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A B S T R A C T

We conduct X-ray microprobe, chemical and U-series isotope analyses on an oriented weathering clast collected

from the regolith of a weathered Quaternary volcanoclastic debris flow on Basse Terre Island, French

Guadeloupe. The sample consists of an unweathered basaltic andesite core surrounded by a weathering rind, and

an indurated crust that separates the rind from the overlying soil matrix. U/Th disequilibria dating indicates that

rind age increases away from the core-rind boundary to a maximum of 66 ka. This translates to a rind-advance

rate of ~0.2mm kyr−1, broadly consistent with rind advance rates calculated elsewhere on Basse Terre Island.

The overlying indurated crust is 72 ka, indicating a possible minimum duration of the rind formation. Elemental

variations are constrained by a bulk chemical analysis along a vertical transects from the core to the overlying

soil matrix and parallel electron microprobe analyses. The hierarchy of elemental loss across the core-rind

boundary varies in the order Ca > Na≈Mg > K > Mn > Si > Al > Ti= 0 > P > Fe, consistent with the

relative loss of phases in the clast from plagioclase≈ glass≈ pyroxene > apatite > ilmenite. The

abrupt, < 900 μm wide, Ca, Na and porosity reaction fronts at the core-rind boundary approximately equal the

length of the long dimension of plagioclase phenocrysts observed in the unweathered core. The< 1000 μm wide

reaction front at the rind-soil interface is marked by an indurated horizon with Fe and Mn enrichment that spans

into enrichment of Mn, Ba, Al, Mg and K in the soil matrix. Unlike previously studied clasts, the preservation of

the rind-soil interface permits characterization of weathering reactions and material exchanges between the

weathering core, the rind, and the surrounding soil matrix, shedding insights into communication between the

enveloping weathering rind and host regolith. The lack of an enrichment signal of Mn within the weathered rind

suggests that weathering processes active within clasts are distinct from surrounding soil formation processes.

1. Introduction

The chemical weathering of silicate rocks exerts a first-order control

on the global carbon cycle (Walker et al., 1981), cycling of nutrients in

terrestrial ecosystems (Chadwick et al., 1999), and shaping of land-

scapes by producing erodible materials (Anderson et al., 2002; Hilton

et al., 2011). Commonly, a weathering and eroding profile consists of

fresh, unweathered bedrock, overlain by weathered regolith. This

fragile skin is a crucial part of the Earth surface layer, commonly re-

ferred to as the Critical Zone that extends from the outermost extent of

vegetation to the lower limits of groundwater (Brantley et al., 2007a).

At depth, water permeates into the bedrock, facilitated by mechanical

fracturing and the formation of secondary porosity (White et al., 1998;

Calmels et al., 2011). As this reactive fluid migrates through the ma-

terial, the reaction front between unaltered and altered material mi-

grates downward, causing the lower boundary of the Critical Zone to
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advance into the bedrock (Brantley et al., 2007b).

Although this deep weathering front can be imaged with geophy-

sical techniques (Braun et al., 2009; Holbrook et al., 2014; Parsekian

et al., 2015) or drilled (e.g., White et al., 2001; Anderson et al., 2002;

Brantley et al., 2013), it is commonly inaccessible for in situ sampling

and detailed characterization. Within the regolith pile, processes such

as the mechanical fracturing of bedrock produce rock fragments, re-

ferred to here as clasts, which migrate upward through the Critical Zone

from the perspective of a land surface experiencing physical denuda-

tion. Other processes such as pyroclastic flows may also add rock

fragments into regolith profiles to form clasts. As a clast migrates

through the Critical Zone, it is chemically altered, resulting in the

conversion of unweathered parent material into a discolored and

permeable weathering rind, commonly enriched in immobile oxides

(i.e., Fe2O3, TiO2, Al2O3) relative to the enveloped unweathered core

(Colman, 1982a, 1982b). As the duration of weathering increases, the

thickness of the weathering rind increases (i.e., Cernohouz and Solc,

1966; Colman and Pierce, 1981; Chinn, 1981; Knuepfer, 1988;

Whitehouse et al., 1986; Oguchi, 2004; Sak et al., 2004; Kirkbride,

2005; Pelt et al., 2008) and angular corners of the core-rind boundary

become progressively more blunted (Kirkbride and Bell, 2010; Sak

et al., 2010; Ma et al., 2012; Lebedeva et al., 2015). Previous studies

have demonstrated that the chemical conversion of core to rind mate-

rial is both in situ and isovolumetric (Sak et al., 2004, 2010). In pre-

vious studies of weathering rinds developed in temperate climates on

clasts within glacial moraine deposits (Colman and Pierce, 1981), gla-

cial striations were recognized on the outer surface of the weathering

rind. From this observation, we infer that rind formation is the chemical

weathering end member of field weathering in the absence of physical

erosion and analyzing the core-rind boundary of clast samples provides

valuable means to study the initiation and duration of chemical

weathering at a deep weathering front.

When clasts have been removed from exposures in the field pre-

viously, the rind disaggregated such that a fraction of the weathering

rind and the rind-matrix boundary remained in the exposure (e.g., Sak

et al., 2010; Navarre-Sitchler et al., 2011). As a result, previous studies

of clasts are limited to the core-rind boundary, where chemical

weathering begins, and did not investigate the outer boundary between

the weathering rinds and the surrounding soil matrix material. In this

study, we focus on one particular sample that spans from the un-

weathered core material across the weathering rind and into the sur-

rounding soil matrix material, as evidenced by the presence of an in-

durated crust.

This approach is also used as an analog for alteration that occurs

throughout the critical zone, and can be used to characterize chemical

alteration between the bedrock, weathering rind (saprolite), and re-

golith on a smaller scale without the complications associated with

landscape position (Drever and Zobrist, 1992), duration of weathering

(Maher et al., 2004), regional variations in parent material (Bluth and

Kump, 1994; Louvat and Allegre, 1997), texture (Stefansson and

Gislason, 2001), composition (Gislason and Eugster, 1987), physical

weathering (Millot et al., 2002; Anderson et al., 2002; West et al., 2005;

Emberson et al., 2016), or changes in microclimate (Meybeck, 1987;

Raymond, 2017) that confound soil profile and catchment scale in-

vestigations.

Here field observations are combined with optical and scanning

electron microscope observations spanning from the unweathered core,

across the weathering rind and into the overlying soil matrix. Physical

and chemical observations as well as major element and U-series iso-

tope analysis of the core, rind, crust and soil matrix are used to fully

characterize the weathering system and communication among the

various components. These analyses allow for the first in-depth in-

tegrated field and laboratory analysis to understand the formation of an

entire weathering clast system. Detailed characterizations of transfor-

mations associated with the core-rind boundary are used to demon-

strate that this clast is similar to previously studied clasts (e.g., Sak

et al., 2004, 2010; Ma et al., 2012; Engel et al., 2016). Additionally, the

U-series disequilibria measured across the rind of this clast enable us to

constrain the weathering rind advance rate. These data add an addi-

tional point to the current regional compilation comparing in-

dependently constrained catchment scale chemical weathering rates

(Gaillardet et al., 2011) to clast-scale weathering rates for clasts within

those catchments on the island of Basse-Terre (Ma et al., 2012; Engel

et al., 2016). While the previous clast studies have viewed chemical

weathering as facilitated only by dissolution from the core to the rind,

we present new evidence from X-ray microprobe analyses (micro-X-ray

fluorescence mapping [μXRF] and micro-X-ray absorption near edge

structure spectroscopy [μXANES]) that fluctuating redox conditions in

regolith above the clast results in elemental leaching from the soil

matrix and accumulation of oxides at the rind-matrix reaction front.

2. Geologic setting

Basse-Terre Island in the Guadeloupe archipelago of the Lesser

Antilles arc is a small (~850 km2) volcanic island (Fig. 1a and b).

Bedrock age decreases linearly from north to south parallel to the to-

pographic divide (Samper et al., 2007, Fig. 1c). Volcanic flows in the

immediate vicinity of the study area are 40Ar/39Ar dated around 620 ka

(Samper et al., 2007), indicating that the duration of weathering of the

clast must be ≤620 ka. The pronounced precipitation gradient and

straightforward north-south age progression have made Basse-Terre a

suitable location to investigate the influence of mean annual pre-

cipitation (MAP) on chemical weathering rates at the clast (Engel et al.,

2016) and watershed scales (Gaillardet et al., 2011; Dessert et al.,

2015). The MAP, as constrained by the NASA Tropical Rainfall Mea-

surement Mission (TRMM, Huffman et al., 2007) varies from 200

to> 6500mm/a along an east-west oriented gradient meaning that

areas of similar bedrock age, but differing MAP, can be compared

(Fig. 1b).

The sample was collected from a deposit exposed to a warm

(MAT=25 °C) and wet (MAP=~4500mm/a, TRMM data;

trmm.nasa.gov) climate (Fig. 1b). The sampled road cut into volcani-

clastic debris flows and ash deposits in the Lezarde watershed exposes a

well-developed (2–15m thick) weathering profile (Fig. 2a). Within the

steep exposure of the road cut, two debris flows were distinguished in

the field by color, texture, and abundance of weathered rock fragments.

The lower debris flow is a clayey loam unit that is ≥1.5 m thick, with

well-rounded volcaniclastic clasts of variable size and composition that

comprise> 30% of the exposed road cut area. The weathered clasts in

the lower debris flow are comprised of unweathered andesitic cores

enveloped by porous rind material deposited within a dark yellowish-

red soil matrix (Munsell Color Notation 5YR). The upper boundary of

the lower debris flow is marked by an abrupt (2 cm thick) black

(Munsell Color Notation 5Y) horizon. This low relief surface is orna-

mented with discontinuous black films (most likely enriched in Mn

oxides) that extend laterally, and a non-planar boundary overlain by a

~1m thick reddish yellow (Munsell Color Notation 7.5 YR) ash deposit

that is devoid of clasts. In turn, the weathered ash unit is overlain by a

brown (Munsell Color Notation 7.5 YR) debris flow. This upper debris

flow is differentiated from the lower debris flow by smaller sized clasts

that are subangular, an absence of unweathered cores and extensive

alteration. Both of the debris deposits become progressively more

weathered upsection.

3. Methods

3.1. Field sampling

The sampled clast (Fig. 2b) was collected from the B horizon of the

lower debris flow, 1.1m below the base of the ash deposit. In the field,

weathered clasts are readily distinguished from the matrix by textural

and color variations. The weathering rind material is brownish yellow
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(Munsell Color Notation 10YR), and the soil matrix material is a dark

yellowish red (Munsell Color Notation 5YR). Before the clast was re-

moved from the exposure, the orientation of the vertical axis was

marked on the clast. Then the clast was carefully removed from the

outcrop, preserving the friable rind and matrix material overlying the

unweathered core, and immediately wrapped in aluminum foil and

masking tape in the field to preserve the structure of the overlying rind

and matrix material. Orientation information was then marked on the

exterior of the wrapped clast.

As the sampled clast was extracted from the exposure, weathered

rind material from the underside of the clast detached from the core and

remained in the exposure. Samples of this disaggregated rind material

and the surrounding matrix were mixed with deionized water to create

a slurry used to measure field pH conditions.

3.2. Clast sectioning and characterization

In the laboratory, slits were cut into the wrapping around the clast

and the sample was immersed in molten paraffin wax for 30min, so

that the wax could permeate throughout the porous material and pre-

serve the structure of the friable rind and matrix material. The im-

mersed clast was allowed to solidify completely for 4 h. The encasing

wax was then melted in a desiccation oven at 60°C for 4 h. The wax

within the clast was then left at room temperature to solidify. The clast

was then cut parallel to the vertical axis using a rock saw, and scanned

on a desktop scanner at a resolution of 1200 dpi (1

pixel= 8×10−3mm2). The thickness of the core, rind, and matrix

sections were measured five times along transects oriented perpendi-

cular to the boundaries and spaced 1 cm apart using a digital caliper,

and averaged.

3.3. Textural and mineralogical analysis

A single oriented thin section billet was cut from the low curvature

top portion of the clast (Fig. 2b) and vacuum impregnated with blue

epoxy to highlight the presence of macroscopic porosity. Optical mi-

croscopy (OM) of the thin section was used to establish the modal

abundance of phases in the core by point counting spots in

1mm×1mm increments at 100× magnification (n=119). This was

paired with the textural and mineralogical analysis from an optical and

environmental scanning electron microscope (ESEM; FEI Quanta 400).

Bulk mineralogy in the core and rind was determined by X-ray

diffraction (XRD) using a Panalytical X'Pert Pro MPD X-ray dif-

fractometer operating at 40 kV and 45mA with a Dmax-B controller

and CuKα radiation. Whole rock samples were prepared for XRD by

grinding rind material disengaged from the core and separate samples

of core material. Oriented clay mounts of the rind material were pre-

pared by suspending rind material in a 1% sodium pyrophosphate so-

lution (to prevent flocculation) and sonicating for 1 h. The solution then

was allowed to sit for 4 h. Oriented clay mounts were prepared by ex-

tracting the< 2 μm fraction that remained in suspension with a pipet,

and dropping some of the liquid faction onto a glass slide. The glass

2000

4000

6000

2000

3000

4000

4000

3000

5000

1
0

0
0

3000

MAT

Bedrock Ages (Ma)

25°C

16°C

N

S
0 5 10 km

0.4-0.6

0.6-0.9

0.9-1.3

1.3-1.8

1.8-2.8

0 10 km

20° N

15° N

10° N

70° W 65° W 60° W 55° W

Caribbean Sea

Venezuala

PR

 

L
e
s
s
e
r
 A

n
tille

s
 

Atlantic

Ocean

DR

A

C

B

N S

This Study

Bras David Watershed

Deshaies Watershed

Clast Loca�ons
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slide was placed in a desiccator until dried. Clay separates were ana-

lyzed from 2.5° to 25° 2θ with a 0.01° step size. Whole rock samples of

rind, crust and matrix material were analyzed from 3° to 45° 2θ with a

0.01° step size.

Bulk porosity at the mm scale was estimated using image analysis of

a high-resolution photomosaic of the entire thin section. The photo-

mosaic was created by stitching together 285 individual photomicro-

graphics taken at 5× magnification (Fig. 2b). The photomosaic was

then analyzed using an image processing script in Matlab that isolated

the RGB color spectra range corresponding to the blue epoxy. The

porosity profile represents the sum total number of blue epoxy pixels in

each column of the photomosaic. Porosity is plotted as a function of

distance measured perpendicular to the core-rind boundary. The rind-

crust and crust-matrix boundaries parallel the core-rind boundary

(Fig. 2b).

3.4. Chemical analysis

Variations in bulk elemental compositions across the weathering

clast system were determined through chemical analysis. Two parallel

transects spanning the sample from core to overlying matrix material

were analyzed. Samples of the core, rind, crust and matrix materials

were collected as powders using a 3.2mm diameter carbide-tipped bit

to a depth of 5 to 15mm for seven locations along the linear transect

(Fig. 2b). Each sample location was defined by its distance away from

the visually defined core-rind boundary. Distance was noted as in-

creasing towards the matrix.

These samples, as well as the samples of the volcaniclastic debris

flow matrix, were digested using Li metaborate fusion (Suhr and

Ingamells, 1966; Ingamells, 1970; Feldman, 1983) and analyzed for Ti,

Si, Al, Ca, Mg, Na, K, Fe, Mn, and P using a Perkin-Elmer 5300DV in-

ductively coupled plasma-atomic emission spectrometer (ICP-AES) in

the Pennsylvania State University (PSU) Materials Characterization

Laboratory. The samples were analyzed along with several USGS stan-

dards including Columbia River (BCR-1) and Hawaiian Volcano Ob-

servatory (bhvo-1) basalts. The standards were used to define calibra-

tion curves that were in turn used to determine sample compositions.

Based on long-term comparisons, the analytical precision is estimated

to equal 2–5% for the ICP-AES analyses, except for P in very low con-

centrations where reproducibility is generally lower.

Chemical variations were further constrained at a higher spatial

resolution by analyzing the polished thin section using a Cameca SXFive

electron microprobe (EMP) at the PSU Materials Characterization Lab.

The EMP was standardized with mineral and glass standards from the

PSU collection. Standards included Amelia albite, Hunt olivine, NASA

basalt (synthetic lunar basalt glass), and a synthetic diopside glass

standard distributed by the Smithsonian Institution (Wash. D.C.,

U.S.A.). Instrumental parameters were identical in calibration and

measurement of unknowns. Based on long-term comparisons, the ana-

lytical precision is estimated to be<1% for the EMP analyses.

Correction procedures used “ϕ-ρ-Ζ” models for ZAF correction factors

(Pouchou and Pichou, 1987).

EMP analyses were completed at points across the entire thin sec-

tion. Points were spaced at 100 μm increments, with a spot size of

50 μm diameter and ~1 μm depth. K, Na, Ca, Fe, Ti, Mg, Si, P, Al, Mn,

and Ba were measured at all points. Points measured at the same dis-

tance from the core-rind boundary were used to define an average value

for that position. This averaging was performed because the spot size

was often smaller than the crystal size; therefore, averaging allowed

averaged rock analyses rather than individual grain analyses. To de-

termine averages, the profiles were aligned as a function of distance

relative to the visually defined core-rind boundary. The core-rind

boundary was assigned a value of 0 μm, where distance increased across

the rind towards the matrix and negative values correspond to samples

coreward of the core-rind boundary.

One backscatter electron (BSE) image and several net intensity maps

of the core-rind and rind-crust-regolith boundaries were produced with

a FEI Quanta 400 ESEM and an EDAX Octane Plus EDS system

(Department of Geology, Bucknell University). Net intensity maps for

the elements Si, Al, P, Fe, Mg, Mn, Ti, Ca, Na, and K were constructed

using live spectral mapping. Between 128 and 150 frames were col-

lected across the area of interest with an accelerating voltage of 15 kV

and dwell time of 200 to 500 μS. Beam spot size was adjusted to

maintain a deadtime of 15%–25% and a count rate of approximately

20,000 cps to 50,000 cps. Spatial resolutions for the maps is between

~3 μm×3 μm and 5 μm×5 μm per pixel. The compositional profiles

or line scans reported for Na, Ca, Fe, Al, and Si are oriented perpen-

dicular to the core-rind boundary and each point represents an in-

tegrated value across the column of pixels oriented perpendicular to the

line traverse.

3.5. U-series isotope analysis

U and Th concentrations and isotopic ratios were determined using

20–100mg of powdered samples from the core, rind, crust and matrix,

each of which were spiked with artificial 233U-229Th tracer before

sample digestion at the University of Texas at El Paso (UTEP). The

samples were completely dissolved with HNO3-HF and HCl-H3BO3 in a

two-step procedure. The U and Th were then separated and purified

using conventional ion exchange chromatography (see Pelt et al., 2008;

Ma et al., 2012) in a clean room facility at UTEP. Isotope ratios of

Fig. 2. A) Field photograph of the sampled road cut. B) Oriented photograph of

cut section of the analyzed clast showing the core, rind crust and matrix.

Thicknesses were measured normal to the visually defined core-rind boundary.

Black box shows the extent of the thin-section. Within the thin section, blue

shows the extent of epoxy, the yellow box delineates the extent of Fig. 4, and

white box delineates the extent of Fig. 8. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this

article.)
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234U/238U and 233U/238U were analyzed using ~50 ng U per sample on

a Nu-plasma multiple collector inductively coupled plasma mass spec-

trometer (MC-ICP-MS) at UTEP. The standard sample bracketing tech-

nique was used to correct for drafting of ion counter gains and mass

discrimination during measurements (NBL 145B as U bracketing solu-

tion). Activity ratios of (234U/238U) and U concentrations were calcu-

lated from measured 234U/238U and 233U/238U isotope ratios and the

uncertainties of (234U/238U) and U concentrations were ~0.5%. USGS

rock reference standard (BCR-2) was analyzed along with samples as a

QA. Measured values for BCR-2 are: (234U/238U)=1.002 ± 0.003 and

U concentration=1.678 ± 0.025 ppm (n=2); both are consistent

with reference values: BCR-2 (234U/238U)= 1.000 and U concentra-

tion=1.69 ± 0.02 ppm (Sims et al., 2008). Procedural blanks for U

were ~30 pg and negligible.

3.6. Synchrotron-source X-ray microprobe analysis

X-ray microprobe analyses (micro-X-ray fluorescence mapping

[μXRF] and micro-X-ray absorption near edge structure spectroscopy

[μXANES]) on the polished thin section were conducted at beamline 13-

ID-E (GeoSoilEnviroCARS) at the Advanced Photon Source (APS) at

Argonne National Laboratory in March 2015. Beamline 13-ID-E utilizes

an undulator-source with a photon flux of ~6×1011 s−1 for the fo-

cused (2× 2 μm) beam. Hardware included Kirkpatrick-Baez mirrors to

focus the beam and a Vortex ME4 silicon drift diode array fluorescence

detector. Micro-XRF maps (400×400 μm) were measured for six re-

gions across the thin section, including the core (n= 1), rind (n=2),

crust (n= 2), and matrix (n=1), at an incident energy of 7100 eV with

a 3 μm step size and 30ms/pixel dwell time. The incident energy was

selected to reduce Fe fluorescence to help isolate the Mn Kα peak;

however, Fe fluorescence intensities could not be resolved in region

Crust-2 because exceptionally high Mn fluorescence resulted in large

Mn Kβ and scattering peaks that obscured the Fe Kα and Kβ peaks. Fe

distribution maps were constructed using the Fe Kα fluorescence peak

for the remaining regions (Core, Rind-2, Crust-1, Matrix), with Mn Kβ

and Fe Kα overlap occurring only in few discrete Mn-rich spots in the

Crust-1 and Matrix maps. XRF maps were generated in MapViewer v.8

(Larch v.0.9.24; Newville, 2013) to depict qualitative differences in

fluorescence counts for each element within each map.

Fluorescence-yield Mn K-edge and Fe K-edge μXANES spectra were

collected from points of interest identified in the μXRF maps and pro-

cessed with Athena software (v 0.9.20; Larch version 0.9.24). Data were

pre-edge subtracted and post-edge normalized. Edge energies (E0) for

all spectra were defined by the first peak in the μ(E) derivative spec-

trum following the pre-edge peak. Energy calibration was not required

because the Fe K-edge recorded for a zero-valent Fe foil during the

sample run (E0=7110.70 eV) was within 0.1 eV of the reference Fe foil

(E0=7110.75 eV). Linear combination fits (LCFs) were performed

from −20 to +30 eV around the K-edge to determine the average

oxidation state of Mn and Fe at each point of interest. Fe spectra were

not evaluated for a subset of points (n=21) where Fe fluorescence

saturated the detector. Sample spectra were fit with single-valent re-

ference compounds, and the oxidation state was calculated as the sum

of the fractions of individual components. Reference Fe K-edge spectra

(FeIIO, siderite, pyrite, FeSO4, FeCl3, goethite, hematite, akaganeite,

and 2-line ferrihydrite) were obtained from a library of reference

compounds recorded at beamline 10.3.2 at the Advanced Light Source.

Reference Mn K-edge spectra (n= 17) were reported by Manceau and

Nagy (2012). All reference spectra were energy calibrated to

E0=6537.7 eV for Mn and E0=7110.75 eV for Fe (following Kraft

et al., 1996) as determined by the inflection point of the first-derivative

of Mn and Fe metallic foils.

4. Results

4.1. Clast sectioning and characterization

The wrapped sample measured approximately 15 cm in diameter.

When the sample was cut in half parallel to the vertical axis, four dis-

tinct layers separated by parallel, abrupt planar boundaries were re-

vealed. From bottom to top, the four layers are: i) a 11.7 ± 3.2mm

section of core, ii) a 19.0 ± 0.2mm thick section of rind, iii) a

1.9 ± 0.2mm thick crust, and iv) > 28.7 mm of overlying matrix

(regolith) material (Fig. 2b). The gray basaltic andesite core is easily

distinguished from the surrounding yellowish brown weathering rind.

The core-rind boundary is marked by an abrupt transition. The

boundary between the weathered rind and surrounding soil matrix is

marked by a narrow (~2mm thick), dark gray, indurated crust

bracketed by parallel< 200 μm thick fractures that are filled with

epoxy (Fig. 2b). The crust is presumed to either represent the initial

boundary between the unweathered clast and the surrounding matrix

material or a precipitate layer at the core-soil matrix boundary prior to

rind development. Either way, as weathering proceeded, we infer that

the core-rind boundary migrated core-ward through time, consuming

core and increasing rind thickness. The surrounding soil matrix is dis-

tinguished from the weathering rind and crust by a lower pH (4.1

compared to 4.4 in the weathering rind) and the heterogeneous texture

and color (Fig. 2b).

4.2. Textural and mineralogical information

The composition and texture of the core appears heterogeneous

under OM (Fig. 3). Modal abundance of minerals and groundmass

(determined by point counting) in the core is spatially homogenous.

The most abundant material is finely crystalline groundmass+ glass,

making up 78% of the core, followed by plagioclase (16%), pyroxene

(3%), ilmenite (2%) and void space (< 1%).

Augite and plagioclase peaks are identified by XRD in the core. Only

peaks consistent with gibbsite and iron oxyhydroxides are observed in

the X-ray diffractograms for the bulk rind samples. Diffractograms for

the oriented< 2 μm fraction from the rind contain short broad peaks

that are consistent with kaolinite. Diffractograms for the soil matrix

material contain peaks consistent with halloysite, kaolinite, and ver-

miculite (+iron oxyhydroxides).

Similar to the findings of previous studies of weathering rinds de-

veloped around clasts with basaltic composition cores (e.g., Sak et al.,

2004, 2010; Hausrath et al., 2008; Navarre-Sitchler et al., 2011), OM

and SEM analyses indicate plagioclase, pyroxene, and the

0 1 2
mm

Core

Rind

Fig. 3. Representative photomicrograph spanning from the core (lower half of

photomicrograph) across the core-rind boundary to the rind (upper half of

photomicrograph). The core-rind boundary corresponds with abrupt change in

porosity as evidenced by the abundance of blue epoxy filling void spaces. (For

interpretation of the references to color in this figure legend, the reader is re-

ferred to the web version of this article.)
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groundmass+ glass dissolve completely near the visually defined core-

rind boundary. Pyroxene alteration initiates within the ostensibly un-

weathered core and is characterized by the oxidation of iron around the

crystals with no visible porosity as observed at the 10 s of μm scale

(Fig. 3). In contrast, plagioclase phenocryst dissolution initiates closer

to the core-rind boundary than initiation of pyroxene dissolution, and

the plagioclase dissolution reaction is associated with porosity devel-

opment (Fig. 3). Both minerals dissolve throughout the rest of the rind

and porous ghosts of their phenocrysts are visible in the rind under OM.

Porosity quantified from the of blue epoxy pixels in the photomosaic

of the thin section varies as function of position. The mean porosity

values of the core, rind, crust, and matrix material were determined by

analyzing the abundance of blue-colored pixels. Mean porosity in the

core is 2.7 ± 1.4%, 3.5 ± 3% in the rind, 4.7 ± 1.3% in crust and

4.7 ± 1.4% in the matrix.

4.3. Chemical compositions

The concentrations of elemental oxides in the core, rind, crust, and

matrix are summarized in Table 1. Here, total element concentrations

measured in digested rock and weathering product samples by ICP-AES

were recast as oxides (wt%). Within the clast, Al2O3, Fe2O3, and TiO2

all increase from the core to the rind. In contrast, the concentrations of

CaO, K2O, MgO, Na2O, MnO, and SiO2 decrease from the core-rind

boundary to the rind, while P2O5 remains relatively constant, within

the resolution of measurements (Table 1). From the rind through the

crust and overlying soil matrix, the concentrations of the analytes re-

main relatively constant within the resolution of the measurements

(0.01 to 0.02 wt%), with the exception of SiO2, Fe2O3, P2O5 and TiO2

which are slightly less abundant in the rind than in either the crust or

matrix material (Table 1). In contrast, the concentration of Al2O3 de-

creases from the rind across the crust to the soil matrix (Table 1).

Sums of total oxide bulk concentrations (wt% as measured by ICP-

AES) decrease from the core (96%) to the rind (80.2%), crust (87%),

and matrix (78.9%). Following Sak et al. (2010), the difference between

100% and the measured total weight percent is interpreted to represent

loss of organic matter or waters of hydration during the metaborate

fusion. These values are analogous to “loss on ignition” (LOI), which is

commonly reported after ashing a sample at 900 °C prior to Li meta-

borate fusion (during Li metaborate fusion the sample is heated to

900 °C but Li metaborate is added as flux). The calculated differences

are 14.6 to 24.2% across the rind, 13% in the crust and 17.4 to 24.8% in

the matrix. These differences are interpreted as loss of waters of

hydration within clay (labeled as “LOI” in Table 1).

The presence of porosity and hydrated phases in the section also

cause the total weight percent of EMP analyses to be<100%. The

difference between 100% and the total weight percent of oxides is

considered here as the “porous hydrated fraction” (PHF). For the same

sample analyzed under ICP-AES or EMP, Sak et al. (2010) called the

difference between the PHF and “LOI” values the residual, which is

used as a proxy for high-resolution variations in porosity.

To explore if this measurement of PHF and LOI revealed porosity, a

sample of disaggregated and homogenized weathering rind was ana-

lyzed with and without black pepper. In one of the samples, a known

volume of micro-milled black pepper was added. Then the sum total

oxide (wt% as measured by ICP-AES) was determined for both samples

and the LOI was calculated as discussed above. For comparison, ten spot

analyses of that same rind, rind+pepper, and pepper material were

analyzed on the EMP at various spot sizes to determine PHF. In all trials

of a specific medium, the mean measured PHF vary by< 3%; and at a

spot size of 100 μm the standard deviations about that mean is<~2%.

Consequently, porosity estimates calculated using this methodology is

presumed to represent porosity at the 100 μm scale.

Chemical and mineralogical changes are also documented in SEM-

EDS images of the core-rind boundary (Fig. 4). At the core-rind

boundary, phenocrysts transition from unaltered on the core side to

partial or complete alteration in the rind. Some of the plagioclase grains

Table 1

Bulk chemical analyses from transects across the clast and a depth profile through the B horizon.

Sample number Distance (mm)a Type SiO2
b Al2O3

b CaOb Fe2O3
b K2O

b MgOb MnOb Na2O
b TiO2

b P2O5
b Totalc “LOI”d

Core sample

C1 −10 Core 55.4 20.3 7.77 5.74 0.71 1.81 0.15 3.15 0.81 0.18 96.0 4.0

Rind samples

R2 1.5 Rind 39.3 25.9 0.16 8.32 0.05 0.46 0.43 0.12 0.87 0.16 75.8 24.2

R3 5 Rind 39.8 27.6 0.15 8.77 0.03 0.32 0.28 0.10 0.77 0.14 78.0 22.0

R4 10 Rind 43.4 23.6 0.13 12.3 0.05 0.21 0.20 0.16 1.17 0.23 81.5 18.5

R5 14 Rind 45.6 22.5 0.13 14.8 0.04 0.17 0.02 0.18 1.53 0.44 85.4 14.6

Rinde – Rind 42.0 24.9 0.14 11.0 0.04 0.29 0.23 0.14 1.09 0.24 80.2 19.8

Crust sample

CR6 19 Crust 46.8 21.9 0.15 15.7 0.04 0.16 0.02 0.21 1.85 0.40 87.0 13

Soil samples

S7 23.5 Soil 46.8 19.1 0.11 14.0 0.10 0.14 0.03 0.22 1.80 0.32 82.6 17.4

S8 28.5 Soil 44.9 12.5 0.57 13.5 0.49 0.35 0.03 0.70 1.76 0.35 75.2 24.8

Soile – Soil 45.9 15.8 0.34 13.8 0.30 0.24 0.03 0.41 1.78 0.34 78.9 21.1

a Distance measured from the visually defined core-rind boundary and increasing towards the rind-soil interface.
b Weight percent of specified oxide. All analyses determined by the Penn State University Materials Characterization Lab using ICP-AES. Detection limit is 0.01 wt

%.
c Total oxide weight percent sum. Low sums in the rind material may reflect structural water (not measured).
d See text.
e Mean rind (R2–R5) and soil (S7–S8) composition.

Fig. 4. SEM-EDS false color map spanning the core-rind boundary (see Fig. 2b

for location). The image is color coded by elemental phase. EDS values are

averages of net intensity across the image. Na and Ca are a proxy of plagioclase

dissolution, indicating a reaction front width of 550 μm and 450 μm, respec-

tively.
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are porous. Interiors of these porous plagioclase ghosts contain an Al-

rich solid, consistent with plagioclase weathering to gibbsite. Ca and Na

intensities were measured with EDS and averaged vertically across the

entire SEM-EDS maps and are plotted in Fig. 4. These EDS profiles are

calculated with a three-point moving average to smooth compositional

jumps at boundaries. The Ca and Na line that traverses across the core-

rind boundary documents that the loss of these two elements along the

transect are correlated (Fig. 4), consistent with the OM observation that

plagioclase dissolution occurs coincident with the core-rind boundary

and is associated with initial porosity development. Concentrations of

Ca and Na decrease in a narrow zone (≤550 μm wide). In addition,

partially dissolved plagioclase phenocrysts and pyroxene are present

beyond the zone of Ca and Na change.

Porosity, color, and elemental concentrations are each relatively

uniform within a given part of the weathering clast: the core, the rind,

or the soil matrix. All of the reaction is limited to the transitions be-

tween these zones. The transition zone at the core-rind interface is re-

ferred to as the weathering reaction front (Figs. 3 and 4).

4.4. U-series isotope compositions

U and Th concentrations of the drilled samples of core were 0.745

and 1.997 μg/g, respectively (Table 2). While the rind has a higher

concentration of U and Th than the core, ranging from 1.164–1.201 μg/

g for U and 2.386–2.820 μg/g for Th, the indurated crust (0.674 μg/g U

and 1.598 μg/g Th) and the matrix material (0.356–0.426 μg/g U and

1.167–1.238 μg/g Th) have lower concentrations of U and Th than the

core and rind.

Table 2

U and Th concentrations and activity ratios.

Distance (mm)a Type U (μg/g) (234U/238U) ± Th (μg/g) (230Th/232Th) ± (238U/232Th) ± (230Th/238U) ±

−10 Core 0.745 1.016 0.005 1.997 1.016 0.010 1.141 0.014 0.891 0.009

1.5 Rind 1.184 1.022 0.005 2.793 1.019 0.010 1.296 0.016 0.786 0.008

5 Rind 1.164 1.023 0.005 2.820 1.045 0.010 1.261 0.015 0.829 0.008

14 Rind 1.168 1.044 0.005 2.386 1.227 0.012 1.495 0.018 0.821 0.008

19 Crust 0.674 1.025 0.005 1.598 1.218 0.012 1.288 0.015 0.946 0.009

23.5 Matrix 0.356 1.018 0.005 1.167 1.047 0.010 0.931 0.011 1.124 0.011

28.5 Matrix 0.426 1.015 0.005 1.239 1.063 0.011 1.051 0.013 1.011 0.010

a Distance measured from the visually defined core-rind boundary and increasing towards the matrix material.
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Fig. 5. Micro-X-ray fluorescence maps for the (a) matrix, (b) crust, (c) rind, and (d) core regions. These maps show the spatial distribution and relative intensities of

Fe (red), Mn (green), and Ti (blue) fluorescence within each region. Combinations of the elements appear as yellow (Fe+Mn), purple (Fe+ Ti), cyan (Mn+Ti), or

white (Fe+Mn+Ti), as indicated by the color wheel in the inset. Black areas indicate voids and fractures where these elements were not present. The scale bar

(black horizontal line) is 100 μm. The map was collected at 7100 eV with a 2× 2 μm focused beam, 3 μm step size, and 30ms/pixel dwell time. Micro-XANES spectra

(e–g) at the Mn K-edge (e–g) and Fe K-edge (h–j) are plotted for each point of interest indicated by an arrow in the XRF maps. Vertical dashed lines indicate the

absorption white line energies for reference Mn(II), Mn(III), and Mn(IV) compounds, and Fe(II) and Fe(III) compounds (from left to right). (For interpretation of the

references to color in this figure legend, the reader is referred to the web version of this article.)
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The core activity ratios for (234U/238U) and (230Th/238U) are 1.016

and 0.891, respectively. Parentheses will be used to denote activity

ratios hereafter. These U-series activity ratios are slightly different from

the secular equilibrium values within errors as expected for

~>1.25Myr old parent material, probably due to the younger age of

the basaltic andesite bedrock in the region (e.g., ~620 ka, Samper et al.,

2007). Nonetheless, the (234U/238U) increases systematically from

1.022 to 1.044 in the rind, but then decreases to 1.025 in the crust and

further to 1.015 in the uppermost matrix sample (Table 2). The

(238U/232Th) value is 1.141 in the core and increases generally from

1.261 to 1.495 in the rind, then decreases from 1.288 in the crust to

0.931 and1.051 in the matrix (Table 2). (230Th/232Th) values in the

core, rind, crust and matrix follow a similar trend as (238U/232Th). The

(230Th/238U) values show an opposite trend to (238U/232Th), values

decrease from the core (0.891) to the rind (0.786–0.821) and then in-

creases to the crust (0.946) and the matrix (1.011 and 1.124).

The trends of (238U/232Th) and (230Th/232Th) ratios as a function of

distance from the core-rind boundary reflect the changes of U-series

mass balance due to processes such as addition and loss of 234U and
238U and decay of U-series isotopes with time during rind and regolith

formation (Ma et al., 2012; Engel et al., 2016). Such trends are used in

the following discussion to determine the timescales of rind and matrix

formation.

4.5. Spectroscopic information

Micro-X-ray-fluorescence (μXRF) maps indicate differences in the

microscale distributions of Fe and Mn between the core and the rind,

crust, and matrix (Fig. 5). Two different phases containing Fe and Mn

were observed in the core (Fig. 5d): 1) elongate crystals that were re-

latively enriched in Fe and Mn; and 2) round, Ti-rich crystals

(~10–30 μm diameter grains) that contained relatively minor propor-

tions of Fe and Mn. In contrast, Fe was evenly distributed throughout

the rind, crust, and matrix, consistent with precipitation of residual iron

oxyhydroxides derived from weathering of primary minerals. Iron-rich

precipitates were observed to often surround voids in the rind where

primary minerals were presumably dissolved during weathering

(Fig. 5c). Notably, a thin (~40 μm) Mn-rich zone was prominent along

the fractures between the rind and the crust (Crust-1 region; Fig. 5b)

and between the crust and the matrix (Crust-2 region). Iron was also

slightly enriched in the Mn-rich zone in Crust-1 relative to the rind. Mn

fluorescence along the fracture in Crust-2 swamped the Fe Kα signal;

therefore, no inferences about Fe could be made for this region.

Concentrations of MnO decreased from 0.15 (wt%) in the core to

0.02 (wt%) in the crust (Table 1) and Fe2O3 increased from 5.74 (wt%)

in the core to 15.7 (wt%) in the crust (Table 1). Manganese and Fe were

more oxidized in the weathered rind, crust, and matrix than in the

unweathered core based on linear combination fits of Mn and Fe K-edge

XANES spectra. The average oxidation states of Mn (2.0 ± 0.1; n= 3)

and Fe (2.0 ± 0.3; n= 2) in the core were consistent with the occur-

rence of divalent metal cations in primary silicate minerals. The Fe

adsorption edge was shifted to a slightly higher energy in Core spot 3

relative to spot 2 (Fig. 5j), possibly due to an increasing contribution of

Fe(III) generated from initial oxidation of Fe(II) contained in pyroxene.

In core spot 2, an E0 value<2 may result from an absorption edge for

Fe that is lower energy than the Fe(II)-oxide standards; indeed, the Fe

absorption edge for spot 2 is intermediate between iron (II) sulfides

(~7117 eV) and iron (II) oxides and silicates (~7120 eV) (O'Day et al.,

2004).

Oxidation states were also determined for Mn and Fe at two loca-

tions each in the rind and crust and one location in the soil matrix

(Table 3, Fig. 6). The average oxidation states across the weathered

materials were also determined for Mn (2.6 ± 0.2; n= 17) and Fe

(2.8 ± 0.1; n= 15) (Fig. X). All of the values in the weathering pro-

ducts were higher than the average oxidation states for Mn

(1.97 ± 0.1; n=3) and Fe (1.97 ± 0.3; n= 2) in the core, consistent

with oxidation of these elements from core to the weathering products

(Fig. X). Manganese was slightly more reduced in the Mn-rich zones of

Crust-1 (2.3 ± 0.1; n= 2) and Crust-2 (2.6 ± 0.1; n= 3) relative to

the Mn-poor zones in the rind (2.6 ± 0.1; n= 5), crust (2.8 ± 0.1;

n=3) and regolith (2.8 ± 0.1; n=4) regions (Figs. 5 and 6).

5. Discussion

The observations are used to formulate chemically-based models for

weathering rind development. ICP-AES mass balance calculations are

first used to quantify elemental mobility and characterize mineral re-

action sequences across the core, rind, crust, and soil matrix. Second,

EMP and ICP-AES data are combined to constrain changes in porosity at

a finer spatial resolution than is possible with image analysis. These

results are then compared with theoretical predictions of spatial trends

in porosity as a function of interaction among reaction fronts (Lebedeva

et al., 2007, 2015). Third, variations in U-series behavior inside the rind

portion of the sample provide information of rates and duration of rind

formation. Furthermore, variations in U-series behavior between the

rind and regolith are evaluated in the context of changes in redox state

across the rind-regolith continuum. Finally, to assess the role of climatic

variations this sample is compared to previously studied samples and to

watershed-scale weathering rates of Basse-Terre Island.

5.1. Mass balance calculations

To interpret the weathering reactions through the core, rind, and

soil matrix, the open system elemental mass transfer coefficient, τi,j, is

calculated (Brimhall and Dietrich, 1987; Brimhall et al., 1991). Ti and

Th are known as an immobile element (i) in tropical settings when

organic acid concentrations are minimal (i.e., Barshad, 1964; Marshall,

1977; Milnes and Fitzpatrick, 1989; White, 1995; White et al., 1998;

Table 3

Fe and Mn oxidation states as a function of position.

Sample Distance (mm) Mn oxidation state n Fe oxidation state n

Core −0.5 1.97 ± 0.08 3 1.97 ± 0.32 2

Rind 1 6.2 2.60 1 2.83 ± 0.03 2

Rind 2 11.9 2.55 ± 0.10 4 2.77 ± 0.08 4

Crust 1 19.7 2.50 ± 0.29 3 2.80 ± 0.11 2

Crust 2 21.3 2.70 ± 0.13 5 2.85 ± 0.04 4

Matrix 25.6 2.76 ± 0.04 4 2.78 ± 0.06 3
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Fig. 6. Average oxidation state of Mn and Fe as a function of distance from the

core point, which was collected within 150 μm of the core-rind boundary.

Oxidation states were calculated using linear combination fits to a suite of Mn

and Fe bearing standards. Each point represents the average ± standard de-

viation of multiple XANES measurements collected within a 0.02mm2 area.
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Sak et al., 2004; Ma et al., 2012). Because of this, concentrations of Ti

or Th can be compared relative to concentrations of a mobile element

(j) to determine the loss or gain of element j:

τ
c c

c c
1i j

j w i p

j p i w
,

, ,

, ,

= −
(1)

Here, p is defined as the parent material, in this case the core, and w

is defined as the weathered material, in this case the rind, crust, and

regolith. When τi,j=0, the element j is immobile with respect to i.

Positive τi,j values indicate enrichment of j relative to the core, while

negative τi,j values indicate depletion relative to the Ti (Fig. 7a and b)

and Th (Fig. 7c and d) in the core. When τi,j=−1, the element j has

been completely removed during the weathering process. The values of

τi,j for each element are plotted as a function of distance from the vi-

sually defined core-rind boundary (Fig. 7).

Sampling logistics in previous studies limited the τi,j analyses to

changes spanning the core-rind boundary. The order of elemental loss

across the core-rind boundary in previous clast samples was:

Ca≈Na > K≈Mg > Si > Al > Fe≈ P > Ti=0 (i.e., Sak et al.,

2004, 2010). Here we use Στ i,jΔz where Δz is the thickness interval

between each sampling point to quantify enrichment (or depletion)

across the entire weathering clast (rind and crust). Similarly, the re-

lative loss sequence from the core to the crust is: Ca > Na≈Mg >

K > Mn > Si > Al > Ti=0 > P > Fe. Both P and Fe shows en-

richment (> 0) away from the core-rind boundary into the rind, crust

and matrix (Fig. 7). However, in the case of this sample, Ca, Na, K, and

Sr are all characterized by depletion profiles from the core-rind

boundary across the crust into the matrix. In contrast, Mn, Al, Ba, Si,

and Mg exhibit depletion from core to rind and enrichment from the

rind to the matrix (Fig. 7a and b). For these elements, τi,j values de-

crease to ≤−0.6 within a narrow (≤1.5mm wide) reaction front ex-

tending from the visually defined core-rind boundary where the first

bulk sample of analyzed rind material. This estimate of an abrupt

boundary is based upon the assumption that no depletion occurs

coreward of the core-rind boundary. A narrow and abrupt reaction front

is consistent with OM observations, and previous mass balance in-

vestigations of weathering rinds developed around low porosity basaltic

composition cores (Sak et al., 2004, 2010; Hausrath et al., 2008;

Navarre-Sitchler et al., 2011).

Unlike the τi,j data shown in Fig. 7a and b, Th is used as the im-

mobile reference element in Fig. 7c. The τi,j data for Fe and Mn are

similar when referenced to Ti or Th (Fig. 7a-c). The choice of immobile

element is also consistent with analyses of previous clasts collected on

Basse-Terre island (Sak et al., 2010; Ma et al., 2012; Engel et al., 2016).

The SEM-EDS-derived dataset allows us to test the previous assumption

that elemental loss does not initiate coreward of the core-rind boundary

(Fig. 4). These data suggest that elemental loss of Ca and Na, attributed

to plagioclase dissolution initiates coreward of the visually defined

core-rind boundary (Fig. 4). The reaction front at the core-rind

boundary is abrupt (< 2.1mm thick) for all elements analyzed.

In contrast to the rind, the crust is enriched in K and Mg compared

to the weathering rind (Fig. 7). The matrix material is characterized by

greater variability but overall less depletion than the weathering rind.

Variability in the matrix is attributed to the large grain size relative to

the spot size.

SEM-EDS images of crust also document changes in chemistry

(Fig. 8). The outer (upper) edge of the weathering rind is marked by a

narrow localized veneer characterized by extreme Fe enrichment with

τTi,Fe > 20, and the outer edge of the crust by τTi,Mn≥ 25 (Fig. 8).

Development of a thin Mn-rich veneer on the upper surface of the crust

is consistent with the μXRF mapping (Fig. 5c).

5.2. Porosity

Increases in porosity from the core to the rind are attributed largely

to plagioclase and glass dissolution (Fig. 3), and residual values plotted

as a function of distance from the core-rind boundary (Fig. 9) clearly

demonstrate the lower porosity of the core compared to the rind, crust,
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and soil matrix.

Within the core, porosity as quantified by image analysis and cal-

culated residual values display similar spatial trends. The residual va-

lues and porosity decrease approaching the core-rind boundary from

greater distances within the core followed by abrupt increases across a

narrow (< 900 μm wide) reaction front coincident with the visually

defined core-rind boundary. This reaction front is co-located with first

appearance of ghosted plagioclase phenocrysts within the core and is

approximately the same width as the length of the long dimension of

the phenocrysts. The colocation of the porosity reaction front with

plagioclase dissolution and the lack of porosity coincident with the

pyroxene oxidation deeper in the core attest to a different mechanism of

porosity formation than has been proposed for the Rio Blanco quartz

diorite within Rio Icacos watershed of Puerto Rico. In that rock, the

positive ΔV of reaction associated with Fe oxidation (in that case bio-

tite) is inferred to result in the accumulation of elastic strain and

eventual fracturing and porosity production (Buss et al., 2008). Ap-

parently, oxidation of pyroxene is not resulting in fracturing in this

clast.

Spatial patterns in the distribution of porosity and residual within

the weathered material (rind, crust and matrix) differ from those in the

core. Most notably, residual values in the weathered materials are more

variable (Fig. 9). This is attributed to the repeated probing of the large

phenocryst ghosts in the weathered material (Fig. 3). Within the

weathered materials the boundaries between both the rind-crust and

crust-matrix are marked by parallel, narrow (< 200 μm wide) fractures

(Figs. 2b and 7).

5.3. Weathering rates

Due to the planar, parallel nature of the core-rind and rind-crust

boundaries that we studied (Fig. 2b), weathering rates across these

boundaries are consistent across the sample, and unlike previously

studied samples, curvature does not have to be considered (Sak et al.,

2010; Ma et al., 2012; Lebedeva et al., 2015; Engel et al., 2016). Ex-

posures of volcanic flows in the Lezarde watershed within the im-

mediate vicinity of the sample sites are 40Ar/39Ar dated at ~620 ka

(Samper et al., 2007), indicating that the duration of weathering must

be ≤620 ka. Rind formation processes modify U-series activity ratios

such that the 238U-234U-230Th-disequilibria can be used to determine

rind formation ages and weathering rates (Pelt et al., 2008; Ma et al.,

2012). Th phases are typically insoluble, so Th is generally immobile

and particle-reactive during water-rock interactions (Rosholt et al.,

1966; Latham and Schwarcz, 1987a, 1987b; Gascoyne, 1992; Chabaux

et al., 2003), especially in tropical climates (Ma et al., 2007; Pelt et al.,

2008; Ma et al., 2012). Uranium contrasts Th with its mobility during

water-rock interactions in oxidizing conditions (Chabaux et al., 2003).

The observed (234U/238U) values of the rind samples in the studied clast

range from 1.022 to 1.044, consistent with two important processes

during rind formation: (1) chemical leaching that generates (234U/238U)

ratios< 1 in the solid weathering products; and (2) continuous addi-

tion of U as a precipitate or sorbate from soil pore waters with

(234U/238U) ratios> 1, which results in excess 238U and 234U in the rind

materials. Both U addition and leaching processes during chemical

weathering modify the (234U/238U) activity ratios in the rind. Over

time, the excess 234U (half-life, T1/2=244 kyr) decays to 230Th (T1/

2=75 kyr). The subsequent radioactive production of 230Th and the

immobile behavior of Th isotopes account for the observed continuous

increase of (230Th/232Th) activity ratios for the rind profile. With an

open-system U-series mass balance model that allows for continuous

chemical leaching and addition of U-series isotopes during rind for-

mation (Dequincey et al., 2002; Ma et al., 2012 and references therein),

the changes of U-series isotopes with time in the rind can be modeled

as:

d U

dt
f λ U k U

238

238 238
238

238
238= − −

(2)

d U

dt
f λ U λ U k U

234

234 238
238

234
234

234
234= + − −

(3)

d Th

dt
λ U λ Th

230

234
234

230
230= −

(4)

d Th

dt
λ Th

232

232
232= −

(5)

Here, 238U, 234U, 230Th, and 232Th are the concentration terms

(atoms g−1) in the rind; terms λ238, λ234, λ230, and λ232 are the decay

constants for 238U, 234U, 230Th and 232Th (yr−1); f238 and f234 are the

addition rates of 238U and 234U into the rind (atoms g−1 yr−1). The f

terms lump together all the processes that add U isotopes into the rind

material such as precipitation and adsorption of U from soil water,

separate from radioactive production. The f terms are assumed to be

constant with time for the purpose of simplicity and tractability of the

model (Ghaleb et al., 1990; Dequincey et al., 2002; Ma et al., 2012).

The close-to-linear increase of (238U/232Th) ratios with distance from

the core into the rinds along the analyzed transect is consistent with the

assumption of constant U input rate (f terms) in the model. The terms

k238 and k234 are first-order rate constants (yr−1) for chemical leaching

of 238U and 234U from U-containing phases (Latham and Schwarcz,

1987a, 1987b; Plater et al., 1992; Vigier et al., 2001), i.e. the U release

rates equal k238
238U and k234

234U. For a given rind sample, t is the rind

formation age (in years). For the studied rind samples, measured

(238U/232Th), (230Th/232Th), and (234U/238U) activity ratios were used

as input values to solve unknown parameters (f238, f234, k238, k234, and

individual t) with an inverse Monte-Carlo algorithm (Engel et al.,

2016). The core U-series compositions (Table 3) were used as the initial

composition in the model. U-series dating indicates that the rind ages

increases away from the core-rind boundary: 7.1 ± 1.8 ka at a distance

of 1.5 mm from the boundary, 9.2 ± 2.1 ka at 5mm, and 66.6 ± 4.3

at 14mm (Fig. 10; with fitting parameters

f238U/
238U0=7.8 ± 1.6×10−5 yr−1, f234U/238U=1.09 ± 0.04,

k238U=5.9 ± 1.2×10−5 yr−1, k234U/k238U=1.05 ± 0.05; Details

of the U-series model is presented in Ma et al., 2018). The age of the

overlying indurated and fractured crust is ~72 ka assuming it followed

the same U-series model as the weathering rind. If the rate of rind
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sharp increase in porosity indicates the core-rind boundary, which porosity

measurements indicate an abrupt (900 μm) wide reaction front. The two sharp

increases in porosity mark the edges of the crust.
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advance is assumed constant in time (Sak et al., 2004; Pelt et al., 2008),

the calculated rind advance rate for this clast is

~0.21 ± 0.15mm kyr−1(Fig. 10; it is noted that the uncertainties of

rind ages were not incorporated into the uncertainties of the rate cal-

culation as the large scatters on the age-distance trend and the limited

number of ages contribute to the uncertainties of the rind advance rate).

A recent laser ablation U-series isotope study conducted on the same

weathering rind (AN-14-3.2; Ma et al., 2018) yielded a rind advance

rate of 0.29 ± 0.11mm kyr−1, in agreement with the rate reported in

this study.

5.4. Weathering advance rates across scales and gradients in mean annual

precipitation

The entire island of Basse-Terre is constructed of Pliocene to recent

andesitic volcanics which decrease in age from north to south, parallel

to the topographic divide (Sampler 2007, Fig. 1b and c). Superimposed

on this age trend is a pronounced east-west orographic precipitation

effect (Fig. 1b). This configuration makes Basse-Terre a suitable site for

field investigations seeking to isolate the effects of bedrock age and

precipitation on the chemical weathering. Previous studies have con-

strained chemical weathering rates at the scale of weathering clasts (Ma

et al., 2012; Engel et al., 2016) and the watershed (Gaillardet et al.,

2011) across Basse Terre Island.

Specifically, Engel et al. (2016) compared weathering rind advance

rates calculated across low curvature segments of the core-rind

boundary of clasts collected from the high precipitation Bras David

(MAT=23 °C and MAP=3400mm yr−1) watershed (Ma et al., 2012)

and the relatively low precipitation Deshaies (MAT=23 °C and

MAP=1800mm yr−1) watershed (Fig. 1b). Engel et al. (2016) found

that variations in the chemical weathering rate measured at the clast

scale was similar to that measured using water chemistry at the

catchment scale. The rind advance rate of 0.21 ± 0.15mmkyr−1 cal-

culated in this study across the 19mm thick weathering rind from the

Lezarde watershed (MAT=25 °C and MAP=4500mm yr−1) com-

pares favorably with the rind advance rate of 0.18 ± 0.07mmkyr−1

calculated across the low curvature segment of the clast collected from

the Bras David watershed. The rind advance rate calculated for the<

120 ka clast collected from within the Deshaies watershed is ~60%

slower than those calculated for clasts from the< 120 ka Bras David

and<60 ka Lezarde watersheds. Similarly, Gaillardet et al. (2011)

calculated a catchment-wide chemical weathering rate of 46 t/km2/yr

in the Deshaies watershed and 92 and 101 t/km2/yr, respectively in the

Bras David and Lezarde watersheds. In other words, the catchment-

wide chemical weathering rate derived from the solute chemistry of the

Deshaies watershed is ~50% slower than the Bras David and Lezarde

watersheds.

Clast-scale formation rates are constrained using the chemistry of

the rind materials and represent rates integrated over ~75 kyr time-

scales. In contrast, the catchment scale weathering rates are derived

from riverine fluxes and reflect short term chemical weathering rates.

Although the magnitudes of precipitation have likely varied over the

~75 kyr interval recorded by the weathering clasts, the persistence of

spatially consistent weathering rates when comparing solute- and re-

siduum-derived rates argue for a long-lived gradient in MAP across

Basse-Terre Island.

In addition to documenting a persistent spatial gradient in weath-

ering rates across Basse-Terre, Engel et al. (2016) showed that the

weathering rates measured across low curvature segments of the core-

rind boundary of clasts from the Bras David and Deshaies watersheds

are ~2000 times slower than the catchment scale weathering rates

calculated for the host catchments. This discrepancy was anticipated

and has, in the literature, been attributed to differences in how surface

areas are measured using different “rulers” at different spatial scales

(e.g., Navarre-Sitchler and Brantley, 2007). Employing the same

methodology as Engel et al. (2016), the clast-derived weathering rate is

~2000 times slower than the catchment derived chemical weathering

rate. These analyses independently verify the findings of Engel et al.

(2016) while adding an additional clast and catchment scale data point

to the regional compilation.

5.5. Redox reactions involving Mn species

Manganese accumulation in the crust (Fig. 4) and its enrichment

profile (Figs. 5 and 6) are consistent with precipitation of Mn oxide

minerals from aqueous solutions containing Mn. We reconcile the net

Mn depletion (ΣτMnΔz=−1.77) and Mn retention in the crust to the

immobilization of Mn leached from core minerals and oxidized at the

crust interface. Given Fig. 7 in which it is clear that the rind is largely

depleted of Mn, it is unlikely that the Mn in the crust is oxidized Mn

from the rind. Instead, Mn-oxide accumulation is the likely mechanism

for Mn enrichment in the crust.

Such Mn may also provide a reactive surface for U immobilization

(discussed below). However, abiotic oxidation of aqueous Mn2+ is ki-

netically limited in the acidic environment we expect for the clast

(Diem and Stumm, 1984; Stumm and Morgan, 1996). It is widely ac-

cepted that many natural Mn oxides are formed by the microbial oxi-

dation of Mn2+ (e.g., Bargar et al., 2005; Tebo et al., 2004; Webb et al.,

2005), and the oxidation of Mn(II) by microorganisms is many orders of

magnitude faster than abiotic reactions (e.g. Tebo et al., 2004, 2005;

Morgan, 2005). Many studies have demonstrated that microorganisms

readily oxidize Mn(II) in alkaline environments and circumneutral en-

vironments when the conditions are oxic and hypoxic (e.g. Chapnick

et al., 1982; Villalobos et al., 2003; Santelli et al., 2010, 2011), or even

in acidic environments (pH ~4.5) where Mn2+ is the thermo-

dynamically stable species (Ivarson and Heringa, 1972; Akob et al.,

2014; Mayanna et al., 2015). It is therefore possible that Mn-oxidizing

bacteria near the surface of the clast have led to the Mn-oxide accu-

mulation along the crust boundaries. On the other hand, iron oxide

minerals in the crust could also have promoted abiotic precipitation of

Mn oxide minerals such as manganite (γ-MnOOH), feitknechtite (β-

MnOOH), and hausmannite (Mn3O4) (Wang et al., 2015; Lan et al.,

2017). Surfaces of Fe oxide minerals such as ferrihydrite and goethite

can sorb Mn2+ ions and catalyze oxidation by O2; which may occur in

transient circumneutral conditions.

Manganese oxidation states in the rind, crust, and matrix (ranging

from 2.3 to 2.9) were more reduced than expected given that oxidizing

weathering environments are typically dominated by Mn(III,IV)-oxides

such as birnessite and todorokite (Post, 1999; Tebo et al., 2004; Akob

et al., 2014; Mayanna et al., 2015). Instead, these precipitates are more
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boundary in the weathering rind and crust. Age in the weathering rind increases
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rind boundary. The surrounding crust (21mm from the core-rind boundary) is

72 ka. A linear regression through these data yield a mean rind formation rate

of ~0.21 ± 0.15mm kyr−1.

P.B. Sak et al. Chemical Geology 498 (2018) 17–30

27



consistent with a Mn(II,III)-bearing phase such as hausmannite. This

mineral is typically found in hydrothermal and metamorphic deposits

(Post, 1999) but has also been identified as a product of Mn-oxidation

by ferrihydrite (Wang et al., 2015) and in the presence of micro-

organisms (Mann et al., 1988) in circumneutral environments. Low-

valence Mn-oxides may form when high concentrations of Mn2+ are

present in solution (Hastings and Emerson, 1986; Mann et al., 1988)

and serve as intermediates in the transition to more oxidized phases

(Murray et al., 1985; Hastings and Emerson, 1986). Manganese oxides

could also have been partially reduced by aqueous Fe2+, lowering the

average Mn oxidation state and facilitating precipitation of iron oxides

along the crust (Schaefer et al., 2017). Alternatively, average oxidation

states measured across all parts of the rind-crust-regolith are consistent

with values obtained for bulk soils in acidic environments (Herndon

et al., 2014; Keiluweit et al., 2015), and could reflect mixtures of Mn-

bearing phases (e.g., oxides, clays, organic matter) containing different

Mn oxidation states.

Manganese oxide formation along the fractures may also influence

the distribution of U within the clast. Uranium exhibits an addition

profile in the weathered rind crust and depletion in the soil matrix

(Fig. 7c), suggesting input of U from the regolith matrix. Soil water that

percolates through fractures in the clast may contain mobile U(VI) that

subsequently adsorbs to or is incorporated into Fe-hydroxides.

5.6. Fe enrichment trends

The diagnostic brownish yellow color of the weathering rind that

distinguishes the clast from the surrounding weathering profile is at-

tributed to iron oxide phases such as goethite, α-FeO(OH), that form

through weathering reactions in lateritic soils. Iron enrichment is evi-

dent across the rind, crust as evidenced by the positive ΣτFeΔz value of

0.50., corresponding to previous research of weathering rinds within

soil profiles (Sak et al., 2004, 2010; Navarre-Sitchler et al., 2011;

Yoshida et al., 2011), indicating an additional source of Fe other than

the core. The dissolution of the augite, ilmenite, and ground-

mass+ glass phases in the core produce FeO(OH)(s) and Fe2+(aq). As the

weathering reaction front advances coreward, the solid FeO(OH) pro-

duced from the dissolution of augite remains immobile and accumu-

lates in the rind. At the same time, Fe2+(aq) from ilmenite and ground-

mass+ glass dissolution leaches from surrounding soil matrix and

accumulates as iron oxides in the rind. The combination of solid and

aqueous Fe phases produced through weathering of clast minerals and

through oxidation of infiltrating dissolved Fe2+(aq) generates the enrich-

ment trend in the rind progressing outward from the core, with in-

creasing τi,j values. Similarly, although both Si and Al are depleted in

the rind relative to the core, their τi,j values show maximum depletion

near the core-rind boundary and become less negative towards the

outer clast (Fig. 7), suggesting addition from the surrounding matrix.

6. Conclusions

To further investigate weathering reactions at the scale of a clast, we

systematically investigated a single sample that spans from the un-

weathered andesitic composition core, across the weathering rind and

into the surrounding soil matrix material over a distance of< 5 cm. The

sample is subdivided into four components: the unweathered core,

weathering rind, crust, and soil matrix by visual inspection. The sample

was characterized by petrographic, bulk chemical, electron microprobe,

ablation inductively coupled plasma-mass spectrometer, U-series iso-

tope analyses, X-ray microprobe analyses, and micro-X-ray absorption

near edge structure spectroscopy.

Major element analyses combined with EMP and LA-ICP-MS trans-

ects constrain the extent of elemental loss associated with rind forma-

tion and elemental transitions coincident with the rind-crust and crust-

matrix boundaries. Similar to previously studied clasts, the elemental

loss associated with rind formation occurs over a narrow (< 900 μm)

zone and decreases in the order Ca > Na≈Mg > K > Mn > Si >

Al > Ti=0 > P > > Fe, suggesting the sequence of weathering

reactions as: glass+ groundmass matrix and primary minerals (plagi-

oclase and pyroxene) weather to produce Fe oxyhydroxides, gibbsite

and minor kaolinite. Petrographic and EMP analyses suggest that the

reactivity of phases decrease in order from plagioclase≈ pyr-

oxene≈ glass matrix≈ ilmenite. The boundary between the weath-

ering rind and the surrounding soil matrix material, a feature not pre-

viously studied, is marked by an indurated crust, bordered by Fe and

Mn enrichment. The rind-crust and crust-soil matrix boundaries are

abrupt and elemental concentrations of Mn, Al, Ba, Si, and Mg increase

across the crust and matrix indicating enrichment, relative to the

weathering rind.

Uranium-series disequilibria in the weathering rind are significant

and are the result of mobility characteristics of U-series isotopes during

weathering including 234U and 238U isotope fractionation during che-

mical leaching and the addition of 234U and 238U isotopes into weath-

ering rinds by circulating pore fluids. Uranium-series disequilibria are

linked to the rind formation processes of porosity genesis and pre-

cipitation of Fe-Al oxides initiated at the core-rind boundary. The U-

series disequilibria constrain weathering rind ages which increase with

distance from the core-rind boundary to a maximum of ~66 ka in the

outer rind, or a mean rind advance rate of ~0.2 mm kyr−1. The rind

advance rate calculated here in the Lezarde watershed

(MAP=4500mm and MAT=25°) is comparable to the previously

measured Bras David (MAP=3400mm and MAT=23°) watershed

rind advance rate of 0.18mm kyr−1 (Ma et al., 2012) and ~60% faster

than the 0.08mm kyr−1 in the Deshaises (MAP=1800mm and

MAT=23 °C) watershed (Engel et al., 2016), independently demon-

strating the control of precipitation on weathering rates over a time

scale of ~75 kyr. Weathering rinds are thus a suitable system for in-

vestigating long-term chemical weathering across environmental gra-

dients.

The synchrotron-source X-ray microprobe was used to examine the

distribution and speciation of Fe and Mn in the core and weathered

products (rind, crust and matrix material). Iron data indicate a transi-

tion from Fe(II)-bearing minerals in the unweathered core to secondary

Fe(III)-oxides in the rind. Iron-oxide enrichment around pores in the

rind suggests secondary precipitation following the dissolution of pri-

mary minerals. Similarly, Mn experiences redox changes in the

weathering products, becoming progressively more oxidized from the

core to the rind to the matrix. Manganese was present in Fe-rich mi-

nerals within the Ca-rich core and but formed distinct Mn-rich crusts

along fractures demarcating the crust. Manganese in the crusts was

reduced relative to Mn contained in surrounding Fe-rich phases that

dominate the weathered rinds, but the specific Mn-bearing mineral

phases remain unclear. Although uranium was too dilute in these

samples to be resolved using these techniques, information regarding Fe

and Mn speciation may indicate mechanisms of U immobilization. For

example, Fe and Mn-rich phases that accumulate along pore boundaries

and fractures may provide reactive surfaces that sorb U(VI).

Alternatively, Mn(II) and/or Fe(II) species may reduce soluble U(VI) to

insoluble U(IV).
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