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Abstract

To quantify rates of rind formation on weathering clasts under tropical and humid climate and to determine factors that
control weathering reactions, we analyzed Uranium series isotope compositions and trace element concentrations in a basaltic
andesite weathering clast collected from Basse-Terre Island in Guadeloupe. U, Th, and Ti elemental profiles reveal that Th
and Ti behave conservatively during rind formation, but that U is added from an external source to the rind. In the rind,
weathering reactions include dissolution of primary minerals such as pyroxene, plagioclase, and glass matrix, as well as for-
mation of Fe oxyhydroxides, gibbsite and minor kaolinite. Rare earth element (REE) profiles reveal a significant Eu negative
anomaly formed during clast weathering, consistent with plagioclase dissolution. Significant porosity forms in the rind mostly
due to plagioclase dissolution. The new porosity is inferred to allow influx of soil water carrying externally derived, dissolved
U. Due to this influx, U precipitates along with newly formed clay minerals and oxyhydroxides in the rind. The conservative
behavior of Th and the continuous addition of U into the rind adequately explain the observed systematic trends of
(238U/232Th) and (230Th/232Th) activity ratios in the rind. Rind formation rates, determined from the measured U-series activ-
ity ratios with an open system U addition model, increase by a factor of �1.3 (0.18–0.24 mm/kyr) from a low curvature to a
high curvature section (0.018–0.12 mm�1) of the core–rind boundary, revealing that curvature affects rates of rind formation
as expected for diffusion-limited rind formation. U-series geochronometry thus provides the first direct evidence that the cur-
vature of the interface controls the rate of regolith formation at the clast scale. The weathering rates determined at the clast
scale can be reconciled with the weathering rates determined at the watershed or soil profile scale if surface roughness equals
values of approximately 1300–2200.
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1. INTRODUCTION

Weathering of silicate rocks plays many important roles
in Earth surface processes, e.g., regulating atmospheric
CO2, providing nutrients to terrestrial ecosystem, and
sculpting landscapes (e.g., Gilbert, 1877; Walker et al.,
1981; Berner et al., 1983; Gaillardet et al., 1999; Kump
et al., 2000; Anderson et al., 2002; Chadwick et al., 2003;
Drever, 2004; Das et al., 2005; Hilley et al., 2010; Pogge
von Strandmann et al., 2011). Despite covering only a small
portion of the sub-aerially exposed area, small basaltic is-
lands (e.g., Iceland, Azores, Reunion, Hawaii, Guadeloupe
and volcanic arc islands) weather at rapid rates and could
account for up to �25% of CO2 consumed by global silicate
weathering (Louvat and Allegre, 1997; Gaillardet et al.,
1999; Dessert et al., 2003). It is thus of great importance
to quantify weathering rates of basaltic rocks and deter-
mine factors that control weathering reactions, especially
for small basaltic islands in tropical climates where high
temperature and precipitation accelerate soil formation
processes (e.g., Chadwick et al., 2003, 2009). In such envi-
ronments, rock fragments in the regolith zone commonly
form alteration rinds. Such fragments or clasts consist of
an unweathered core surrounded by a weathering rind:
compared to the parent core, the rind is enriched in less mo-
bile elements such as Ti, Fe, Th, and Al, and depleted in
more mobile elements such as Mg, Ca, Na, and K
(Cernohouz and Solc, 1966; Colman, 1982a,b; Sak et al.,
2004, 2010; Navarre-Sitchler et al., 2011). Given that clasts
within soils experience minimal physical erosion during
weathering, these basaltic clasts in surficial weathering pro-
files provide simple and well-constrained systems to study
chemical weathering processes for comparison to soil pro-
file-scale or landscape-scale weathering. The comparison
of weathering rates across different spatial scales has pro-
vided insights on understanding the factors that control
chemical weathering (Navarre-Sitchler and Brantley, 2007).

The Uranium decay-series (U-series) includes radioac-
tive isotopes of U, Th, and Ra that are characterized by
various radioactive half-lives and geochemical properties.
The fractionation of such isotopes occurs on various time
scales in many geological environments (e.g., Ivanovich
and Harmon, 1992; Bourdon et al., 2003). U-series isotopes
have thus long been used as geochronologic tools for pro-
cesses such as magmatic differentiation or deposition of car-
bonate rocks (Condomines et al., 2003; Edwards et al.,
2003). Because of recent improved understanding of their
behaviors during low temperature water–rock interaction,
U-series isotopes (e.g., 238U, 234U, 230Th, and 232Th) in soils
and riverine sediments have been shown to have great po-
tential as a novel chronometer to constrain the rates and
duration of chemical weathering at Earth’s surface (Sarin
et al., 1990; Chabaux et al., 2003a, 2008, 2011; Dosseto
et al., 2008a,b; Granet et al., 2007, 2010; Ma et al., 2010).
Recently, Pelt et al. (2008) determined formation rates of
weathering rinds developed on basaltic composition clasts
from Costa Rica using U-series isotopes. Such efforts show
that U-series isotopes can quantify regolith formation as it
relates to the creation and development of porosity in a low
porosity rock (e.g., Fletcher et al., 2006; Navarre-Sitchler

et al., 2011). Furthermore, the application of U-series chro-
nometry at the clast scale can be scaled to soil profiles and
watersheds (Navarre-Sitchler and Brantley, 2007).

Often, thickness of rinds varies with the curvature of the
rind–core boundary: in other words, rinds surround cores
of unaltered protoliths that are more spherical than the ori-
ginal clasts (e. g., Cernohouz and Solc, 1966; Colman and
Pierce, 1981; Oguchi, 2004; Sak et al., 2004, 2010;
Kirkbride, 2005; Kirkbride and Bell, 2010). Sak et al.
(2010) hypothesized that the curvature of the rind–core
boundary controls the rates of chemical weathering reac-
tions by governing the diffusive transport of reactants into
the clast or products out of the clast: a higher curvature
interface favors faster rind formation. In that effort, Sak
et al. (2010) studied a single basaltic andesite clast from
Basse-Terre Island in Guadeloupe. By using petrographic,
bulk chemical, and electron microprobe analyses, Sak
et al. (2010) documented the extent of weathering advance
as a function of curvature. In that study, relative weather-
ing rates increased with curvature but no independent age
controls were available to quantify rates.

In this study, we analyze U-series isotopes and trace ele-
ment concentrations to quantify rind formation rates on the
same basaltic andesite weathering rind as previously studied
in Guadeloupe (Sak et al., 2010). We present a quantitative
model for weathering advance as a function of curvature
for this clast and we compare it to weathering rates at the
watershed scale.

2. GEOLOGICAL SETTING

The clast investigated here and in Sak et al. (2010) was
collected from a thick (>8 m) regolith pile within the Bras
David watershed on the French island of Basse-Terre, Gua-
deloupe in the Lesser Antilles (Fig. 1a). The rugged wa-
tershed is in a humid, tropical environment with a mean
annual temperature of 25 �C and an annual precipitation
up to 4500 mm (Lloret et al., 2011). The parent rock under-
lying the regolith is a late Quaternary volcaniclastic debris
flow deposit of dominantly andesitic to basaltic composi-
tion (Samper et al., 2007). In this watershed, thick regolith
profiles (>12 m) develop on the parent rock, which in this
case is a volcanic debris flow deposit. The regolith is par-
tially to completely depleted with respect to most primary
minerals including pyroxene and feldspar as well as the
glass matrix, and is enriched in Fe oxyhydroxides, gibbsite
and kaolinite precipitates (Buss et al., 2010). The top of the
regolith is a thin layer of soil. In the regolith that is exposed
at roadcuts and excavations, rocky clasts at various stages
of weathering are commonly observed.

One representative clast collected by Sak et al. (2010) in
the B horizon of a soil profile at 0.8 m depth in the Bras
David watershed was analyzed in this study (Fig. 1b).
The clast sample is from a west-facing slope which is
vegetated by grasses and widely dispersed trees. Volcanic
flows in the immediate vicinity were emplaced 900 ka before
present, based on Ar/Ar dating (Samper et al., 2007). The
exposed debris flow deposits have experienced pedogenesis
and become progressively more weathered toward the
surface (Sak et al., 2010).

Weathering rind formation rates determined by Uranium-series isotopes 93
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3. METHODS

3.1. Field sampling and clast preparation

The clast was oriented and measured in the field prior to
its removal from the outcrop. The weathering rind was
distinguished from the surrounding soil by a difference in
color: the rind is brownish yellow in contrast to the yellow-
ish red matrix of the debris flow deposits. The original clast
was about 15 cm long and 10 cm wide with an oblate shape.
In the field, the major axis of this clast was oriented verti-
cally, and the minor axis oriented horizontally (Fig. 1b).
After extraction, the clast and attached rind were wrapped
in plastic and masking tape and then were immersed in mol-
ten wax to preserve rind structure before returning to the
laboratory. The wax-impregnated clast was separated into
four sections by cutting a vertical section along the major
axis and a perpendicular section through the minor axis
(Fig. 1b).

The curvature of the core–rind boundary was deter-
mined and described in Sak et al. (2010). Briefly, the
core–rind boundary was expressed as a series of (x, y)
points on a scanned image of the cut section, where the col-
or-change gradient was highest. The curvature (j) of this
boundary y(x) was calculated using the following defini-
tion: j = y00/(1+(y0)2)3/2, where primes denote derivatives
with respect to x. With this standard definition of curvature
in two dimensions, only straight lines and circles have con-
stant curvature. Note that we have defined the curvature as
the curvature of the interface imaged in the plane of the
clast slice (e.g., in two dimensions), and not the Laplacian

of the core–rind interface in three-dimensions. The mea-
sured curvature of the core–rind boundary is highest along
the lower side of the clast (Fig. 1b).

The wax was subsequently removed prior to chemical
analysis by heating to 55 �C for 8 h in an oven. Samples
for chemical and isotopic analyses were obtained by drilling
with a 3.175 mm diameter carbide-tipped bit to depth of 5–
16 mm along linear profiles across the sliced clast (Fig. 1b).
Four samples were collected from the core, four across the
rind along a low curvature segment (the top transect) and
five across the rind along a high curvature segment (the bot-
tom transect) of the core–rind boundary (Fig. 1b). Addi-
tional core samples were prepared by grinding separate
samples of core material.

3.2. Analytical methods for U–Th isotopes

About 20–100 mg powdered samples were weighed and
spiked with a mixed artificial 233U–229Th tracer for measure-
ments of both U–Th isotopic compositions and concentra-
tions. The samples were completely dissolved using a
two-step procedure with HNO3–HF and HCl–H3BO3 acids.
U and Th separation and purification were performed by
conventional ion exchange chromatography. The whole pro-
cedure was developed at the Laboratoire d’Hydrologie et de
Geochimie de Strasbourg (LHyGeS) in the University of
Strasbourg, France (e.g., Granet et al., 2007; Pelt et al.,
2008).

Briefly, U concentrations and (234U/238U) activity ratios
(parenthesis means activity ratios hereafter) were analyzed
using �10–30 ng U. The measurements were performed on

Fig. 1. (a) Location map of the Basse Terre Island in Guadeloupe. White star indicates the sample location in the Bras David watershed (after

Sak et al., 2010); (b) Photographs of cut sections of the top and bottom segments, respectively. The visually defined core–rind boundary is

color-coded for curvature (mm�1) (after Sak et al., 2010). Drilled sample locations for the core (Core 1–Core 4), the top transect (T1–T4) and

the bottom transect (B1–B5) are indicated. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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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 constants: k238 = 1.551 � 10�10 yr�1

and k234 = 2.826 � 10�6 yr�1 (Akovali, 1994; Cheng et al.,
2000). The precision and accuracy of the U activity ratios
were determined fromanalyses of theHU1 standard solution
(Cheng et al., 2000) and the basalt BEN rock standards
(Govindaraju, 1994). During the measurement sessions, the
mean of the HU1-standard analyses of (234U/238U) was
1.001 ± 0.004 (n = 3), in good agreement with the laboratory
mean for 2009–2010 (0.999 ± 0.005; n = 43; 2r) and consis-
tent with secular equilibrium. In addition, two duplicates
of the calcinated BEN rock standard, spiked with the
233U–229Th tracer, were analyzed to yield a mean
(234U/238U) of 1.001 ± 0.003 and a mean U concentration
of 2.465 ± 0.008 ppm. Both values are consistent with previ-
ously published values from the same laboratory (in Ma
et al., 2010) and with Govindaraju (1994). Several U mea-
surements yielded low 234U signal and high background
noise due to low amounts of U available for analyses and
hydrocarbon interferences from the wax in the rind sub-sam-
ples. For those measurements, internal errors (2SE) are
greater than external error of the HU1 standard
(�0.5% 2SD). For those, we estimated an error of �1%
(e.g., Table 1).

230Th/232Th isotopic ratios and Th concentrations were
analyzed with �50 ng Th (in �50 ppb Th solutions), on a
multiple collector inductively-coupled plasma mass spec-
trometer (MC-ICP-MS) Thermo-Finnigan Neptune. 230Th
and 229Th were measured on the central SEM detector
and 232Th on a Faraday cup using the static collection
mode. Concentrations of Th were determined using the
measured 232Th/229Th isotopic ratios. The internal errors
(2SE) of samples measurements are around 0.4% and
0.1% for 232Th/230Th and 232Th/229Th isotopic ratios,
respectively. The standard-sample bracketing method was
used to correct for a global measurement bias factor
encompassing mass fractionation and the yield of the ion
counter with an in-house 229Th–230Th–232Th standard.
The in-house Th standard was made from a mixture of
the IRMM-035 Th standard with a certified value of
232Th/230Th = 87,100 ± 592, and a 229Th spike solution.
The 229Th/230Th ratio of the in-house standard was cali-
brated on the TIMS Triton using the peak jumping mode
on the SEM. During the course of this study, the reproduc-
ibility and accuracy of Th isotopic ratio measurements was
checked by regular analyses of the certified IRMM036
solution. The mean of 16 measurements gives
232Th/230Th = 323,283 ± 2190 (0.7%, 2r) consistent with
the IRMM certified value of 321,200 ± 8000 and with other
laboratories (Sims et al., 2008). In addition, the two dupli-
cates of the BEN rock standard were analyzed to yield a
mean (230Th/238U) activity ratio of 1.01 ± 0.01 and a mean
Th concentration of 10.5 ± 0.1 ppm. Both are consistent
with secular equilibrium and previously published TIMS
values from the same laboratory (in Ma et al., 2010).

The total procedure blanks for U–Th isotopic and ele-
mental analysis are about �10 pg for U and �25 pg for
Th. They were negligible (<0.7&) compared to the amount
of U and Th analyzed in the samples. The 233U–229Th tracer
was regularly calibrated using TIMS with the AThO rock
standard. The wax used to encase the clast in the field
was the same wax used in Pelt et al. (2008). According to
Pelt et al. (2008), major and trace element contents (includ-
ing U and Th) of the wax are insignificant and did not con-
taminate the subsamples.

3.3. Analytical methods for trace elements

About 30–80 mg powdered samples were used for mea-
surements of trace element composition. The samples were
completely dissolved using a two-step procedure with
HNO3–HF and HCl–H3BO3 acids. Rare earth elements
(REE), Y, Rb, Sr, and Ba concentrations were measured with
ICP-MS (Thermo Fisher Scientific XS 2) at Pennsylvania
State University. The sample trace element concentrations
were calibrated using a series of element standards of known
concentrations, prepared from NIST traceable High Purity
Standards. Concentrations of rare earth element oxides rela-
tive to rare earth elements (REEO+/REE+) as measured by
the ICP-MS were optimized to be less than 1%, to minimize
isobaric interferences. Detection limits were in the 0.1–1 ppt
level for all trace elements reported here. To assess the analyt-
ical precision and accuracy, trace element concentrations were
regularlymeasured for a basalt rock standard (USGSBHVO)
and were generally within 3–7% of the reference values for
REE, within 3% for Ba and Sr, and within 15% for Rb and Y.

4. RESULTS

Measured U and Th concentrations and activity ratios
of the core and rind samples are listed in Table 1. Trace ele-
ment concentrations for Ba, Rb, Sr, Y and REE of the core
and the rind samples across the top (low curvature) transect
are presented in Table 2. Major element chemistry of these
clast samples has been previously measured and discussed
by Sak et al. (2010) and is listed in Table 2 for reference.

4.1. Major and trace element profiles

To evaluate the loss or gain of elements in a weathering
rind (especially to correct for relative concentration changes
due to changes of other elements in the rind), concentration
(C) of an immobile (i.e., conservative) element i is com-
monly used to compare with the relative loss or gain of a
more mobile element (j) by calculating the open system
mass transfer coefficient, si,j (e.g., Brimhall and Dietrich,
1987; Anderson et al., 2002).

si;j ¼
Cj;w

Cj;p

�
Ci;p

Ci;w

� 1 ð1Þ

Positive si,j values indicate the extent of enrichment of ele-
ment j and negative values define the fractional depletion
with respect to the immobile element in the protolith. A value
of zero means that element j is measured to be as immobile in

Weathering rind formation rates determined by Uranium-series isotopes 95
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Table 1

U and Th concentrations and activity ratios in samples from the core, the top transect and the bottom transect.

Sample Description Distance* (mm) U (ppm) ±2r Th (ppm) ±2r (234U/238U) ±2r (230Th/232Th) ±2r (238U/232Th) ±2r (230Th/238U) ±2r

Core samples

Core1 Drilled core �23.0 0.332 0.002 1.041 0.011 0.999 0.005 0.969 0.004 0.967 0.010 1.002 0.012

Core3 Drilled core �9.0 0.330 0.002 1.032 0.011 1.009 0.010 0.968 0.004 0.970 0.011 0.999 0.012

Core4 Drilled core �2.0 0.338 0.002 1.045 0.011 1.003 0.005 0.973 0.003 0.980 0.011 0.993 0.012

CP1 Core powders – 0.336 0.002 1.030 0.010 0.997 0.005 0.970 0.003 0.989 0.011 0.981 0.011

CP2 Core powders – 0.326 0.002 1.026 0.011 1.003 0.005 0.977 0.003 0.964 0.011 1.013 0.012

CP3 Core powders – 0.327 0.002 1.025 0.011 1.002 0.005 0.979 0.003 0.968 0.010 1.011 0.012

Average core 0.332 1.036 1.003 0.971 0.973 0.999

Top transect (low curvature)

T1 Drilled rind 2.0 0.737 0.004 1.917 0.020 1.031 0.010 0.988 0.008 1.167 0.013 0.847 0.012

T2 Drilled rind 5.8 0.741 0.004 1.810 0.019 1.012 0.010 1.010 0.008 1.243 0.014 0.812 0.011

T3 Drilled rind 12.8 0.907 0.005 1.906 0.020 1.011 0.010 1.063 0.006 1.444 0.016 0.736 0.010

T4 Drilled rind 19.8 1.211 0.007 2.022 0.021 1.016 0.010 1.349 0.005 1.817 0.020 0.743 0.009

Bottom transect (high curvature)

B1 Drilled rind 2.2 0.878 0.005 2.286 0.021 1.009 0.010 0.997 0.008 1.165 0.013 0.856 0.012

B2 Drilled rind 8.0 0.936 0.005 2.221 0.021 1.003 0.005 1.025 0.008 1.279 0.013 0.802 0.012

B3 Drilled rind 14.5 1.122 0.005 2.285 0.021 1.009 0.005 1.112 0.008 1.490 0.013 0.746 0.012

B4 Drilled rind 22.7 1.225 0.005 2.200 0.021 1.001 0.005 1.303 0.008 1.690 0.013 0.771 0.012

B5 Drilled rind 29.9 1.284 0.005 2.194 0.021 1.015 0.005 1.375 0.008 1.776 0.013 0.774 0.012

Analytical errors are based on external reproducibility of synthetic solutions, rock standards and rock samples and are estimated to be 0.7% for U content and (230Th/232Th) isotopic ratios, 1% for

Th content and (238U/232Th) ratios, and 1.5% for (230Th/238U) disequilibria. Parenthesis means activity ratios hereafter.
* Distance from core–rind boundary, positive sign indicates sample location in rind, negative sign indicates sample location in core.
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the weathered rind (w) as the immobile element iwith respect
to parent material (p). In tropical weathering environments
such as Guadeloupe, Ti is often found to be relatively immo-
bile as its carrier phase such as ilmenite is generally stable
(e.g., White et al.,1998; Sak et al., 2004, 2010; Buss et al.,
2008, 2010). Leaching experiments with organic ligands at
pH6 also are consistentwithTi as themost immobile element
during basalt dissolution, while Zr has been observed to be
more immobile during granite leaching as its host mineral
in granite is zircon (Neaman et al., 2006). Following Sak
et al. (2010), si,j values for the weathered clast are calculated
assuming the parent composition is the average core compo-
sition (Table 2) and Ti is immobile. The chemical composi-
tions of the four analyzed core samples are almost identical
(Table 2), indicating that the core of the clast is homogenous.

The calculated sTi,j values of the top transect rind sam-
ples for both major and trace elements are shown in
Fig. 2. In this plot, the zero position along the transect
was the core–rind boundary defined previously by the max-
imum gradient of color change on a scanned image of the
clast (Sak et al., 2010). The sTi,j values for elements such
as Ca, Na, and Sr decrease abruptly from 0.0 to �1.0 across
the core–rind interface (Fig. 2a), indicating complete loss of
these elements in the rind. Such profiles in regolith are
called completely developed depletion profiles (Brantley and
White, 2009). In contrast, the sTi,j values for K, Mg, Rb,
Mn, Si, Ba, Al all show depletion profiles, but the lowest
value of sTi,j is greater than �1, so the depletion profile is
incompletely developed, with the Al profile showing the least
total extent of depletion at the outer rind boundary (rang-
ing from a loss of 27% at the boundary to a possible gain of
4%, Fig. 2a). sTi,Fe values remain relatively close to 0 across
the rind (ranging from �0.01 to 0.07), indicating that Fe,
like Ti, demonstrates an immobile profile (Brantley and
white, 2009) during chemical weathering and rind forma-
tion. However, the slightly positive sTi,Fe values may indi-
cate that (i) Ti is slightly mobile relative to Fe, (ii) Fe is
added to the weathering rinds via exogenous inputs, or
(iii) heterogeneity of the protolith has introduced error into
the calculation of sTi,Fe.

Negative sTi,REE values across the weathering rind sam-
ples are consistent with significant loss of REE (Fig. 2b). In
addition, core-normalized REE patterns of the rind samples
show much more loss of Eu compared to REE neighbors
such as Sm and Gd. Such a phenomenon is known as a neg-
ative Eu anomaly (Fig. 3; e.g., McLennan, 1989).

The sTi,Th values of the weathering rind samples are
close to 0 (ranging from �0.03 to 0.08) throughout the core
into the rind (Fig. 4), in agreement with conservative (i.e.
immobile) behavior for Th, similar to Ti (Fig. 2a). By con-
trast, the sTi,U values increase continuously from 0 in the
core to about �1.2 in the rind (Fig. 4). Such a profile is
termed an addition profile (Brantley and White, 2009) and
is consistent with external addition of U (relative to Ti) into
the rind during rind formation.

4.2. U and Th activity ratios

Measured U-series activity ratios of drilled core samples
and core powders show very limited variations (Table 1), asT
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expected for a homogenous core. The average core activity
ratios for (234U/238U), (230Th/232Th), (238U/232Th), and
(230Th/238U) (parenthesis means activity ratios hereafter)
are 1.003, 0.971, 0.973, and 0.999, respectively (Table 1).
The activity ratios of (234U/238U) and (230Th/238U) are close

to secular equilibrium within errors as expected from the
900 kyr old basaltic andesitic core.

In contrast, measured (234U/238U) activity ratios of the
rind samples range from 1.011 to 1.031 for the top transect
and from 1.001 to 1.015 for the bottom transect (Table 1;
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Fig. 5a). Most of these values are higher than those of the
core samples, showing excess 234U relative to 238U.

Measured (238U/232Th) activity ratios of these rind sam-
ples range from 1.167 to 1.817 for the top transect and from
1.165 to 1.776 for the bottom transect, all values significantly
higher than the core samples (Table 1; Fig. 5b). Similarly,
measured (230Th/232Th) activity ratios of these rind samples
range from 0.988 to 1.349 for the top transect and from
0.997 to 1.375 for the bottom transect, also higher than the
core samples (Table 1; Fig. 5c). More importantly,
(238U/232Th) and (230Th/232Th) activity ratios increase contin-
uously and systematically along both transect profiles, with
distance increasing from the core into the rind (Fig. 5b and c).

5. DISCUSSION

5.1. Mobility of elements during rind formation

Elemental profilesmeasured on the top transect reveal that
the extent of elemental loss across the core–rind interface (as
measured in wt.%) decreases in the order Ca, Na, Sr > K,
Mg, Rb > Mn > Si > Ba > Al > Fe, Ti, Th (Fig. 2a; and Sak
et al., 2010). Sak et al. (2010) discussed the major element
depletion profiles for this transect and concluded that across
the rind, primary minerals (plagioclase, pyroxene) and glass
weather to Fe oxyhydroxides, gibbisite and minor kaolinite.
They also concluded that the reactivity of phases in the clast
decreases in the order plagioclase � pyroxene � glass
matrix > apatite >> ilmenite. The profiles measured here for
Sr, Rb, Ba are consistent with that interpretation, where Sr
is released from plagioclase and Rb and Ba are most likely re-
leased from pyroxene and glass (Fig. 2a). Petrologic studies
have shown that Sr is particularly enriched in plagioclase
(e.g., Berlin and Henderson, 1968) and Rb and Ba concentra-
tions are high in volcanic glassmatrix (e.g., Ewart et al., 1968).
Furthermore, REE profiles show a significant negative Eu
anomaly in the rind (Fig. 3), which documents loss of Eu as
plagioclase dissolves early and completely during weathering.
Plagioclase is known to be enriched in Eu compared to other
REEs (e.g., McLennan, 1989).

The immobile profile documented by sTi,Th across the
top (low curvature) transect reveals the conservative behav-
ior of Th (relative to Ti) during rind formation (Fig. 4),
similar to that of Fe. Such an observation is consistent with
the geochemical properties of Th: this element is generally
immobile and particle-reactive during water–rock interac-
tion 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). Similar
conservative behavior of Th has been commonly observed
for other cases of weathering in tropical climates such as
Cameroon, China, and Costa Rica (Braun et al., 1993;
Ma et al., 2007; Pelt et al., 2008).

Unlike Th and many other elements in this top transect,
theU profile is consistent with the addition of U into the rind
during clast weathering (Fig. 4). The almost linear increase of
sTi,U values and (238U/232Th) ratios with distance across the
core–rind boundary into rind is consistent with continuous
addition of U (Figs. 4 and 5b). Such continuous gains in U
have been previously documented in soil profiles (Dequincey

et al., 2002; Chabaux et al., 2003b; Dosseto et al., 2008b;Ma
et al., 2010), in river sediments (Andersson et al., 1998;
Dosseto et al., 2006; Granet et al., 2007, 2010), and in the
weathering basaltic clast studied in Costa Rica (Pelt et al.,
2008). For the sites described in those studies, the U addition
was interpreted as U precipitated or adsorbed from soil pore
waters or river waters that contain high concentrations of U.
U is mobilized in many soils during water–rock interactions
under oxidizing conditions (e.g., Chabaux et al., 2003a).
External addition of U is broadly consistent with the rela-
tively soluble and mobile nature of U in the weathering envi-
ronment (e.g., Chabaux et al., 2003a). U fixation is often
attributed to co-precipitation or sorption of U onto second-
ary Fe-hydroxides or clay minerals when such minerals can
provide a large surface area for sorption (Ames et al., 1983;
Shirvington, 1983; Andersson et al., 1998; Duff et al., 2002;
Chabaux et al., 2003a, 2008 and references therein). U immo-
bilization is also likely when infiltrating porewaters become
reducing because solubility of U-containing phases are lower
under those conditions (Chabaux et al., 2003a, 2008 and ref-
erences therein). Given that outer rind minerals are oxidized
(e.g., Fe oxyhydroxides) and inner core minerals are reduced
(pyroxene, ilmenite), it is likely that the activity of oxygen in
fluids decreaseswith inward infiltration, lowering the solubil-
ity of U-containing phases and providing one reason why U
precipitates near the core–rind interface. However, another
mechanism may explain why U concentrations increase out-
ward. Absorption or coprecipitation is likely as secondary
Fe-hydroxides and clay minerals are observed to be abun-
dant in the rind (Sak et al., 2010). The first reaction identified
in the core of the Guadeloupe clast is oxidation of Fe in
pyroxene; however significant porosity is generated only
when plagioclase dissolution begins, slightly further out
across the core–rind interface (Sak et al., 2010). The influx
of soil water that carries dissolved U is readily explained by
the increase in bulk porosity within the rind during chemical
weathering of plagioclase; likewise, the increase in concentra-
tion of U outward is readily explained by the outward-
increasing clay and Fe oxyhydroxide content.

5.2. 238U–234U–230Th disequilibrium during rind formation

U-series activity ratios of the core samples display very
little variation (Tables 1; Fig. 5) and are consistent with a
homogenous core with respect to both elemental and isoto-
pic composition (Table 2; Figs. 2–4). By contrast, U-series
activity ratios of the rind samples are systemically different
from those of core samples (e.g., 238U/232Th and
230Th/232Th activity ratios in Fig. 5). (234U/238U) activity
ratios of the rind samples range from 1.001 and 1.031 and
are generally >1. U is soluble in water and importantly,
compared to 238U, 234U is released to solution to greater
extent. This preferential release occurs because 234U is pro-
duced by alpha particle emission from 238U decay and this
alpha particle often damages the crystal lattice enabling
preferential 234U loss during water–rock interaction
(Fleischer, 1980). For these reasons, fluid phases are gener-
ally characterized by (234U/238U) activity ratios >1 while
residual solid materials that have recently been weathered
are generally characterized by (234U/238U) activity ratios
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<1 (e.g., Rosholt et al., 1966; Vigier et al., 2001; Chabaux
et al., 2003a, 2008; Dosseto et al., 2008a; Andersen et al.,
2009). Lower ratios in solid materials can decay back to 1
only over timescales >1.25 Ma which is about 5 half-lives
of the radioactive 234U (T1/2 = 244 kyr). Although the ob-
served (234U/238U) activity ratios in the weathering prod-
ucts (i.e., the rind) are only up to 3% away from secular
equilibrium, the values are significantly greater than one
(considering the errors of 234U/238U activity are generally
±0.005–0.010). Values >1 differ from ratios expected for
residual weathering products which would be <1. This
observation is consistent with addition of U as a precipitate
or sorbate from soil pore waters during rind formation
(Fig. 4). This addition of U into the rind is also supported
by the positive sTi,U values.

Combined with the conservative behavior of Th, such a
continuous addition of U (with excess 234Uover 238U) is thus
responsible for the observed gradual increase of (238U/232Th)
activity ratios across the core–rind boundary for both the top
and bottom rind transects (Fig. 5b). Over time, 238U decays
with a half-life (T1/2) of �4.5 Gyr to produce 234U
(T1/2 = 244 kyr), which in turn decays to 230Th
(T1/2 = 75 kyr).Hence, subsequent production of 230Th from

excess 234U in the rind accounts for the observed continuous
increase of (230Th/232Th) activity ratios for both transects
(Fig. 5c).

5.3. Rind formation rates calculated from 238U–234U–230Th

disequilibria

The use of U-series disequilibrium to constrain rind for-
mation rates on a clast was first successfully applied to a
clast from Costa Rica (Pelt et al., 2008). As in the clast
studied here, Th showed conservative behavior and U was
characterized by external addition. However, it was docu-
mented for the Costa Rica clast that U had been added
to the rind mainly at the core–rind interface and that the
rest of the rind did not show evidence for subsequent addi-
tion of U after the initial addition. In contrast, a continuous
addition of U during rind formation is documented for the
Guadeloupe clast (Figs. 4 and 5), and both (238U/232Th)
and (230Th/232Th) activity ratios increase gradually across
the core–rind boundary into the rind (Fig. 6). The explana-
tion for the differences between these two U addition histo-
ries is probably related to different redox conditions or clay
mineralogy. For example, perhaps U was added to the
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Costa Rica clast only because of the redox change at the
core–rind interface whereas U was added to the Guade-
loupe clast mostly due to sorption onto secondary minerals.
Under the open system conditions at Guadeloupe, the U-
series isotopic variations in the rind over time can be mod-
eled as continuous U addition and loss (Dequincey et al.,
2002):

d238U

dt
¼ f238 � k238

238U� k238
238U ð2Þ

d234U

dt
¼ f234 þ k238

238U� k234
234U� k234

234U ð3Þ

d230Th

dt
¼ k234

234U� k230
230Th ð4Þ

d232Th

dt
¼ �k232

232Th ð5Þ

Here, 238U, 234U, 230Th, and 232Th are the concentration
terms (atoms g�1); f238 and f234 are the input rates of 238U
and 234U into the rind (atoms g�1 yr�1). These terms lump
together all the processes that add significant amounts of
U-series isotopes into the rind material, except radioactive
production and decay. The parameters k238 and k234 are
first-order rate constants (yr�1) for release of 238U and
234U from U-containing phases (Latham and Schwarcz,
1987a,b; Plater et al., 1992; Vigier et al., 2001), i.e. the rates
that U-containing phases dissolve equal k238

238U or
k234

234U. In the model, these terms are considered to be
constant with time for the purpose of simplicity and tracta-
bility (Ghaleb et al., 1990; Dequincey et al., 2002). The
close-to-linear increase of (238U/232Th) ratios with distance
from the core into the rind is consistent with a constant
238U input rate in the model. Terms k238, k234, k230, and
k232 are the decay constants for 238U, 234U, 230Th and
232Th (yr�1). For a given sample, the quantity t is the
weathering exposure age (in years). Explicitly, “weathering
exposure age” starts when the water–mineral interfacial
area becomes large enough to mobilize measurable
amounts of U-series isotopes. Calculated values of t in-
crease with the position from the core–rind boundary into
the rind. The point t = 0 is the point on the core–rind inter-
face where no loss or gain of U-series isotopes is detected,
identified here as the starting point of weathering. The
term, (k234f234)/(k238f238), represents the (

234U/238U) activity
ratio of the input source, e.g., the soil water, assuming that
the deposition rates of 234U and 238U are identical. The
term, k234/k238 describes the relative rates of loss of 234U
to 238U during leaching. Thus, the ratio k234/k238 docu-
ments the ratio of the release rate of 234U due to phenom-
ena related to alpha particle damage to the crystal lattice
(k234) compared to the release rate due to congruent disso-
lution of the mineral (k238).

With the measured (238U/232Th) and (230Th/232Th) activ-
ity ratios as input values and the average core U-series
activity ratios as initial conditions (Table 1), the unknown
parameters (f238, f234, and t) can be fully solved by using
the MatlabTM lsqnonlin function (Appendix A).

In Fig. 6, the modeled data (238U/232Th, 230Th/232Th,
234U/238U. and 230Th/238U plotted as curves) agree well
with all the measured ratios except for one sample (sym-

bols). As expected, the weathering exposure ages for both
transects increase with distance away from the core–rind
boundary into the rind (Fig. 7). In addition the weathering
exposure ages of the outermost samples from top and bot-
tom are identical: e.g. ages of �121 ± 8 and �120 ± 6 kyr,
respectively (Table 3). If we assume the rind grew at a rate
that was constant in time, for example, to compare the
average weathering advance rates for the two transects
(e.g., Sak et al., 2004; Pelt et al., 2008), we use a linear
regression to calculate the slope or rind formation rate,
i.e., �0.18 ± 0.07 mm/kyr for the top profile and
�0.24 ± 0.02 mm/kyr for the bottom profile (Fig. 7). It is
worth noting here that the above rates represent weathering
advance rates averaged over the entire �120 ky weathering
duration. However, the age-distance relationships show
that the most recently weathered rind samples (e.g., samples
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production of 230Th from U-series decay series in the rind. Rind

formation ages were determined by an open-system U addition

model (see text and appendix for details). When the model is

solved, the activity ratios of (238U/232Th) and (230Th/232Th) as well

as (230Th/238U) and (234U/238U) are calculated as a function of rind

formation ages and are shown as the grey line.
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near core–rind boundary with ages <�60 kyr) from both
transects are consistent with similar rind formation rates
(i.e., �0.4–0.5 mm/kyr), while the samples in the outer rind
– weathered in the more distant past – demonstrate different
rates. Specifically, the rate is closer to �0.10 mm/kyr (calcu-
lated from samples T3, T4) for the “instantaneous” rind
formation over �48–121 kyr for the top (low curvature)
transect, and �0.34 mm/kyr (calculated samples B4, B5)
from 99–120 kyr for the bottom (high curvature) transect.

5.4. Control of curvature on rind formation rates

Previous studies have recognized that the thickness of
rinds on weathered clasts vary with curvature of the weath-
ering interface (e. g., Cernohouz and Solc, 1966; Colman
and Pierce, 1981; Oguchi, 2004; Kirkbride, 2005; Kirkbride
and Bell, 2010; Sak et al., 2010). However, some studies
have shown that rind thickness does not vary as a function
of clast size (Sak et al., 2004), depth within the weathering
profile, or grain size of the core material (Navarre-Sitchler
et al., 2011). On nonspherical clasts, rinds are often thicker
near angular corners producing more rounded cores. In
fact, the progressive rounding of corners has been used as
an age indicator for weathering clasts (Cernohouz and Solc,
1966; Kirkbride and Bell, 2010).

The rind of the Guadeloupe clast similarly surrounds a
core of unaltered material that is more spherical than the
original clast (Fig. 1b), i.e., documenting that rind thickness
increases with the curvature on the core–rind boundary. In
fact, the average rind formation rate increases by a factor of
about 1.3 (0.18–0.24 mm/kyr) from the low to high curva-
ture transects where curvature changes by a factor of 6.7.
In addition, the “instantaneous” rind formation rates for
the outermost samples increases by a factor of about 3.6
(0.096–0.34 mm/kyr) from the low to high curvature sites
while the more recent instantaneous rind formation rates
are similar in the two regions. This latter observation is
consistent with the fact that the core–rind boundary de-
creases in curvature over time as the core–rind interface be-
comes more spherical than the original clast.

The two outermost samples of the low and high curva-
ture transects have U-series ages of 121 ± 8 and 120 ±
6 kyr, respectively, indicating that all the segments of the
clast most likely experienced a similar weathering duration
(age) (e.g., �120 ka). The 120 kyr-long duration of chemical
weathering inferred for the clast is consistent with the field
observations that the regolith from Guadeloupe is depleted
with respect to most primary minerals including pyroxene,
feldspar and glass matrix, and is enriched in Fe oxyhydrox-
ides, gibbsite and kaolinite precipitates (Buss et al., 2010).
The emplacement age of the volcanic flows in the immediate
vicinity of the study area is �900 kyr (Samper et al., 2007).
Apparently, although the lavas incorporated into the debris
flow deposit were erupted �900 kyr ago, the clast was ex-
posed to weathering for a much shorter period of time.

Average rind formation rates can be calculated for any
point on the clast by dividing rind thickness by the overall
U-series determined weathering duration of the clast,
120 kyr. These calculated average rind formation rates
(Fig. 8) show that weathering advance is not a function

of curvature below 0.1 mm�1 but increases with curvature
at high curvature values (e.g., Sak et al., 2010), suggesting
that the effects of curvature on weathering rates are most
pronounced at high curvature sites.

Plagioclase dissolution is identified as the main process
associated with significant pore formation in the rind
material. A similar sequence of weathering reactions and
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Fig. 7. Rind formation age (i.e., weathering exposure ages) plotted

as a function of position relative to the core–rind boundary for the

top transect (low curvature site) and the bottom transect (high

curvature site). Dashed lines represent a linear regression to each

transect. Regressions were forced through the origin as we define

position 0 as the start point (t = 0) for chemical weathering. A rind

formation rate of 0.18 ± 0.07 mm/kyr is inferred from the linear

trend for the top transect and a rate of 0.24 ± 0.02 mm/kyr is

inferred for the bottom transect. The oldest rind samples show rind

formation rates, e.g., �0.10 mm/kyr (calculated from samples T3,

T4; corresponding to “in situ” rind formation from �48–121 kyr),

for the top transect and �0.34 mm/kyr (calculated for samples B4,

B5; corresponding to 99–120 kyr) for the bottom transect.

Table 3

Rind formation ages and model parameters determined from

U-series disequilibrium.

Sample Distance (mm) Age (kyr) ±

Top transect (low curvature)

T1 2.0 16.8 8.4

T2 5.8 24.3 8.4

T3 12.8 47.8 8.4

T4 19.8 121.0 8.4

Bottom transect (high curvature)

B1 2.2 16.7 6.3

B2 8.0 28.5 6.3

B3 14.5 56.0 6.3

B4 22.7 99.3 6.3

B5 29.9 120.4 6.3

f238/
238U0 (yr

�1) F234U/F238U k238U k234U/k238U

2.50 � 10�5 1.07 1.19 � 10�5 1.07

The model is solved as described in Appendix A. 238U0 is initial

number of 238U atoms/g in the starting material of the system. All

the other parameters are described as in the text.
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porosity development has also been observed in weathering
basalt clasts from Costa Rica (Hausrath et al., 2008;
Navarre-Sitchler et al., 2009). It was concluded in those
earlier studies that while advective transport is likely to
be important within the outermost sections of the rind
where the porosity is high, the low porosity of the basaltic
core and innermost rind materials precludes fast rates of
advective transport. Therefore, the transport mechanism
was inferred to be diffusion of reactants or products into
or out of the core respectively. The observation of a higher
rate of rind formation on a higher curvature interface is
consistent with diffusion limiting weathering rind
formation, as an increase in the fluxes of the components
in the pore fluid at a higher curvature interface allows
reactant to reach the weathering interface (or product to
diffuse away) at higher rates than occurs at lower curvature,
more planar sites. To explore this, Sak et al. (2010) devel-
oped a 2-D diffusion-limited model for a hypothetical
angular clast in which a primary mineral phase reacts with
a reactant aqueous species such as the proton to form a
secondary mineral phase. In this model, the rind thickness
increases as curvature increases (Sak et al., 2010). The rind
formation rates determined here by U-series geochronome-
try provide the first direct evidence that the curvature of the
interface controls the rate of the rind formation at the clast
scale.

5.5. Comparison of chemical weathering rates to published

estimates

The weathering advance rates of the Guadeloupe clast
(0.18–0.24 mm/kyr) are within a factor of 3 of the rind
formation rates (0.5 ± 0.2 mm/kyr) measured by using
U-series isotopes on the basaltic clast from Costa Rica
(Pelt et al., 2008). Such a consistency is most likely due
to the similar tropical, wet climate and lithology. By con-
trast, basaltic rocks weathered more slowly under much
colder and drier climate conditions, e.g., rind formation
rates of �0.01–0.02 mm/kyr were observed in Montana,
Washington, and Idaho (Porter, 1975; Colman and Pierce,
1981). This comparison highlights the sensitivity of basal-
tic weathering rates under different climate regimes (e.g.,
temperature and precipitation, e.g., Das et al., 2005). An
increase of weathering rates with temperature has also
been observed in basalt dissolution experiments (e.g.,
Wolff-Boenisch et al., 2004; Hausrath and Brantley,
2010). The effect of climate on chemical weathering rates
has long been demonstrated by examining dissolved loads
from major rivers (Gaillardet et al., 1999), using cosmo-
genic nuclides and geochemical mass balance models for
soil profiles (Riebe et al., 2004), compiling chemical and
physical weathering rates from small catchments (West
et al., 2005), and comparing plagioclase weathering rates
across a climatic gradient in granitic terrain (Rasmussen
et al., 2011).

The weathering rind formation rates determined by
U-series isotopes in this study provide insights into basaltic
weathering rates across different spatial scales. The
unweathered core of the Guadeloupe clast has a bulk density
of 2.7 g/cm3 and is composed of 9.6% K, Na, Ca, and Mg,

i.e., mobile elements that are readily lost to fluids during
chemical weathering (Sak et al., 2010). Therefore, to com-
pare this rind formation rate to weathering estimates at
other scales of observation, we cast the average rind forma-
tion rates of �0.18–0.24 mm/kyr as �0.047–0.062 tons
ðNaþKþMgþ CaÞ=km2

clast area=yr. This calculation en-
tails the multiplication of the formation rate (in units of
km/yr) by core density (in units of tons rock/km3). In turn,
this rate in tons rock/km2/yr is then multiplied by the mass
fraction of total cations (mass of Na + K +Mg + Ca lost
from the rind/mass of rock). We implicitly assume that the
weathering rates determined from this one clast are repre-
sentative of the studied catchment.

No soil profile-scale observations of weathering advance
rates are available in Guadeloupe. Nonetheless, catchment-
wide chemical weathering rates have been calculated based
on the chemistry of major elements in the Bras David
streams at Guadeloupe (Rad et al., 2006; Gaillardet et al.,
accepted for publication). The soluble element load
(Na + K + Ca +Mg) of the Bras David watershed after
correction for atmospheric sea salt inputs ranges between
27 and 32 mg/l, which is equivalent to chemical weathering
rates of 78–101 tons ðNaþKþ CaþMgÞ=km2

catchment area=
yr, using mean runoff values of 2950–3750 mm/yr
within the watershed (Gaillardet et al., accepted for
publication).

These estimated weathering rates at the catchment
scale are approximately 1300–2200 times faster than the
weathering rates determined at the clast scale. The dis-
crepancy in weathering rates may be contributed to the
use of different “rulers” to normalize rates to unit area
of the system (Navarre-Sitchler and Brantley, 2007).
For example, the area of a watershed is measured at
map scale and does not take into account all the rough-
ness of the dissolving rock surface: this surface roughness
includes roughness due to pyroclastic deposits containing
volcanic material from ashes to blocks. Likewise, the
map-scale roughness does not take into account the
roughness at the scale of a clast or block. Navarre-
Sitchler and Brantley (2007) showed that the rates of
weathering for watersheds underlain by basalts are typi-
cally two orders of magnitude greater than weathering
advance rates estimated for clasts (i.e., the relative rough-
ness of the watershed weathering interface is 100� times
that of the clast). As discussed by Sak et al. (2010), the
weathering rates (tons/km2/yr) for the entire Bras David
watershed can be reconciled with the clast weathering
rate if roughness at the watershed scale equals values of
approximately 1300–2200.

6. CONCLUSIONS

Weathering clasts are excellent “field sites” to study
chemical weathering processes because the effects of phys-
ical erosion during their formation in the soil zone are
minimized. For a basaltic andesite clast weathering in
the Basse-Terre Island in Guadeloupe, elemental profiles
reveal conservative behavior for Th but external addition
of U to the rind relative to Ti during clast formation. In
the rind, the sequence of weathering reactions includes
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early pyroxene oxidation without observable pore forma-
tion followed by significant porosity formation due to pla-
gioclase dissolution. The development of porosity is
inferred to allow for influx of soil water which carries
dissolved U. With this influx, U precipitates along with
clay minerals and/or Fe oxyhydroxides in the rind. Com-
bined with the conservative behavior of Th during clast
weathering, the continuous addition of U into the rind
is responsible for the observed systematic trends of U-ser-
ies activity ratios such as (238U/232Th) and (230Th/232Th)
across the core–rind boundary.

Based on the measured U-series activity ratios, rind for-
mation rate can be determined. The rate increases by a fac-
tor of �1.3 (0.18–0.24 mm/kyr) from a low curvature to a
high curvature section (0.018–0.12 mm�1) of the core–rind
boundary, revealing that curvature affects rates of rind for-
mation as expected for diffusion-limited rind formation.
The weathering rates determined at the clast scale can be
reconciled with the weathering rates at the watershed scale
if surface roughness equals values of approximately 1300–
2200. U-series geochronometry is thus proven to be an
effective dating tool to study rind formation rates. This tool
also quantifies how the curvature of the interface controls
the rate of the regolith formation at the clast scale. Further-
more, this study highlights the potential for application of
U-series dating technique in weathering clasts to examine
the variations of chemical weathering rates along gradients
of climate, topography and bedrock age and to compare
rind formation rates with river-estimated rates of weather-
ing to examine controls of hydrology, landscape, and scale
on chemical weathering mechanisms. Further developments
of this combined geochemical and isotopic approach will
help to quantify rates of soil formation and landscape evo-
lution across temporal and spatial scales, as well as project
responses to future climate change and other anthropogenic
impacts.

ACKNOWLEDGEMENTS

We would like to thank two anonymous reviewers for their

constructive reviews, andAssociate editor,Dr. E. Oelkers for his edi-

torial handling and insightful review. This research was funded par-

tially by the National Science Foundation Grant CHE-0431328 to

S.L.B. for the Center for Environmental Kinetics Analysis at

Pennsylvania State. In addition, S.L.B. acknowledges support for

this weathering research from Department of Energy (DOE) Grant

DE-FG02-05ER15675. Additional funding from the University of

Strasbourg (France) and from Alsace Region (REALISE work) is

graciously acknowledged. Waleska Castro (PSU) assisted in the lab-

oratory, Celine Dessert (IPGP), and Emily Lloret (IPGP) assisted in

the field, and L’Observatoire Volcanologique et Sismologique de

Guadeloupe (IPGP) provided logistical support. L.M. also acknowl-

edges support from Center of Earth and Environmental Isotope Re-

search at UTEP.

APPENDIX A. SOLVING THE CONTINUOUS U

ADDITION MODEL

We present here a solution to the continuous U addition
and loss model. The model consists of the system of Eqs.
(2)–(5) for weathering exposure ages (t), input rates of 238U
and 234U (f238 and f234) and leaching coefficients of 234U
and 238U (k234 and k238). These values were derived to best
reproduce the measured (238U/232Th), (230Th/232Th), and
(234U/238U) activity ratios as a function of time.

The ordinary differential Eqs. (2)–(5) were first solved
analytically and rearranged to describe (238U/232Th),
(230Th/232Th), and (234U/238U) activity ratios for a weather-
ing rind sample as a function of f238, f234, k234, k238, and t

(Eqs. (A1)–(A3)):
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Fig. 8. Average weathering advance rate or rind formation rate plotted as a function of curvature of the visually defined core–rind boundary

(curvature data from Sak et al., 2010). “U-series” indicate weathering rind formation rates that are determined by U-series disequilibrium in

this study (Fig. 7). “Calculated” rates are inferred from the measured rind thickness at different segments of the clast (Sak et al., 2010) based

on the assumption that the total weathering duration for the clast is 120 kyr (Table 3).
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where (238U/232Th)0, (234U/238U)0 and (230Th/232Th)0 are
initial activity ratios for the unweathered core; 238U0 is
the initial concentration of 238U (atoms/g) in the starting
material.

For both rind transects, measured (238U/232Th),
(230Th/232Th), and (234U/238U) activity ratios in each rind
sample are used to constrain the model. The average core
composition (Table 1) was used to represent the starting
material. To solve the model equations, we assume the in-
put terms (f238, f234, k238 and k234) are constant over the rind
over time.

The model is constrained by 27 observations for the top
and bottom transects (238U/232Th, 230Th/232Th and
234U/238U activity ratios from nine samples as data). The
model fits 13 parameters (nine ages and f238, f234, k238,
k234) to data describing the two profiles. The number of
model equations is greater than the number of unknowns,
and thus the model is over-determined. The unknown
parameters were solved in a similar manner to that of Dos-
seto et al. (2008b) and Ma et al. (2010) as described below.

Best-fit parameters were calculated with the MatlabTM

lsqnonlin function (version 7.1), which uses a large-scale
algorithm to solve nonlinear least-squares problems. This
function searches for the vector v that minimizes the sum
of the square of the difference between observed and mod-
eled values for U-series activity ratios. The solution yields a
function f(v) whose m components are the constraining
equations of U-series activity ratios. The calculation is ini-
tiated with an initial value v0, provided randomly. Specifi-
cally, v is the vector of output parameters (nine ages and
f238, f234, k238, k234) and the components of f(v) are the mea-
sured (238U/232Th), (230Th/232Th), and (234U/238U) activity
ratios. The algorithm calculates output parameters for
any v values and seeks the value of v that best fits the ob-
served activity ratios. For all the trials with random initial
value v0, the function only returns one unique set of solu-
tions. Thus no error estimates on the returned parameters
are available. Instead, the error on the age was evaluated

by two methods. The first method involved error propaga-
tion using a Monte Carlo simulation (e.g., Pelt et al., 2008),
that took into account the uncertainties in measured activ-
ity ratios. The uncertainty in age from this method is about
±4 ka (2r). The second method incorporated the observa-
tion that the drill core has an approximate radius of
1.5 mm. Given that the rind formation rates were 0.18–
0.24 mm/kyr, the radius of the drill core corresponds to
an error in the age measurement of ±6.3–8.4 ka. Hence
the age precision is set as ±6.3–8.4 ka for all drilled samples
(Table 3).
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