values measured in the laboratory for separates of
mineral powders. We infer that a high fraction of mineral
surface area is not dissolving in the field system because
of armoring, particle size, or lack of homogeneous flow of
non-equilibrated porefluid in soils. The best-fit for the
specific surface area for each mineral was different. For
example, the best fit specific surface area for chlorite was
0.8 m%*/g in comparison to the range of 1.1-7.7 m*/g
reported in laboratory measurements of powders
(Malmstrom et al., 1996; Brandt et al., 2003; Black and
Haese, 2014). In contrast, the best-fit SSA of vermiculite
was 9.0 x 107 m?/g as compared to the laboratory values
of 7.3 x 1071-1.74 x 10' m%*/g (Kalinowski and Schweda,
2007; Mareschal et al., 2009).

In general, the need to use smaller SSA values than
expected based on laboratory experiments is consistent with
other studies of mineral dissolution (Moore et al., 2012;
Salehikhoo et al., 2013; Li et al., 2014). Salehikhoo and
Li (2015) summarized a series of well-controlled experi-
ments examining the role of fluid velocity and chemical
and physical heterogeneities in columns of reactive magne-
site + inert quartz. They found that the effective dissolving
surface area of magnesite, defined as the area of mineral
surface bathed in solutions with IAP/K,, <0.1, had to be
reduced by 1-3 orders of magnitude lower than measured
BET surface area for mineral powders in order for a
RTM simulation to match measurements. The extremely
small SSA values for vermiculite in the base case model
may also be related to the complexity of dissolution reac-
tions that are not included in the model for illite and chlo-
rite, and the complexity of modelling both dissolution and
precipitation for vermiculite and its intermediates.

In addition, the work also highlights the importance of
flow velocity. Lower flow velocity resulted in less chlorite
dissolution and more vermiculite precipitation, which ulti-
mately reduced the extent of porosity increase over the
10k years of weathering. This underscores the role of water
residence time in determining water-rock interactions in lit-
erature (Brunet et al., 2016; Wen et al., 2016). In fact, a
recently developed upscaled rate law in heterogeneous sub-
surface indicates that the key determinant of mineral disso-
lution rates is the contact time between reacting minerals
and water (Wen and Li, 2017). Broadly, this emphasize
the important role of climate and hydrological regimes in
driving weathering processes.

5. CONCLUSION

In this work, we developed an RTM to understand the
key controls on Marcellus shale weathering with constraints
from soil and pore water data. Our modeling reveals two
distinct stages over the 10,000 years of weathering that
are recorded in the 120 cm soil column. According to the
model, pyrite dissolution during the first 1000 years of soil
genesis released considerable HT. This acidification
enhanced the dissolution of chlorite and precipitated over
2 vol.% of goethite. After pyrite depletion, the main source
of acidity was aqueous CO,, included in the model to take
into account the presence of soil atmosphere CO,(g) and to
act as a proxy for the contribution of organic acids. During
the remaining years of the simulation, chlorite dissolution
slowed down due to the loss of surface area over time;
10 vol.% vermiculite precipitated, and goethite precipita-
tion was negligible.

Our analysis emphasized the importance of specific sur-
face area, flow velocity, and availability of CO, and O,
gases in controlling regolith development. The best-fit val-
ues of the specific surface areas for chlorite and vermiculite
were 1-3 orders of magnitude less than laboratory measure-
ments on mineral powders. The observed pyrite depletion
cannot be reproduced without the continuous presence of
0,. The acidity introduced by CO, in the model maintains
the high chlorite dissolution rates and the corresponding
rates of transformation into vermiculite.

Globally, shale formations account for 25% of conti-
nental lithologies (Suchet et al., 2003). Mineral dissolu-
tion from shales releases elements important for plant
growth including Ca, K, and P (Huntington, 2000).
Models such as the one we present here can be imple-
mented to simulate weathering of shale formations and
flux of nutrients into oceans and ecosystems in the Crit-
ical Zone, the zone that sustains life (Brantley et al.,
2007b). The reaction network during natural weathering
in the shallow subsurface is likely to be similar to
weathering of Marcellus Shale drill cuttings (Barry and
Klima, 2013; Phan et al., 2015). The reactions should
also be somewhat similar to water-rock interaction in
the deep subsurface during fracturing and natural gas
production where external fluids are injected into Mar-
cellus Shale gas reservoirs. We expect that pyrite will
dissolve much slower at depth because O, is typically
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removed before the injection of hydraulic fracturing flu-
ids to prevent corrosion, the growth of bacteria, and sul-
fate mineral precipitation. Nonetheless, the RTM results
reported here can be interpreted to clearly emphasize the
importance of controlling O, to limit the onset of pyrite
oxidation in deep water-shale reactions and the forma-
tion of barite as precipitates. However, validating an
RTM is practically impossible for the deep subsurface.
We argue that efforts to model low-temperature shale
reactions, such as discussed in this paper, lead to greater
confidence in modelling the same water-rock reactions at
high temperature, pressure, and salinity conditions in
deep subsurface. With reasonable extrapolation of equi-
librium constants and rate constants under relevant con-
ditions, our model could thus be implemented to
understand water-rock interaction in engineered subsur-
face systems. This would allow the understanding and
quantification of processes important in environmental
risk assessment, including heavy metal release, among
other concerns such as high salinity and complex
organic compounds during Marcellus shale gas
production.
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