Provided for non-commercial research and education use.
Not for reproduction, distribution or commercial use.

Fomimiss. Mo Lot Taown
Emrvmin Assniasmy %m Em
e

This article appeared in a journal published by Elsevier. The attached

copy is furnished to the author for internal non-commercial research

and education use, including for instruction at the authors institution
and sharing with colleagues.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party
websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:

http://www.elsevier.com/copyright


http://www.elsevier.com/copyright

Available online at www.sciencedirect.com
Geochimicaet

ScienceDirect Cosmochimica
Acta

" =
ELSEVIER Geochimica et Cosmochimica Acta 74 (2010) 3669-3691

www.elsevier.com/locate/gca

Mineral weathering and elemental transport during
hillslope evolution at the Susquehanna/Shale Hills Critical
Zone Observatory

Lixin Jin **, Ramesh Ravella®, Blake Ketchum?, Paul R. Bierman °, Peter Heaney ¢,
Timothy White ¢, Susan L. Brantley®

& Center for Environmental Kinetics Analysis, Earth and Environmental Systems Institute, The Pennsylvania State University,
University Park, PA 16802, USA
® Department of Geology and School of Natural Resources, University of Vermont, Burlington, VT 05405, USA
¢ Department of Geosciences, The Pennsylvania State University, University Park, PA 16802, USA
d Earth and Environmental Systems Institute, The Pennsylvania State University, University Park, PA 16802, USA

Received 17 June 2009; accepted in revised form 31 March 2010; available online 7 April 2010

Abstract

Located in the uplands of the Valley and Ridge physiographic province of Pennsylvania, the Susquehanna/Shale Hills Crit-
ical Zone Observatory (SSHO) is a tectonically quiescent, first-order catchment developed on shales of the Silurian Rose Hill
Formation. We used soil cores augered at the highest point of the watershed and along a subsurface water flowline on a planar
hillslope to investigate mineral transformations and physical/chemical weathering fluxes. About 25 m of bedrock was also
drilled to estimate parent composition. Depletion of carbonate at tens of meters of depth in bedrock may delineate a deep
carbonate-weathering front. Overlying this, extending from ~6 m below the bedrock—soil interface up into the soil, is the feld-
spar dissolution front. In the soils, depletion profiles for K, Mg, Si, Fe, and Al relative to the bedrock define the illite and
chlorite reaction fronts. When combined with a cosmogenic nuclide-derived erosion rate on watershed sediments, these deple-
tion profiles are consistent with dissolution rates that are several orders of magnitudes slower for chlorite (1-5 x 107
mol m™2 s7!) and illite (2-9 x 107'7 mol m~2 s™!) than observed in the laboratory. Mineral reactions result in formation
of vermiculite, hydroxy-interlayered vermiculite, and minor kaolinite. During weathering, exchangeable divalent cations
are replaced by Al as soil pH decreases.

The losses of Mg and K in the soils occur largely as solute fluxes; in contrast, losses of Al and Fe are mostly as downslope
transport of fine particles. Physical erosion of bulk soils also occurs: results from a steady-state model demonstrate that phys-
ical erosion accounts for about half of the total denudation at the ridgetop and midslope positions. Chemical weathering
losses of Mg, Na, and K are higher in the upslope positions likely because of the higher degree of chemical undersaturation
in porewaters. Chemical weathering slows down in the valley floor and Al and Si even show net accumulation. The simplest
model for the hillslope that is consistent with all observations is a steady-state, clay weathering-limited system where soil pro-
duction rates decrease with increasing soil thickness.
© 2010 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

The Earth’s surface comprises a weathering engine that
solubilizes and disaggregates rock to form regolith. Rego-
lith formation contributes to important processes such as
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the rates and mechanism of such regolith formation. Over
the long term, the rates of weathering and erosion also com-
bine to control the evolution of landscapes and define the
access, rates of motion, and time scales of water and energy
movement within the Critical Zone (CZ) (Stallard, 1992;
White et al., 1996, 2001, 2005; Riebe et al., 2003; Amund-
son, 2004; Heimsath et al., 2005; Brantley et al., 2006;
Yoo et al., 2007; Anderson et al., 2007; Brantley and White,
2009). An understanding of the coupled processes that con-
trol regolith formation on all important parent lithologies is
required to predict how the CZ will change in response to
anthropogenic and climate perturbation. To understand
such phenomena, watersheds are utilized to investigate
intensively the relevant chemical, physical, and biological
aspects of weathering on specific lithologies (e.g., White
and Blum, 1995; Chadwick et al., 1999; Gaillardet et al.,
1999; Jacobson et al., 2003; West et al., 2005; Williams
et al., 2007).

As a ubiquitous lithology that covers about 25% of con-
tinental land mass (Amiotte-Suchet et al., 2003), shale has
been the focus of some pioneering weathering studies (Lit-
tke et al., 1991; Kolowith and Berner, 2002; Piersson-Wick-
mann et al., 2002; Amiotte-Suchet et al., 2003; Copard
et al., 2007). However, quantitative models to predict rates
of shale weathering are still unavailable. Partly in response
to the need for such models, an observatory to study the in-
ter-relationships among hydrology, geochemistry, ecology,
and geomorphology has been established at the Shale Hills
catchment in central Pennsylvania (hereafter termed the
Susquehanna/Shale Hills Observatory or SSHO), devel-
oped largely on shale in the Rose Hill Formation. Impor-
tantly, Rose Hill Formation represents the oxidized end-
member in the continuum of compositions observed for
shales worldwide. The full range of shale compositions,
including organic-rich endmembers, may be important in
determining global fluxes of C, heavy metals and P world-
wide (e.g., Petsch et al., 2001; Kolowith and Berner,
2002). The goals of this study are to: (1) identify mineral
transformations during weathering of the Rose Hill shale;
(2) attribute soil elemental depth profiles to mineral reac-
tion fronts; and (3) use models of hillslope evolution to
understand chemical weathering and physical erosion along
a planar hillslope. The relatively limited variation in parent
lithology at SSHO provides a well-constrained system to
investigate relationships among weathering and erosion in
a first-order catchment within a tectonically quiescent
setting.

2. METHODS
2.1. Site description

The Susquehanna/Shale Hills observatory is an 8-hect-
are catchment located within the Valley and Ridge Physio-
graphic Province of the Appalachian Mountains in central
Pennsylvania (Fig. 1A). At SSHO, the mean annual tem-
perature is 10°C and the mean annual precipitation is
107 cm (NOAA, 2007). Within this forested catchment, a
Ist-order ephemeral stream within the catchment flows to
Shavers Creek, which eventually joins the Susquehanna

River via the Juniata River. The catchment is characterized
by a stream channel which is aligned roughly east-west be-
tween narrow ridges (Fig. 1A). The average local relief from
the valley floor to the ridge top is 30 m and the average
channel gradient is 4.5% (Lynch, 1976). The gradients of
the south-facing and north-facing slopes are 23° and 28°,
respectively.

The geologic structure in the region is characterized by
tight plunging folds in Silurian-aged strata. The catchment
overlies shales of the Rose Hill Formation of the Clinton
Group (Folk, 1960; Lynch, 1976; Lynch and Corbett,
1985). Strike and dip measured on an extremely limited
exposure of bedrock at one point along the catchment floor
are N54°E and 76°NW, respectively (Fig. 1A). Strike and
dip measured stratigraphically and geographically proximal
to the catchment range from 60° to 80°. However, borehole
televiewer studies near the entrance of the catchment indi-
cate more gentle dips of approximately 25°, consistent with
results from three-point calculations on the regional geo-
logic map (Hoskins, 1976). Tight meter-scale kink folds
have been observed nearby in the Rose Hill Formation
(Rose, 1973). These combined observations suggest that
the structural setting below SSHO is complex with gently
to steeply dipping and faulted strata. Characteristic erosion
rates in the Appalachian Mountain region range from 8 to
29 m/Myrs with northern shale units (e.g., the SSHO) near
the lower limit of this range (Roden and Miller, 1989;
Blackmer et al., 1994; Reuter et al., 2004).

The 700-foot-thick Silurian-age Rose Hill Formation
consists of olive-pink, grayish-buff shales with a few inter-
bedded limestones (Lynch, 1976). Soil thickness, surveyed
by augering and ground penetrating radar, averages 1.4 m
in the catchment but varies from shallower at the ridge
top to much deeper in the valley floor and swales (Lin
et al., 2006). Soils show evidence of bioturbation and tree
throw (Lin et al, 2006). As delineated by topography, loca-
tion, soil thickness, and redox features, five soil series have
been previously mapped in the catchment (Lin, 2006; Lin
et al., 2006; Lin and Zhou, 2008). Soils on the ridge are
mapped as Weikert series whereas planar and convex hill-
slope soils belong to the Berks series. All are loamy-skeletal,
mixed, active, mesic Dystrudepts according to the US Soil
Taxonomy (Lin and Zhou, 2008).

The SSHO has experienced at least two major perturba-
tions in the geologically recent past: a perturbation from
peri-glacial to modern conditions at approximately 15 kya
(Gardner et al., 1991), and a perturbation due to clearing
of forests during colonial occupation. Extensive data sets
are available at SSHO from forestry field experiments: geo-
graphic information surveys, 1-m digital elevation model
data (DEM), soil moisture synoptic sampling, soil map-
ping, streamflow monitoring, and preliminary ground pen-
etration radar and gravity measurements from 1996-present
(Lynch, 1976; Lynch and Corbett, 1985; Duffy and Cusu-
mano, 1998; Lin et al., 2006; Qu and Duffy, 2007). The site
is presently managed as a Pennsylvania State University
experimental forest.

To characterize weathering of this catchment, pedons
and catenas were chosen to investigate the propagation
rates of weathering for sites representing different patterns
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Fig. 1. Soil sampling locations in the Shale Hills catchment (A; modified from Lin et al., 2006). Background color indicates soil thickness.
DCl is the drill core site, where 25 m of parent shale was sampled as chips and powder. Soil core WRT represents the 1D site. Soil cores SPRT
(SPRT2), SPMS (SPMS2) and SPVF (SPVF2) comprise the 2D planar transect. Two more cores are sampled along the 2D transect for bulk
density analysis (SPZR1 and SPZR?2). The strike and dip were measured from an outcrop (grey circle) and near the entrance. Five other cores
were collected as shown in other sites of the SSHO and chemically analyzed for the deepest sample to constrain the parent composition. One
stream sediment was collected near the headwater of the stream (white circle) and analyzed for meteoric °Be to estimate erosion rates. (B)
Cross section of the planar transect illustrates shape of the hillslope. Numbers in parentheses are soil thickness in centimeters. Notice that the

hillslope is flat at SPRT, concave at SPVF, and planar at SPMS.

of sediment erosion, accumulation and water flow. These
sites were selected where subsurface fluid flow in the rego-
lith is largely one-dimensional (“1D”) and vertical (ridge
top), two-dimensional (“2D”) downslope (planar hillslope),
and three-dimensional (“3D”) downslope (convergent hill-
slope, swale). The overall strategy of the approach is to
quantify weathering rates at each of these types of sites in
order to integrate patterns over the entire watershed. In
recognition of the effects of aspect as well as underlying

geological structure, two 2D and two 3D sites were each
identified in the catchment, one on the north-facing slope
and one on the south-facing slope.

The 1D-weathering site comprises the highest point in
the catchment. Due to its location, this site does not include
the effects of sedimentation but only losses through weath-
ering and erosion. Interpretation of weathering at this site
follows the approach described previously in the literature
for other such 1D sites (Murphy et al., 1998; White et al.,
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2001). In contrast to the 1D-site, the 2D- and 3D-weather-
ing sites include not only the effects of propagation of the
weathering front but also the effects of downslope regolith
transport, i.e., the sites experience input/output of sedi-
ments and thus require more complex models for weather-
ing (Yoo et al., 2007; Burke et al., 2007; Green et al., 2006).
In this paper, we focus on chemical and mineralogical
observations for the 1D site and the 2D planar hillslope (ca-
tena) on the southern slope (north-facing).

2.2. Drill core

Using a rotary air drill, we drilled 25 m deep into bedrock
at the northern ridge and recovered disaggregated shale chips
(site labeled as DC1 on Fig. 1A). Chips were used to charac-
terize parent shale. Due to the steep dip of the bedding
inferred from the outcrop at the valley floor, these samples
may only correspond to about 6 m of the Rose Hill
Formation. Soil samples (labeled DC1-1 (depth from sur-
face =0.18 m) and DCI1-2 (depth from surface = 0.3 m))
were also collected at this location before drilling.

A rough estimate of the bulk densities of rock chips
from drilling was determined by weighing chips dry and
then measuring volume by displaced water using a gradu-
ated cylinder. Grain densities of representative DC1 sam-
ples were also measured with higher sensitivity using a
pycnometer after grinding the samples to fine particles
using a shatter box.

2.3. Augered soil cores

Soil profiles were sampled at SSHO using a 2-in. diam-
eter auger. In this study, “soil” is operationally defined to
be all regolith that can be sampled with a hand auger until
the point of refusal. The zero depth was defined as the bot-
tom of the organic layer or, equivalently, the top of the
mineral soil. For each soil sample, an interval of about
10 cm was collected but the sample itself is labeled by the
mid-point of this depth range.

One profile at the highest point of the catchment (WRT)
was chosen as the 1D site (Fig. 1A). A roughly planar hill-
slope in the south side of the catchment was chosen as the
southern 2D catena site (Fig. 1B). Duplicate soil profiles
were collected at three sites down this hillslope: the South
Planar Ridge Top (SPRT, SPRT2), Middle Slope (SPMS,
SPMS2) and Valley Floor (SPVF, SPVF2) (Fig. 1). The
two profiles at each location were only a few meters apart
at the same elevation along the hillslope: one was character-
ized extensively while the other analyzed for chemistry only.
Sample site SPVF is located ~5 m from the stream, i.e., in
the footslope. Thus, the water table and the redox condi-
tions in the deeper soil fluctuate seasonally.

We also report the chemistry of the bottom-most sam-
ples from five other soil profiles (BAl, JB1, MLI1, CJ1,
JT1) collected throughout the SSHO (Fig. 1A). These rela-
tively unweathered materials were used to evaluate the het-
erogeneity of the parent shale as discussed further below.

Grain densities of representative weathered soil samples
were measured with a pycnometer. Two more cores (SPZR 1
and SPZR2, Fig. 1A and B) were also collected along the

planar hillslope for bulk density measurement following
the method of Blake and Hartge (1986). For these, we used
a sampler of known volume attached to our auger. Samples
were then transferred to polyethylene bags, dried at 105 °C
in the laboratory, and weighed after drying. Bulk density
was computed using the known volume of the sampler
and the mass after drying.

2.4. Sample preparation and elemental analysis

Soil pH values were measured in a slurry of soil and deion-
ized water (1:1) (USDA, 2004). The remainder of each sample
was air-dried immediately after sampling, homogenized and
stored in resealable bags. Bulk samples, including rock frag-
ments, were ground to pass through a 100-mesh sieve
(<150 pm). Elemental abundances were measured by SGS
Canada Inc. (Minerals Services Laboratory at Toronto, On-
tario; method ICP95A). In this analysis, 1 gof ground sample
was combusted at 950 °C for 1 h, and the difference in sample
weight before and after combustion was reported as loss on
ignition (LOI). The samples were further fused with lithium
metaborate at 950 °C and re-dissolved in dilute nitric acid.
Resultant solutions were analyzed by inductively coupled
plasma optical emission spectrometer (ICP-OES) for major
elements and inductively coupled plasma mass spectrometer
(ICP-MS) for Zr. All analyses reported here are estimated to
have precision of £3%. Soil samples from WRT, SPZR1,
SPZR2, SPRT2, SPMS2 and SPVF2 were analyzed at the
Materials Characterization Laboratory (MCL) of Pennsyl-
vania State University using the same lithium metaborate fu-
sion method but without measuring LOI and then analyzed
using ICP-OES for major elements. To investigate rock frag-
ment chemistry in one location, elongated centimeter-sized
shale chips from three depths of the augered SPRT core were
also analyzed for elemental chemistry at Penn State. An inter-
laboratory comparison was performed by running two stan-
dard reference materials (soils SRM2709 and SRM2711 from
NIST) at SGS and MCL for major elements. The chemistry
data by the two laboratories are within reasonable ranges
of the certified values (Appendix Table 1).

2.5. Separation of clay fraction

For some samples, clay fractions were separated from
bulk soils following the method of White and Dixon
(2003) and Poppe et al. (2002). To start, 15-30 g of sample
was weighed into a 250-ml glass beaker. A dilute acetic acid
solution was prepared (1:4 acid to water ratio) and 50—
75 ml portions were added to the samples to remove car-
bonate minerals. The sample and acid mixture were allowed
to react for 2 h and additional 50 ml aliquots of acid was
added and left to react overnight. Supernatant was dec-
anted without loss of sample. A 3% H,O, solution was pre-
pared and 50-75 ml aliquots were added to each sample.
Samples were then heated and maintained for 30 min below
100 °C to facilitate oxidative removal of any organic matter
in the samples. An additional 10 ml of 30% H,O, was
added to samples rich in organic matter along with 50 ml
of 3% H,0, to all the samples until frothing subsided.
These solutions were transferred to 250-ml Teflon bottles
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and centrifuged at 2000 rpm for 5 min. Supernatant was
decanted and the soil was transferred into wide-mouthed
1-L glass bottles using distilled water. A small quantity
(about 10 mg) of sodium hexametaphosphate dispersant
was added to each sample and bottles were filled with dis-
tilled water to a height of ~10 cm. The bottles were shaken
vigorously, then magnetically stirred for 20-30 s.

After stirring, the bottles were allowed to settle for 3 h
50 min at 22 °C so that only clay fractions remained sus-
pended. Supernatant from the top 5 cm was then removed
using a syringe. Successive extractions of clay fraction were
accomplished by re-suspending the samples in distilled
water. After each suspension, the supernatant was col-
lected: this process was repeated until the solution in the
top 5 cm was clear, indicating that the entire clay fraction
was removed. The solutions were collected in 250-ml beak-
ers and dried at 60 °C. After oven drying, samples were
ground to fine powders using a mortar and pestle and
stored in air-tight glass bottles for further analysis.

2.6. XRD and SEM analysis

Minerals in DC1 samples, selected soils, and in the clay
fraction of soils were identified using X-ray diffraction
(XRD). Samples were mounted onto a holder by a side load-
ing technique (Moore and Reynolds, 1997) to achieve random
orientation. Using a Scintag PAD-V powder X-ray diffrac-
tometer, samples were scanned from 2° to 70° 26 at 35 kV
voltage and 30 mA current with Cu-K, radiation (4 =
1.54178 A) and a Ge solid state detector. Diffraction patterns
were collected with a step size of 0.020° 20 at 1° 260 per minute.
XRD patterns were analyzed using JADE software.

In addition to mineral identification, mineral abun-
dances were also quantified for selected DC1, SPRT,
SPMS, and SPVF bulk samples. XRD patterns were ob-
tained and analyzed using the USGS program RockJock
(Eberl, 2003).

Because chemical and thermal treatments can shift clay
peaks in XRD patterns allowing differentiation of individ-
ual clay minerals, sample clay fractions were further treated
sequentially by (i) Mg-saturation with 1 N MgCl, solution;
(i1) Mg-saturation followed by treatment with ethylene gly-
col; (iii) K-saturation with 1 N KClI solution; (iv) K-satura-
tion followed by heat treatments at 400 °C and 550 °C,
respectively (complete methodologies are summarized in
Moore and Reynolds (1997) and White and Dixon
(2003)). Slides were prepared at room temperature by
spreading powdered samples on zero-background quartz
slides with a drop of water and then were left to dry.
XRD patterns were obtained for each sample following
treatments (i) through (iv).

A few samples from the DCI1 core were also placed on
conductive sample holders for observation with FEI Quan-
ta 200 Environmental scanning electron microscopy (SEM).

2.7. Cation exchange characterization
To define the clay mineralogy and occupancy of cations

in the interlayers, a cation exchange experiment was carried
out following the methods of Amacher et al. (1990) and

White et al. (2005). Specifically, representative DC1 and
bulk soil samples were sieved so that only particles less than
2 mm were analyzed. About 2.5 g of a sample were weighed
into a 50-ml centrifuge tube and 25 ml of 0.1 M BaCl,—
0.1 M NH4CI solution was added. Samples were shaken
for 15 min at 180 oscillation/min, then centrifuged at
2500 rpm for 20 min. The solution was filtered, weighed
and analyzed by ICP-OES for major elements at MCL of
the Pennsylvania State University. ICP standards were pre-
pared in 0.1 M BaCl,~0.1 M NH,4CI solution to ensure ma-
trix matching.

Soil residue was washed with de-ionized water, and
10 ml of 4 M acetic acid was added to dissolve carbonate
minerals if present (Jacobson et al., 2003). The mixture
was shaken for 6 h at 180 oscillation/min, then centrifuged
at 2500 rpm for 20 min. The solution was filtered, weighed,
and analyzed by ICP-OES for major elements at MCL of
the Pennsylvania State University.

2.8. Stream water samples

Stream water was sampled near the mouth of the SSHO
catchment from October 2006 to October 2008 (approxi-
mately 25 samples). Samples were filtered through
0.45 pm Nylon syringe filters, and then acidified with a
few drops of high purity HNO; for cation analysis. Mea-
surements were completed for Ca, Mg, K, Na, Al Si, and
Fe using ICP-OES at MCL of the Pennsylvania State
University.

2.9. Sampling and characterization of stream sediment for
meteoric '"Be

To estimate a catchment-specific rate of erosion, mete-
oric '°Be was extracted from a sample of fluvial sediment
(sand fraction) collected from the channel of the ephemeral
stream (Fig. 1A). The sediment was powdered and 0.499 g
of the powder, along with 299 pg of SPEX °Be carrier,
was processed using the method of Stone (1998) at the Uni-
versity of Vermont and analyzed at Lawrence Livermore
National Laboratory using accelerator mass spectrometry.
The '""Be/’Be ratio of a full process blank was subtracted
from the measured sample ratio.

3. RESULTS
3.1. Parent shale

At the DCI1 site (Fig. 1A), the soil is very shallow
(~0.1 m); thus, all samples deeper than 0.1 m at this site
are shale bedrock. These DC1 samples were mostly olive
or olive grey in color. However, two grey samples (the deep-
est two samples from 23 m and 24.5 m, respectively) and
one olive brown sample at 4.5 m depth were observed. Loss
on ignition (LOI) of the DC1 samples averaged 6 wt. %, but
was higher at the shallow depths, at ~4.5 m, and also in the
bottom-most sample.

DCI1 samples (Table 1; Fig. 2A) are generally constant in
elemental concentration except for the olive grey sample
that showed very high Fe and low Al content at ~4.5 m
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Table 1

Elemental concentrations of drill core samples from Shale Hills catchment (DCl-longitude: W077°54.241; latitude: N40°39.948’).
Sample  Depth LOI (%) Al (%) Ca (%) Fe(%) K (%) Mg(%) Mn (%) Na (%) P (%) Si(%) Ti(%) Zr (ppm)
number range (m)

DCI-1  0-0.18 7.20 1043 0.11 5.08 3.41 0.78 0.12 0.40 0.07  27.02 0.68 204
DC1-2  0.18-0.30 6.88 11.96  0.29 5.66 4.24 0.96 0.06 0.33 027 2725 0.70 152
DCI1-3  0.30-0.49 7.14 10.80  0.13 5.47 3.64 0.87 0.18 0.36 0.07  26.08 0.65 165
DC1-4  0.49-0.61 6.40 10.69  0.14 5.36 3.65 0.86 0.09 0.27 0.07  26.79 0.67 171
DCI1-5  0.61-0.79 6.17 10.74  0.14 5.44 3.74 0.92 0.05 0.44 0.05 2693  0.65 194
DCI1-8 1.1-1.2 6.13 11.33  0.14 5.44 3.98 0.92 0.05 0.42 0.06  26.83 0.67 179
DCI-11 1.5-1.7 6.84 1090  0.11 5.60 3.69 0.86 0.09 0.30 0.06  26.88 0.66 186
DCI1-14 2426 5.83 10.69  0.12 5.57 3.73 0.92 0.06 0.50 0.06  26.79 0.65 195
DCI1-17 3.4-35 5.81 1032 0.11 5.46 3.63 0.90 0.05 0.36 0.04 2594 0.62 173
DC1-20 4.345 7.68 9.16 0.14 12.17 2.47 1.03 0.64 0.37 0.07 2440 0.52 171
DCl1-23 52-54 5.63 9.84 0.11 5.26 3.46 0.89 0.05 0.33 0.05 26.55  0.61 203
DCI1-26 6.1-6.3 5.84 11.06  0.11 597 3.93 1.05 0.09 0.28 0.06  27.25 0.67 172
DCI1-29 10.7-10.9 6.11 11.01 0.09 5.67 3.88 0.95 0.10 0.36 0.05 2697  0.63 170
DC1-32 15.2-154 5.73 10.58  0.11 5.42 3.88 1.10 0.08 0.35 0.05 2641  0.57 172
DCI1-35 19.8-20.0 5.57 11.01 0.13 5.36 3.95 1.12 0.02 0.32 0.04 2693 0.62 155
DC1-37 22.9-23.0 5.29 10.74  0.48 5.20 3.87 1.29 0.05 0.37 0.05 26.37  0.58 153
DCI1-38 24.4-246 8.16 7.73 1.85 5.85 2.60 1.33 0.19 0.28 0.05 27.67 0.46 231
Average® 10.75  0.12 5.50 3.76 0.95 0.08 0.36 0.06  26.70 0.64 178
Standard deviation® 0.38 0.02 0.19 0.16 0.09 0.04 0.07 0.01 0.38 0.03 14

The average values are used as the chemical composition of the parent shales for t calculations.

LOI and oxides for each sample add up to about 100 + 2%.

% Average of elemental concentrations, for samples between 0.30 and 20.0 m excluding 4.3-4.5 m.
b Standard deviation of elemental concentrations, for samples between 0.30 and 20.0 m excluding 4.3-4.5 m.
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Fig. 2. Major element concentrations (A) and bulk density (B)
measured in the 25-m drill core at DC1 site. A relatively high Fe
content is observed at 4.5 m depth, above which a large variation in
bulk density is also observed. Below 18 m, shale chips recovered
from the drill core are smaller, and bulk density is almost constant.
The bottom two samples are high in Fe, Ca and Mg, due to the
presence of ankerite.

(Fe and Al values differed by more than 1o from the mean
of the DC1 data). In addition, the two deepest grey samples
are characterized by relatively high concentrations of Ca,
Fe and Mn but lower concentrations of K and Al, i.e., these
concentrations are more than one standard deviation high-
er than the mean of the DC1 sample set.

The average composition of shale bedrock was calcu-
lated to determine an inferred parent material composition

by averaging the concentrations of DC1 samples between
0.3 m and 20 m, excluding the topmost two soil samples,
the sample at 4.5 m, and the deepest two samples. To assess
heterogeneity of this parent material, the standard devia-
tion around the mean was calculated: the values ranged
from 0.01 to 0.38 wt.% for major elements to about
14 ppm for Zr (Table 1). The standard deviations are ob-
served to be relatively low for elements present at more
than 3 wt.% but much higher for elements present at less
than 1 wt.%. The average compositions of the deepest, least
weathered soils from five cores (BA1, CJ1, ML1, JB1, JT1)
were also observed to be similar to the parent material with-
in £1¢ (Table 1 and Appendix Table 2). Based on these
observations, the averaged DC1 composition (where some
samples were excluded as defined above) was used as the
composition of the parent material for the following
discussion.

Quantitative XRD of several parent samples (DCl1)
show that the analyzed section of Rose Hill shale is com-
posed predominantly of illite (58 wt.%), quartz (30 wt.%),
“chlorite” (either chlorite itself or a mineral exhibiting the
same XRD peaks as chlorite; 11 wt.%), and trace amounts
of feldspar (plagioclase and K-feldspar) and Fe-oxides
(magnetite and hematite) (Table 2). “Chlorite”, as deter-
mined from quantitative XRD, is a term that here
encompasses chlorite, vermiculite, hydroxy-interlayered
vermiculite (HIV), and/or mixtures of these phases (Moore
and Reynolds, 1997). Ankerite (Fe- and Mn-rich carbon-
ate) was identified in the two deepest samples (1.4 wt.%
and 7.1 wt.%, respectively), consistent with the higher Fe,
Mn, Ca and LOI contents and the grey color of those sam-
ples. However, carbonate minerals were absent in all shal-
lower samples.
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Table 2
Mineralogy of Shale Hills bedrock and soils, with corresponding 7z, ; values.
Sample and Quartz Illite Chlorite Fe-oxides Peat Disordered Carbonate Feldspar Quartz/Zr®
depth (cm) kaolinite (wt.%)

wt.% 1z, wt.% 1z, wt.% 1z, wt.% wt.% wt.% wt.%
SPRT 0-10 49.9 0.02 296 —0.62 55 —0.55 25 9.8 2.8 - 42 0.18
SPRT 20-30 55.7 0.15 30.1 -0.61 8.1 -0.32 2.0 3.6 0.5 - 5.0 0.23
SPMS 0-10 551 —020 254 —-0.77 48 —-0.72 9.8 2.7 - 5.2 0.16
SPMS 20-30 60.7 0.05 267 -0.71 6.1 -0.58 1.9 32 1.4 - 6.6 0.21
SPMS 50-59 53.6 0.02 355 -0.58 7.1 —0.46 1.7 1.3 0.9 - 5.6 0.20
SPVF 0-10 633 -0.08 22.6 —-0.80 3.5 -0.79 1.9 7.7 0.9 - 6.2 0.18
SPVF 30-40 43.4 0.01 475 -031 83 -0.23 04 0.0 0.4 - 2.8 0.20
SPVF 60-67 363 —-0.03 544 —-0.10 93 0.00 0.0 0.0 0.0 - 1.2 0.19
DC1-17 30.5 60.8 5.9 2.1 - - 0 0.3 0.18
DCI1-26 30.1 60.3 6.9 1.6 - - 0 0.5 0.18
DC1-30 31.7 57.1 10.1 0.4 - - 0 0 -
DCI1-37 29.8 55.6 12.2 - - 1.6 0 0.19
DCI1-38 45.8 36.0 9.2 0.2 - - 7.8 0.2 0.20
Average® 33.6 54.0 8.8
Standard deviation® 6.9 10.3 2.5

* Averaged from five drill core samples, and used as the parent shale mineralogy for 7z, ; calculation.
® Quartz (in %) to Zr (ppm) ratios of bedrock and soils are close, indicating the immobile nature of both phases.

Under SEM, bedrock samples showed relatively homo-
geneous clay particle morphologies. Most grains appeared
to be aggregates of individual particles. Using energy dis-
persive X-ray analysis (EDX), qualitative chemical analysis
was completed. Most samples contained some Fe. EDX
analysis was consistent with Fe oxides, clays, and occa-
sional feldspar and zircon grains.

The grain densities of the DC1 chip samples average
2.62 + 0.08 g/cm® (1g, n=6). The bulk densities deter-
mined for chips in the upper 4.5 m show high variability
from 1.8 to 3.3 g/cm®. In contrast, from 4.5 to 18 m depth,
the densities only vary between 2 and 2.8 g/cm’. Rock chips
(generally several centimeters in dimension) recovered dur-
ing drilling were also observed to be larger in the upper
17 m compared to deeper samples. Below 18 m, the bulk
densities are consistently 2.8-2.9 g/cm® (Appendix Table 3
and Fig. 2B). Bulk density can only be greater than grain
density if material is lost during measurement. We conclude
that some Fe oxides may have been lost during grinding for
grain density measurement; furthermore, the bulk density
measurements can only be seen as rough values. Despite
this, a general trend is observed that chip density increased
with depth.

3.2. Soils

Soil thickness varies significantly among the studied
locations, depending on elevation and topographic features.
Soils near the ridge tops are thin (WRT, SPRT, DCI1, JBI,
ML1), varying from 20 cm at DC1 and WRT to 30 cm at
SPRT, 40cm at JB1 and 28 cm at MLI1. At DCI1 and
WRT, broken shale chips lie within the organic layer and
are occasionally visible on the ground surface. Along the
2D-planar transect, soil thickness increases downslope from
30 cm at the ridge top (SPRT) to 59 cm at the middle slope
(SPMS) and 67 cm at the valley floor (SPVF) (Fig. 1B).

Although the hillslope is nonconvergent and thus largely
planar when considered along the east-west axis of the
SSHO channel, when considered along a downslope axis,
it is slightly convex at the ridgetop (SPRT) and slightly con-
cave at the footslope position, SPVF.

Soil pH, ranging from 3.5 to 5.0, generally increases with
depth, except for the ridge top site where pH is nearly con-
stant at ~4 (Table 3). The bulk density of soils increases
from less than 1.0 g/em® in the organic-rich surface soils
to about 1.8 g/cm? in the deepest soil, where it is similar
to shallow drill core samples (Appendix Table 3 and
Fig. 3A). The grain densities of soil samples average 2.63
+ 0.05 g/cm?® (1o; n = 5), similar to that of the parent shale
(2.60 + 0.08 g/cm®)(1a; n = 6), except for the topmost soil
(0.69 g/cm?), which contains significant amounts of organic
matter (Appendix Table 3).

The minerals in the parent shale dominate the mineral-
ogy of all the bulk soil samples, with addition of kaolinite
(0-3 wt%) and organic matter (Table 2). Detailed clay char-
acterization confirms the absence of smectite and the pres-
ence of kaolinite in the soil clay fractions. Kaolinite is
inferred to be a secondary phase because it is observed in
the soils but not in bedrock, and its abundance decreases
with depth. The LOI values of the soils are higher than
those observed in the DC1 samples, with a maximum in
the topsoils (12-15%, Table 4A).

Clay characterization is consistent with the “chlorite”
fraction consisting of chlorite, vermiculite and HIV in all
soils from the planar transect (Appendix Tables 4 and 95).
The mineral chlorite is absent from the topmost soils at
SPRT and from one sample in the middle section of soil
profile SPVF.

Major elements (except for Ca) show little variation with
depth for the ridge top soils, but at the middle slope
and valley floor sites, concentrations of major elements
such as Al, Fe, Mg and K increase with depth while Si
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Table 3

Cations in the CEC of Shale Hills parent and soils along the planar transect.

Sample Soil pH Al Ca K Mg Na Si Mn CEC (+) AI/CEC?
depth (cm) (mmol/kg) (mmol/kg) (mmol/kg) (mmol/kg) (mmol/kg) (mmol/kg) (mmol/kg) (meq/kg) (%)
Ridge top (SPRT)

0-10 3.99 7.22 5.60 2.04 1.61 0.17 0.08 2.66 439 49.3
10-20 4.10 6.09 5.71 1.91 1.66 0.32 0.07 1.66 38.9 47.0
20-30 3.84 8.00 2.70 1.48 0.93 0.16 0.09 0.53 34.3 69.9
Middle slope (SPMS)

0-10 3.79 7.91 4.40 1.35 0.92 0.17 0.11 3.37 43.1 55.0
10-20 3.72 7.08 4.30 1.09 0.98 0.20 0.10 0.83 35.2 60.4
20-30 3.80 6.36 5.25 0.92 1.49 0.16 0.09 0.24 34.5 55.3
30-40 3.72 8.04 5.18 1.03 1.75 0.22 0.12 0.36 40.5 59.6
40-50 4.46 8.60 6.04 1.33 2.71 0.35 0.15 0.33 46.3 55.8
50-59 4.38 7.35 4.96 1.18 2.61 0.13 0.13 0.44 39.9 55.2
Valley floor (SPVF)

0-10 4.42 5.22 11.98 1.34 9.68 0.22 0.08 1.60 64.1 24.4
10-20 4.44 2.70 11.04 1.47 9.49 0.19 0.10 0.54 52.3 15.5
20-30 4.84 1.08 13.44 1.90 10.88 0.19 0.13 0.48 55.4 5.8
30-40 4.81 0.74 16.06 2.28 12.25 0.31 0.17 0.41 62.9 35
40-50 4.40 0.48 18.37 2.19 13.38 0.28 0.17 0.39 68.9 2.1
50-60 4.72 0.21 19.12 222 14.18 0.31 0.21 0.26 71.1 0.9
60-67 497 0.15 19.20 2.23 14.07 0.36 0.22 0.18 70.8 0.6
Parent Shale

DCI1 17 0.17 22.36 1.84 16.03 1.58 0.26 0.13 82.0 0.6
DCI 22 0.23 22.72 1.92 18.93 0.65 0.38 0.41 88.9 0.8
DCI 26 0.01 16.56 1.76 19.79 0.73 0.25 0.05 76.4 0.1
DCI 29 0.04 14.04 1.20 22.32 0.26 0.21 0.06 75.2 0.1
DCI1 32 0.00 10.27 1.45 17.70 3.52 0.00 0.03 61.0 0.0

# Al/CEC ratio on an equivalent basis.

Depth (cm)
3

60 LA B. C.
0 1 2 0O 1 2 3 0 20 40 60 380

Bulk density (g/cm?)

Strain factor Porosity (%)

Fig. 3. (A) Bulk density measured at SPZR1 and SPZR2 cores
along the planar transect. The soil grain density averages about
2.63 g/cm® (dashed line). (B) Strain factor calculated from bulk
density for same cores. Positive values of strain indicate volume
expansion during soil formation at SSHO. Ti instead of Zr was
used as the immobile element for this calculation, which may
overestimate the strain factor as discussed in text. (C) Total
porosity calculated from bulk density and grain density. See text
for details.

concentrations decrease (Table 4). The chemical composi-
tion of the duplicate cores (SPRT2, SPMS2, SPVF2,
reported in Appendix Table 6) do not display significant
variations from the primary core analyses. For the SPRT
auger core, the rock fragment chips have higher Al, Fe,

Mg, K but lower Si, Zr, Ti concentrations than the corre-
sponding bulk soils. Overall, the chemical composition of
the chips is similar to that of the bedrock, except for Ca
and Na.

Total Ca in SSHO soils and DCI1 above 20 m is only
about 0.1 wt.% and Ca concentrations are generally higher
in surface soils. Relatively insignificant Mg and Ca concen-
trations were leached by 4 M acetic acid (<1 mmole/kg
soil), consistent with little to no carbonate minerals
(<0.01 wt.%) present in the soils.

3.3. Exchangeable cations

Cation concentrations in the exchangeable sites of five
drill core samples and samples from three soil profiles along
the 2D planar transect are presented in Table 3 and Fig. 4.
The cation exchange capacity (CEC) of the parent shale
ranges from 61 to 89 meq/kg dry soil with exchangeable
sites dominantly occupied by Ca and Mg. The CEC of
the three soil profiles, ranging from 34 to 71 meq/kg dry
soil, increases downslope from the ridge top (SPRT), to
middle slope (SPMS), to valley floor (SPVF) along the
2D planar transect (Fig. 4A—C). The deeper SPVF soils
are similar to the parent shale with respect to capacity
and composition of cation exchange sites, while the shal-
lower soils have lower CEC. In the SPVF soils, the relative
proportion of Al in the exchangeable sites is higher and the
proportions of Mg and Ca decrease towards the surface
(Table 3 and Fig. 4C). Cations in the exchangeable sites



3677

Mineral weathering and element transport at Shale Hills

100— €10 T00  0b0— 800 SI'0  TOO T90— <TI0 S91 650 S6LT SO0 0TO S60 €0F 0TS $00 IITI 0€-0C
€0 610 TTO 9T0— ¥C0  8€0 600 IS0—  0£0 0ST 190 6L9C 900 <TTO 660 LEY $OS SO0 SLIT 001
Tro— €00 950 6v0— 600— 900— 900 €S0— 900— 08T LSO I8LT 600 610 L80 6S°€ 88S 900 LTOI 01-0
LIS wof sdny)
10— 900— 9T0— €00— LI'0— 600— €10— <CI'0— I10— I10— I61 190 €69C +00 LE£O LOO T60 0S€ TCS 110 TEOl 89 L9-09
L00— 100 1€0— 61°0— €00— 800— €I'0— 0I0— 100~ LOO— 781 190 L9LT +00 0€0 800 680 SE€€ +v0S <TI0 ITO0l STL 09-0$
SI'0— 800— 6£0— 100 SI'0— €T0— LTO— STO0— 800— TTO— 80C 90 O0L8C ¥00 THO 800 S80 <TTE 6LFY €10 L6 €SL 0S—0%
1T0— #1°0— 9€0— IT0— LTO— €£0— +E€0— +E€0— €T0— TE0— 61T T90 €€8C 00 SE€0 LOO SLO SOE SPY 10 S06 9SL 0r—0€
6C0— TCO0— tvT0— 8TO0— <TE0— LbO— 60— 6V0— 9T0— St0— 86T S9°0 0CT0E 900 LEO 800 <CLO 08T 80t €10 €98 L9L 00T
70—  €€0— $90— SH0— 0S0— 690— L90— 990— 0S0— +90— 8I¢ 890 €81¢ €00 SE€0O LOO TS0 FTT I€E 110 889 ISL 0701
SF0—  6£0— €20~ tFO— 6£0— 080~ 8L0— LLO— 9£0— SLO— 6V 0L0 88I€ 800 6£0 600 90 91 0ST SI0 8TS LI 010
dAdS
€€0— €00~ LPO— TI'0O— LTO— 0S0— 0S0— SH0— $90— 9v0— 99  ¥9°0 1L0€ 00 LFO 600 IL0 T8T SSF 900 €98 0L 6508
9¢0— ¥T0— 600— SI'0— 6v0— SS0— 9S0— 0S0— LvO— TSO0— LLT  ¥9°0 9FIE 800 LPO 900 990 LST 9TF 010 OI'S LLL 05—0t
6£0— LTO— 9Y0— $TO0— SH0— 090— T90— SSO0— 090— 9S0— 88C $9°0 09°1¢ SO0 tF0 LOO T90 <TET L6E 800 T9L TTL 0b—0¢
8¢°0— 8T0— ¥I'0— 610— 850— S90— +90— 190— €F0— 090— S6CT S9°0 LOTE 800 80 SO0 SSO TTT 09C¢ II0  0CTL S99 0€-0¢
00— €£0— €50— LS0— 0€0— CTLO— O0L0— 890— 8S0— $90— 67 IL°0 98TE SO0 8C0 010 6v0 LOT STE 600 €69 ITL 001
¢0— €0—  TI'0  I€0— 10T LLO— LLO— €L0— LEO— 690— IS€ IL0 966C <TI0 6V0 I€0 €40 ¥LT 86T SI'0 1S9 9Tl 01-0
SWdS
STO0— 91'0— +I0— 60— SI'0 SS0— SS0—  ¥P0— 190— 0S0— 9T L90 €I'lE LOO STO <TI0 650 SE€T 8TF 900 I¥L  99L 00T
SE€0— 0£0— €S0 6T0— S6T T90— €90— €S0— 800— 950 SLT ¥90 86'8T €10 6£0 9€0 950 €I'C 00F LIO 9¢L €11 0701
LEO—  €£0— €0 1€0— 18T $90— 990— 9S0— $E€0— 950— €L T90 6¥LT 010 8€0 9¥0 IS0 861 9L€ <TI0  0TL €SI 010
LIdS

(wdd) (%) %) @) () ) @) @) () ) (%) (%)

1L 1S d BN upN SN P aq o) v 1z IL IS d ® BN UuUAN 3 D: ST S 0} v 101
sanjeA fazy SuUONEBIIUADUOD [RJUduR[g  (wo) pdog

*(“Z1) Juswad S[qoWWI U SE I7 JuIsn ‘sanjeA neJ, Surpuodsarrod Yim ‘S[Ios S[[I 9[BYS JO SUOBIIUIUOD [BIUWI[F

Vv 21qeL



3678 L. Jin et al. / Geochimica et Cosmochimica Acta 74 (2010) 3669-3691

Table 4B

Elemental concentrations of Shale Hills soils, with corresponding Tau values, using Ti as an immobile element (7r; ).

Depth  Elemental concentrations 7Ty, values

(cm) Al Ca Fe K Mg Mn Na Si Ti Ti" Al Ca Fe K Mg Mn Na Si
() (%) (%) () (%) (W) () (W) (%) (%)

WRT

0-11 10.00 0.02 5.78 334 0.71 0.15 0.15 27.26 0.62 0.89 -0.33 -0.89 -0.25 -036 -046 0.37 -0.70 -0.27

11-15 947 0.03 525 3.05 065 0.14 0.15 2738 0.64 098 -043 -0.86 -0.38 —-047 -0.55 0.17 —-0.73 —-0.33

15-19 879 0.03 543 276 0.65 0.11 0.13 2842 0.62 0.82 -0.36 —-0.84 —-0.23 -043 —-046 0.14 -0.72 -0.17

19 10.85 0.01 5.56 3.88 0.80 0.04 0.16 27.30 0.62 0.62 0.04 —-091 004 0.06 -0.14 -0.52 -0.54 0.05

SPZRI

6-0 237 052 1.06 036 0.13 040 009 733 0.15 025 -044 10.01 -0.51 -0.76 —-0.64 1221 -0.36 -0.30

12-22 757 BDL 395 208 049 0.07 0.12 29.17 0.61 0.76 —-0.40 —-1.00 -0.39 -0.53 -0.56 -0.25 -0.72 -0.08

SPZR2

0-3 588 BDL 293 144 031 025 0.15 26.51 0.56 1.02 -0.66 —1.00 —-0.67 -0.76 —0.80 1.00 —-0.74 —0.38

20-23 720 0.03 3.57 223 047 0.02 0.24 30.80 0.60 0.85 -0.50 —0.78 -0.51 -0.55 -0.63 -0.78 —0.50 —0.13

3841 895 BDL 444 295 0.62 0.02 0.24 29.03 059 074 -0.28 -1.00 —-0.30 -0.32 -044 -0.74 -0.41 —0.06

48-51 884 BDL 4.52 2.81 0.60 0.03 021 29.03 0.60 0.70 —-0.25 -1.00 —-0.25 -032 -—-042 -0.64 —-0.47 -0.01

54-59 9.21 001 476 321 0.63 0.02 0.20 2646 0.55 0.60 —-0.08 —-0.88 —0.07 —-0.08 -0.28 —0.68 —0.40 0.06

BDL, below detection limit; 0.01% for Ca.

@ Zr concentrations were not measured in these soils. Assuming similar proportions of Ti were lost at the same depth between WRT and
SPRT, between SPZR1 and SPMS, and between SPZR2 and SPVF, we reconstructed Ti concentrations (Ti*) and used these for t

calculations.

of the SPRT and SPMS are mainly comprised of Al (about
60%), with moderate amounts of Ca and Mg. Contribu-
tions of Na, K and Si to overall CEC remain relatively con-
stant as a function of depth and position as compared to
parent shale (DC1).

Cation exchange sites account for about 20% of the total
Ca in the soils at SPRT and SPMS, and nearly 50% in the
SPVF soils and DC1 shale samples (Total Ca in SSHO soils
and DCI above 20 m is only about 0.1 wt.%.). In contrast,
Al and Mg on the CEC sites are negligible compared to
their contents in the bulk soils.

3.4. Stream water chemistry

Concentrations of major elements varied seasonally in
stream waters, ranging from 20 to 45 uM for K, 12 to
60 uM for Na, 60 to 600 uM for Ca, 70 to 200 uM for
Mg, and 70 to 130 uM for Si. In comparison, the dissolved
Fe and Al concentrations are much lower (0.1 to 1 uM for
Fe, and 0.5 to 5 uM for Al). The stream pH values range
from 5 to 6.5. The average molar ratios of element concen-
trations over the two year period for Mg:Si:K:Fe:Al equal
approximately 1.5:1:0.35:0.005:0.01.

3.5. Basin-scale erosion rate

The 'Be concentration of the sediment, 3.33 x 10°
atoms g~ !, was interpreted as a basin scale erosion rate of
39 tons km~2 y~! (15 m/Myrs) assuming steady state, the
site-specific rock density of 2.6 gcm™>, and an integrated
B¢ delivery rate of 1.3 x 10° atoms g! y~! (Bierman
et al., 2008; 2009). This site-specific erosion rate is indistin-
guishable from the average rate of denudation for the entire
Appalachian Mountain range (17 £ 9 m/Myrs) calcu-

lated using over 250 in-situ measurements of '°Be in catch-
ment sediments sampled over the entire Appalachian region
(Bierman et al., 2007).

4. DISCUSSION
4.1. Bedrock transformation and weathering fronts

Major elements such as K, Mg, Fe, Al, and Si are rela-
tively homogeneous within 25 m of the drill core samples
(Table 1; Fig. 2A). However, Ca concentrations in the drill
core samples are relatively low from the surface to 20 m
depth, and then increase as high as 1.8% below that depth.
DCI samples also show less variability in chip density with
depth below 20 m. This transition at 20 m may be related to
either a lithologic shift between a carbonate-poor and a car-
bonate-rich unit in the Rose Hill Formation or may be
indicative of the reaction front for dissolution of carbonate.
Due to its reactivity, Ca + Fe = Mg + Mn carbonate (e.g.,
ankerite) is expected to be one of the first minerals to
dissolve.

Brantley and White (2009) have argued that carbonate
minerals can be profile-controlling minerals in that dissolu-
tion of these fast-dissolving phases often precedes weather-
ing of other minerals and promotes deep influx of water
into bedrock at the base of the weathering zone. For exam-
ple, White et al. (1999) have documented that dissolution of
calcite occurs at 10 m depth in granite in Panola, Georgia.
According to those authors, calcite dissolution controls dis-
solution of plagioclase such that the plagioclase reaction
front exactly parallels the calcite front but lies at shallower
depths. Although we cannot rule out a lithological change
as an alternate explanation, the simplest interpretation of
the Ca profile in DC1 is therefore that loss of Ca above
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Fig. 4. Cation concentrations within the exchangeable sites at
SPRT (A), SPMS (B) and SPVF (C) are plotted versus depth. Soil
pH is plotted versus depth at SPRT (D), SPMS (E) and SPVF (F).
The exchangeable cation concentrations averaged for DCI site
(bedrock) were plotted at the bottom of (A), (B) and (C) for
comparison.

20 m depth represents dissolution of a carbonate mineral. If
that is the case, the Ca profile in Fig. 2 thus represents the
reaction front for ankerite in the system.

Likewise, the large variability in density above 6 m in the
drilled shale chips may also be related to chemical factors.
The similar chemistry observed between chips collected
from SPRT and from drilled bedrock suggests that chips
experience little chemical weathering with respect to K,
Al, Fe, and Mg. Therefore, the loss of Ca and Na from
the chips is attributed to feldspar dissolution that occurs be-
fore the clay mineral dissolution (Table 4). Most likely, the
high Fe at 4.8 m and the change in chip size at about 17 m is
related to the dissolution of feldspar and carbonate respec-
tively and may correlate with the changes in density. Specif-
ically, this uppermost zone demonstrates significant
variability in Na and Ca chip concentrations, consistent
with varying degrees of dissolution of feldspar.

The bottom-most soil bulk densities are similar to those
measured in shallow drill core samples, consistent with our
inference that DCI1 samples can be considered as parent
material. In the soils, clay minerals start to dissolve as
described below and the bulk density decreases towards the
ground surface (Fig. 3). Thus, the reaction fronts inferred
at depth for carbonate (20 m) and feldspar (6 m) are overlain
by weathering fronts for clay minerals. We have no evidence
to suggest that these clay reactions extend into bedrock.

4.2. Strain and element immobility
Our analysis of SSHO soils relies on the determination

of elements that are mobilized from the soil and those that
remain immobile. Elements that are commonly immobile in

soils include Zr, Ti, and Nb (Brimhall and Dietrich, 1987;
Chadwick et al., 1990; Taylor and Blum, 1995; White
et al., 1996; Price et al., 2005), although the mobility de-
pends upon mineralogy and porewater composition (Kurtz
et al., 2000; Neaman et al., 2006). In the soils at SSHO, Ti/
Zr ratios decrease towards the land surface to values consis-
tent with up to 45% loss of Ti. SiO, in quartz is also com-
monly used as a conservative component in sedimentary
environments (White et al, 1996, 2008). At SSHO,
quartz/Zr ratios are similar between bedrock shale and
soils, consistent with little mobility of either quartz or Zr
(Table 2). Thus, Zr, which we have only observed to be
present as the relatively insoluble mineral zircon, is as-
sumed to be the most immobile element in the analyzed
soils.

The ratios of the volume of the soil (¥,,) to that of par-
ent (V,) were assessed at SSHO by calculating the strain
factor g;,, (Brimhall and Dietrich, 1987; Anderson et al.,
2002):

V‘V_lzﬁﬁ_

— 1 1
Vp Py Ci,W ( )

Eiw =

Here, p refers to bulk density of parent (subscript p) or
weathered material (w), and C refers to concentration of
immobile or mobile elements (i, j, respectively). Positive €
values indicate expansion, a value of zero indicates iso-vol-
umetric soil formation, and negative values indicate com-
paction. For example, deep regolith commonly develops
iso-volumetrically on granite, i.e., soil thickness is equiva-
lent to the initial thickness of parent material (White
et al., 2005). Soils in karst regions, in contrast, collapse sig-
nificantly due to preferential dissolution of carbonate min-
erals (Jin et al., 2008).

The calculated value of ¢;,, depends upon choice of
immobile element. Given that we only measured bulk den-
sity of a few soil samples but did not measure Zr concentra-
tions in those samples, to investigate strain we here only
assess values of &7;,,. Using 2.6 g/cm3 as p, , the calculated
values of ¢r;,, are positive for SPZR1 and SPZR2, ranging
from 0.5 to 3.5, consistent with expansion of soils (Fig. 3B).
These reported strain values based on Ti are presumed to be
larger than ¢, ,,, given the significant amount of Ti that has
been lost. If we correct ¢ by assuming 45% loss of Ti, this
yields strain values from 0 (no volume change) to 2 (dou-
bling in soil volume). Therefore, soil expands during
development.

Another calculation that can be made and which does
not depend upon immobile elements is the calculation of to-
tal porosity ¢, from bulk and grain density:

b, = (1 - &) «100% )
Pq

The porosity in the surface layer is as high as 70% and de-

creases with depth to 40% (Fig. 3C).

4.3. Elemental changes along the planar transect

We use the assumption of immobility of Zr or Ti to also
calculate relative loss or gain of elements. The behavior of
elemental concentrations as a function of depth in regolith
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and bedrock can be categorized with respect to simple end-
member types (Brantley et al., 2007, 2008; Brantley and
White, 2009). The end-member types relevant to SSHO
are immobile profiles that show concentrations close to par-
ent at all depths and depletion profiles wherein the elements
are depleted at the surface but approach parent concentra-
tion at depth.

To assess the elemental profiles, it is necessary to first
correct for the effects of expansion/compaction and for rel-
ative changes in concentrations due to changes in other ele-
ments in the soils. The value of 7, the mass transfer
coefficient, is therefore calculated according to the follow-
ing equation (Brimhall and Dietrich, 1987; Anderson
et al., 2002):

_Ciw Cip _

= 1 3
C/',p Ci.w ( )

Tij

Positive t;; values indicate enrichment of element j, neg-
ative values mean depletion and zero means element j is
immobile in the weathered soils (w) with respect to parent
(p). In fact, t;; equals the fraction of element j that was lost
from the soil for 7;; < 0 and the relative enrichment factor
for element j when 7;; > 0. The 7;; values computed for all
profiles are reported in Table 4.

Fe, K, Mg, Si and Al show depletion profiles in the 1D
site (WRT) and in all five soils along the planar 2D transect
(Fig. 5). However, in contrast to SPVF, the deepest soils of
the WRT, SPRT, SPZR1 and SPMS sites do not reach par-
ent composition. The shallow soils at the upslope sites may
have been homogenized by physical and biological mixing
such as animal burrowing and tree throw. If mixing is the
major reason for subvertical 7;; plots (Fig. 5), then mixing
processes are almost as fast as chemical weathering in the
shallow ridgetop soils but are slower than such weathering
in the thicker soils at SPMS and SPVF. However, bioturba-
tion has been shown to be ineffective in mixing the soils in
New England where snow cover can be significant (Kaste
et al., 2007). Given the relatively similar climate between
PA and New England, we argue that the subvertical t plots
are not well explained simply by mixing. The chips recov-
ered from the SPRT site are depleted with respect to Na,
Ca but not other major elements such as K, Mg, Al and
Fe, suggesting feldspar dissolution is prior to clay weather-
ing (Fig. 5G).

Given our observations of leaching of elements such as
Ca and Na in the bedrock, the best explanation for subver-
tical 7 plots is probably that unweathered bedrock has not
been reached at the layer of augering refusal at the WRT,
SPRT, SPZR1 and SPMS sites. As stated previously, these
bottom-most samples lie within 1o of the mean for DCI;
however, this relative error in estimation of parent compo-
sition is large enough to explain the discrepancy in Fig. 5.
To exemplify this idea, we have drawn two horizontal lines
on Fig. 5B, one to indicate the depth of refusal of augering
(physical definition of bedrock) and one to indicate the in-
ferred depth of chemically unaltered bedrock (chemical def-
inition of bedrock). The latter was defined by visually
extrapolating the t plots to T =0.

Within each soil profile on the planar transect, the rela-
tive proportions of depletion are similar among Al, Fe, K,

and Mg. For example, the SPRT site has lost 55% of K and
Mg, 50% of Al and about 44% of Fe. As Al, Fe, Mg and K
occur in the chlorite and illite (see next section), similar
fractional depletion for these elements is consistent with
congruent dissolution of these two minerals, as discussed la-
ter. This conclusion is also consistent with similar grain
densities observed for the soils and the parent shale.

Due to the presence of inert quartz, Si shows less deple-
tion than K and Mg. Similarly, Na and Ca are depleted to a
lesser extent than K and Mg (e.g., by about 30%) at all
three sites, presumably due to feldspar dissolution (Table 4).
Values of Ty, contoured based on the five soil profiles
along the planar transect using Origin software (Fig. SH),
document that the extent of Mg depletion is higher in the
upper hillslope, decreasing towards the valley floor.

4.4. Mineral transformations

Soil mineralogy was compared to the parent shale to
understand weathering reactions as a function of depth
and landscape location (e.g., White et al., 1996; Murphy
et al., 1998; White et al., 2001; Burke et al., 2007; Brantley
and White, 2009). Depletions or enrichments of the domi-
nant minerals illite and “chlorite” () were evaluated by cal-
culating t4,; from Eq. (2), using mineral abundances
instead of elemental concentrations. Uncertainty in mineral
Tz.) was evaluated in the same fashion as for elemental 7, ;
values by assuming that relative error in mineral quantifica-
tion is 5%. Both “chlorite” and illite showed depletion pro-
files, indicating significant loss of “chlorite” and illite
especially from the shallow soils (Fig. 6A—C). This observa-
tion is consistent with the significant depletion of K, Mg,
Al, Si, and Fe in soils (Fig. 5). Quartz remains relatively
immobile (Fig. 6A-C).

Previous studies in a variety of climates and soil types
have demonstrated that chlorite and illite weathering gener-
ally occurs through a series of clay transformation reactions
(e.g., Klute, 1986; Bain et al., 1993; Lee et al., 2003; Wilson,
2004; Hseu et al., 2007). For example, Lee et al. (2003)
showed that chlorite transformed into interstratified ver-
miculite—chlorite and vermiculite with progressive release
of Mg and Fe from the brucite-layer of the chlorite struc-
ture in serpentinitic soils of northern California. Detailed
clay characterization at SSHO showed vermiculite and
HIV in all soils of the planar transect. Both phases share
XRD peaks with chlorite (Appendix Tables 4 and 5), mak-
ing it difficult to distinguish primary mineral phases from
weathering products. However, because the charge and
identity of the interlayer cations in chlorite, vermiculite,
and HIV are different, we used the CEC of the soil and par-
ent shale samples to characterize the clay transformations
as described in the next section.

The shale bedrock (DC1) and soils at the valley floor
(SPVF) have similar cation exchange capacity and compo-
sition, with Mg?>" and Ca?" dominating exchange sites
(Fig. 4C). The occurrence of vermiculite in the soils of the
valley floor, especially the deepest soils, is consistent with
the interpretation that the chlorite in the parent Rose Hill
shale has a vermiculite component, i.e., “vermiculited”
chlorite. At SPVF, AI’" concentrations in the cation ex-



Mineral weathering and element transport at Shale Hills 3681

0 1
20 |
2 20t
)
= \
2 40k
2 \
@)
60 - |
A.WRT \
08 -04 O
TTi,j
0 \ [
T\. | |
= 20t B L
5 A =l on | |
= Bedrock.phy@‘l‘cz\l A Fe | |
2401 . rokK | ‘ "
= Bedrock: chemical®| & §;° | b
60f - . r g
B.SPRT C.SPZR1 | | D.SPMS E.SPZR2 | | ESPVF i
——— — T P
-08  -04 0-08 -04 0 -0.8  -04 0-08 -04 O 0.8 04 0
TTi, j TZr, j T'ﬁ, j TerJ

£

)

<

o

)

(@)
| G.SPRT chips
0.8 -04 0 04

T

Depth (cm)

0 10 20 30

T -
50 60 70

Distance from the ridge (m)
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Mg based on the 5 soil profiles along the 2D transect (H).

change sites increase upward in the soil profile while Mg>*
and Ca®" concentrations decrease. In contrast, the CEC
and its composition at SPRT and SPMS vary little with
depth but differ significantly with DCI1 samples, consistent
with the previous conclusion that the soils at these two sites
have not been sampled to the parent shale.

Importantly, AI*" content in CEC becomes significant
as weathering progresses, occupying up to 60% of the ex-
change sites at SPRT and SPMS. This is consistent with
the observation that the soil pH showed an increase of
pH with depth (Fig. 4D and E). A value of Al/CEC ratio
of 60% (Table 3) as observed at SPRT and SPMS has been

described as the threshold value where Al starts to play a
greater role in buffering acidity (Chadwick and Chorover,
2001). The high Al composition of the CEC also reflects
the inferred hydrolysis and polymerization of Al in interlay-
ers of vermiculite in acid soils such as those at SSHO (Gra-
ham et al., 1989).

Vermiculite formation generally reflects a structural
inheritance from illite and chlorite. In contrast, when pre-
cipitation of kaolinite occurs during such clay transforma-
tions, it forms after the complete destruction of the 2:1
clay structure. Kaolinite, not detected in the parent bed-
rock, is present in concentrations up to 2.8 wt.% in the soils,
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Fig. 6. Variation of primary mineral abundances relative to parent
(dashed lines) at ridge top (A), middle slope (B), and valley floor
(C); absolute abundances of kaolinite and Fe-oxides at ridge top
(D), middle slope (E), and valley floor (F) along the planar
transect. “Chlorite” and illite show depletion while quartz remains
relatively unchanged versus depth. The fraction attributed to
“chlorite” is assumed to be composed of chlorite, vermiculite and
HIV, as described in the text.

increasing in abundance upward to the surface (Table 2;
Fig. 6D, E, F). All of these characteristics are consistent
with its presence as a weathering product. Kaolinite may
also form due to feldspar dissolution, as negative values
of 1, are observed in all soils (Table 4). Kaolinite is known
to be a stable secondary phase in temperate regions such as
SSHO (Klute, 1986; Berner and Berner, 1996; Jin et al.,
2008). The absence of smectite at Shale Hills is consistent
with the fact that the catchment is well-drained and experi-
ences a temperate climate (Helgeson et al., 1969; Berner and
Berner, 1996; Price et al., 2005).

The sequence of mineral transformations in the soils
developed on Rose Hill shale can be summarized in the fol-
lowing five reactions:

(i) feldspars — kaolinite
(ii) illite — vermiculite
(iii) chlorite — vermiculite
(iv) vermiculite — hydroxy interlayered vermiculite
(HIV)
(v) hydroxy interlayered vermiculite — kaolinite + Fe-
oxyhydroxide.

The similarity of K and Mg depletion profiles is sugges-
tive of congruent dissolution of illite and chlorite (Fig. 5).
However, dissolved Al and Fe concentrations in filtered
stream waters averaged over 24 months at Shale Hills are
less than 5 uM and 1 uM, respectively, not high enough
to account for stoichiometric release of these elements from
chlorite and illite dissolution. Thus, Fe and Al are not sig-
nificantly lost from the SSHO soils as solutes that pass a
0.45 pm filter. Instead, micron-sized Al- and Fe-rich parti-
cles are inferred to be lost from the soils. Since no accumu-
lation of Al and Fe was observed at the soil-bedrock
interface, these particles must be translocated downslope
by flowing water.

Consistent with the inference of translocation, previous
field studies and soil column experiments in France, Den-
mark, and Virginia have revealed that particles can be
mobilized vertically in soil profiles by shear stresses in mac-
ropores at rates of about 10-100 mg particle/L (Laegds-
mand et al., 1999; El-Farhan et al., 2000; Rousseau et al.,
2004). The mobilized particles are generally several microns
in size and consist of clay minerals (kaolinite), organic mat-
ter, and Fe-oxide/hydroxides (Kaplan et al., 1997). Particle
transport is favored by high infiltration rate, high soil mois-
ture content, and the presence of continuous macropores in
the soil structures (Rousseau et al., 2004), all of which have
been observed through soil moisture studies at SSHO (Lin,
2006).

Given that shales are characterized initially by fine grain
size, particle translocation should be an important player
once chemical dissolution has disaggregated the bedrock.
Thus, we conclude that mobilization of Al- and Fe-bearing
particles, especially secondary phases such as kaolinite and
Fe-oxydroxide, is a very significant contributor to elemental
mobility at SSHO. Given that Fe and Al accumulation was
observed in SPVF, we also conclude that this particle trans-
port occurs down the hillslope through the soil.

4.5. Stoichiometric reactions

It is impossible to physically separate or quantitatively
partition the two dominant minerals in the SSHO, “chlo-
rite” and illite, because their physical and chemical proper-
ties are similar. In this section, a normative model of mass
balance is therefore developed that is consistent with all
observations — and especially the quantitative XRD infor-
mation. The model is constructed to partition major ele-
ments into identified mineral phases. Samples used to
constrain this exercise are soils from the planar transects
and DC1 samples where carbonate minerals are known to
be absent (above 20 m).

First, all of the measured Na and Ca concentrations
were allocated to albite and anorthite, respectively. The K
was then allocated to potassium feldspar until the total
wt.% feldspar (albite + anorthite + K feldspar) equaled
the feldspar fraction estimated from quantitative XRD (Ta-
ble 2). Si was also allocated in the requisite amounts to feld-
spar. Next, the remaining Si was allocated to quartz until
the wt% of that phase equaled that measured by XRD.
When kaolinite was observed using quantitative XRD,
the appropriate amount of Al and Si was allocated to
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kaolinite. Some Fe was allocated to Fe-oxide assuming a
stoichiometry of FeOOH. Last, the remaining major cat-
ions (as K, Mg, Fe, Al, and Si oxides) were allocated to il-
lite and chlorite to achieve the fraction observed for each
clay with XRD. For this calculation, Fe was assumed to
be Fe(IIl) in the illite and chlorite structure because the
Rose Hill Formation is relatively oxidized, as evidenced
by the presence of hematite and magnetite (Folk, 1960).
A multiple-dimension linear regression was applied using
a standard mineral composition (Kudrat et al., 2000) for
“chlorite”, (Fe,MgpAli_a—)s(Si1.55—0.5Al1.5-1.55)4010(OH)s,
and illite, K1+y,_—(SiZA11,:)(FCXngAll,_x,y)Alsi3010(OH)2.
The following stoichiometric coefficients were determined
as best fits: @ = 0.24, b = 0.38, ¢ = 0.07; x=048, y
=0.07, z =0.30.

Importantly, the “chlorite” phase discussed here is a
model mineral that includes contributions from vermiculite
and HIV. For this reason, Al is calculated to be present in
greater abundance than in a typical chlorite (Kudrat et al.,
2000). Using this mineral formula, the following stoichiom-
etric weathering reactions were written as composite reac-
tions describing reaction (i) through (iv) above:

(Vl) chlorite dissolution: (F30424Mg0'38A10'38)6(Si0'07A10'93)4
O10(OH)g (5) + 5.72 HuSiOy (5q) + 4.56 H" > 1.44
FeOOH,+2.28 l\/[g2+ +3ALSi,05(OH)4 () + 11H,0

(vii) illite dissolution: Ko 77(Sip 30Aly.70)(Feo.4sMgo.07Al 45)
AlSiz0,9(OH), (, + 0.91 H' + 3.235 H,O —
0.77 K" + 0.48 FeOOH (, + 0.07 Mg>" + 1.075
ALSi,O5(OH)4 (5) + 1.15 HySiOy4 (aq).-

In summary, dissolution of illite and chlorite forms more
stable kaolinite through intermediate phases, followed by
translocation of Fe-oxides and kaolinite as particles. Over-
all, Al and Fe are lost mostly as secondary phase particu-
lates while Mg®" and K' were lost as solutes into the
stream. Based on average streamwater chemistry and reac-
tions (vi), and (vii), chlorite dissolution contributes 98% of
the dissolved Mg; illite dissolution contributes 2% of dis-
solved Mg and almost 100% of dissolved K. Loss of Na
and Ca also occurs as feldspar dissolution as shown in reac-
tion (iv) above.

4.6. Hillslope evolution along a planar transect

Soil development and the overall hillslope evolution are
controlled by the soil production rate at the bedrock—soil
interface (P, gm 2 y~!), and the total denudation rate
(D, gm~2y~!) (e.g., Fernandes and Dietrich, 1997; Ander-
son et al., 2002; Heimsath et al., 2005; Green et al., 2006;
Yoo et al., 2007; Anderson et al., 2007). The denudation
rate includes three components, the loss of mass as solutes,
the loss of mass as fine particles throughout the soil profile,
and the loss of bulk mineral particles due to erosion at the
land surface. In the model we develop below, we define only
two components, namely the “chemical” weathering rate W
(g m™2 y~!) and physical erosion rate E (in gm~2 y!).
According to our definitions below, physical erosion re-
moves weathered soil grains that have element ratios identi-
cal to bulk soil while “chemical” weathering as we define it

below removes some elements more rapidly than others.
However, this latter transport includes both losses as sol-
utes and fine particles.

To develop the model for the 2D transect, we make
assumptions about erosion and soil production rates with
respect to time. The margin of the last glacial advance lies
approximately 60 km north of Shale Hills (Sevon and
Braun, 1997). Periglacial features and deposits are observed
in the SSHO and in central Pennsylvania (Ciolkosz et al.,
1990; Gardner et al., 1991). The glacial advance boundary
divides less well-developed soils to the north in Pennsylva-
nia from thick, well-developed soils to the south (Ciolkosz
et al., 1990). Periglacial activity has been hypothesized to be
more effective in shaping the Appalachian landscape
around the SSHO than temperate fluvial processes (Braun,
1989).

For example, studies in central Pennsylvania have
shown that soils developed on slopes, especially south-fac-
ing slopes, have experienced downslope transport driven
by intensive freezing and thawing (Carter and Ciolkosz,
1986). In some settings, unconsolidated fragments form a
stratification of rhythmically layered deposits, interpreted
as Grezes Litees (Clark and Ciolkosz, 1988). Grezes Litees
on hillslope and riverine terraces have been identified to oc-
cur throughout Pennsylvania in the periglacial region
(Clark and Ciolkosz, 1988), including the area occupied
by the SSHO. However, such mixing and inverting of soils
due to periglacial activity probably does not describe the
ridgetop sites such as WRT or SPRT where little movement
from upslope is likely. Furthermore, the chemistry-depth
curves for the SPMS and SPVF sites (Fig. 5) document
no evidence for mixing other than downslope creep. Thus,
such a “mixed soils” scenario is not considered further here
for the 1D or north-facing 2D transect.

Two other hypotheses are introduced here as end-mem-
ber scenarios for geomorphological development of the
north-facing planar transect at SSHO. In the “steady state”
scenario, the hillslope, hypothesized to have been perturbed
by the last glacial advance, has achieved a new steady state.
With this hypothesis, the rate of bedrock to soil transfor-
mation equals the rate of chemical and physical erosion
so that soils now maintain a time-independent thickness
and chemistry (e.g., Roering et al., 2001). Under this sce-
nario, the soil residence time at SSHO is estimated to ~
20,000 years by dividing the soil thickness at the ridge top
(30 cm), by the denudation rate (15 m/Myrs from '°Be anal-
ysis). As expected, this residence time is much shorter than
the time since deposition of the Rose Hill Formation (i.e.,
in the Silurian).

In the second “transient” scenario, soils may have been
stripped or otherwise significantly perturbed during the
most recent peri-glacial period, leaving behind exposed bed-
rock or very thin soils that began weathering 13,000 years
ago in the warming climate. This scenario is consistent with
the relatively high erosion rates of 150-300 m/Myrs that
have been determined near the ancient ice margin in Penn-
sylvania: such a rate could have thinned soils significantly
13,000 years ago (Braun, 1989). In this scenario, the soils
remain today in a transient condition and have not reached
a new steady state thickness. As discussed below, we cannot
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refute the transient hypothesis but we show that the system
can be modeled as if it is in steady state without any signif-
icant contradictions.

We therefore first assume that soils are at steady state
and test a mass-balance model for the three planar transect
sites, following Yoo et al. (2007). In this treatment, the soil
profile at the ridge top (SPRT site) is modeled as a 1D sys-
tem, where water flows downward and soil material is lost
both through chemical weathering and physical erosion. In-
put of sediment to the SPRT site is assumed negligible, gi-
ven that the slope of the southern east-west ridgeline near
SPRT is less than 5%. In contrast, at other locations along
the planar transect (e.g., the middle slope SPMS site and
valley floor SPVF site) water flowpaths are largely 2D,
downward and along the slope. Although we cannot dis-
miss the possibility entirely, contributions from down-chan-
nel transport of sediments or solutes to the soils at SPVF
are thought to be minimal given the relatively high position
of this site. As shown below, no contradictions are encoun-
tered with this assumption.

Instead of using chemistry fitting-iteration methods used
by previous researchers (Yoo et al. 2007), we assume that
sediment transport occurs in steps between three boxes
(e.g., SPRT —» SPMS — SPVF; Fig. 1B). The sediment ero-
sion and weathering rates are assumed to be the same with-
in each box. Given that the distance between SPRT and
SPVF is roughly 75 m, we thus set the length of each box
to be 25 m (denoted as L).

Biota can significantly take up nutrients such as K,
thereby affecting their loss from a system as solutes (e.g.,
Taylor and Velbel 1991; Amundson et al., 2007). However,
given the long time-scale (thousands of years) of soil forma-
tion at SSHO, we can assume that biota exists at steady
state, i.e., uptake of nutrients into biota are balanced by
outputs from biota as fresh litter. In the model, biota there-
fore do not represent net sources or sinks.

If the thickness of soils along the hillslope is at steady
state, then the total denudation rate D equals the soil pro-
duction rate P for the transect:

P=D=W+E (4)

The average soil chemistry for each site (SPRT, SPMS,
SPVF) was calculated by averaging the compositions for
each sampled soil interval weighted by soil density and
thickness (C},SPRT, Cj,SPMSa Cj,SPVFa as summarized in

Table SA
Averaged soil chemistry at each site along the hillslope.

Table 5A). At the ridge top, no sediment from above was
assumed to be added to the soil, so mass balance equations
can be written for immobile (i) (5) and mobile elements ()
(6):

PSPRTCip — ESPRTC;’,SPRT (5)
PSPRTC, = ESPRTC oo W;S_PRT (6)

Rearranging Egs. (4)—(6), the total chemical weathering
rates, W, and weathering rates of each element, W, (in
gm 2y 1), are calculated based on average soil chemistry
at the ridge top:

C;
WSPRT — PSPRT(] _ Lp ) 7
C;sprRT @
G,
W/S' P = i (Cj,p - Cii.SP[l;T Cj,SPRT)
= —PTC; 1 sprr (8)

As seen from Eq. (9), W; is a function of the depletion
factor 7,. The sum of W for all elements equals W for each
site. The fraction of chemical weathering relative to the to-
tal denudation flux is defined as the chemical depletion fac-
tor (CDF) (Riebe et al., 2003):

WSPRT WSPRT C[,p

SPRT _
CDF = = DSPRT — I -

- PSPRT

9
CisprT ©)

The CDF can also be defined on an elemental basis, i.e.,
CDYF, is the fraction of loss of element j due to chemical
weathering to overall production rate of j and is related
to 7 (Table 4):

CDF™" = —1; sprt (10)

SPRT
E

The physical erosion (g m~? y~') and sediment flux

out of the ridge top site, O5TRT (g m™! y!), can be calcu-
lated as:
C.
ESPRT _ psprT _“ip 11
CisprT (1
QSPRT _ ESPRT (12)

Here L is the length of the box, i.e., 25 m.
For the middle slope site, net physical erosion is defined
as the gradient of the sediment flux:

Ridge top SPRT SPZR1 Middle slope SPMS SPZR1 Valley floor SPVF

Al (%) 7.35 7.36 7.59 8.34 8.85
Ca (%) 0.12 0.02 0.09 0.01 0.12
Fe (%) 4.08 3.83 3.85 4.21 4.33
K (%) 2.19 2.01 2.34 2.69 2.92
Mg (%) 0.56 0.48 0.59 0.56 0.75
Na (%) 0.33 0.12 0.43 0.22 0.36
Si (%) 29.63 28.27 31.63 28.57 29.19
Zr (ppm) 263 296 238

Fe/Al (molar) 0.27 0.24 0.24
K/Al (molar) 0.21 0.21 0.23
Mg/Al (molar) 0.09 0.09 0.10
Si/Al (molar) 3.89 4.02 3.18
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ESPMS _ (QSPMS _ QSPRT)/L (13)
PSPMS _ pSPMS | p/SPMS (14)
This can be written for immobile (i) and mobile elements
v):
PSMSC, = (Qspms Cispms — QSPRTCLSPRT) /L (15)
PSS, (QSPMS Cspms — OSPRT Cysorr) /L
+ WS (16)

By rearranging Eqgs. (14)—(17), we derive:

JySPMS :Pspms(l 7&) | pSPRT <1 B @) (17)

i SPMS Cispms
ESPMS — PSPMS Ci:P _ ESPRT <1 _ Ci-,SPRT> (18)
Cispms Cispms
C; C;
SPMS spms _ Cip sprT CiSPRT
=(P ——+F ——|L 19
o < Cispms CLSPMS) (19)
C; C;
JSPMS _ pSPMS (1 _ >JSPMS up)
/ " C;»Cispms
C; C;
+ESPRTCj‘SPRT(1 _ Cjispms z,SPRT) (20)
C;spr1Cispms
JySPMS
SPMS __
CDF = svis
C ESPRT C
=l-=" SPMS <1 - 'SPRT) (21)
Cispms P Cispms

The same equations can be written for the SPVF site,
with sediment transport from the SPMS site defining input
to the valley floor site. For both the SPMS and SPVF sites,
we have assumed only downslope nonconvergent transport

of sediments and solutes along the hillslope. However, for
the SPVF site we further assume no input of sediments or
solutes except from the 2D transect (i.e., the site is high en-
ough above the alluvial channel that no inputs were derived
from the channel). In using this formulation of the model,
the value of W is the net loss or gain of element ; attributed
to weathering processes from each site along the hillslope.
The weathering flux, F; (g m~' y7!) out of each box can
be calculated by integrating weathering rates calculated
with Eq. (9) or Eq. (21) over distance:

F/S'PRT — W/S-PRTL (22)

F/S.PMS — WISPMSL +F/$PRT (23)
SPVF __ SPVF SPMS

FSPF = ST L 4 FS (24)

The denudation rate of 15 m/Myrs was measured at
SSHO by meteoric '°Be. The soil production rate (P) can
be set equal to 15 m/Myrs for the whole transect assuming
this is a steady-state system. Thus, with soil chemistry and
soil production rate known for each site, erosion (E),
weathering rates (both W and W)), sediment fluxes (Q)
and weathering fluxes (F}) are calculated (Table 5B). Impor-
tantly, 30-50% (CDF) of the total elemental loss is due to
chemical dissolution from the ridge top and the middle
slope sites (Fig. 7A). Of this total major elemental loss at
these two sites, Si and Al together account for almost
70% of chemical weathering loss, followed by Fe (13%),
K (7%) and Mg oxides (3%).

In contrast to the soils at ridge and midslope, chemical
processes led to both accumulation and outfluxes at the val-
ley floor site, SPVF. The outfluxes of Al, K, Fe and Mg
from the SPVF can be considered as the chemical contribu-
tion of the planar transect as a whole to the catchment:

Table 5B
Mass-balance model results.

P =15m/Mrys P decays *

Ridge top Middle slope Valley floor Ridge top Middle slope Valley floor
P(gm 2yr ) 37.2 37.2 37.2 37.2 19.7 16.5
W(gm yr ) 12.0 17.7 —-1.5 12.0 10.7 —4.2
E(gm 2y h 252 19.5 38.7 25.2 9.0 20.7
CDF® 0.3 0.5 0.0 0.3 0.5 —-0.3
F(gm™yr 300 742 704 300 567 463
0 (gm'yr 630 1118 2086 630 854 1371
Faf (gm™yr ™) 54 115 115 54 88 76
Fea (g m™lyr ™) 0.4 1.2 0.8 0.4 0.9 0.5
Fre (gm~'yr™h 26 59 63 26 45 42
Fx (gm~'yr™h 21 44 44 21 33 29
Fug (gm~'yr ™) 5 11 11 5 8 7
Fra (2 m~lyr ) 1.2 1.8 2.5 12 1.4 1.6
Fs (gm 'yr Y 62 143 136 62 109 89
Fe/AlY (molar) 0.23 0.25 0.26 0.23 0.25 0.26
K/Al (molar) 0.27 0.26 0.26 0.27 0.26 0.26
Mg/Al (molar) 0.11 0.11 0.10 0.11 0.11 0.10
Si/Al (molar) 1.1 1.2 1.1 1.1 1.2 1.1

* P =15m/Myrs at the ridge top, and decays exponentially with soil thickness along the transect.

® CDF (chemical depletion factor) = W/P (see text for details).
¢ F;is the outflux of element j; thus, F; spms = Fjsprt + Wspms L, Fj, spve = Fispms + Wspvr L, and Fsprr = Wsprt L, where L is 25 m,
the length of the box along the hillslope.
9 Molar ratio of chemical weathering fluxes F;, very similar to those in the soils except for Si.
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Fig. 7. Model results for relative contributions of net chemical weathering fluxes (W) and net physical erosion fluxes (E) to the overall soil
production rate assuming the latter is constant (A; P =15 m/Myrs = 37.2 gm™2 y~!) or is variable (C; P =37.2 gm™> y~! at ridge top but
decreases exponentially with increasing soil thickness). Notice the negative chemical weathering rates, or accumulation instead of loss, in
valley floor. Chemical weathering rates of individual elements (1) as a function of topographic position are also plotted for the two modeling

scenarios (B, D).

importantly, the chemical losses are proportional among
these elements, with relative ratios similar to stoichiometry
of average soil chemistry (Table 5B). In contrast, the ratio
of Fg; to F; for j = K, Mg, Fe, Na does not match the stoi-
chiometric ratios in the shale, presumably because Si
mainly occurs as the unreactive mineral quartz in the shale.
As discussed previously, the molar ratios of the gradients in
Al, K, Fe and Mg versus depth in the SPVF profile are
equal to the ratios of those elements in illite and chlorite.
These two lines of evidence are consistent with congruent
dissolution of illite and chlorite according to reactions (vi)
and (vii).

As formalized in the equations above, this mass balance
calculation depends greatly on the accurate determination
of Zr concentrations in the parent and weathered materials.
Furthermore, erosion (E) is considered to be loss of soil
particles, i.e., particles that contain Zr, while chemical
weathering (W) is considered to be loss of mass that is
chemically distinct from the average soil — this latter is
either loss of solutes or loss of particles that do not contain
Zr. In effect, we rely upon the observation from SEM anal-
ysis that Zr is present as zircons in the shale, and we assume
that zircons with density of 4.6 g/cm® are not lost as subsur-
face particle transport of kaolinite and Fe-oxyhydroxide
particles throughout the profiles. These largely Zr-free par-
ticle fluxes are described by the W and W, terms rather than
by E in our model. For this reason, W is referred to as the
nonstoichiometric or the “chemical” weathering term.

As mentioned previously, relatively high concentrations
of K, Si and Mg are measured in stream water; thus, trans-
port of these elements is attributed primarily to soluble
loads. In contrast, stream water Al and Fe concentrations
are so low that transport of these elements is attributed pre-
dominantly to particle loss. Loss of Si is from both soluble
and particle loads. It is expected from soil chemistry at the

2D sites that both illite and chlorite dissolve congruently:
therefore, during illite and chlorite dissolution, Mg, Si
and K are released to solution while Al and Fe form sec-
ondary phases — kaolinite, Fe oxyhydroxides, Si—Al amor-
phous material, and Fe-coated primary materials — which
are then lost as fine particles.

These “chemical” or “nonstoichiometric” weathering
losses correlate to landscape position as indicated by the
net elemental fluxes I} illustrated in Fig. 7B. For example,
the net fluxes of Mg, Wy, are 0.2 g m~2y~! at the SPRT
site, 0.2 gm ™2y~ ! at the SPMS site, and 0 at the SPVF site.
A similar trend is observed for K at SPRT, SPMS, and
SPVF: 08gm2 y ! to 1.0gm™2 y ! to 0gm™2 y !,
respectively. It has been suggested that geomorphic features
(e.g., slope, soil thickness) can control chemical weathering
reactions through availability of water (e.g., Lin et al., 20006;
Burke et al., 2007). At the ridge top in SSHO, the chemical
weathering is very intensive, presumably because a larger
proportion of rainfall penetrates through the soil, moving
downward to the bedrock instead of being lost through
evapotranspiration (Graham et al., 1990). Furthermore,
the soil waters in contact with minerals at the ridge top
are expected to be dilute and far from chemical equilibrium.
All these conditions favor faster reaction kinetics at the
ridgetop. Consistent with these assumptions, the chemical
weathering rates calculated at the middle slope site and
ridge top are similar and higher than those calculated at
the valley floor.

Consistent with these conclusions, the model yields neg-
ative chemical weathering rates for Si at the valley floor,
indicating net accumulation instead of dissolution at that
site for that element. As a secondary phase, kaolinite is ob-
served at all three sites (Fig. 6D-F). We suggest that kaolin-
ite particles are deposited or precipitated in the valley site.
Net weathering losses of K and Mg are around zero at
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the valley floor. Therefore, the solubilization of the primary
minerals illite and chlorite is insignificant in the valley floor,
as demonstrated by the similar CECs observed for SPVF
soil and parent shale. In contrast, the CEC observed at
the ridge top and middle slope sites are much lower, docu-
menting loss of Mg during dissolution of chlorite and illite
(SPRT and SPMS).

Overall dissolution of minerals near a ridge top and
accumulation of major elements further along the flow path
were also observed in a catena in New South Wales, Aus-
tralia developed on granodiorite (Yoo et al., 2007). That
transect, covered with soils whose average residence time
was estimated as 1 ka, has a similar slope gradient but
much higher CDF values (~0.6) compared to the transect
here. As expected, granodiorite thus reacts faster than
shale. Furthermore, in that system, subsurface transloca-
tion was not thought to be significant.

The model so far has been based upon the assumption of
constant P with soil depth. In many cases, P has been in-
ferred to vary with soil depth exponentially (e.g., Riebe
et al., 2003; Heimsath et al., 2005). To investigate this pos-
sibility, we applied the same mass transport model as dis-
cussed above, but assumed that P decays as a function of
soil thickness at different locations along the 2D transect:

p=pe (25)

Here, o is an empirical constant. We set this constant
equal to 0.022 cm ™' following Heimsath et al. (2005), where
h is soil thickness (cm). Py, a reference soil production rate,
is set equal to 48 gm ™2 y~! by assuming P at the ridge top
(h=30 cm) equals 15m/Myrs (39 gm~> y~!). For these
assumptions, trends are observed to be similar to the previ-
ous depth-independent model (Table 5B and Fig. 7C, D),
demonstrating that the major conclusions are consistent
with either varying or non-varying P.

For both models, the net sediment fluxes (E) decline
from the ridge top to middle slope. Under the assumption
of constant soil production rate, E values increase again
at the valley floor site, becoming even higher at SPVF than
at the ridge top. As seen in Fig. 1B, the transect is flat at the
ridge and concave at the valley floor. The gentle slope at the
valley floor should lead to lower net sediment flux, con-
tradicting the model results. Therefore, the system is best
described by the model where soil production rates vary
with soil thickness: for that model, E at the valley floor is
not as large as predicted for the other model.

4.7. Mineral weathering rates

The calculated values of W) for the SPRT site are essen-
tially the extent of depletion of each element j divided by
the residence time of the soil per unit geographical area.
This rate can be converted to mineral surface-area based
weathering rates (R, in mole mineral m~2 s™'):

R=W;/(M;pSph) (26)

where M is atomic mass of element j (g/mol), p is bulk den-
sity (g/m?), S is specific surface area of the reacting mineral
(m*/g) and B is the stoichiometric factor describing the
number of atoms of element j in the reacting mineral for-

mula. The specific surface area, measured on SSHO soil
samples (BA1l core in Fig. 1A) by nitrogen adsorption
and the Brunauer-Emmett-Teller (BET) isotherm (Gregg
and Sing, 1967), equals 22-30 m?/g. This BET surface area
value for bulk soil (~25 m?/g) was partitioned into illite and
chlorite according to the mass ratio of these minerals (5:1).
It was assumed that quartz did not contribute significantly
because of its relatively low BET surface area (e.g., Klute,
1986). The mineral weathering rates for illite and chlorite
calculated from Eq. (26) were then estimated at the ridge
top from K and Mg data respectively after correcting for
the appropriate stoichiometric factor: 9 x 1077 and
5x 1077 mol m2 s,

These weathering rates are based on a calculation that is
roughly equivalent to previous calculations based on mass
balance used at other sites (Murphy et al., 1998; White,
2002; Brantley and White, 2009). Of course, in those previ-
ous approaches, the estimate of R was based on the observa-
tion of a gradient in the soil elemental profile measured for a
ridgetop site that was interpreted to be at steady state. To
implement that method following White (2002), we fitted
our data at SPRT to a straight line, and these linear gradi-
ents were then used to derive mineral weathering rates for
illite (2 x 10717 mol m~2 s~") and chlorite (1 x 10~'7 mol
m 2 s !). These rates, like those discussed in the previous
paragraph based on calculated values of W, are much slower
than those from the laboratory. Indeed, for illite at the same
pH conditions (~4.5), dissolution rates measured in labora-
tory experiments are much higher, varying from 107'% to
107'*° mol m~2 s7! (e.g., Kohler et al., 2005; Lowson
et al., 2005). Such discrepancies between field and labora-
tory dissolution rates are common (White, 2008).

Incomplete depletion (i.e., T not equal to —1) at the land
surface is observed for major elements and for the major
minerals illite and chlorite. Depending on the relative con-
tributions to the overall denudation from “chemical”
weathering (W, gm~2 y ') and physical erosion (E, gm~>
y~ 1), weathering systems have been in the past considered
to be limited either by kinetics or transport (Stallard,
1992; West et al., 2005; Brantley and White, 2009; Lebedeva
et al., 2010). In a transport-limited system, soils are rela-
tively thick, reactive minerals tend to be leached completely
from shallow horizons (t equals —1), and the rate of denu-
dation is limited by the rate of sediment transport out of the
system. In kinetically limited systems, soils remain relatively
thin, reactive minerals are not as highly leached near the
surface, and the rate of denudation is limited by the rate
of mineral dissolution. Based on the elemental profiles, car-
bonate weathering at SSHO is inferred to be transport-lim-
ited. In contrast, clay mineral profiles are controlled by
slow dissolution kinetics, operating as a weathering-limited
system (Lebedeva et al., 2010).

5. CONCLUSIONS

We studied weathering processes of the Rose Hill For-
mation at the SSHO with 25-m drill core samples and soils
in sites located at ridgetops (“1D” sites where fluid flow is
predominantly downward and thus one-dimensional) and
on planar hillslopes (“2D” sites where flow of fluid and
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sediment is predominantly two-dimensional downslope).
The first weathering front where ankerite is dissolved may
be as deep as 22 m below ground surface at the northern
ridgetop. Shallower in the bedrock at this ridgetop site
(~6 m), feldspar dissolution starts, followed by clay disso-
lution which initiates within the soil itself. Clay transforma-
tions during chemical weathering follow a complex pattern
wherein the parent minerals illite and chlorite weather to
vermiculite, HIV, and to kaolinite. Accompanying these
transformations of mineralogy, Mg and K are released to
streams as soluble loads and Al and Fe are transported
through the subsurface as fine particles, especially as sec-
ondary kaolinite and Fe-oxyhydroxide. Both chemical
weathering reactions and particle transport contribute to
mass loss from the soils, forming depletion profiles for all
major elements (Mg, K, Al, Fe, and Si). The incomplete
depletion profiles of major elements and clay minerals are
consistent with weathering limitation of these reactions,
i.e., loss of Mg and K is controlled by slow mineral disso-
lution kinetics of clays (Stallard, 1992; Lebedeva et al.,
2010).

A mass transport model applied to this transect is con-
sistent with the inference that at ridge top and middle slope,
chemical weathering can explain only about half of the ele-
mental loss from the soils: the rest is lost by fine sediment
transport throughout the soil profiles. However, chemical
precipitation and/or physical accumulation are important
at the valley floor due to transport from upslope. These
model results are based upon an assumption that soils are
maintained at steady state thickness, with a decrease of soil
production rates from ridge top to valley floor along the 2D
transect. This steady state assumption leads to no signifi-
cant contradictions despite the fact that peri-glacial condi-
tions 15 ky ago presumably accelerated erosion fluxes for
some transient period.

The relatively limited number of major minerals present
in the parent shale allows important observations to be
made about weathering and erosion of this lithology. By
emphasizing an investigation of 1D, 2D, and 3D sites on
this monolithologic catchment, it is possible to constrain
rates of weathering and erosion: ongoing research efforts
on shales in other climate regimes are using similar ap-
proaches to enable comparison across climate. Other efforts
should be pursued similarly on other lithologies to make
lithologic comparisons as well.
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