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ABSTRACT: Weathering is both an acid-base and a redox reaction in which rocks are titrated by meteoric carbon dioxide (CO,)
and oxygen (O,). In general, the depths of these weathering reactions are unknown. To determine such depths, cuttings of Rose Hill
shale were investigated from one borehole from the ridge and four boreholes from the valley at the Susquehanna Shale Hills
Observatory (SSHO). Pyrite concentrations are insignificant to depths of 23 m under the ridge and 8-9 m under the valley. Likewise,
carbonate concentrations are insignificant to 22 and 2 m, respectively. In addition, a 5-6 m-thick fractured layer directly beneath the
land surface shows evidence for loss of illite, chlorite, and feldspar. Under the valley, secondary carbonates may have precipited.
The limited number of boreholes and the tight folding make it impossible to prove that depth variations result from weathering
instead of chemical heterogeneity within the parent shale. However, carbonate depletion coincides with the winter water table
observed at ~20 m (ridge) and ~2 m depth (valley). It would be fortuitous if carbonate-containing strata are found under ridge and
valley only beneath the water table. Furthermore, pyrite and carbonate react quickly and many deep reaction fronts for these
minerals are described in the literature. We propose that deep transport of O, initiates weathering at SSHO and many other localities
because pyrite commonly oxidizes autocatalytically to acidify porewaters and open porosity. According to this hypothesis, the
mineral distributions at SSHO are nested reaction fronts that overprint protolith stratigraphy. The fronts are hypothesized to lie
subparallel to the land surface because O, diffuses to the water table and causes oxidative dissolution of pyrite. Pyrite-derived sulfuric
acid (H,SO,) plus CO, also dissolve carbonates above the water table. To understand how reaction fronts record long-term coupling
between erosion and weathering will require intensive mapping of the subsurface. Copyright © 2013 John Wiley & Sons, Ltd.
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Reaction 1 represents the long-term control on atmospheric
pCO, as the balance between silicate weathering (left to right)
and volcanic and metamorphic degassing (right to left).
Reaction 2 describes how fixation of carbon into organic matter
releases O, to the atmosphere (right to left) or how consumption
of O, during decomposition of organic matter releases CO,

Introduction

Weathering is both an acid-base and a redox titration: basic,
electron-rich rocks neutralize and provide electrons to carbon
dioxide (CO,)- and oxygen (O,)-charged meteoric fluids. Over
multimillion year timescales globally, the acid-base weathering

titration is so significant that it is an important control on the
partial pressure of the acid gas, CO,, while the redox titration
is an important control on the partial pressure of the electron
acceptor, O,. Three generalized reactions that describe these
controls on global pCO, and pO, were discussed as early as
the 1800s (Ebelmen, 1845; Berner, 2006):

CO, + (Ca,Mg)SiO; < (Ca,Mg)CO; +Si0, (1)
CH20+OZ = C02+Hzo (2)

150, + 4FeS; + 8H,0 < 2Fe, O3 + 8504% + 16HT  (3)

(left to right). The final reaction represents an additional control
on pO, due to weathering or decomposition of pyrite (left to right)
or pyrite formation (right to left). Importantly, it is well known that
many of these reactions are catalyzed by biota, including the
sulfur reactions (Nordstrom, 2000; Calmels et al., 2007).

The long-term effects of Reactions 1-3 as they control O,
and CO, in the global atmosphere over geologic time are
recorded in the weathered soil profiles developed on the
continents. Weathering reactions consume CO, and O, as the
atmospheric gases diffuse into the subsurface. For example,
pO, varies today from atmospheric values of 0-2 bar at the
surface down to extremely low values (< 1079 bar) for fluids at
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depth that are equilibrated with igneous rocks. Likewise, pCO,
varies from levels as high as ~107> bar at depths where soil
respiration (Reaction 2) is significant down to low values such
as ~107° bar for fluids equilibrated with carbonate-poor igneous
rocks at depth. The extents of the proton and electron titrations
are recorded as mineralogical or elemental variations with depth
which can be referred to as reaction fronts. Where the
erosion rate is very low, these reaction fronts can propagate
downward over time; in contrast, where erosion rates are
balanced by the rates of weathering advance, the reaction
fronts can be maintained at a constant depth (Brantley and
Lebedeva, 2011).

We do not understand the full depth record of consumption
of O, and CO, under exposed land surface due to the hetero-
geneities of the land surface and underlying lithology as well
as the expense of drilling and the ambiguities inherent to
geophysical observations of the subsurface. It is likely that the
geometry of these reaction fronts mimics surface topography
(Chigira, 1990; Drake et al., 2009). In this paper we explore
the idea of nested acid-base and redox reaction fronts by study-
ing changes in mineralogy and elemental chemistry versus
depth in one small watershed, the Susquehanna Shale Hills
Observatory (SSHO). In the SSHO, a large hydrological,
geomorphological, and geochemical data set is available. Jin
etal. (2010, Jin et al., 2011a, 2011b) have already documented
many of the major mineral transformations occurring in the
Rose Hill Shale by analyzing soils and cuttings from one
ridgetop borehole. They hypothesized that their data document
reaction fronts under the ridgeline for ankerite dissolution
between 21 and 24 m depth, feldspar dissolution between 6
and 0 m, and illite + chlorite dissolution between 0-5 and the
land surface (Brantley et al., 2011). Here, we report measure-
ments of sulfur (i.e. Reaction 3) versus depth for the ridgetop
borehole and compare the chemistry of the ridge borehole to
that of four valley boreholes to investigate the geometry of
consumption of CO, and O, in the subsurface in the valley.
While we cannot prove that mineralogical variations in the
subsurface are due to weathering reactions given the complex
structure of the stratigraphy underlying the watershed, we
show how the data can be interpreted in the context of nested
subsurface weathering fronts.

Terminology

It is difficult to define categories of material across a weathering
gradient precisely because the physical and chemical character-
istics often vary smoothly with depth. At SSHO, weathering
progresses from relatively unfractured and chemically unaltered
protolith or parent material (‘bedrock’) to intact and in-place rock
that is somewhat fractured and geochemically altered (‘saprock’)
to unconsolidated materials which are highly altered (‘regolith’).
This usage for ‘saprock’ differs from that used by researchers from
more arid climates (e.g. Graham et al., 2010): here it refers to the
zone of the subsurface rock that has been chemically altered to a
significant extent (i.e. depleted in carbonate minerals such as
ankerite) but is not disaggregated like a soil.

To employ the terms, operational definitions are used.
Bedrock is defined as material that must be drilled with a
diamond bit using gasoline or electrical power. Saprock is
material that shows evidence of weathering but which must
be similarly drilled or sometimes be pried apart and sampled
with a pick. Finally, regolith is used here to mean only material
that can be augered by hand. On the planar hillslopes in the
SSHO previously investigated (Jin et al., 2010; Ma et al.,
2011a, Ma et al., 2011b), the regolith shows evidence of
downslope movement at all positions (except, perhaps, the
deepest depths near the valley floor). In this case, therefore,
regolith is mostly identical to ‘mobile soil’.

Methods
Site description

Located within the Valley and Ridge province in central
Pennsylvania, the SSHO experiences a temperate climate and
mean annual temperature of 10 °C (Lin, 2006; Anderson
et al., 2008; Jin et al., 2010). The area is typically snow-covered
from December to mid March. The elevation of the catchment
ranges from 310 m at the highest point to 256 m at the outlet
(Lin, 2006). The catchment is V-shaped with relatively planar
hillslopes that are intersected by several well-developed swales
(Figure 1). The catchment is oriented east-west, and is defined

200 Meters

Figure 1. Map of Susquehanna Shale Hills Observatory (SSHO). SSHO is an 8-ha forested watershed located in Huntingdon County, PA. Cuttings
were sampled from boreholes CZMW1, CZMW2, CZMW3, and CZMW4, labeled as purple circles (see Kuntz et al., 2011): samples were labeled
DC2, DC3, DC4, and DC5 respectively. DC1 samples derive from the borehole located at the northern ridge top within 5 m of DCO (both as purple
symbols). Red symbols indicate shallower wells for which no cuttings are available but for which water table levels were measured (Table X). Thin
gray lines indicate elevation contours (from Lin, 2006). North planar transect location is shown as three triangles, and the upper weir location is
labeled as SSOW (for samples summarized in the Appendix, Table A). This figure is available in colour online at wileyonlinelibrary.com/journal/espl

Copyright © 2013 John Wiley & Sons, Ltd.
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by the north-facing and south-facing slopes and a small season-
ally flowing first-order stream (Lin, 2006).

The underlying protolith consists of relatively tight folds in
Silurian-aged shales of the Rose Hill Formation of the Clinton
group (Fold, 1960; Lynch, 1976). This group varies in thickness
in the area from 200 to 300 m and has been observed locally to
sometimes exhibit folds as tight as meters to decimeters
(T. White, personal communication, 2012). Although bedrock
is almost completely buried throughout the watershed, at one
location roughly in the middle of the catchment, limited
observations of strike and dip document N54°E and 76°NW
respectively (Jin et al., 2011b). However, consistent with the
tight folding, a televiewer has been used to measure a dip of
~28° in bedrock in the boreholes drilled at the valley floor near
the outlet (Kuntz et al., 2011).

The Rose Hill formation in the area grades from shale to silt-
stone. In some places the unit is carbonate-rich and occasionally
has sandstone layers. In addition, some parts of the Clinton
group have enough hematite that it was mined for iron in the
1800s. At SSHO, weathered float from a younger unit, the Keefer
sandstone, has been observed toward the valley floor outlet of
the catchment.

Drill core

A borehole at the northern ridge of the catchment, DCO, was
drilled prior to the establishment of the Critical Zone Observatory
and cased at the top with metal casing. No cuttings are available
from that hole but water table measurements are reported here. A
second ridgetop borehole was drilled in 2006, approximately
5 maway from DCO, and cased with PVC (DC1). This borehole
cannot be used to measure water table due to its construction.
Geochemical and mineralogical analyses of the bulk
cuttings from DCT1 were reported previously (Jin et al., 2010;
Ma et al., 2011a).

At the valley floor, four boreholes were drilled with a direct
rotary air drill to depths of 16 m in August 2008 (Kuntz et al.,
2011). Samples from these four holes [CZMW1, CZMW2,
CZMW3, CZMW4 (Figure 1)] are labeled as DC2, DC3, DC4,
DC5 samples respectively. The boreholes were drilled within
3 m of one another — three on the northern and one on the
southern side of the stream. This study reports chemical and
mineralogical results focused on DC3 samples, with additional
data from DC2, DC4, and DC5, and new data for the DC1
ridgetop borehole. Samples from DC5 were only retained from
depths below 9 m.

Rock chips, cuttings, and rock powder were sampled during
drilling in the upper parts of valley boreholes at ~0-2 m
intervals and at greater depths, approximately every meter.
The height of the exposed casing was used to correct depth
measurements to depth below land surface (BLS).

Sample preparation and elemental analysis

Cuttings were bagged, labeled, and air-dried. For each sample,
the entire bulk sample, consisting of both rock fragments and
granular powder, was ground to pass a 100-mesh sieve
(150 pm). Samples were prepared for lithium metaborate fusion
according to published methods to determine bulk chemical
analysis by inductively coupled plasma atomic emission
spectroscopy (ICP-AES) for major elements at the Materials
Characterization Laboratory (MCL) at the Pennsylvania State
University (Feldman, 1983). These analyses for major elements
are estimated to have a precision of +3%. This treatment for
DC2, DC3, DC4 and DC5 samples was identical to that used

Copyright © 2013 John Wiley & Sons, Ltd.

previously for DC1 (Jin et al., 2010, 2011b). However, here,
zirconium (Zr) concentrations are reported for analyses by
ICP-AES with +10% precision while those reported for DC1
were measured by ICP-mass spectrometry (ICP-MS) with
+5% precision. Accuracy of ICP-AES measurements has been
verified for samples from SSHO by a comparison of ICP-AES
values to Zr concentrations measured by ICP-MS (Appendix,
Table Al). Zr is known to occur in zircons in the catchment
(Jin et al., 2010).

X-ray diffraction (XRD) analysis

Samples were characterized using X-ray diffraction (XRD).
Mineral phases were identified with JADE software and
abundances were quantified using US Geological Survey
(USGS) software (Rockjock), following published protocol
(Eberl, 2009). An internal standard of corundum was used in
each sample to allow quantification of XRD peaks. Samples
were run on a Scintag 2 PAD-V power X-ray diffractometer,
scanned from 5° to 65° 26, using Cu K-alpha radiation, again
following protocol (Eberl, 2009).

Sulfur, iron and carbon measurements

Total sulfur concentrations were measured using a LECO Sulfur
Coulometer. Roughly 400 mg of sample were weighed into
ceramic crucibles combined with tin and iron beads as
combustion additives following techniques used for coal and
plant matter (Jones and lIsaac, 1972). The crucible was
combusted in an induction furnace and the released sulfur
dioxide (SO,) gas was titrated with a potassium iodate (KIO3)
solution. To ascertain accuracy and precision, one calibration
standard of known sulfur content (0.889% carbon; 0.0288%
sulfur) manufactured by LECO was analyzed repeatedly and
one low-sulfur quartz diorite sample (LGW1 85) was analyzed
in our laboratory and by LECO, Inc. at their laboratory.

Ferrous iron concentrations were also titrated (Goldich,
1984). References for ferrous iron from the USGS were also
analyzed: SCO-1 (Cody shale) was run interspersed with the
DC sample analyses reported here and references MAG
(marine sediment), GXR2 (soil), and GXR5 (soil) were also ana-
lyzed identically over months to assess precision and accuracy.

Total carbon content was measured on DC3 samples by
combustion at the Agricultural Analytical Services Laboratory
at the Pennsylvania State University, following published
protocol (Nelson and Sommers, 1996). We report the wt% total
carbon where total carbon = organic + inorganic carbon.

Concentrations and isotopic compositions of total carbon
(organic + inorganic) in selected samples were also measured
for cores DC1 and DC3 using a Coztech Elemental Analyzer
and a Thermo Gas Bench, respectively, in the Laboratory for
Isotopes and Metals in the Environment at Pennsylvania
State. A low-carbon soil reference material was analyzed as a
check standard.

Porosity analysis

To analyze porosity in borehole samples, two shale chips
from the DC1 core were studied: DC1-36 and DC1-9. The
~T mm x 3 mm x 3 mm pieces were chipped off of larger
fragments by breaking perpendicular to bedding. Their porosity
was imaged and quantified using synchrotron X-ray-based 3-D
p-computed tomography (u-CT) at Beamline 8.3.2 at the
Advanced Light Source, Lawrence Berkeley National Laboratory.

Earth Surf. Process. Landforms, (2013)
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The sample was mounted on a specifically designed sample
holder and illuminated by X-rays of 25 keV. These X-rays
penetrate the sample but are attenuated as a function of density:
lower density material (pores) attenuate X-rays to a lesser degree,
allowing imaging of the pore structure. The X-ray detector was
used with 1-7 um/pixel 0-9 and um/pixel resolution for DC1-36
and DC1-9 samples respectively. Filtered back-projection
tomographic reconstruction (Kak and Slaney, 1988) was carried
out using Octopus software (Masschaele et al., 2005). Recon-
structions of the images were completed to yield views of sec-
tions oriented parallel to bedding. Selected images were further
treated by anisotropic diffusion filtering, image smoothing,
threshold-based segmentation, and skeleton analysis. Skeleton
analysis, also referred to as analysis of the medial axis, is used
to visualize the network of interconnected one-dimensional
paths or branches for transport that can be imaged at scan resolu-
tion (Liang et al., 2000). All image analysis was performed using
Image) software (Abramoff et al., 2004).

Measurement of water table depth

The depth to the water table was measured at a subset of wells
(Figure 1) with a flat tape water level meter equipped with a
submersible probe (Solinst®).

Results
Borehole observations

Major element concentrations from DCT samples from the
ridge (Figure 1) were reported previously (Jin et al., 2010). As
described by Jin et al. (2010), the upper 10-30 cm was regolith
(in other words, hand augering was possible to that depth).
Below that, drilling was required to sample saprock or bedrock.
Densities of chips recovered as cuttings were highly variable in
the upper 6 m. Samples were generally olive or olive gray in
color above 23 m and gray below that. One olive brown
sample from 4-5 m had higher values of loss on ignition (LOI)
and iron.

In contrast, at CZMW1-CZMW4 in the valley (e.g. sam-
ple sets labeled DC2-DC5), hand augering was possible to
about the depth of the water table, ~2 m. Below that,
drilling was needed. Drilling at the valley floor was notably
slower below ~6 m than above that depth (Kuntz et al.,
2011). Valley-floor samples from depths shallower than
7 to 8 m were brownish in color while deeper samples were
dark gray.

Bulk chemistry: choice of immobile element and
parent composition

Compositions of the valley floor boreholes are reported in
Tables I-1V and a plot from one borehole (samples DC3) is
shown in Figure 2. Inspection of Figure 2 and Tables [-IV
documents relatively small variations in most major element
concentrations compared to the variations in calcium. Calcium
concentrations are insignificant in the upper 2 m.

To interpret the chemical data, we first sought an element
that is not soluble — i.e. an immobile element that could be
used as a reference. We assumed Zr, present in the insoluble
mineral zircon at Shale Hills, is immobile and is present
throughout the section in a relatively constant concentration.
Jin et al. (2010) previously documented that Zr is more immobile
than all other elements including titanium at Shale Hills.

Copyright © 2013 John Wiley & Sons, Ltd.

More difficult to constrain than an immobile element is the
composition of the parent material (including its Zr concentration).
Jin et al. (2010) successfully modeled weathering in SSHO by as-
suming that the parent shale composition for the entire 8-ha
catchment was equivalent to the average of deep borehole
cuttings from ridgetop location DCT1 (Figure 1), excluding the
deepest carbonate-bearing samples from beneath 22 m and the
high-iron composition at 4-5 m depth. Importantly, this parent
composition defined by borehole DC1 was shown to have a
composition within +1c of all the bottom-most samples of
regolith collected by hand-augering cores throughout SSHO.
We therefore use the same parent composition here for interpre-
tations of DCT.

However, for the new valley boreholes investigated here,
we averaged the bottom seven samples each for DC2, DC3,
and DC4 cuttings together with all five deep samples from
DC5. Notably, DC2, DC3, DC4 and DC5 samples derived
from wells that were spaced within 5 m and their deep
layers are arguably a better estimate of parent for this
location in the watershed (Figure 1). As discussed later for
Figures 8 and 9, we did see evidence that the bottom-
most sample from two boreholes may have intersected the
Keefer formation (a sandstone which is occasionally observed
as weathered float at the outlet of the catchment). Nonethe-
less to be conservative, this sample was included in the
calculation of parent. Presumably, the calculated extents of
depletion would be larger if we excluded those samples
from calculated parent.

Using this parent material (see Tables I-1V), we calculated
the mass transfer coefficient 7;; to assess loss or gain of
elements relative to the assumed parent composition (Brimhall
and Dietrich, 1987; Anderson et al., 2002):

T =20 g (4)

Here, Cis the concentration of mobile element j or immobile
element i in the parent (subscript p) or weathered material (w).
Positive 7;; values indicate enrichment of the element of
interest j in weathered material with respect to i in the parent.
Negative t;; values indicate depletion of j with respect to i in
the parent. Values of zero indicate no change of the element
with respect to Zr in the parent, and values of -1 indicate
100% depletion.

Table V summarizes 1, ; values for DC3 samples. Significant
depletion of aluminum (Al), calcium (Ca), iron (Fe), potassium
(K), magnesium (Mg), sodium (Na), phosphorus (P) and silicon
(Si) are observed at the land surface. Variations with depth are
discussed in subsequent sections.

Sulfur, iron, and pyrite

For DC1 and DC3 samples, measured values of total ([Feryal)
and ferrous iron concentrations ([Fe**]) are reported in Table VI
and sulfur concentrations in Table VII. [Fe**] was subtracted from
[Fetoll (analyzed by lithium metaborate fusion and ICP-AES), to
calculate ferric iron concentrations, [Fe>*] (Table VI):

[Fe?*] + [Fe’] = [Ferowl] (5)

Based on all analyses for all USGS references as summarized
in Table VI, the reproducibility in [Fe**] varies with iron and
organic matter content. For example, for USGS reference
SCO-1 (Cody shale) reproducibility was +3%; therefore, most
core samples (which contained minimal organic material)

Earth Surf. Process. Landforms, (2013)
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“Parent for DC2 to DC5: estimated from deepest seven samples from DC2 to DC4, averaged with all samples from DC5-
PLOI, loss on ignition, here LOI = 100 — sum total wt% oxides from lithium metaborate fusion analysis by ICP-AES-

“Parent composition for DC1 included for comparison: estimated from five of the six deepest DC1 samples (Jin et al., 2010), i-e-, excluding bottom-most sample-
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Figure 2. Major element concentrations, measured from cuttings from
the CZMW?2 borehole (DC3 samples), plotted versus depth (in m BLS).
High calcium (Ca) concentrations are observed at 2-4 and 6-:2 m
depth BLS but Ca concentrations above 2 m are almost 10x lower than
samples at depth (see Table Il). Aluminum (Al), iron (Fe), magnesium
(Mg), sodium (Na), and silicon (Si) remain relatively constant with depth
compared to Ca.

were reproducible at this level. The accuracy of analysis of
Cody shale was observed to equal +1%. In contrast, for the
soil/sediment standards, the relative accuracy decreases from
+7% (at 2-4 wt% Fe?*) to £25% (at 0-96 wt% Fe?*) to 35%
(at 0-59 wt% Fe?*). Lower accuracy in the sediment/soil
samples is likely due to the small Fe** content and interfer-
ences from the organic matter.

Long-term reproducibility of sulfur analysis on the LECO
standard was +26% and accuracy was +15% (Table VII). The
analysis completed on soil sample LGW1 by our laboratory
reproduced the value measured at LECO, Inc.

The only sulfur-containing mineral we have observed in
SSHO rocks and soils is pyrite (Figure 3) (Jin et al.,
2011b). For example, pyrite was observed to be present as
framboids in polished sections under scanning electron
microscopy from DC1-38 at 24:-5 m depth (not shown)
and p-CT imaging from DC1-9 at 1-3 m depth (Figure 3D).
The total sulfur concentrations were therefore attributed to
pyrite. As shown in Figure 4, sulfur (pyrite) was depleted
above 8 m depth in DC3 samples from the valley (Table VII).
Pyrite was also depleted above 23 m depth in DC1 at the
ridge (Table VII). Likewise, Fe?* was significantly depleted
above about 7 m in DC3 samples (Table VI, Figure 5) and
above about 20 m in DC1 (Table VI).

On a molar basis, however, the loss of sulfur is minor
compared to the total loss of ferrous iron in DC3 samples
(Tables VI and VII). Therefore, significant oxidation of
ferrous iron in illite, chlorite, and possibly ankerite has also

Earth Surf. Process. Landforms, (2013)
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Table V. Values of 14, for borehole CZMW2 (DC3? samples)

Sample ID Depth (m BLS) Al Ca Fe K Mg Mn Na P Si

DC3 0-1 -0-15 -0-50 -0-69 -0-51 -0-64 -0-69 0-57 -0-25 -0-54 -0-28
DC3 1-2 -0-46 -0-24 -0-71 -0-10 -0-31 -0-47 -0-61 -0-29 -0-51 -0-17
DC3 2-3 -0-76 -0-44 -0-80 -0-41 -0-46 -0-59 -0-01 -0-34 -0-49 -0-31
DC3 3-4 -1.07 -0-24 -0-77 -0-20 -0-26 -0-45 0-63 -0-30 -0-12 -0-19
DC3 4-5 -1.37 -0-21 -0-78 -0-17 -0-22 -0-43 0-08 -0-33 0-06 -0-17
DC3 5-6 -1-68 -0-23 -0-80 -0-18 -0-25 -0-43 0-05 -0-36 -0-20 -0-17
DC3 7-8 -2:29 -0-05 0-76 0-50 -0-15 -0-19 4-65 -0-22 2-46 -0-06
DC3 8-9 -2-59 0-02 0-16 0-24 -0-04 -0-20 2-14 -0-06 1-41 -0-03
DC3 12-13 -3.81 -0-30 -0-60 -0-26 -0-33 -0-43 0-71 -0-31 0-12 -0-24
DC3 21-22 -6-55 -0-22 5-34 0-11 -0-27 -0-21 1-62 -0-26 0-59 -0-21
DC3 22-23 -6-86 -0-10 0-46 -0-05 -0-11 -0-24 0-24 -0-16 0-41 -0-09
DC3 27-28 -8:38 0-19 0-35 0-11 0-20 017 0-24 0-14 0-60 0-13
DC3 32-33 -9.91 0-14 0-54 0-07 0-14 0-09 0-07 0-19 -0-44 0-09
DC3 37-38 -11-43 0-34 0-36 0-27 0-37 0-33 0-26 0-34 0-70 0-27
DC3 42-43 -12-96 0-02 0-43 0-07 0-02 0-12 0-13 -0-06 -0-16 0-03
DC3 47-48 -14-48 0-14 0-18 0-10 0-12 0-13 0-07 0-05 0-33 0-08
DC3 52-53 -16-01 -0-43 -0-73 -0-41 -0-45 -0-51 -0-09 -0-35 -0-48 -0-39

?Parent concentration summarized in Table II.

Table VI.  Iron concentrations for DC1 and DC3 samples

Sample ID Depth interval (m BLS)  Feron (Wt% Fe) Fe®* (Wt% Fe) Fe®* (wt% Fe)  Measured (wt% Fe?")*  USGS reported (wt% Fe?*)
DC3 2-3 —0-61 —0-91 5.52 0-97 4.54

DC3 4-5 —1.22 —1.52 6-06 115 4.91

DC3 7-8 -2.13 —2.44 7.24 1.42 5.82

DC3 12-13 —~3.66 —~3.96 5.94 2.19 3.74

DC3 21-22 —6-40 —6-71 720 3.52 3-68

DC3 22-23 —6-71 —7-01 6-08 2.87 321

DC3 27-28 —8:23 —8:53 5.64 4.94 0-70

DC3 32-33 —9.75 —10-10 5.64 4.74 0-89

DC3 37-38 —11-30 —11-60 5.74 4.66 1.07

DC3 42-43 —12-80 —13-10 602 5.44 0-59

DC3 47-48 —14-30 —14-60 5.87 4.90 0-97

DC3 52-53 —15-80 ~16:20 5.88 3.79 2.09

DC1-4" —0-49 —0-61 536 1.28 4.08

DC1-8" —1-10 —1.22 5.44 1.24 4.20

DC1-11° —1.52 —1-71 5.60 1.33 4.27

DC1-17° —3.35 —3.54 5.46 1.34 4.12

DC1-23° —5.18 —5.36 5.26 1.23 4.03

DC1-26" —6-10 ~628 5.97 1-10 4.87

DC1-29° —~10-67 —~10-85 5.67 1-10 4.57

DC1-35° —19-81 —19-99 536 2.34 3.02

DC1-37° —22:86 —23.04 5.20 367 1-53

References

SCO-1 0-69 (+£0-02, n = 6) 0-70
MAG 2.22 (£0-12, n=5) 238
GXR2 0-80 (£0-04, n = 2) 0-60
GXR5 1-19 (£0-10, n = 4) 0-96

“All references are from USGS. SCO-1 was run interspersed with DC sample analyses. Samples MAG (marine sediment), GXR2 (soil), and GXR5
(soil) were run over many days using the same method but not interspersed with DC samples. Based on all analyses for all standards, the relative
reproducibility is +10%, but the accuracy and reproducibility for SCO-1, a sample of Cody shale, are 1% and 3% respectively. Relative
accuracy increases from £7% (at 2-4 wt% Fe) to £25% (at 1-2 wt% Fe) to 35% (at 0-59 wt% Fe) for the sediment/soil samples due to the presence
of organic matter and low iron content. Based on these measurements, we estimate that accuracy of samples of core are approximately +5% and
regolith vary in the range £5-35%.

PAnalyses reported by Jin et al. (2011b).

occurred in DC3 samples. In contrast to the valley floor u-CT observations

boreholes, however, significant ferrous iron is still present

in the DC1 cuttings above the pyrite front, presumably in Although little sulfur is left in DC1 samples above 22 m
the remaining chlorite and illite. Apparently, chlorite/illite (Table VII), some samples were occasionally observed under
is oxidized above the pyrite depletion zone at the valley u-CT to retain a few high density aggregates identified as pyrite
floor but not in the ridge. framboids (e.g. sample DC1-9 from 1:22 to 1-40 m depth,

Copyright © 2013 John Wiley & Sons, Ltd. Earth Surf. Process. Landforms, (2013)
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Table VII.  Values of R and concentrations of sulfur and pyrite in DC1
and DC3

Sample? Depth (m) wt. % Sulfur wt. % Pyrite ~ R°
DC3 1-2 —0-46 0-0063 0-013

DC3 3-4 —1-07 0-0058 0-012

DC3 7-8 —2-29 0-0069 0-014

DC3 12-13 —3-81 0-0056 0-011

DC3 21-22 —6-55 0-0068 0-014

DC3 27-28 —8-38 0-0906 0-181 0-11
DC3 32-33 -9.91 0-0981 0-196 0-13
DC3 37-38 —11-43 0-1140 0-228 0-18
DC3 42-43%  —12.96 0-1101 0-220 0-18
DC3 42-43°  —12.96 0-1170 0-234

DC3 47-48 —14-48 0-0822 0-164 0-15
DC3 52-53%  —16-01 0-0891 0-178 0-32
DC3 52-53°  —16.01 0-0903 0-181

DC3 52-53°  —16-01 0-0857 0-171

DC1-17 —34 0-009 0-017

DC1-20 —4-4 0-006 0-011

DC1-29 —10-8 0-003 0-006

DC1-32 —15-3 0-006 0-012

DC1-37 —-23.0 0-144 0-270 0-45
DC1-38 —24.5 0-121 0-227 0-07
LGW1 85¢ 0-034

LGW1 85¢ 0-035-0-038

Standard® 00288

Standard® 0-0246 + 0-0064

“Samples that were split and analyzed multiple times to determine
reproducibility are indicated by a, b, c.

From Equation 7 in text.

“Sample of Puerto Rico quartz diorite from the Luquillo Critical Zone
Observatory analyzed in our laboratory.

dvalue for Puerto Rico quartz diorite sample as reported by LECO.
“Long-term average measurement (+1c) of the LECO standard in our
laboratory (n = 18).

Figure 3D). Pyrite was commonly observed using p-CT at
depths below 20 m where the sulfur concentration increased
(e.g. DC1-36 sample from approximately 21-3 to 21-5 m depth,
Figure 3A). The CT imaging also revealed that porosity had
developed around some of the pyrite grains in that sample
(see Figure 3A image and compare images Figures 3B and 3C).
Specifically, the p-CT images were thresholded to distinguish
pores and grains (Figure 3A) or to distinguish the high-density
material presumed to be pyrite (Figure 3B). With each of these
threshold values, the skeleton was calculated. The skeleton is a
representation that shows the general shape of an object (in this
case the pyrite or pore distribution). Comparison of the skeletons
in Figures 3A and 3B emphasizes that pores were commonly
detected around the pyrite grains. Importantly, the sample
imaged in Figure 3 only had 1-07% porosity as measured by
the p-CT, documenting that porosity-initiating reactions were
occurring around the pyrite in rock sections even when overall
porosity was very low (note that p-CT does not resolve sub-
micron pores).

XRD and carbon data

Table VIII summarizes mineral concentrations for DC3 samples
(from CZMW?2). Quartz is generally constant with depth and
illite is present at all depths as the dominant clay, varying from
43 to 57 wt%. As the second most abundant clay, ‘chlorite’
(a term used here to indicate chlorite + vermiculite + hydroxyl
interlayered vermiculite (HIV), none of which were distinguished
separately in the XRD and RockJock analyses reported here) was

Copyright © 2013 John Wiley & Sons, Ltd.

also observed in the profile except in the shallowest sample.
Kaolinite was detectable at depths of 1-6 m and above.

The carbonate minerals ankerite and calcite also show
variability in abundance based on XRD data (Table VIII). These
RockJock-calculated abundances are relatively accurate only
for minerals at higher abundance and we therefore summed
the estimated concentrations from XRD for the carbonate min-
erals in Table VIII. The two spikes in calcium concentrations at
depths of 2-1-2-3 and 6-2-6-4 m in DC3 samples (Figures 2 and
6) correlate with higher (calcite + ankerite) concentrations. For
example, the highest calcium concentration (at about 6-5 m
depth) in DC3 coincides with the highest percent (calcite +
ankerite) (Table VIII), the highest LOI (Table 1l), and the highest
wit% total carbon (Table Il). Recasting the total carbon at that
depth as wt% calcite yields 18-8 wt% calcite which compares
favorably to the XRD-determined value of 17-7 wt% (calcite +
ankerite).

At first glance, the lack of calcite + ankerite above about 2 m
in DC3 may appear inconsistent with the total carbon data in
Table Il. However, wt% total carbon is lowest at about 1-7 m
depth: higher values at deeper depths are likely (calcite +
ankerite) while higher values at shallower depths are likely
organic carbon. Consistent with the presence of organic carbon
in the shallow samples, the 8'2C of three of these samples range
from -25 to —-33%. (Table 1X), as expected for modern C;
organic matter (Vogel, 1993). In contrast, beneath 2 m in DC3
samples and for the two samples in DC1, 8'2C values range
between —10 and —15%.. Only one sample from the layer of
highly concentrated carbonate at 6-7 m showed a distinctly
different value (-2:9%0) in DC3 samples. This sample is
hypothesized to represent relatively recently precipitated
secondary carbonate rather than primary carbonate from the
original shale.

Water table

Measured depths to the water table in well 4 (Figure 1), the
closest groundwater well to the CZMW boreholes, varied from
approximately 0-6 to 1-4 m BLS (Table X). During the winter
and fall when water flows in the stream, the water table rises
to zero meters or above. Therefore, in 2010 the water table at
the valley floor fluctuated by only about a meter from the driest
to wettest months. In contrast, as measured in well DCO at the
ridge, the winter water table was at 19-20 m depth BLS but
during summer it was at 26 m BLS.

Discussion
The upper fractured layer

Jin et al. (2010) showed that under the northern ridge, an upper
~5 or 6 m-thick layer is distinct from deeper layers in elemental
content and density. One sample from DC1 taken from 4-5 m
depth was particularly anomalous in that it had high LOI and
iron content. The uppermost part of the 5-6 m layer can be
observed in pits to consist of blades of rock — tens of centimeters
in length/width and centimeters in thickness — interspersed with
minor silt, sand, and clay. Much of the character of this upper
5-6 m was attributed by Jin et al. (2010) to fracturing driven by
freeze-thaw (Murton et al., 2006; Matsuoka and Murton, 2008)
that has been ongoing since at least the peri-glacial conditions
15 000 year before present (Gardner et al., 1991).

In addition to the large-scale fracturing that produced the
bladed shale beneath the regolith, rock fragments recovered
during drilling from the 5-6 m layer vary greatly with respect

Earth Surf. Process. Landforms, (2013)
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Figure 3. (A) p-CT image of a shale fragment from DC1-36 from DC1 borehole from 21-3 to 21-5 m depth. The sample was imaged in 250 images
which were 1-8 um thick each and one slice is shown here. Dark gray to black areas are pores and extremely bright white areas are high density
material, inferred to be pyrite. One pore in the center left is partly filled with high density material. Porosity around the pyrite is attributed to oxidative
dissolution. Total porosity measurable by p-CT for the subsample (0-38 mm?®) is 1-07 + 0-03%. The image was collected at 1-7 pm/pixel resolution, i.e.
the minimum pore that can be imaged has dimension equal to about 5 um. (B) The stack of 250 p-CT slices collected for the sample in A were an-
alyzed together and thresholded for calculation of pores. The skeleton image of the thresholded pores shown here indicates pores (yellow) that appear
both largely unconnected (for example, especially in lower left region) and connected (e.g. upper right side of the image). (C) The same stack of im-
ages used for B were thresholded here for the high density material (see Figure 3A for description). The calculated skeleton is shown here. Some round
white objects are located at the same place as pores shown in Figure 3B, which indicates this white dense material (presumed to be pyrite) spatially
connects with pores. (D) u-CT image of sample DC1-9 from 1-22 to 1-40 m depth. The high density material clearly exhibits the geometry of pyrite
framboids (bright raspberry-like objects in bottom right). Image resolution is 0-9 pm/pixel, i.e. smallest detectable diameter of a feature is ~3 um. Note
that this sample is from the unsaturated zone where most pyrite has already been oxidized. This figure is available in colour online at
wileyonlinelibrary.com/journal/espl
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Figure 5. Plots of wt% Fe”* or Fe’* versus depth for DC3 samples
from CZMW?2 borehole. Samples were analyzed for total iron and Fe**,
and Fe** was calculated by subtraction (Table VI). The iron titration data
plotted here reveal a transition from predominantly ferrous to ferric iron
at a depth of ~7 m, coincident with the transition from no pyrite to pyrite
shown in Figure 4.

Figure 4.  Sulfur concentration (Table VII) plotted versus depth BLS for
DC3 samples from CZMW?2. Pyrite is the only sulfur-containing mineral
identified in the rocks. Sulfur is depleted from 0 to 7 m depth but pres-
ent beneath that depth.

to bulk density even though they do not contain visible micro-

fractures (Jin et al., 2011b). Some of this porosity can be
attributed to loss of base cations: for example, loss of sodium
was noted by Jin et al. (2010, 2011b) and attributed to the

Copyright © 2013 John Wiley & Sons, Ltd.

onset of weathering of minor feldspar down to several meters
depth. However Jin et al. (2011b) argued that chemical losses
are not extensive enough (e.g. Figure 7) to explain the lower

Earth Surf. Process. Landforms, (2013)
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Table VIII. Quantitative mineralogy for DC3 samples®

Sample ID Qz (Wt%) Kspar (wt%) Plagioclase (wt%)  Cc + Ank (Wt%) Kao (wt%) Il (wt%) Chlor + Vermi (wt%)
DC3 0-1 29-0 21 3-2 0-6 - 553 23
DC3 1-2 309 23 2-4 bd 19 43-5 11-3
DC3 2-3 36:2 4-5 - 0-4 0-8 50-6 9-4
DC3 3-4 29-1 4.9 1-8 0-1 0-6 549 115
DC3 4-5 25-8 27 1.7 1-2 12 57-2 6-2
DC3 5-6 29-0 2-1 0-9 0-6 - 55-3 11-8
DC3 7-8 241 2-5 11 4.0 - 49.7 14-0
DC3 8-9 24.2 24 0-6 26 0-1 53.0 139
DC3 12-13 30-3 21 1-1 1-1 0-7 535 11-4
DC3 21-22 24.2 13 11 17-3 - 42.5 122
DC3 22-23 26-1 3.5 0-8 3-6 0-1 126 126
DC3 27-28 250 341 bd 4.2 - 54-1 135
DC3 32-33 253 2-4 0-8 39 - 53-1 14.2
DC3 37-38 255 3-6 0-9 31 - 50-4 4.5
DC3 42-43 26-3 31 0-2 31 - 47-5 9-1
DC3 47-48 27-7 3-0 1-6 2-8 - 49-3 10-6
DC3 52-53 301 3.3 0-9 1-4 - 439 14-2

“All weight percents were normalized to 100, as determined using RockJock (USGS) following the protocol reported in Eberl (2009). Pyrite (or other
minerals) detected in some samples at levels between 0-1 to 0-3 wt% are not reported here because these low values were not considered accurate in

RockJock- Mineral codes as follows: Qz (quartz), Kspar (potassium feldspar), Cc (calcite), Ank (ankerite), Kao (kaolinite), Ill (illite), Chlor (chlorite), Vermi
(vermiculite).
0_! Table IX. Carbon isotopic compositions and total carbon contents
2_
O Y o Sample ID Depth (m) 8"3C Wit% carbon
4 v ] @) O
o) o DC3 0-1 0-15 255 2:0
6_
= v 0o v DC3 1-2 0-46 -28-0 0-5
E 6l ) DC3 4-5 1-37 -329 0-4
%_ p DC3 7-8 229 -10-4 0-7
& 10 i v DC3 21-22 655 -29 2.9
v DC3 22-23 6-86 -10-0 0-8
12 .O DC3 47-48 14-48 =115 0-7
= v DC1 37 22-95 -14-3 03
144 v DC1 38 24.50 ~14-4 1-8
a
wly '2 Standard 275 15
' 5 ! ] : . : : : 2Elemental low carbon soil, reported §'>C = —27-46%o + 0-11 relative to
T PDB;1-52 £ 0-02 wt% carbon. All carbon analyses here include inor-
Zr,Ca . . .
ganic + organic carbon (i.e. total carbon).
Figure 6. Plots of 17, versus depth for data from DC2, DC3, and

DC4 samples from boreholes CZMW1 (open circles), CZMW?2 (filled
triangles) and CZMW3 (filled squares) respectively. Parent composition
was assumed equal to seven deepest samples from DC2, DC3, and
DC4 averaged with all samples from DC5 (see Table Il). Above 2 m,
Ca concentrations are very small in all samples: this depletion is attrib-
uted to dissolution of carbonate in the unsaturated zone. Various de-
grees of Ca enrichment are seen in samples from all three sets of
borehole cuttings over depths ranging from 3 to 7 m. Ca enrich-
ment is attributed to carbonate minerals (calcite and ankerite, see
Table VIII). Based on isotopic data (Table 1X), at least some of the
high carbon content at 6:5 m depth (DC3) is likely due to second-
ary carbonate precipitation. Depletion of Ca above 2 m is attributed
to the dissolution of both primary and secondary carbonates.

bulk density of chips in the upper 6-m layer. Changes in bulk
density were therefore attributed to loss of particles from
inside the chips as well.

The 5 or 6 m-deep fractured layer under the ridge is similar to
the 6 or 7 m-thick fast-drilling layer identified in the valley
(Kuntz et al., 2011). In this layer under the valley, fracturing
was identified by Kuntz et al. (2011) to be spaced more densely.
In addition, natural gamma ray emission was lower, as
expected for material that had lost clay particles containing

Copyright © 2013 John Wiley & Sons, Ltd.

potassium. Consistent with this interpretation, the chemical
compositions summarized here also document possible
evidence for depletion of magnesium, potassium, and silicon
in the uppermost 5-6 m layer under the valley (Figures 8-10).
To be conservative in the calculations of 7, all calculations
for Figures 8-10 were made using the same values for the parent
material. However, bottom-most samples from two of the bore-
holes (DC2 samples from CZMW1, DC3 samples from CZMW?2)
appear discrepant in composition, possibly indicating a different
parent composition or variation in the Zr content. If bottom-most
samples had been excluded in calculating 7, the evidence for
depletion of potassium, magnesium, and silicaon would be
stronger. Regardless, Figures 8-10 can be considered to be
consistent with, although not proof of, variable extents of loss of
feldspar or illite (K, Si) along with ‘chlorite’ (Mg, Si) in the upper-
most 6-m fractured layer.

Regardless whether loss of clay is occurring through solubiliza-
tion or particle transport, significant fluid flow must be moving
through the fractured layer to cause clay depletion. In fact, the up-
permost fractured layer is likely to be penetrated readily by infil-
trating rainfall when regolith becomes saturated. For example,
researchers have argued that during dry periods, hydrophobicity
of the organic horizon precludes rainfall from infiltrating into the

Earth Surf. Process. Landforms, (2013)
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Figure 7. A plot of 1z, ; versus depth (in m BLS) for DC1. Parent com-
position was defined equal to the average of samples from depths of
five of the six deepest samples, without inclusion of the deepest sample
which is known to contain significant ankerite (see parent composition
summarized in Table ). Characteristic error bars were calculated and
plotted for tz, . Error bars for other elements are similar in magnitude
at each depth. The inset shows an expanded version of the upper part
of the profile.
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Figure 8. A plot of 77, ; versus depth (in m BLS) for DC2 samples from
CZMWT1. Parent composition was defined equal to the average of
samples from the deepest seven samples from DC2, DC3, DC4 and
all analyzed samples from DC5 (see Table ). Error bars were
calculated and plotted for 7z . Error bars for other elements are
similar in magnitude at each depth. Although the lowermost sample
was used in the calculation for parent (to be conservative), it is
nonetheless possible that this sample has intersected the next unit,
Keefer sandstone.

soil homogeneously (Lin and Zhou, 2008). Instead, Lin and Zhou
(2008) argued that the rain penetrates along vertical macropores
directly into the underlying fractured bedrock. Whenever the frac-
tured zone becomes saturated with fluid, these zones become in-
termittently perched layers. Along such perched layers, water will
advect down the hillslopes above the regional water table. Such
interflow has been identified at Shale Hills (Lin et al., 2005; Jin
etal., 2011a). For example, the interface between the regolith that
can be augered by hand — where hydraulic conductivities have
been measured to equal 107 to 10™ m/s — and the underlying
shale where conductivities equal ~107"> mys, is a likely zone of
interflow (Lin, 2006; Jin et al., 2010, Jin et al., 2011a; Kuntz
et al., 2011). In addition, the layer at 4-5 m depth in DC1 that

Earth Surf. Process. Landforms, (2013)



S. L. BRANTLEY ET AL.

-A-K
—A- Mg

x| e

DC3

@ 5 \
@
s RN
o — —
£ 7/
< -10 4 — —
Q
) —
o
[ —

— T T T T T T T T — T T
-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4
T.

Zrj

Figure 9. A plot of 77, ; versus depth (in m BLS) for DC3 samples from
borehole CZMW?2 using parent composition defined equal to the average
of samples from the deepest seven samples from DC2, DC3, DC4 and all
analyzed samples from DC5 (see Table Il). Error bars were calculated and
plotted for 1z, k. Error bars for other elements are similar in magnitude at
each depth. Although the lowermost sample was used in the calculation
for parent (to be conservative), it is nonetheless possible that this sample
has intersected the next unit, Keefer sandstone.
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Figure 10. A plot of 7z, versus depth (in m BLS) for DC4 samples
from borehole CZMW3. Parent composition was defined equal to the
average of the deepest seven samples from DC2, DC3, DC4 and all
analyzed samples from DC5 (see Table Ill). Error bars were calculated
and plotted for 7z, k. Error bars for other elements are similar in magnitude
at each depth.

has anomalously high iron and LOI is likely a fracture that has
served as a conduit of interflow that has precipitated iron
oxyhydroxides.

Depletion of sodium, magnesium, potassium, and silicon
never reaches 100% even in the regolith at the land surface: these
feldspar and clay depletion profiles are therefore ‘incompletely
developed’ profiles (Brantley and White, 2009; Jin et al., 2010).
On ridgetops, such incompletely developed profiles gener-
ally form where (i) erosion is slow and the duration of
weathering is not long enough to completely deplete the
soil; or (ii) the rate of erosion is fast compared to the rate
of weathering of the phase of interest (Lebedeva et al.,
2010). The former case is essentially a transient in the
evolution of regolith toward a steady state composition
where regolith formation rate = erosion rate. The latter case
is the case of kinetic-limited denudation where parameters

Copyright © 2013 John Wiley & Sons, Ltd.

related to the mineral reaction rate are small compared to
the erosion rate. For that case, any increase in the reaction
rate of the mineral can increase the rate of total denudation.
Such kinetic limitation is a likely explanation for the SSHO.
This conclusion is consistent with the nature of shale in that
it is easily eroded but only slowly dissolved.

Carbonate reaction front

As discussed in the Results section, concentrations of calcium or
carbonates (calcite + ankerite) were insignificant above 2-1 m
depth in all three valley boreholes as summarized in Table VIII
and Figure 6. Some of the variation in carbonate is due to litho-
logical heterogeneity in the Rose Hill formation (Flueckinger,
1969). It is undeniably difficult to identify a parent composition
given the stratigraphic variations and the complexity of folding
and faulting in the region. Given this highly folded and faulted
nature, calcium content might be expected to be extremely
variable in different locations.

However, calcium is not only insignificant above about 2 m
depth in valley boreholes CZMW1, CZMW?2, and CZMW3
(samples labeled DC2, DC3, and DC4) but also above 22 m
in DCT1 (ridge). Furthermore, these depths all roughly coincide
with the measured regional water table (Table VIII, Figure 11).
One interpretation is that the five boreholes intersect
carbonate-rich layers fortuitously at the depths of the water
table in both ridge and valley and that carbonates have never
been present in strata above those depths even before
weathering commenced. However, such a coincidence seems
unlikely. Therefore, although the carbonate layers encoun-
tered beneath valley and ridge are most likely from different
strata, the complete depletion of calcium-containing carbon-
ates above the water table is more likely due to dissolution
by CO,-charged fluids (or possibly sulfuric acid (H,SO,)-
charged fluids as discussed later) in the unsaturated zone
(Figure 11).

According to this hypothesis, the variation of calcium
concentrations with depth at the ridgetop can be thought of
as a ‘completely developed depletion profile’ for carbonate
(Brantley and White, 2009), i.e. carbonate minerals were
originally present at variable concentrations but were 100%
dissolved in the upper part of the profile. Completely
developed profiles evolve for weathering under conditions
known as local equilibrium. Indeed, at SSHO, the chemistry
of the groundwater is high in calcium and magnesium
concentrations compared to soil porewaters, consistent with
equilibration at depth with carbonates (Jin et al., 2011a). A
local equilibrium regime is expected for a mineral when the
rate of erosion is slow in comparison to the mineral’s
dissolution rate. Since carbonates are fast-dissolving, they
are usually expected to weather under local equilibrium
(Lebedeva et al., 2010).

The calcium versus depth data can be interpreted as a
carbonate depletion profile regardless of whether the carbonate
is primary or secondary. Thus, even though the large change in
carbon isotopic composition under the valley floor at ~6-6 m
depth is consistent with precipitation of carbonate at that depth,
such precipitation is not contradictory to the idea of a reaction
front. Specifically, the upper 2 m are depleted in carbonate due
to infiltration of fluids charged with CO, — and possibly organic
acids — through the unsaturated zone. However, in fractures or
layers beneath the water table, degassing of CO, (and low
concentrations of organic acids) likely combines with increases
in calcium concentration driven by pyrite-derived acids as
described later to cause precipitation of carbonates instead
of dissolution.

Earth Surf. Process. Landforms, (2013)
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Figure 11.  Nested geochemical reaction fronts are hypothesized to lie
subparallel to the land surface under the Shale Hills catchment. In this
schematic, the hypothesized fronts are plotted at the ridgetop (based on
DC1 data) and the valley floor (based on DC2-DC5 samples from
boreholes CZMW1- CZMW34), all projected to one cross-section across
the catchment. The inferred reaction fronts are connected schemati-
cally. Inverted triangles indicate representative summer and winter
water table depths (see Table X). Significant pyrite is not observed
above 7 m depth in the valley floor, and above 23 m under the ridge.
Significant carbonate is not observed above 2 m depth in the valley
floor, and above 22 m under the ridge. We infer that carbonate and
pyrite are both dissolved above these reaction fronts. Potassium
and magnesium are observed in variable concentrations in the upper
6-7 m at ridge and valley, perhaps documenting loss of clay minerals
as solutes or particles. This upper ~7 m-thick layer underlying the land
surface is known to be highly fractured and less dense under both the
ridge and valley. The layer is likely to host significant interflow down-
slope from ridge to valley (blue arrows). Under the ridge, diffusion of
O, to the pyrite oxidation front (black arrows) is fast because it is
occurring through the unsaturated zone, explaining the rough coinci-
dence of pyrite oxidation and the water table. Under both ridge and
valley, O, diffusion through the water-saturated zone is inferred to be
slow. The position of the pyrite oxidation front beneath the water
table at the valley is attributed to downslope advective transport of
O, as oxygenated interflow waters. Degassing of CO, from interflow
at the valley floor plus release of calcium to solution during carbonate
dissolution driven by pyrite oxidation may cause significant precipita-
tion of carbonate at ~7 m depth. This figure is available in colour online
at wileyonlinelibrary.com/journal/espl

These interpretations for SSHO are not anomalous com-
pared to other settings. Carbonate minerals are known to be
more reactive and soluble than silicate minerals and they
often weather first (MacDonald et al., 1991; White et al.,
2005; Szramek et al., 2007; Williams et al., 2007). Given this
high reactivity, carbonate minerals weather very rapidly from
soil profiles where rainfall is plentiful and are almost
always depleted from surface horizons even in extremely
young and poorly developed soils (MacDonald et al., 1991;
Vandenbygaart and Protz, 1995; Lichter, 1998; Nezat et al.,
2007). Thus it is common for carbonate minerals to comprise
completely developed depletion profiles in regolith on ridge-
top locations where precipitation is greater on average than
evapotranspiration.

Pyrite reaction front

Under the ridge, pyrite, like carbonate, comprises a completely
developed depletion profile because it is only significant in
concentration below 23 m depth. This depth roughly coincides

Copyright © 2013 John Wiley & Sons, Ltd.

with the regional water table (Figure 11). The coincidence
between pyrite depletion and the water table has been
observed in other locations and attributed to rapid diffusion of
O, through gas-filled pores but slow diffusion through water-
filled pores (Feng et al., 2002). Of course, the depth of the water
table moves up and down so exact correspondence between
today’s water table and pyrite depletion is not expected. In fact,
the depth of depletion could document the deepest water table
in the recent past that was maintained long enough to oxidize
and remove pyrite.

It may seem mysterious how pyrite can dissolve in Rose
Hill shale, given that porosities less than 5% have been
reported in the bedrock and that most of the porosity in
the unweathered rock is not connected (Jin et al., 2011b).
However, wherever O, diffuses into the rock, oxidative dis-
solution of the pyrite will generate protons (e.g. Reaction 3).
These protons may in turn dissolve more minerals to form
new pores that allow infiltration of more gas and water.
Indeed, Figures 3A-3C document that pores have formed
around pyrite near the water table. Given the diffusion of O,
through the unsaturated zone, porefluids near the water table
are likely to become acid due to pyrite oxidation while waters
beneath the water table remain high in pH. Given the low
porosity, some pyrite remains in the rock even above the water
table (Figure 3D).

According to these arguments, downward diffusion of O,
through the unsaturated zone causes pyrite oxidation and the
release of H,SO,, that opens the rock to further weathering.
The first mineral that H,SOy, is likely to dissolve is carbonate
because of its high reactivity. This may partially explain why
the putative pyrite and carbonate reaction fronts are close to
one another (Figure 11). If carbonate is abundant and pyrite is
not, very little porosity can be generated. However, if pyrite is
abundant and carbonate is not, the porosity can grow. To assess
this at SSHO, the acid generation capacity of samples
(Rose and Cravotta, 1998) was calculated by noting that the
moles CaCOs that can be consumed are 4 x the moles of pyrite
oxidized:

FeS; 4 3.75 O, + 3.5 H,O + 4CaCO; (6)
= Fe(OH); + 2 SO4*™ + 4 Ca*" +4 HCO; ™~

We used Reaction 6 to define the acid-generating capacity R
of the rock:

Mpyr

R=_"pr
4Mcaco,

)

where M, and Mc,cos are the concentrations of pyrite and
calcite in parent material (in mol/kg), respectively. If R < 1, then
oxidation of pyrite can cause dissolution of all or some fraction
(= R) of the carbonate in the rock. Thus, O,-charged fluids
infiltrating such a rock are likely to produce H,SO, that is
consumed during carbonate dissolution. In this case, the fronts
of pyrite oxidation and carbonate dissolution are likely to be
roughly coincidentin location. If R > 1, then the fluids could carry
the H,SO, from pyrite oxidation forward into the underlying rock,
dissolving minerals other than calcite.

For Shale Hills below the putative carbonate front, R = 0-07 to
0-45 (Table VII). In other words, up to 45% of the carbonate
dissolution under SSHO could have been due to pyrite-
generated H,SO,4. However, the rock is not so pyrite-rich and
carbonate-poor that H,SOy is likely to have infiltrated outside
the zone of pyrite reaction because the acid produced by
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pyrite oxidation must have been buffered by carbonate
dissolution. Given that R < 1, H,SO, likely dissolved some
of the carbonate but some other acid such as CO, that diffused
throughout the unsaturated zone must have contributed to
carbonate dissolution. Organic acids may also be important
in upper soil layers where rates of organic production are faster
than decomposition.

One final puzzle remains with respect to carbonate and
pyrite distributions at Shale Hills: while pyrite oxidation under
the ridge at SSHO is coincident with the water table, under
the valley, pyrite has apparently oxidized deeper than
today’s water table where diffusive transport of O, is known
to be slow (Feng et al., 2002). One explanation might be
that the loss of pyrite below the water table only occurred
during previous time periods when the water table was
much lower. However, given the rough coincidence of
oxidation with the 6 m-thick fractured layer under the
valley, we prefer the explanation that O, is advected to
the pyrite front under the valley by downslope interflow.
Evidence for flow of oxidized fluids in the fractured layer
is documented, for example, by the iron-rich layer at 4-5 m depth
in DCT1 that has anomalously high LOI. Coincidence between
pyrite oxidation under the valley and carbonate precipitation
could also point to coupled pyrite oxidation and carbonate
precipitation such that the calcium for the calcite is derived
from H,SOy4-driven dissolution of Ca-containing silicates
(Drake et al., 2009). These observations are summarized in
Figure 11.

Patterns of deep weathering

While we cannot prove from only a few boreholes that
chemical depth variations are due to nested reaction fronts
instead of lithological variations, the idea of nested reaction
fronts has been alluded to in other systems (Grube et al.,
1972; Russell and Parker, 1979; Singh et al., 1982; Hawkins
et al., 1988; Hercod et al., 1998; Drake et al., 2009). In one
extensively drilled granitic rock in Sweden for example
(Drake et al., 2009), pyrite was observed to oxidize in
fractures to depths of 15 to 20 m because of deep circula-
tion of O,-charged meteoric fluids. Those authors noted that
carbonate in fractures was also mostly leached from the
upper 30 m, and they attributed this to circulation of CO,-
charged fluids.

Even deeper weathering has been reported where the water
table is extremely deep and sulfide concentrations high. For
example, zinc sulfide (ZnS) depletion has been reported to
60 m depth (Bowell et al., 1996). Weathering profiles can even
deepen to 1000 m (Ollier, 1984) when sulfides are concen-
trated and weathering advances for long durations because
erosion is slow (Taylor and Eggleton, 2001). Furthermore, other
more soluble sulfides (pentlandite, chalcopyrite, sphalerite,
galena) can disappear deeper than pyrite (Butt and Zeegers,
1992). In fact, where water tables are falling, Ollier (1984)
argues that weathering often proceeds to depths of hundreds
of meters.

Sulfide weathering has also been reported to extend
meters into the subsurface for sedimentary rocks near Shale
Hills. For example, in Preston County, WV, weathering-
induced depletion of pyrite-sulfur has been observed to
depths of 6 m in sandstone, but locally in fractures to
depths of 16 m (Grube et al., 1972; Singh et al., 1982).
Depletion of calcite was also noted to depths similar to that
of pyrite (compare Figure 11).

Like our model for Shale Hills, the depths of weathering
of sulfides and carbonates have been attributed in some

Copyright © 2013 John Wiley & Sons, Ltd.

locations to reaction fronts that are subparallel to the land
surface, roughly following the water table. For example, in
pelitic mudstones in Japan, weathering of pyrite was deeper
relative to the land surface under hilltops than hillslopes (Chigira,
1990). Those authors argued that weathering reactions largely
depleted CO, by ~5m depth, O, by ~16 to 20 m depth, and
H,SO, generated by pyrite oxidation by ~30-35 m depth. In
general, the oxidation front and the water table were relatively
close in depth. Separations between the two were attributed to
the rapidity of climate-driven movements of the water table as
compared to the slow rates of movement of reaction fronts
(Chigira, 1990; Chigira and Sone, 1991; Chigira and Oyama,
1999; Oyama and Chigira, 1999).

In the work by Chigira and coworkers, depths of reaction
fronts were affected by protolith permeability, the fluxes of
the reactive gases CO, and O,, and the rates of infiltration
of H,SO,4. For example, the oxidation front in a more-
permeable sandstone in Japan was observed at 32 to 37 m
depth versus 16-20 m for a nearby less-permeable mud-
stone (Chigira and Sone, 1991). Likewise, an H,SO4-
neutralization front (zeolite depletion) at 43 to 60 m depth
in a permeable sandstone was deeper than the H,SOy4-
neutralization front (primary silicate depletion) observed in
a nearby less-permeable mudstone (30-35 m depth). Grain
size and permeability have similarly been hypothesized to
control variable depths of oxidation from 8 to 20 m in other
localities (Dixon et al., 1982).

Fracture systems in the Appalachians

The nested reaction front hypothesis for Shale Hills is also
bolstered by arguments in the literature concerning fractur-
ing in valleys in the Appalachian region. In such valleys,
groundwater flow may commonly be channelized by stress
relief fractures because the intrinsic permeabilities of the
cemented sandstones or shale rocks are very low (Wyrick
and Borchers, 1981). Wyrick and Borchers (1981) report
that in the Appalachian plateau, fluid penetrates largely
along flat-lying stress relief fractures in the valley and
vertical slump fractures along valley walls. Recharge to the
aquifer occurs as surface runoff enters valley wall fractures.
Although Shale Hills lies in the Valley and Ridge province
rather than the plateau, similar fracturing features could
be important.

Likewise, on the basis of their observations in the northeastern
Appalachians, Ferguson and Hamel (1981) report that
fracturing driven by valley formation dominates fluid flow
patterns. Specifically, valley bottoms experience compres-
sion whereas valley walls experience extension (Ferguson
and Hamel, 1981). As a result, the valley floor arches
upward whereas the valley walls are deformed inward. As
a consequence of these fractures, Ferguson and Hamel
(1981) argue that along valley walls, sedimentary rocks are
weathered to depths of 10 to 30 m, whereas under valley
floors, the depth of weathering may be closer to 10-15 m.
These patterns are somewhat similar to those described here
for SSHO (Figure 11).

Is pyrite always the deepest reaction?

Several factors may explain why pyrite is often the deepest
mineral reaction. First, O, diffuses quickly through the
unsaturated zone (Feng et al.,, 2002). Second, under the
right conditions, pyrite oxidation is relatively fast (Nordstrom,
1982, 2000). Third, oxidation releases acid (see Reaction 3),
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and the lower pH can hold more ferric iron in solution. In
turn, dissolved ferric iron acts as an oxidant that accelerates
the pyrite reaction, i.e. the reaction is autocatalytic. Finally,
it is well known that sulfur-oxidizing bacteria can oxidize
pyrite and accelerate the overall reaction. The acid genera-
tion, autocatalytic nature of iron(lll), and the acceleration by
bacteria mean that even small amounts of O, can initiate
pyrite weathering at depth.

Furthermore, the pyrite reaction can then open porosity in an
otherwise non-porous rock. Therefore, the rate of weathering
advance into silicates or carbonates can be faster when pyrite
is present compared to absent (Lichtner and Waber, 1992;
Calmels et al., 2007). In contrast, oxidation of ferrous silicates
such as chlorite does not significantly open porosity or enhance
dissolution of other minerals because such reactions do not
release H,SO,.

However, sulfide oxidation is not always the deepest
reaction. The relative positions of the reaction fronts for
carbonate, pyrite, and silicates vary depending upon the rates
of consumption of the reactants CO,, O,, and H,SO,. For
example, in high-relief areas, Chigira and coworkers argued
that oxygen and water flow in the same direction, causing the
O,- and H,S0O4-consumption fronts to move in the same direc-
tion but to become separated. They argued that sometimes the
H,SO, reaction advances out ahead of pyrite oxidation. In
contrast, in lowlands where O, diffusion and water flow in
opposite directions (downward and upward respectively), the
fronts become almost coincident (Chigira and Sone, 1991;
Chigira and Oyama, 1999). In contrast to these generalizations,
we see at SSHO that the pyrite and carbonate fronts are
separated at the valley but close under the ridge (Figure 11).
Additional observational evidence is needed to understand
these patterns but one likely explanation is that the coincidence
or separation of the reaction fronts is a function not only of the
direction of fluid flow but also the O, and CO, contents of the
fluids in comparison to the R value of the rock (Equation 7).

Conclusions

Chemical weathering represents the equilibration of rocks to
Earth surface conditions, as catalyzed by biota. Throughout this
paper we have ignored biological processes largely because
we have no observations of the deep distribution of microbiota
at SSHO. However, given that we know that both iron-reducing
and -oxidizing bacteria are prevalent in many weathering
systems including SSHO (Yesavage et al., 2012), it is likely that
many of the redox reactions in the subsurface we have
discussed in this paper are also catalyzed by micro-
organisms. Regardless, the mineralogical, chemical, and isoto-
pic variations described for the SSHO subsurface can be well
explained by the hypothesis of nested chemical reaction fronts
with or without biotic influences.

According to this hypothesis, acid and oxidant influxes
beneath Shale Hills have created depletion zones of carbonate
and pyrite respectively that form reaction fronts sub-parallel to
the land surface. Such fronts are identified from depletion
profiles that are either completely developed (mineral is
100% depleted at land surface, e.g. pyrite, carbonate) or
incompletely developed (mineral still present at land surface,
e.g. feldspar, illite, chlorite). Pyrite and carbonate depletion
go to 100% completion because the mineral abundances are
generally low and the reactions are fast relative to physical
erosion of material; in contrast, clay mineral depletion is not
complete at the land surface because clays are abundant and
weathering rates are slow. The zones of depletion of pyrite
and carbonate are deeper at the ridge than the valley: pyrite

Copyright © 2013 John Wiley & Sons, Ltd.

concentrations return to parent values at depths of ~23 m
(ridge) versus ~8-9 m (valley) and carbonate concentrations
are insignificant to depths of ~22 m (ridge) versus ~2 m (valley).
In contrast, the incompletely developed depletion profiles of
the clays probably initiate at ~6-8 m depth under both
ridge and valley and may be partly controlled by the occur-
rence of fracturing and fluid flow within a layer of that
thickness.

Although oxidation of pyrite is almost complete many
meters below the land surface at Shale Hills, the physical
disaggregation of bedrock to form regolith occurs at much
shallower depths. Therefore, disaggregation cannot be
attributed to iron oxidation. Jin et al. (2011b) argued that
significant weathering of illite initiates within 15 cm of the
depth of disaggregation of saprock into regolith. (We define
regolith to be material that can be hand-augered.) It is
therefore possible that weathering of the Rose Hill shale
initiates when the bedrock weathers to saprock at the depth
where pyrite oxidation becomes significant, but that saprock
transforms to regolith only where weathering of the domi-
nant mineral — clay — becomes significant.

Given these arguments, we might refer to pyrite oxidation
as the ‘profile-initiating reaction’ that starts the cascade of
reactions producing soil, but that clay dissolution is the
‘regolith-initiating reaction” that is the proximate cause of
disaggregation and production of regolith. Of course, it
bears repeating that our analysis here is made with little
consideration of biotic influences. It is possible, for exam-
ple, that the clay reactions are not driving regolith formation
but rather that biotic processes (Roering et al., 2002) such
as tree root penetration followed by tree throw are the prox-
imate drivers of disaggregation. In other words, tree root
penetration might be the phenomenon that explains the
depth of initiation of clay weathering rather than clay
weathering driving the disaggregation.

If the hypothesis of nested reaction fronts is correct, then deep
weathering at SSHO is controlled by biotic and abiotic influences
on (i) the distribution of permeability; (ii) the rate of influx of meteoric
water and the position of the water table; (iii) fluxes of O, and CO,;
(iv) the initial distributions in concentrations of acid-producing
(pyrite) and -neutralizing minerals (carbonate, clay). Pyrite
oxidation at Shale Hills is the deepest reaction observed be-
cause O, diffuses quickly through the unsaturated zone and
because, once significant aqueous ferric iron is produced
where water is present, oxidation is autocatalytic. Accelera-
tion of the reaction in turn releases H,SO, which causes in-
creases in permeability, through-flux of CO,-charged fluids,
and non-sulfide mineral dissolution. Based on our observa-
tions and the literature, we conclude that deep weathering
in many localities is similar to SSHO in that it is driven by
deep diffusion of O, and the resulting oxidation reactions
that open permeability to the flushing of meteoric fluids.
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Appendix

Table Al.  Comparison of Zr measured by ICP-AES and ICP-MS

Location, Average Zr (ppm) ICP-  Zr (ppm) ICP-
depth interval depth (cm) AES (PSU) MS (SGS)
NPRT 00-10cm 5 240 235
NPRT 10-20 cm 15 225 216
NPRT 20-30 cm 25 250 246
NPRT 30-37 cm 33.5 250 263
NPRT 37-39 cm 38 205 194
NPVF 0-10 cm 5 265 259
NPVF 10-20 cm 15 235 265
NPVF 20-28 cm 24 230 236
NPVF 28-36 cm 32 215 205
NPVF 36-44 cm 40 225 224
NPVF 44-49 cm 46.5 215 210
NPVF 49-57 cm 53 220 222
NPVF 57-64 cm 60.5 210 211
NPVF 64-70 cm 67 215 216
NPVF 70-74 cm 72 220 230
NPVF 74-78 cm 76 205 228
NPVF 78-85 cm 81.5 210 215
NPVF 85-88 cm 86.5 215 209
NPVF 88-91 cm 89.5 225 226
NPVF 91-103 cm 97 210 207
NPVF 103-115 cm 109 220 239
NPVF 115-118 cm 116.5 225 236
NPMS3 0-8 cm 4 210 211
NPMS3 8-15 cm 11.5 225 230
NPMS3 15-26 cm 20.5 230 239
NPMS3 26-31 cm 28.5 225 241
NPMS3 31-35 cm 33 265 272
NPMS3 35-40 cm 37.5 200 208
SSOW 0-10 cm 5 140 141
SSOW 10-20 cm 15 140 141
SSOW 20-30 cm 25 155 148
SSOW 30-40 cm 35 165 167
SSOW 40-50 cm 45 190 187
SSOW 50-60 cm 55 200 221
SSOW 60-70 cm 65 200 202
SSOW 70-80 cm 75 195 173
SSOW 80-90 cm 85 170 160
SSOW 90-100 cm 95 160 153
SSOW 100-109 cm 104.5 205 191

All samples are samples of regolith that were hand augered. Depth
intervals for samples are indicated in the sample names. Locations of
samples (Figure 1) are indicated by the acronyms: NP, north planar
transect; RT, ridge top; MS, mid slope; VF, valley floor; SSOW, stream
sediment upper weir. ICP-MS measurements were completed at SGS
Laboratory. Zr concentrations were measured by ICP-AES after samples
were dissolved by lithium metaborate fusion in the Penn State Material
Characterization Laboratory.
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