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In the Critical Zone where rocks and life interact, bedrock equilibrates to Earth surface conditions,
transforming to regolith. The factors that control the rates and mechanisms of formation of regolith, defined
here as material that can be augered, are still not fully understood. To quantify regolith formation rates on
shale lithology, we measured uranium-series (U-series) isotopes (238U, 234U, and 230Th) in three weathering
profiles along a planar hillslope at the Susquehanna/Shale Hills Observatory (SSHO) in central Pennsylvania.
All regolith samples show significant U-series disequilibrium: (234U/238U) and (230Th/238U) activity ratios
range from 0.934 to 1.072 and from 0.903 to 1.096, respectively. These values display depth trends that are
consistent with fractionation of U-series isotopes during chemical weathering and element transport, i.e., the
relative mobility decreases in the order 234UN238UN230Th. The activity ratios observed in the regolith
samples are explained by i) loss of U-series isotopes during water–rock interactions and ii) re-deposition of
U-series isotopes downslope. Loss of U and Th initiates in the meter-thick zone of “bedrock” that cannot be
augered but that nonetheless consists of up to 40% clay/silt/sand inferred to have lost K, Mg, Al, and Fe.
Apparent equivalent regolith production rates calculated with these isotopes for these profiles decrease
exponentially from 45 m/Myr to 17 m/Myr, with increasing regolith thickness from the ridge top to the
valley floor. With increasing distance from the ridge top toward the valley, apparent equivalent regolith
residence times increase from 7 kyr to 40 kyr. Given that the SSHO experienced peri-glacial climate !15 kyr
ago and has a catchment-wide averaged erosion rate of !15 m/Myr as inferred from cosmogenic 10Be, we
conclude that the hillslope retains regolith formed before the peri-glacial period and is not at
geomorphologic steady state. Both chemical weathering reactions of clay minerals and translocation of
fine particles/colloids are shown to contribute to mass loss of U and Th from the regolith, consistent with
major element data at SSHO. This research documents a case study where U-series isotopes are used to
constrain the time scales of chemical weathering and regolith production rates. Regolith production rates at
the SSHO should be useful as a reference value for future work at other weathering localities.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Bedrock is converted to erodible regolith throughphysical, chemical,
biological and hydrological processes operating togetherwithin the thin
layer at Earth's surface – the Critical Zone – where rocks, vegetation,
atmospheric gases andwater interact (e.g.,White et al., 1996; Heimsath
et al., 1997; Anderson et al., 2002; Amundson, 2004; Brantley et al.,
2007a; Brantley and White, 2009). Over time, the bedrock–regolith
interface (the weathering front) propagates downward into the
bedrock. The balance between rates of erosion and regolith production
contribute to both the regolith thickness and the overall landscape
morphology (Carson and Kirkby, 1972; Stallard, 1992; Heimsath et al.,
1997; Minasny and McBratney, 1999). Furthermore, the products of

weathering, regolith, are vital for the sustainability of ecosystems and
human society (Montgomery, 2007; Porder et al., 2007; Brantley, 2008).
Humanactivities have resulted in a sharp increase in rates of continental
erosion and sedimentation (Wilkinson and McElroy, 2007). It is
currently of great importance to predict how regolith will respond to
anthropogenic and climate perturbations. However, the factors that
control the rates andmechanisms of regolith formation are still not fully
understood.

Chemical weathering of bedrock mobilizes elements from the
lithosphere, providing nutrients to the biosphere, controlling river and
ocean chemistry in the hydrosphere, aswell as regulating CO2 and global
climate for the atmosphere (e.g., Kump et al., 2000; Drever, 2004;
Godderis et al., 2009). Detailed chemical analyses andmodels of chemical
mass balance have been routinely used to study chemical and physical
changes during regolith formation (Brimhall and Dietrich, 1987; Taylor
andBlum, 1995;White andBlum, 1995;Murphy et al., 1998;White et al.,
1998; Amundson, 2004; Lebedeva et al., 2007; Yoo et al., 2007; Steefel,
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2008; Brantley and White, 2009). Such approaches generally require
independent estimates of the regolith production rates. Cosmogenic
isotopes (e.g., 10Be and 26Al) have been used to provide estimates of total
denudation rates (e.g., Lal, 1991; Bierman and Nichols, 2004; von
Blanckenburg, 2005). From these denudation rates, soil production rates
can be inferred if soil thickness is constant over time (e.g., Heimsath et al.,
1997; Small et al., 1999; Riebe et al., 2003).However, such an assumption
is generally difficult to evaluate and has only been tested in a few
instances (e.g., Heimsath et al., 1997,2000; Dosseto et al., 2008b).

Uranium-series (U-series) isotopes (e.g., 238U, 234U and 230Th) offer a
powerful tool to investigate regolith production rates or residence times
in a weathering system. 238U decays with a halflife (T1/2) of !4.5 Gyr to
produce 234U (T1/2=244 kyr), which in turn decays to 230Th (T1/2=
75 kyr). For a system closed to inputs or outputs of U-series isotopes for
longer than !1.3 Myr, these isotopes will be in secular equilibrium (i.e.,
daughter/parent activity ratios equal unity). However, U is soluble in
water while Th is “particle-reactive”, i.e., it generally associates with
solid surfaces (Langmuir, 1978; Langmuir and Herman, 1980). Impor-
tantly, compared with 238U, 234U is released to solution to great extent
because 234U is produced by alpha particle emission from 238U and this
heavy particle often damages the crystal lattice enabling preferential
loss of the lighter isotope during water–rock interaction (Fleischer,
1980). In other words, congruent dissolution of U-containing materials
releases both isotopes equivalently to solution but 234U can also be
released preferentially to solution because of the alpha particle effect.
Because of these reasons, the relative mobility of U-series isotopes
during weathering is believed to be 234UN238UN230Th (e.g., Rosholt et
al., 1966; Latham and Schwarcz, 1987a,b; Vigier et al., 2001; Chabaux et
al., 2003a,2008; Dosseto et al., 2008a). Therefore, fluid phases are
generally characterized by (234U/238U)N1 and (230Th/238U)b1 (paren-
thesis means activity ratio hereafter), while materials that have
weathered recently generally show (234U/238U)b1 and (230Th/238U)N
1. The amount of disequilibrium in the weathering residual depends on
both the extent and duration of weathering processes. In particular, the
disequilibrium tracks the development of mineral–water interfacial
area for themajor U-bearing phases. Hence, U-series isotopes have been
used to place time constraints on the initiation and duration of chemical
weathering over a wide range of spatial scales, including ocean
sediment cores, weathering profiles and rinds, shallow aquifers, small
river catchments, and large drainage basins (e.g., Gascoyne, 1992; Plater
et al., 1994; Mathieu et al., 1995; Vigier et al., 2001; Dequincey et al.,
2002; Chabaux et al., 2003a,b; Maher et al., 2004; Vigier et al., 2005;
Chabaux et al., 2006; Depaolo et al., 2006; Dosseto et al., 2006a,b,c;
Vigier et al., 2006;Granet et al., 2007;Chabaux et al., 2008;Dosseto et al.,
2008a,b; Gaillardet, 2008; Pelt et al., 2008; Bourdon et al., 2009).

Here, we present a study of U-series isotopes in regolith profiles
developed on shale bedrock at the Shale Hills catchment, an observatory
established in central Pennsylvania as apart of anetworkof observatories
to investigate Earth surfaceprocesses related tohydrology, geochemistry,
ecology, and geomorphology within the Critical Zone (Brantley et al.,
2007b). We show here that the regolith samples display significant U-
series disequilibrium resulted from shaleweathering processes. By using
U-series isotopes, we determine the time scales of shale weathering and
regolith production rates for this experimental watershed. The mobility
behavior of U-series isotopes during weathering is also systematically
investigated in this Critical Zone observatory. The success of this method
in estimating rates of regolith formation also enhances our ability to use
this technique in other environments to understand the response of
regolith productions to climate perturbations.

2. Methods

2.1. Site description

Shale has been the focus of some pioneering weathering studies
(Littke et al., 1991; Kolowith and Berner, 2002; Piersson-Wickmann et

al., 2002; Copard et al., 2007; Tuttle and Breit, 2009; Tuttle et al.,
2009), as it covers about 25% of the land surface area (Amiotte-Suchet
et al., 2003).Weathering of shale controls global geochemical fluxes of
C, P, and Pt-group elements (Petsch et al., 2001; Kolowith and Berner,
2002; Amiotte-Suchet et al., 2003). To better understand shale
weathering processes, the Susquehanna/Shale Hills Observatory
(SSHO) is established in central Pennsylvania (Fig. 1a). This 8-hectare
watershed is managed as a Pennsylvania State University experimen-
tal forest. Extensive field studies have been conducted at SSHO from
forestry field experiments, global information system (GIS) and digital
elevation models, soil moisture synoptic sampling, soil mapping,
stream flow monitoring, and ongoing geophysics and geochemical
observations (Lynch, 1976; Lynch and Corbett, 1985; Duffy and
Cusumano, 1998; Lin et al., 2006; Qu and Duffy, 2007; Jin et al., 2010).
As such, SSHO is an ideal site to study the fractionation of U-series
isotopes during water–rock interactions.

At SSHO, the mean annual temperature is 10 °C and the mean
annual precipitation is 107 cm (NOAA, 2007). A 1st-order stream
flows within the catchment and eventually joins the Susquehanna
River (Fig. 1a). The V-shaped catchment is characterized by an
average E–W channel and average local relief of 30 m (Lynch, 1976;
Lin, 2006). The hillslopes are covered with deciduous trees (maple,
oak, and beech) and the valley is covered by hemlocks and pines (Lin,
2006).

The SSHO has developed almost entirely upon Rose Hill Formation
(Folk, 1960; Lynch, 1976; Lynch and Corbett, 1985). The 700-foot-thick
Silurian-age formation consists of olive-pink, grayish-buff shales with a
few interbedded limestones (Lynch, 1976). The shale bedrock is
composed predominantly of illite (58 wt.%), quartz (30 wt.%), “vermi-
culited” chlorite (11 wt.%), and trace feldspar (plagioclase and K-
feldspar), anatase (TiO2), Fe-oxides (magnetite and hematite) and
zircon (Jin et al., 2010). Chemical weathering reactions in the regolith at
SSHO are dominated by clay transformations wherein illite, “chlorite”,
and plagioclase weather to a vermiculite phase and kaolinite. The
regolith is defined here to be the zone that can be augered by hand.
Beneath the regolith–bedrock interface, evidence is consistent with
dissolution of carbonates and feldspar in the underlying rock (Jin et al.,
2010). Regolith thickness averages 1.4 m over the catchment, ranging
from shallow at the ridge top to much deeper in the valley floor and in
topographic depressions (Fig. 1a).

Erosion rates of the Appalachian mountain region are estimated to
range from 8 to 29 m/Myr (Roden and Miller, 1989; Blackmer et al.,
1994; Reuter et al., 2004). One measurement of cosmogenic 10Be in a
stream sediment sample from SSHO shows a catchment-averaged
erosion rate of 15 m/Myr (Jin et al., 2010), a value that is consistent
with other shale localities in the Appalachians. However, the SSHO has
experienced at least two significant perturbations in the geologically
recent past: a perturbation from peri-glacial to modern conditions
(!15 kyr; Gardner et al., 1991), and clearing of forests during colonial
occupation. The catchment lies !80 km south of the greatest advance
of glacial ice in central Pennsylvania during the last glacial maximum
(Braun, 2005).

2.2. Sample collection and U–Th isotope analyses

We focus here on the U-series isotopic compositions for previously
collected samples of augered core from three sites along one planar
hillslope on the southern slope of the catchment (southern planar ridge
top: SPRT; southern planar middle slope: SPMS; and southern planar
valley floor: SPVF). Here, fluid flow in the regolith is considered to be
largely two-dimensional downslope, i.e., nonconvergent flow, and the
hillslope is thus referred to as a 2-D weathering profile (Fig. 1). These
compositions are compared to relatively unaltered “parent materials”
obtained by drilling into the underlying bedrock (see further discussion
below). The drilled core was obtained as powdered sample using a
rotary air drill in the northern ridge of the catchment (Fig. 1a).
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Regolith sampleswere collected using a 2-inch diameter hand auger
at about 10 cm intervals until refusal. Importantly, “regolith” defined
here includes both the mobile layer near the surface (the “soils” or
“mobile layer”, e.g., Dietrich et al., 2003) and the underlying “immobile
layer”. “Bedrock” is here defined as fragmented or unfragmented rock
that was inaccessible to the auger. The deepest regolith samples
generally contained a high fraction of rock fragments. Importantly, the
samples were not size-separated but rather, the entire sample of rock
fragments+granular material was ground and analyzed. Zero depth
was defined as the bottom of the 3-cm thick organic layer or,
equivalently, the top of the mineral soil. The samples used in this
study were derived as splits of the samples from the cores described
previously (Jin et al., 2010).

Analyses of U and Th isotopes and concentrations were performed
at the Laboratoire d'Hydrologie et de Geochimie de Strasbourg,
University of Strasbourg (France), following the procedures as
described in Granet et al. (2007) and Pelt et al. (2008) (see Appendix
A for analytical details).

3. Results

The activity ratios and concentrations of U and Th in the regolith
and bedrock samples are presented in Table 1. For splits of the same
samples, regolith density, mineralogy, andmobility of major elements
during chemical weathering are discussed by Jin et al. (2010).

3.1. U-series activity ratios

The Silurian-aged bedrock samples (DC1-8 and DC1-26) show
values of (234U/238U) and (230Th/238U) equal to 1within error (Table 1,
Fig. 2), as expected for secular equilibrium in a rock older than 1 Ma in
age, i.e., a rock that has not lost significant 234U due to water–rock
interaction. In contrast, regolith samples are not in secular equilibrium.
(234U/238U) values measured in regolith samples from the ridge top
(SPRT), middle slope (SPMS), and valley floor (SPVF) profiles range
from 0.936 to 0.951, from 0.934 to 0.972, and from 0.966 to 1.072,
respectively (Table 1, Fig. 2). Furthermore, all three profiles show

Fig. 1. a) Regolith sample locations in the Shale Hills catchment (modified after Lin et al., 2006). Background color indicates regolith thickness; yellow lines indicate the outlines of
the five previously identified soil series (Lin et al., 2006); grey lines indicate topographic contours. DC1 is the drill core site where 24 m of parent shale was sampled as chips (Jin et al.,
2010). Regolith cores SPRT, SPMS, and SPVF comprise a 2D planar transect (black line: A–A′). Two regolith cores (SPZR1 and SPZR2) sampled along the hillslope for bulk density
analyses are also indicated; b) Cross section of the 2D planar transect (A–A′): notice that the surface varies from flat at SPRT, to linear at SPMS, to concave at SPVF.

213L. Ma et al. / Earth and Planetary Science Letters 297 (2010) 211–225



generally upward-decreasing values of (234U/238U) (Fig. 3a, b, c).
(230Th/238U) ratios in the SPRT, SPMS, and SPVF profiles range from
1.036 to 1.052, from 0.980 to 1.096, and from 0.920 to 1.070,
respectively (Table 1, Fig. 2). These values increase gradually towards
the surface, displaying an opposite trend compared to the (234U/238U)
activity ratios (Fig. 3d, e, f). Indeed, (234U/238U) and (230Th/238U) ratios
for SSHO samples show a strong anti-correlation (Fig. 2). (230Th/232Th)
ratios in the SPRT, SPMS, and SPVF profiles range from 0.692 to 0.701,
from 0.670 to 0.755, and from 0.659 to 0.839, respectively (Table 1).

3.2. U and Th concentrations

Measured U and Th concentrations in all regolith samples range
from 2.64 to 3.21 ppm and 12.11 to 13.34 ppm, respectively, values
that are generally lower than the range in bedrock concentrations
(3.03 to 3.13 ppm and 14.71 to 15.23 ppm, Table 1).

To evaluate the loss or gain of elements in a weathering profile
(especially to correct for the effects of regolith expansion/compaction
and for relative concentration changes due to changes of other
elements in the regolith), concentration (C) of an immobile (i.e.
conservative) element i is commonly used to compare with the
relative loss or gain of a more mobile element (j) by calculating the
mass transfer coefficient !i,j (e.g., Brimhall and Dietrich, 1987):

τi;j =
Cj;w

Cj;p
"
Ci;p

Ci;w
#1 !1"

Positive !i,j values indicate the extent of enrichment of element j
and negative values define the fractional depletion. A value of zero
means that element j is as immobile in the weathered regolith (w) as
the assumed immobile element i with respect to parent material (p).
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).

To calculate τ values for the SSHO regolith, we used the same
parent composition as we assumed previously (Jin et al., 2010), i.e.,
the average of concentrations of core material (DC1) drilled in
northern ridge top sampled between 0.3 m and 20 m. Previous study
at SSHO has identified Zr, which has been observed to occur in the
relatively insoluble and stable mineral zircon in the Rose Hill shale, to
be themost immobile element in the analyzed regolith samples (Jin et
al., 2010).

The calculated !Zr,j values for 238U and 232Th are shown in Figs. 4
and 5. For all regolith samples, !Zr,U values vary from 0.00 to #0.57
and decrease generally towards the surface (Fig. 4). All !Zr,Th values
range from #0.14 to #0.66, also decreasing gradually towards the
surface (Fig. 5).

4. Discussion

4.1. Mobility of 238U and 232Th during regolith formation

!Zr,U values show depletion profiles (Brantley and White, 2009) for
all three cores along the planar transect at SSHO (Fig. 4). Thus, as
bedrock dissolves and disaggregates to form regolith, U is readily
released and lost, consistentwith thenotion thatU ismobile under near-
surface environments. Surprisingly, !Zr,Th values also show depletion

Table 1
U–Th concentrations and activity ratios of regolith and bedrock samples at the Shale Hills catchment.

Samples Depth U ±2" Th ±2" (234U/238U)a ±2" (230Th/238U)a ±2" (238U/232Th)a ±2" (230Th/232Th)a ±2" Zr
(cm) (ppm) (ppm) (ppm)

SPRT0010 5 2.728 0.019 12.58 0.13 0.936 0.005 1.052 0.015 0.658 0.007 0.692 0.007 273
SPRT1020 15 2.780 0.019 12.60 0.13 0.943 0.005 1.040 0.015 0.669 0.007 0.696 0.007 275
SPRT2030 25 2.777 0.019 12.44 0.12 0.951 0.005 1.036 0.015 0.677 0.007 0.701 0.007 246
SPMS0010 5 2.733 0.019 12.56 0.13 0.934 0.005 1.096 0.015 0.660 0.007 0.723 0.007 351
SPMS1020 15 2.768 0.019 12.25 0.12 0.942 0.005 1.039 0.015 0.686 0.007 0.712 0.007 329
SPMS2030 25 2.800 0.020 12.20 0.12 0.958 0.005 1.032 0.014 0.696 0.007 0.719 0.007 295
SPMS3040 35 2.844 0.020 12.11 0.12 0.972 0.005 1.060 0.015 0.713 0.007 0.755 0.008 288
SPMS4050 45 3.046 0.021 13.29 0.13 0.957 0.005 1.019 0.014 0.695 0.007 0.708 0.007 277
SPMS5059 54.5 2.958 0.021 13.12 0.13 0.968 0.005 0.980 0.014 0.684 0.007 0.670 0.007 266
SPVF0010 5 2.644 0.019 10.22 0.10 0.973 0.005 1.070 0.015 0.784 0.008 0.839 0.008 349
SPVF1020 15 2.799 0.020 12.29 0.12 0.966 0.005 1.009 0.014 0.691 0.007 0.698 0.007 318
SPVF2030 25 2.746 0.019 12.23 0.12 0.996 0.005 0.992 0.014 0.681 0.007 0.675 0.007 258
SPVF3040 35 3.022 0.021 12.66 0.13 1.019 0.005 0.951 0.013 0.724 0.007 0.689 0.007 219
SPVF4050 45 3.106 0.022 12.71 0.13 1.061 0.005 0.928 0.013 0.742 0.007 0.688 0.007 208
SPVF5060 55 3.209 0.022 13.34 0.13 1.072 0.005 0.903 0.013 0.730 0.007 0.659 0.007 182
SPVF6067 63.5 3.152 0.022 13.30 0.13 1.058 0.005 0.920 0.013 0.719 0.007 0.661 0.007 191
DC1-8 115 3.134 0.022 15.23 0.15 0.995 0.005 1.003 0.014 0.624 0.006 0.626 0.006 179
DC1-26 620 3.026 0.021 14.71 0.15 0.997 0.005 1.004 0.014 0.624 0.006 0.627 0.006 172

(234U/238U) activity ratios calculated from measured 234U/235U isotopic ratios assuming that 238U/235U=137.88 and using the following decay constant: #238=1.551!10#10 yr#1

and #234=2.826!10#6 yr#1(Akovali, 1994; Cheng et al., 2000). Analytical uncertainties are 0.5%. (230Th/232Th) activity ratios calculated frommeasured 232Th/230Th isotopic ratios
using #232=4.948!10#11 yr#1 and #230=9.158!10#6 yr#1 (Cheng et al., 2000). Analytical precisions are 1% for the (230Th/232Th) activity ratios, 1% for the (238U/232Th) activity
ratios and result in 1.4% for the (230Th/238U) activity ratios. Zr concentrations are from Jin et al. (2010). 'a' indicates activity ratio.

Fig. 2. Measured (234U/238U) and (230Th/238U) activity ratios for regolith samples from
the south planar ridge top (SPRT), the south planar middle slope (SPMS), the south
planar valley floor (SPVF), and two bedrock samples from DC-1. Grey area indicates the
so-called “Forbidden Zone” (e.g., Dequincey et al., 2002). SSHO samples generally plot
outside of the “forbidden zone”. The arrow indicates the general evolution of regolith
samples with depthsmoving towards the surface, consistent with a dual process of both
gain and loss of U-series isotopes and mobility of 234UN238UN230Th (see text).
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profiles (Fig. 5). Normally, Th is immobile and particle-reactive during
water–rock interaction due to the extremely low solubility of Th-
containing phases (e.g., Rosholt et al., 1966; Latham and Schwarcz,
1987a,b; Gascoyne, 1992; Chabaux et al., 2003a). However, the negative
!Zr,Th values at SSHO indicate significant loss of Th during regolith
formation. The extent of Th loss is similar to and sometimes greater than
U (Figs. 4 and 5).

Enhancement of Th mobility during weathering could be partly
explained by the presence of dissolved organic acids in the shallow
soil profiles and formation of soluble Th-organic complexes or colloids
(Langmuir and Herman, 1980; Chabaux et al., 2008). Such an
increased Th mobility due to organic matter has been previously
documented in studies of organic-rich river waters (e.g., Viers et al.,
1997). Indeed, at SSHO, dissolved organic carbon in soil water col-

lected from lysimeters along the southern transect has been shown to
vary from about 0.9 to 28 ppm (unpub. data), within the range that
could significantly increase Th solubility in water (Langmuir and
Herman, 1980).

Furthermore, similar depletion profiles are observed for the major
elements Mg, K, Al, Fe, and Si in these regolith samples (Jin et al.,
2010). Based on these regolith data and on stream chemistry data at
SSHO, Jin et al. (2010) suggested that the transformation of illite and
“chlorite” to vermiculite and kaolinite is accompanied by loss of
micron-sized particles. They concluded that Mg, K, and some of the Si
are released to the stream as solutes, but the less soluble elements Al
and Fe are lost predominantly through sub-surface transport of
particles larger than 1.3 μm, i.e. particles that were filtered out by
suction lysimeters (Jin et al., 2010). The observations are consistent

Fig. 3.Measured (234U/238U) and (230Th/238U) activity ratios for regolith samples from the ridge top profile (SPRT), themiddle slope profile (SPMS), and the valley floor profile (SPVF)
plotted against regolith depth. (234U/238U) and (230Th/238U) activity ratios of the twoDC-1 bedrock samples are also shown. Dashed lines indicate (234U/238U) and (230Th/238U) activity
ratios as a function of regolith depth calculated with parameters from Table 2 for each regolith profile using the model described in the text. Regolith production rates and residence
times (in parentheses) for each profile are indicated. For each profile, the regolith depth is approximately 5 cm deeper than the deepest symbol.
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with loss of particles of secondary kaolinite or Fe+Al+Si-oxyhydr-
oxides, presumably also containing organic material. This mechanism
could explain the observed Th depletion profiles if Th were released
during weathering of clay minerals but re-adsorbed onto particles.
Given that relatively limited overland flow has been observed in the
catchment (Qu and Duffy, 2007), the fine particles are thought to be
translocated by flowing soil waters. Indeed, sub-surface particle
transport is presumed to be promoted at SSHO because the field
conditions are characterized by high infiltration rates, high soil
moisture contents, and flow through macropores (Jin et al., 2010).

Furthermore, in these regolith samples, themass loss of Th is strongly
positively-correlated with the mass loss of Fe and Al (R2=0.98), again

consistent with fine particles or/colloids playing an important role for
the observed Th loss. The loss of fine particles/colloids could also
enhance U mobility above the mass loss of U as solute.

Values of !Zr,U and !Zr,Th in the deepest regolith samples of the
SPRT and SPMS profiles do not reach zero at the regolith–bedrock
interface (Figs. 4 and 5). Therefore, these samples have been
significantly altered with respect to the parent bedrock. Such
alteration at this depth was also observed as losses in major elements
(Jin et al., 2010). Given that rock fragments sampled throughout the
catchment from the bottom of profiles are compositionally similar to
the average composition of parent bedrock, Jin et al. (2010) argued
that the 10–20 cm thick layer lying directly below the regolith–
bedrock interface is comprised of physically fractured but chemically
unaltered shale together with chemically altered but difficult-to-
sample sand/silt/clay. Thus, the bedrock–regolith interface defined

Fig. 4. Calculated ! values of 238U with Zr as reference immobile element for regolith
samples from SPRT, SPMS and SPVF. To complete the ! calculations, a composition of
unaltered parent material was determined from the average of samples drilled at DC-1
as described previously (Jin et al., 2010). Errors in τ include the uncertainties of
measured U and Zr concentrations as well as the error incurred due to heterogeneity of
parent material (Jin et al., 2010). Dashed lines indicate !Zr, U values calculated using the
model with parameters from Table 2 for each profile (see text for details).

Fig. 5. Calculated ! values of 232Th with Zr as reference immobile element for regolith
samples from SPRT, SPMS, and SPVF. Dashed lines indicate !Zr,Th values as a function of
depth calculated with parameters from Table 2 for each profile, and lines calculated
with different k232/k230 ratios are indicated (see text for details).
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here by hand augering is a physical boundary to augering but not the
chemical boundary defined by the lower limit of chemical weathering.
Hypothetically, for example, the 10-cm layer just below augering at
SPRT and SPMS sites could consist of !60–80% rock fragments
(observed in augered samples) identical to bedrock composition with
40–20% sand/silt/clay that is depleted 100% in Mg and K, !60–90% in
Fe, and !80–100% in Al. When extrapolated versus depth, the
depletion data are consistent with a depth to “bedrock” of !1 m,
where bedrock is now defined as lack of alteration in these elements.
Of course, even at that depth the “bedrock” is not pristine: Jin et al.
(2010) proposed that carbonate minerals may have dissolved to
completion in the northern ridge top at 22 m depth and feldspar may
begin dissolving at 6 m depth. Importantly, we note that the (234U/
238U) ratio at 1 and 6 m as sampled in bedrock is at secular
equilibrium as discussed in next section: we conclude that depth to
bedrock that is chemically unaltered with respect to U coincides with
the depth of bedrock chemically unaltered with respect to Mg, K, Fe,
and Al.

4.2. Fractionation of 238U, 234U and 230Th during regolith formation

In addition to the observed mass loss of U and Th, U-series activity
ratios in regolith show significant fractionation from the two bedrock
measurements (Figs. 2 and 3). Generally upward-decreasing values of
(234U/238U) are exhibited in every profile (Fig. 3a, b, c). This pattern is
consistent with the typical behavior of U-series isotopes observed
during chemical weathering of profiles where duration of weathering
increases upward and regolith mixing is minimal (e.g., Chabaux et al.,
2003a, 2008). More loss of the lighter isotope of U from regolith is
consistent with enhanced mobility due to the phenomenon of alpha
decay. Although not measured here, fluids from early stages of
chemical weathering have been observed to have (234U/238U)N1 in
other natural systems as well as in leaching experiments (e.g.,
Chabaux et al., 2003a; Andersen et al., 2009). The observed trend of
(234U/238U) ratios in these profiles is thus consistent with an increase
in weathering intensity and duration towards the surface and rates of
regolith mixing that are slow enough to not obscure weathering
trends. Indeed, bioturbation is relatively ineffective in mixing the soils
in New England where snow cover is significant (Kaste et al., 2007).
Given the relatively similar climate, mixing processes may be slower
than weathering for the SPRT, SPMS, and SPVF profiles at SSHO as
argued previously for the major elements (Jin et al., 2010).

Unlike the bedrock sampled at 1 and 6 m depth, even the deepest
regolith samples are characterized by (234U/238U) ratios that are at
disequilibrium (Fig. 3a, b). This is consistent with the inference made
based on the concentrations of U, Th, and major elements that the
upper 1-meter interval or so of non-augerable bedrock underlying
regolith is nonetheless chemically altered: values of τ for depleted
elements returns to zero in SPRT and SPMS only at depths below the
regolith–bedrock interface (Figs. 4 and 5). Furthermore, given that we
have not observed significant depletion in Mg, K, Fe, and Al in the rock
fraction in the deepest regolith samples or rock chips from the bedrock
core (Jin et al., 2010), loss of 234U is inferred to occur as rock fragments
transform to sand/silt/clay. Jin et al. (2010) reported the bulk regolith
samples exhibit BET surface area of about 25 m2/g,whereas the surface
area of the bedrock was presumably significantly lower. Therefore,
based on the calculations above, the Rose Hill shale had to weather to
produce at least 20% sand/silt/clay with this higher surface area to lose
measurably significant amounts of 234U than 238U by direct ejection
during alpha decay or due to incongruent dissolution.

In contrast to SPRT and SPMS, the deep regolith samples of the SPVF
profile show (234U/238U) ratios greater than 1 (Fig. 3c). These high
ratios are consistent with input of U with (234U/238U)N1 in the profile.
Such gains of U in regolith have been documented in previous U-series
studies such as in soil profiles from Africa and Australia (Dequincey et
al., 2002; Chabaux et al., 2003b; Dosseto et al., 2008b), and in river

sediments from Asia, South America, and Europe (Andersson et al.,
1998; Dosseto et al., 2006a; Granet et al., 2007,2010). U inputs are also
broadly consistent with the relatively soluble nature of U in the
weathering environment (e.g., Chabaux et al., 2003a). For the sites
described in previous studies, the U inputs are interpreted to reflect U
that was precipitated or adsorbed from soil pore waters or from river
waters that contain U characterized by (234U/238U)N1. Generally, the
input of U has been attributed to co-precipitation or sorption of U in
secondary Fe-hydroxides or clay minerals (Ames et al., 1983;
Shirvington, 1983; Andersson et al., 1998; Duff et al., 2002; Chabaux
et al., 2003a, 2008 and references therein). Similar processes could
occur at SSHO as secondary Fe-hydroxides or clay minerals were
observed to be common, especially in mid-slope and valley floor
profiles (Jin et al., 2010).

(230Th/238U) ratios in the SPRT, SPMS, and SPVF profiles increase
gradually towards the surface, displayinganopposite trendcompared to
the (234U/238U) activity ratios (Fig. 3d, e, f). Such trends canbeattributed
to the differing behaviors of 230Th and 238U isotopes (Gascoyne, 1992):
Th is lessmobile, generally resulting inhigher (230Th/238U) ratios (N1) in
the residual weathering products and lower (230Th/238U) ratios (b1) in
the weathering fluids (e.g., Vigier et al., 2001; Chabaux et al., 2003a;
Dosseto et al., 2006a; Chabaux et al., 2008). While most of the regolith
samples have (230Th/238U) ratios N1 as expected, a few deep regolith
samples from the SPMS and SPVF profiles have (230Th/238U) activity
ratios b1 (Fig. 3e, f). This observation is consistent with addition of U to
the profiles as evidenced by the (234U/238U) activity ratios.

230Th is less mobile compared to 238U in these regolith samples
(Fig. 3), which may appear contradictory to the overall mobile
behavior of Th (and by inference, 232Th) as documented by the trend
of decreasing !Zr,Th values towards the surface. This latter trend
indicates that the mobility of 232Th is similar to that of 238U during
weathering in this system (Figs. 4 and 5). The different behaviors of
230Th and 232Th isotopes during regolith formation and the charac-
teristic depletion profiles exhibited by U and Th will be further dis-
cussed in the following sections.

5. Model-derived regolith production rates and residence times

Determination of chemical weathering rates or residence times in a
weathering profile from U-series disequilibrium relies on the use of a
realisticmodel for U and Thmobility (e.g. Ghaleb et al., 1990; Scott et al.,
1992; Vigier et al., 2001; Dequincey et al., 2002; Chabaux et al., 2003a;
Maher et al., 2004; DePaolo et al., 2006; Chabaux et al., 2008; Dosseto et
al., 2008b; Bourdon et al., 2009). At SSHO, (234U/238U) and (230Th/238U)
ratios are consistent with increasing extent of weathering and
increasing residence times upward in the profile. The mobility of
isotopes decreases in the order 234UN238UN230Th. In addition to the loss
ofU-series isotopesdue to chemicalweathering and translocationoffine
particles/colliods, some of the regolith profiles appear also to have
gainedU. Sucha scenario is consistentwithbothgain and lossofU-series
isotopes as observed in other systems (e.g., Dequincey et al., 2002).

5.1. Model description

Wedevelop amodel to interpret the data that is similar to themodel
of Dosseto et al. (2008b) developed for a weathering regolith profile in
Australia. Similar approaches have been used to solve for residence
times of river sediments in catchments around the world (e.g., Vigier et
al., 2001, 2005, 2005, 2006;Dosseto et al., 2006a,b,c; Granet et al., 2007).
The system of equations summarized below describes the three
positions SPRT, SPMS, and SPVF as one-dimensional systems of upward
moving regolith material. It is assumed that each site is experiencing an
input of U-series isotopes that is constant at every depth. Only at the
ridge top (SPRT) is the input rate of U-series isotopes equal to zero.

U in the Rose Hill shale is presumed to reside in the primary clay
and Fe oxide minerals. The depth interval within which these U-
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containing minerals react to measurable extent with chemically non-
equilibrated meteoric water is defined as the U weathering reaction
front. Assuming the arguments of Jin et al. (2010) are correct, the lower
depths of the weathering fronts for feldspar and carbonate lie at !6 and
!22 m respectively in the bedrock. Nonetheless, secular equilibrium
still is apparently maintained across these reaction fronts. The
implication is that only minimal interfacial area between water and
U-containing clay/Fe-oxides develops at the carbonate and feldspar
fronts. Thus, the measurable U weathering front is located approxi-
mately at about a meter depth where the sand/silt/clay fraction reaches
approximately 20%: at that depth, Mg, K, Al, and Fe begin to show
significant depletion as clay minerals start to chemically weather.

From the perspective of the land surface, our model is based upon
the conceptualization of the U weathering front as a zone maintained
at some depth through which regolith particles move “upward”.
During “ascent” of particles, the U-series isotopes are lost from the
particle due to weathering and added due to sorption or co-
precipitation reactions involving Fe-oxides, clay minerals, and fine
particles/colloids. The mass conservation equations for 238U, 234U and
230Th for each profile are then expressed as follows:

d238U
dt

=
F238
λ238

#k238
238U#λ238

238U !2"

d234U
dt

=
F234
λ234

+ λ238
238U#k234

234U#λ234
234U !3"

d230Th
dt

=
F230
λ230

+ λ234
234U#k230

230Th#λ230
230Th !4"

Here, F238, F234, and F230, the input rates of 238U, 234U, and 230Th,
represent the processes that add U-series isotopes into profiles. These
source terms, reported in activity per unit time (yr#2), are considered
to be constant with time (Ghaleb et al., 1990; Dequincey et al., 2002).
F234/F238 and F230/F238 represent the (234U/238U) and (230Th/238U)
activity ratios of the input sources, respectively.

The parameters k238, k234, and k230 are first-order rate constants
(yr#1) for release of 238U, 234U, and 230Th from U- and Th-containing
minerals (Latham and Schwarcz, 1987a,b; Plater et al., 1992; Vigier et
al., 2001), i.e. it is assumed that U- and Th-containing phases dissolve
at rates equal to k238238U, k234234U and k230230Th. #238, #234, and #230

are the decay constants for 238U, 234U, and 230Th (yr#1); t is the
residence time (yr) of particles in the zone where these elements
weather. k234/k238 and k230/k238 describe the relative rates of loss of
234U and 230Th respectively to 238U during leaching. Importantly, the
ratio k234/k238 documents the ratio of the release rate of 234U due to
phenomena related to alpha particle damage to the crystal lattice
(k234) compared to the release rate due to congruent dissolution of the
mineral (k238).

In a weathering profile, the average integrated regolith production
rate P (m/Myr) can be expressed as the following equation:

P =
h
t

!5"

where t corresponds to the duration for a particle moving from a
reference position to its sample position and h is the vertical distance
between these two positions (Appendix B).

For each regolith profile at SSHO,with themeasured (234U/238U) and
(230Th/238U) ratios as input values (the mass loss of U and Th are not
used as input values), the unknown parameters (F238, F234, F230, k238,
k234, k230, and P) can be fully solved by using the Matlab™ lsqnonlin
function (Table 2, Appendix B). To eliminate the number of unknown
parameters for simplicity and tractability of the model, we assume the
unknown parameters (F238, F234, F230, k238, k234, k230) are constant over
time for each weathering profile. Instead of solving for multiple t for

individual samples within the profile, we also assume a constant
production rate (P) for each profile. Thus, the derived production rate P
represents an average rate over the duration of weathering for each
profile. With the derived rate P, the total duration of weathering
(residence time in regolith) for each profile is then calculated with
Eq. (5) as discussed in Appendix B.

It is important to note that in the original model of Dequincey et al.
(2002), both the U-series input and output termswere conceptualized
as U carried as solutes. In fact, transport of fine particles along a
hillslope might also play a role in transporting U-series isotopes as
discussed here. In our model, we implicitly lump transport of solutes
and particles together into the rate terms (F) and also into the
leaching coefficients (k), because these chemical weatheringmechan-
isms cannot be distinguished.

5.2. Model results

When the model is solved, the activity ratios (234U/238U) and
(230Th/238U) are calculated as a function of regolith depth as shown in
Fig. 3. The curves agree well with the measured ratios. The regolith
production rates derived from themodel decrease systematically with
increasing distance from the ridge: !45 m/Myr at SPRT, the highest
point along the hillslope, !18 m/Myr at SPMS, and !17 m/Myr at
SPVF (Table 2, Fig. 6). The duration of chemical weathering within the
vertical regolith profile starting from the regolith–bedrock interface,
termed here the apparent regolith residence time, increases signifi-
cantly with distance away from the ridge, from !7 kyr for the SPRT, to
34 kyr at the SPMS site, and to 40 kyr at the SPVF site (Table 2, Fig. 6).
Notice that our model, based on vertical movement only, is only
strictly applicable to SPRT. The residence time and regolith production
rates at SPRT are thus easily interpreted. In contrast, the times
calculated for SPMS and SPVF are the apparent equivalent residence
times needed for a hypothetical particle to move vertically from the
base to the top of regolith at those locations while establishing an
equivalent U-series isotopic ratios as the real particle achieved while
actually moving both vertically and downslope along the transect.

Model-derived k238 values vary from 1.4!10#5 to 3.0!10#5 yr#1

(Table 2), within the range of 238U leaching coefficients derived from
weathering profiles or river sediments with similar weathering time
scales (Dosseto et al., 2008a). Model-derived k234/k238 ratios from the
three profiles are all greater than one, varying from 1.12 to 1.26
(Table 2), consistent with the fact that 234U isotope is preferentially
lost to the weathering fluids compared to 238U (e.g., Fleischer, 1980).
Such a range of values agrees well with many field and experimental
studies of U isotopic fractionation during water–rock interaction (e.g.,
Vigier et al., 2001; Dequincey et al., 2002; Dosseto et al., 2008b;
Andersen et al., 2009).

k230/k238 ratios from the model range from 0.53 to 1.16 at SSHO
(Table 2), indicating that 230Th during weathering is generally less
mobile than 238U, but not completely immobile.

5.3. 238U mass balance along the planar transect

Based on the model parameters (Table 2), the total 238U input and
output are calculated for each profile and increase down slope (Fig. 6).
Here we calculate the 238U mass balance for the 2D transect to test
whether these 238U fluxes could be U carried downslope by sub-
surface fluid flow and fine particles from SPRT to SPMS to SPVF
(Fig. 6). This mass balance was not assumed in setting up the model.

To complete this check, we note that U input from wet pre-
cipitation is normally negligible (e.g., Chabaux et al., 2005). We also
assume no significant U input from dust. Thus, U-series isotopes are
lost through weathering and radioactive decay at the SPRT profile but
no U is added. In contrast, the U input to the SPMS profile is calculated
to be non-negligible by the model and we can check if it can be
provided by the output calculated from SPRT. Similarly, the U output
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from SPMS is calculated to be non-negligible and it can be checked as
an input to SPVF. Importantly, U inputs calculated by the model are
accounted for with the U outputs from the site above (Fig. 6). This
calculation demonstrates that no additional U input fluxes from deep
groundwater or along-channel flow in the riparian zone at the valley
floor.

5.4. Mobility of 238U and 232Th during regolith formation

By using model parameters (Table 2), the cumulative amount of
238U that is lost through chemical weathering over time can be
calculated (Eq. 2) (Fig. 4). The loss of 232Th due to chemical
weathering can be similarly calculated with the following equation:

d232Th
dt

=
F232
λ232

#k232
232Th#λ232

232Th !6"

where #232 is the decay constant of 232Th. Because no parameters of
232Th are directly derived in the previous model, we assume here that
the 232Th leaching coefficient (k232) is similar to that of 230Th (k230)
just for modeling purposes. This latter value reflects the enhanced
solubility due to the presence of organic complexes as well as loss of
Th due to transport of fine particles. We calculate the value of F232
from model-derived F230 and average regolith 230Th/232Th for each
profile, assuming that the transported Th is mainly in particle form.

Calculated τ values for 238U from the model decrease gradually
towards the surface and agree well with the observed loss of 238U for
the SPRT, SPMS and SPVF profiles (Fig. 4), consistent with our
conceptual model that as regolith particles move “upward” in the

profile, dissolution of clay minerals in shale gradually releases U into
weathering fluids.

The τ values for 232Th calculated from the model agree well with
the observed loss of 232Th for the SPRT, and for most of the SPVF
profiles (Fig. 5), suggesting that similar to U, Th is also lost from the
profile, probably by transport of both weathering fluids and fine
particles. However, the SPMS and the uppermost SPVF profiles show
more 232Th depletion than the model predictions (Fig. 5). Such 232Th
depletion can be explained by using k232/k230 ratios greater than 1,
e.g., ranging from 1.25 to 2.5 (Fig. 5). These higher ratios are
consistent with the presence of enhanced mobility of 232Th relative
to 230Th for these uppermost samples.

Similarly, while themeasured (230Th/232Th) ratios in SPRT and parts
of the SPVF profiles agree well with the previous model calculations
while assuming k232/k230=1, the measured (230Th/232Th) ratios in
SPMS and uppermost SPVF profiles show higher values that can only be
explained by using k232/k230 ratios greater than 1 (Fig. 7). Because 230Th
is produced from 238U and not necessarily associated with 232Th-rich
particles, such a change of 230Th/232Th ratios in the residual phases is
consistent with a loss of 232Th-rich particles (presumably with no
230Th). Similar enhancedmobility due topreferential removal of 232Th in
different carrier phases has been previously reported in U-series
studies: selective dissolutionofmineralswithhigh 232Th concentrations
has been suggested to explain the higher (230Th/232Th) ratios in the soils
as compared to saprolite and bedrock in Australia (Dosseto et al.,
2008b). Similarly, removal of detrital particles, i.e. the major carrier
phase of 232Th in Baltic seawater columns, has beenproposed to account
for a large increase of (230Th/232Th) in the Baltic seawater as compared
to riverine inputs (Andersson et al., 1995; Porcelli et al., 2001).

5.5. Regolith production and duration of chemical weathering at SSHO

Previous studies report regolith formation rates on the order of 5
to !100 m/Myr for a number of parent rock types, e.g., granodiorite
and granite (Heimsath et al., 2000; Riebe et al., 2001, 2003, 2004a,b;
Heimsath et al., 2005; Dosseto et al., 2008b), turbidite, sandstone and
siltstone (Heimsath et al., 1997, 2001), and sedimentary and
metamorphic rocks (Von Blanckenburg et al., 2004). Sedimentary
rocks such as quartz-rich sandstones are generally less susceptible to
alteration than igneous or metamorphic rocks, as they are already
significantly weathered. This study shows however that the rate of
formation of regolith and development of mineral–water interfacial
area in the shale at SSHO occurs at a rather fast rate (17–45 m/Myr).

What controls these relatively fast regolith production rates? As
observed by Jin et al. (2010), the deepest weathering reaction at SSHO
is dissolution of ankerite, hypothesized to occur at 22 m below the
surface. Above this at !6 m below the surface lies the onset of the
weathering front for feldspar dissolution. Based on arguments
presented here, the onset of the weathering front of clay minerals
(major U carrier phases) occurs within the upper meter below the
bedrock–regolith interface. Porosity changes accompany chemical
changes over these depths. Rock density data is consistent with an
increase in porosity by 5% over the interval from 20 to 5 m depth.
These changes are attributed partly to chemical weathering of
carbonate minerals and feldspar and partly to ice-wedging from

Table 2
Regolith production rates, residence times, leaching coefficients, and U-series inputs derived from the model.

Sample profile Regolith thickness Regolith production rate Residence time k238 k234/k238 k230/k238 F238/(#238
238U0) F234/F238 F230/F238

(cm) (m/Myr) (kyr) (10#5 yr#1) (10#6 yr#1)

SPRT 30 44.7±11.6 6.7 1.49±0.35 1.26±0.04 0.72±0.08
SPMS 59 17.6±12.7 33.5 1.41±1.55 1.12±0.11 0.53±0.34 0.31±0.19 0.29±0.39 2.59±0.97
SPVF 67 17.0±13.9 39.5 3.00±1.65 1.16±0.08 1.16±0.05 1.15±0.39 2.07±1.04 5.64±2.85

The model is solved multiple times to obtain 1000 sets of solutions for each profile as described in Appendix B. The model parameters are taken as the average of the sets of solution
values and the uncertainties are calculated as the standard deviation on the sets of values. 238U0 is initial number of 238U atoms/g in the starting material of the system (Appendix B).

Fig. 6. a) Regolith thickness, residence time, and production rate calculated for the 2D
planar transect at SSHO; b) Total input and output of 238U for each profile along the 2D
transect, calculated with the model-derived U input rates and leaching coefficients
(Table 2). Total input and output are described in units of 238U0

* yr#1 where 238U0
* in this

figure is the initial number of 238U atoms in a 10 cm regolith column interval with a unit
area.
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peri-glacial activities (Jin et al., 2010). Fracture-inducing reactions
have been documented or hypothesized to accelerate the rates of
weathering compared to non-fractured rocks for other systems
(Fletcher et al., 2006; Buss et al., 2008; Brantley and White, 2009).
We infer that increases in porosity due to fracturing, induced by
chemical and physical factors, explain the relatively high regolith
production rates at SSHO.

The surprisingly fast production rates of bedrock–regolith inter-
face at SSHO are consistent with shale playing an important role in
global elemental cycles and CO2 consumption fluxes (Amiotte-Suchet
et al., 2003). Thus, the wide distribution of shale worldwide and the
ease of fracturing and high rate of particle loss of this rock type may
accentuate the importance of shale in global weathering.

Regolith production rate at SPRT (!45 m/Myr) is significantly
different from the production rates at SPMS and SPVF (!17 m/Myr).
The regolith production rate at SPRT is also greater than the catchment-
averaged erosion rate at SSHO (!15 m/Myr; Jin et al., 2010), perhaps
suggesting that the regolith thickness is changing over time. These
comparisons are consistent with the conclusion that the SSHO hillslope
has not achieved steady statewith respect to either regolith thickness or
topography.

At SSHO, the regolith residence time increases with distance away
from the ridge, from !7 kyr for the SPRT, to 34 kyr at the SPMS site,
and to 40 kyr at the SPVF site (Table 2). Despite the uncertainties in
the regolith production rates, the SPMS and SPVF profiles each have
duration of chemical weathering that is significantly longer than the
SPRT profile. The last peri-glacial conditions at SSHO resulted from the
advance of the late Wisconsinan Ice-sheet into Pennsylvania about
!27 kyr ago, changing to modern conditions !15 kyr ago (Braun,
2005). Thus, the SPRT profile is characterized by regolith that formed
more recently than the last peri-glacial period. By contrast, the model
suggests that SPMS and SPVF profiles have some regolith that formed
before the last peri-glacial period. The model is thus consistent with
the presence of pre-glacial regolith that has not yet been completely
removed, again consistent with lack of geomorphic steady state for
this SSHO hillslope.

In contrast to these results, in the Mackenzie Basin of Northern
Canada, duration of chemical weathering estimated from U-series
disequilibrium in river sedimentswas relatively short compared to the
time since the last glaciation (Vigier et al., 2001). In that case, it was
inferred that glaciation completely removed the pre-existing weath-
ering profile. However, such a “reset” effect was not observed at SSHO,
presumably because of the difference in geographic locations: indeed,
during the last glacial period, the Mackenzie Basin was completely
covered by an ice-sheet in northern Canada and was characterized by
high glacial erosion rates, whereas SSHO was in a peri-glacial
environment with relatively lower erosion rates (Braun, 1989).

With increasing distance away from the ridge (Fig. 1a), the regolith
production rates at SSHO decrease systematically with increasing
regolith thickness (Table 2). Several time-dependent factors that
control temporal variations in chemical weathering rates have been
proposed, including reactive surface area, nature and saturation state
of weathering fluids, and formation of secondaryminerals (e.g., White
and Brantley, 2003; Maher et al., 2004; Fletcher et al., 2006; Anderson
et al., 2007; Maher, 2010). The change of these factors over time could
potentially explain the inverse correlation between regolith produc-
tion rate and residence time observed at SSHO. For example, a high
dissolution rate is favored for a thin regolith cover with short resi-
dence time, such as at the ridge top of SSHO, because of the availability
of fresh materials, large reactive surfaces, and water chemistry far
away from solubility equilibrium with respect to the silicate minerals.
In contrast, a low mineral dissolution rate is expected under a thick
regolith cover with long residence time, e.g., for the valley floor site.
Regolith chemistry and mineralogy studies at SSHO are consistent
with slower mineral dissolution in the valley floor as compared to
ridgetop (Jin et al., 2010).

5.6. Regolith production function at SSHO

The variation in regolith production rate as a function of regolith
thickness at SSHO (Fig. 8) is consistent with an exponential function:

P = P0e
#αh !7"

Here P is the regolith production rate (m/Myr), h is the regolith
thickness (cm), P0 is the regolith production rate (m/Myr) with zero
regolith thickness, and $ is the depth scaling factor (cm#1) (Fig. 8).
Similar functions have been used in previous studies to describe the
production rate ofmobile soil fromunderlying saprolite (e.g., Cox, 1980;

Fig. 7. Measured (230Th/232Th) activity ratios for regolith samples from a) SPRT, b)
SPMS, and c) SPVF. (230Th/232Th) activity ratios of two DC-1 bedrock samples are also
shown. Dashed lines indicate (230Th/232Th) activity ratios as a function of regolith depth
calculated with parameters from Table 2; lines calculated with different k232/k230 ratios
are indicated (see text for details).
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Heimsath et al., 1997; Dietrich et al., 2003). The parameters in this
function calculated from SSHO (R2=0.97, P0=100.8, $=0.0279) are
compatible with those inferred for mobile soil production rates in
California, Oregon, and Australia based on the measurements of
cosmogenic isotopes (Heimsath et al., 1997, 2000, 2001; Dietrich et
al., 2003). For instance, it has been shown that P0 ranges from 50 to
2000 m/Myr, varying as a function of local lithology, climate, and
tectonic uplift rates, whereas the depth scaling factors ($) lie within a
narrow range from 0.02 to 0.04 cm#1 (Dietrich et al., 2003). Such a
narrow range of depth scaling factors and the exponential mobile soil
production function have been previously explained by the inference
that the conversion of non-mobile tomobile soil is mainly controlled by
the variation with depth of the effects of physical weathering and
biogenic disturbances such as animal burrowing, tree throw, and
rooting (Heimsath et al., 1997; Roering et al., 2002;Dietrich et al., 2003).

At SSHO, both the U-series andmajor element depth profiles (Jin et
al., 2010) are consistent with a minimum of regolith mixing within
the studied SSHO profiles, especially for the lower depths, as expected
in regolith where bioturbation is relatively ineffective due to
significant snow cover (Kaste et al., 2007). Rather, it is inferred for
SSHO that chemical weathering processes and physical peri-glacial
processes have significantly weakened and broken up the bedrock
such that physical–chemical processes may dominate over biological
processes in regolith production (e.g., Cox, 1980; Minasny and
McBratney, 1999). Nonetheless, downslope movement of soil is
known to occur due to tree throw throughout the catchment and at
this point, the precise location of the lowermost limit of the “mobile
soil layer” is not well defined in the context of the present study.

To derive the soil production rates with the cosmogenic approach
requires an assumption that the thickness of the mobile soil layer in
regolith is constant and the derived soil production rates correspond
to the conversion rates of soils from the underlying immobile layer
(Heimsath et al., 1997). In contrast, the regolith production function
presented here is derived from the U-series isotopes where no such
assumption is required (e.g., Dosseto et al., 2008b). This case study
illustrates that U disequilibrium analysis provides a new and
independent tool to quantify the regolith production function in
weathering profiles. The regolith production rates can be envisioned
here as the result of the downward advance of the U weathering front
over time, and thus it provides time information for production of the
lower part of the regolith. In fact, the derived production rates here
are complementary to the soil production rates derived from the
previous cosmogenic studies (e.g., Heimsath et al., 1997) and the
combination of these two approaches will provide valuable informa-
tion to elucidate the factors that control the rates and mechanisms of
regolith formation.

6. Conclusions

To quantify regolith formation rates, wemeasured U-series isotopes
(238U, 234U, and 230Th) in three regolith profiles along a planar hillslope
transect developed on shale bedrock in central Pennsylvania. Different
from the bedrock, regolith samples show significant U-series disequi-
librium and these activity ratios display depth trends consistent with
the relative mobility of U and Th isotopes decreasing in the order
234UN238UN230Th. Depth profiles are explained by two processes: i) loss
of U-series isotopes during water–rock interaction and ii) gain of U-
series isotopes from upslope sites, e.g., U precipitated from circulating
soil water and U and Th transported by particles.

Apparent equivalent regolith production rates calculated with
U-series isotopes for these profiles decrease systematically from
45 m/Myr to 17 m/Myr, with increasing distance and regolith
thickness from the ridge, suggesting that chemical weathering of
shale at SSHO occurs actively at a rather fast rate. Regolith pro-
duction rates at SSHO vary as an exponential function of regolith
thickness. Apparent equivalent regolith residence times within
these profiles range from 7 kyr to 40 kyr, increasing from the ridge
to the valley floor. The presence of residence times longer than the
last peri-glacial period (!15 kyr) may be consistent with lack of
removal of pre-glacial regolith. Importantly, both chemical weath-
ering reactions and sub-surface particle/colloid transport has been
shown to contribute to mass losses of U and Th from the regolith at
SSHO, as previously demonstrated for major elements (Jin et al.,
2010).

For well-constrained field systems such as the hillslope studied
here, the success of this method in estimating rates of regolith
formation and duration of chemical weathering enhances our ability
to use this technique in other environments to understand the
response of regolith production to climate perturbations. The regolith
production rates at SSHO also provide an important reference value
for comparison to other critical zone observatories along both the
lithology and climate gradients.
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Appendix A. Analytical methods for U and Th isotopes

Samples consisted of all rock fragments, sand, silt, and clay
recovered during augering. Bulk samples were air-dried and ground
to pass through a 100-μm sieve. About 100 mg powdered samples
were weighed and spiked with a mixed artificial 233U–229Th tracer for
measurements of both U–Th isotopic compositions and concentra-
tions. The samples were completely dissolved using a three-step
procedure with HNO3–HF, HClO4, and HCl–H3BO3 acids.

U and Th separation and purification were performed by
conventional ion exchange chromatography following procedures
developed at the Laboratoire d'Hydrologie et de Geochimie de

Fig. 8. Regolith production rates derived from the model plotted versus regolith
thickness for three regolith profiles (SPRT, SPMS, and SPVF). Dashed line indicates the
exponential fitted regolith production function.
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Strasbourg (LHyGeS), University of Strasbourg (France) (e.g., Granet
et al., 2007; Pelt et al., 2008). U concentrations and activity ratios,
(234U/238U), were analyzed using !70 ng U. The measurements were
performed on a Thermal Ionization Mass Spectrometer (TIMS)
Thermo-Scientific Triton. U concentrations were calculated using the
measured 235U/233U isotopic ratios. (234U/238U) activity ratios were
calculated using the analyzed 234U/235U ratios and assuming a
constant 238U/235U ratio of 137.88, with the following decay constant:
#238=1.551!10#10 yr#1 and #234=2.826!10#6 yr#1 (Akovali,
1994; Cheng et al., 2000). The precision and accuracy of the U activity
ratios were determined from analyses of the HU1 standard solution
and the BEN rock standards. Over the data acquisition period, the
mean of the HU1-standard analyses of (234U/238U) is 1.001±0.005
(n=3), was in good agreement with the laboratory 2008–2009 mean
for (234U/238U) of 0.999±0.005 (n=32; 2") and consistent with
secular equilibrium. In addition, two analyses of the BEN rock
standard, spiked with 233U–229Th tracer, yielded a mean (234U/238U)
of 1.002±0.002 and a mean U concentration of 2.465±0.008 ppm,
which are both consistent with the laboratory long-termmean values:
(234U/238U)=0.999±0.005 (n=5; 2") and U=2.457±0.013
(n=5; 2"), 2006–2009, and the reference values (U=2.46 ppm;
Govindaraju, 1994). The reproducibility of U concentrations and

activity ratios by ID-TIMS was checked by duplicate analyses of 5
samples and is better than 0.5% and 0.4%, respectively.

232Th/230Th isotopic ratios and Th concentrations were analyzed
on !600 ng Th with the TIMS Thermo-Scientific Triton. 230Th and
229Th were measured on the central SEM detector and 232Th on a
Faraday cup using the static collection mode. Th concentrations were
determined using the measured 232Th/229Th isotopic ratios.

During the course of this study, the reproducibility of Th isotopic
ratiomeasurements, checked by the in-house standard solution Th-105,
is !1% (n=3). In addition, the two analyses of the BEN rock standard,
spiked with the 233U–229Th tracer, yielded a mean (230Th/238U) activity
ratio of 1.004±0.009 (n=2) and a mean Th concentration of 10.723±
0.079 ppm (n=2), which are consistent with secular equilibrium and
the reference values (Th=10.7 ppm; Govindaraju, 1994). The repro-
ducibility of Th concentrations and activity ratios by ID-TIMS was
checked by duplicate analyses of 4 samples and is better than 0.8% and
1.1%, respectively.

The total procedure blanks for U–Th isotopic and elemental
analysis are about !30–70 pg for U and !180–420 pg for Th. They
were negligible (b0.5‰) compared to the amount of U and Th
analyzed in the studies samples. The 233U–229Th tracer was regularly
calibrated by TIMS with the in-house AThO rock standard.

Appendix B. Solving the system of Eqs. (2)–(5)

We present here how we solved the system of Eqs. (2)–(5) for regolith production rate (P) or timescales of chemical weathering (t), input
rates of 238U, 234U, 230Th (F238, F234, F230), and leaching rate constants (k238, k234, k230). These values were derived to best reproduce the measured
(234U/238U) and (230Th/238U) ratios as a function of depth.

Eqs. (2)–(4) were first solved analytically and the solutions were rearranged to describe (234U/238U) or (230Th/238U) for a weathering regolith
sample as a function of F238, F234, F230, k238, k234, k230, and t (Eqs. (A1) and (A2)):
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Here, we define
a8 as #238+k238;
a4 as #234+k234;
a0 as #230+k230;

(234U/238U)0 and (230Th/238U)0 are initial activity ratios for the regolith sample; 238U0 is the initial number of 238U atoms in the startingmaterial.
The derivation of Eq. (5) is based on the implicit assumption of isovolumetric weathering. At SSHO, volume strain has been calculated for some

samples fromregolith bulk density along the2D transect (Jin et al., 2010). It has been shown that, although the regolith has expanded, the variation in
strain is less than !18% within the profile regolith volume from 17 to 54 cm. Only in the upper 3 cm layer has volume expanded significantly due to
addition of organic matter (Jin et al., 2010). Future modeling efforts will explore the effect of this relatively modest non-isovolumetric weathering.

For each regolith profile, measured (234U/238U) and (230Th/238U) ratios in each sample are used to constrain the model. Instead of the
measured bedrock samples (DC-1), the deepest sample from each profile was used to represent the starting material. To solve the model
equations, we assume the unknown terms (F238, F234, F230, k238, k234, and k230) and the regolith production rate P are constant for each profile.
Thus, the calculated value of P represents an average rate over the duration of weathering for each profile and the total duration of weathering is
calculated with Eq. (5).
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Themodel is constrained by 4 observations for SPRT (234U/238U and 230Th/238U activity ratios for samples SPRT 0010 and 1020 as data points).
Sample SPRT 2030 is used as the initial activity value of the starting material. The model fits 4 parameters (k238, k234, k230, and P) to data
describing the SPRT profile (we assume no U-series input sources for the ridge top site). The model for SPMS is constrained by 8 observations in
the model (activity ratios for samples SPMS 0010, 1020, 2030, and 4050); and the activity ratios for SPMS5059 are used as the initial value of the
starting material. The data from a depth of 35 cm, SPMS 3040, was not included in the model fit as it lies off the general trend of this profile (e.g.,
Fig. 2). Themodel calculated 7 parameters (F238, F234, F230, k238, k234, k230, and P) for the SPMS profile. Themodel is constrained by 10 observations
for SPVF (activity ratios for SPVF 0010, SPVF1020, 2030, 3040, and 4050). The ratios for SPVF5060 were used as the initial value. SPVF6067 was
not included in the calculation as it lies off the general trend of this profile (e.g., Fig. 2). Seven output parameters (F238, F234, F230, k238, k234, k230,
and P) were derived for the SPVF profile. The number of model equations is equal to or greater than the number of unknowns, and thus themodel
is over-determined. The unknown parameters were solved in a similar manner to that of Dosseto et al. (2008b) as described below.

Best-fit parameters were calculated with the Matlab™ lsqnonlin function (version 7.1), which uses a large-scale algorithm to solve nonlinear
least-squares problems. This function searches for the vector x that minimizes the sum of the square of the difference between observed and
modeled values with a function f(x)which has m components of constraining equations. The calculation is initiatedwith an initial value x0, provided
by the user. In this case, x is the vector of output parameters (F238, F234, F230, k238, k234, k230, and P) and the components of f are the measured
(234U/238U) and (230Th/238U) activity ratios. The model calculates output parameters such that they fit the observed activity ratios within
approximately 1%. The model calculation was performed 1000 times to obtain solutions for different random values for x0. The average of these
solutions and their standard deviations are presented in Table 2.
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