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Mineral weathering plays a prominent role in many biogeochemical and geomorphological processes. It supplies
nutrients to soils and streams, accelerates physical erosion by weakening bedrock and producing easily erodible soil,
and modulates Earth's long-term climate by drawing down atmospheric carbon dioxide. We calculate mineral-
specific chemical weathering rates at two field sites in the Rio Icacos catchment, Puerto Rico, by combining new
mineral abundance measurements from quantitative powder X-ray diffraction (XRD) with existing measurements of
(i) soil production rates from cosmogenic nuclides, (ii) chemical alteration of the regolith from X-ray fluorescence
(XRF), and (iii) dust deposition rates. The central purpose of this paper is to show that combining measurements of
cosmogenic nuclides with XRF-based geochemistry and XRD-based mineralogy can, in favorable cases, provide
weathering rates of abundant, soluble mineral phases in actively eroding terrain to an accuracy of better than 20% of
the mean, even in places with high dust deposition rates. Mineral weathering at our two field sites is dominated
by plagioclase, at rates of 3274 +575 mol ha~ ' yr ~ ' and 3077 +541 mol ha~ ' yr ", followed by hornblende, at
187+71 mol ha~!yr~!and 308 493 mol ha~! yr ~!. Within the uncertainty of our data, all weathering of these
primary minerals occurs below the saprolite-soil interface. Our measurements imply that kaolinite production in
saprolite is roughly 1.3 times faster than kaolinite weathering in the soil. Our results are the first to show that field
measurements of cosmogenic nuclides, XRF, XRD, and dust fluxes can be combined within the geochemical mass
balance method to quantify long-term mineral weathering rates, even in locations with high dust deposition rates.
This implies that the mass balance method can be a valuable tool for quantifying the effects of climate, vegetation,
tectonics, and other factors on weathering rates of individual mineral phases.
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1. Introduction predicting the responses of landscapes, biota, and atmospheric CO,

concentrations to changes in environmental factors such as temper-

Plants, animals, and landforms are all influenced by mineral
weathering. As primary minerals dissolve, they provide the nutri-
tional foundation for terrestrial biogeochemistry by releasing solutes
to natural waters and promoting secondary mineral precipitation. As
bedrock is weathered to soil, it loses much of its shear strength and
thus its resistance to physical erosion, leading to important differ-
ences in rates and processes of erosion in soil-mantled and bedrock
landscapes. To the extent that silicate dissolution rates increase with
temperature, silicate weathering regulates Earth's long-term surface
temperature via the greenhouse effect, because silicate chemical
weathering is the dominant sink for atmospheric CO, over million-
year timescales (Walker et al., 1981; Berner et al., 1983). Thus,
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ature, precipitation, and pH requires measuring how these factors
influence mineral weathering rates over the long timescales of
mineral weathering in the field.

A number of techniques have been used to measure mineral
weathering rates. Dissolution rates have often been measured in
laboratory experiments (e.g., Chou and Wollast, 1984; Swoboda-
Colberg and Drever, 1993; Anbeek et al., 1994), but these lab-derived
rates are typically several orders of magnitude faster than field-
derived rates (White and Brantley, 2003, and references therein),
reflecting differences between the lab and the field in both the
weathering environment (e.g., in deviations of the pore fluid from
thermodynamic saturation) and in the mineral surfaces themselves
(e.g., in mineral surface area, density of structural heterogeneities, and
leached layers and clay coatings that build up over time). In field
settings, chemical erosion rates of individual mineral phases were first
inferred by ascribing solute fluxes of particular elements (e.g.,
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sodium) to dissolution of particular minerals (e.g., albite). This
approach, pioneered in Garrels and Mackenzie (1967), has since
been extended to rationalize a suite of solute fluxes in terms of a suite
of mineral weathering rates, and has been applied at a number of
catchments (e.g., Cleaves et al., 1970; Paces, 1983; Velbel, 1985;
Clayton, 1986; Taylor and Velbel, 1991; Swoboda-Colberg and Drever,
1993; Clow and Drever, 1996; Price et al., 2005). Inferring mineral
weathering rates with this catchment-scale solute mass balance
method requires measuring the export of solutes from the catchment
in stream water, the import of solutes by atmospheric deposition, and
any changes in solute storage within the catchment. These additional
sources and sinks of solutes can be significant fractions of the outgoing
solute fluxes and can have large uncertainties, which may confound
interpretations of catchment-scale mineral dissolution rates (e.g.,
Taylor and Velbel, 1991). At the finer scale of a weathering profile,
mineral weathering rates may also be inferred from gradients in
vertical solute fluxes within the soil and saprolite (Murphy et al.,
1998; White, 2002, 2003; White et al., 2005, 2008). Following
conventional definitions, in this paper we use the term “bedrock” to
refer to unaltered parent material, “saprolite” to refer to weathered
bedrock which retains the original structure and fabric of unaltered
rock, and “soil” to refer to the layer where parent material has been
physically and/or chemically disrupted by biotic and/or abiotic
processes. Together, the saprolite and soil comprise the regolith.

In this paper we measure field-derived mineral weathering rates by
combining concentrations of minerals and immobile elements in the
bedrock and the regolith with measurements of soil production rates,
under the assumption that the composition and mass per unit area of
the regolith are in steady state. Classified as a solid-phase mass balance
method because it relies on measurements of the bulk chemistry and
mineralogy of regolith and bedrock, this approach has appeared in
several different formulations in the literature. The approach we use to
calculate mineral weathering rates in this paper is an extension of the
mass balance formulation in Stallard (1985). A key advantage of the
solid-phase mass balance approach over solute-based approaches is that
it is based on regolith composition rather than solute composition, and
thus yields mineral weathering rates averaged over the long timescales
of regolith development (typically 10° — 10° years) rather than over the
short timescales of solute transport through the weathering profile or
catchment (typically <10 years). After presenting the mathematical
framework for this approach in Section 2, we apply this method to two
sites in the Rio Icacos catchment, Puerto Rico, in Section 5. This
application uses previously reported concentrations of immobile
elements and cosmogenic '°Be (Riebe et al., 2003) and new measure-
ments of mineral abundances in the same rock, soil, and saprolite
samples analyzed in Riebe et al. (2003).

2. A steady state framework for measuring mineral-specific
chemical weathering rates in saprolite and soil

Chemical weathering rates can be determined by combining
measurements of chemical mass loss (inferred from immobile
element enrichment in regolith relative to bedrock) with an
appropriate rate constant derived from, e.g., the age of the soil in
non-eroding landscapes (Merritts et al., 1991), or the overall flux of
material from the regolith (Stallard, 1985) measured with cosmogenic
nuclides (White et al., 1998; Riebe et al., 2001a). Here we review the
theoretical underpinnings for this technique. The mathematical
framework is an extension of a formulation proposed by Stallard
(1985), and it follows Yoo and Mudd (2008) and Owen et al. (2008) in
its inclusion of dust deposition in the mass balance and it follows
Dixon et al. (2009) in its application to both saprolite and soil. An
important advantage of this steady state framework is that it is
applicable to actively eroding terrain, and thus is not restricted to
non-eroding weathering profiles of known age, as classical chronose-
quence studies are (e.g., Merritts et al., 1991). It also extends the

model by explicitly demonstrating how mineral-specific weathering
rates may be calculated in saprolite and soil.

Before outlining the mass balance framework, we first define a few
terms, since terminology can be variable across disciplines that study
weathering. In this paper we use the term “chemical weathering” to
refer exclusively to chemical alteration of minerals. This process is
distinct from “chemical erosion”, which we define as the export of
dissolved mass from the weathering zone. This distinction is
important for minerals that do not dissolve completely during
chemical weathering (e.g., for plagioclase, which weathers to solutes
and secondary clays); in such cases chemical erosion rates are smaller
than chemical weathering rates because only a fraction of the primary
mineral mass dissolves and thus can be eroded in solution. In contrast
to chemical erosion, we use the term “physical erosion” to denote
mass losses from the weathering zone by physical processes. The sum
of physical and chemical erosion we refer to as “denudation”.

The following mass balance framework differs from those in some
recent studies in that it neglects changes in soil composition during
downslope transport. Some studies have found that chemical
weathering of soil during downslope transport can affect regolith
composition and thus affect estimates of mineral weathering rates
based on regolith composition (Mudd and Furbish, 2004; Green et al.,
2006; Yoo et al.,, 2007; Owen et al., 2008; Yoo and Mudd, 2008; Yoo
et al., 2009). Other studies, however, have observed negligible
downslope variation in soil composition (Dixon et al., 2009). In the
present paper we do not treat the chemical weathering of soil during
downslope transport for three reasons. First, the samples presented in
this paper were not collected along downslope hillslope transects, and
so are not able to shed light on chemical weathering during
downslope transport. Second, we are unaware of measurements
that demonstrate systematic downslope variations in soil composition
at Rio Icacos. Lastly, because the vast majority of chemical weathering
at Rio Icacos occurs near the base of the saprolite (e.g., White et al.,
1998), the additional chemical weathering that occurs during
downslope soil transport should be small relative to the total extent
of weathering at our field sites. By neglecting this issue in the mass
balance, we implicitly assume that downslope gradients in soil
chemistry are negligible.

The mass balance framework begins by considering an actively
eroding hillslope (Fig. 1) in which both soil and saprolite maintain a
constant mass per unit area of hillslope per time. Saprolite is defined
here as chemically weathered bedrock, susceptible to mass loss by
chemical dissolution but not by physical erosion. We distinguish soil
from saprolite by defining soil as the portion of the weathered profile
that is physically mobile, and thus is susceptible to mass losses by
both chemical dissolution and physical erosion. In steady state, the
rate at which mass is added to the soil - i.e., the soil production rate
Psoi plus the dust deposition rate Py - is balanced by the rate at which
mass is lost from the soil.

Pgij + Py = E + Wy (1

Here E and W, are the physical erosion rate and chemical erosion
rate in soil, and, like Pso; and Py, have dimensions of mass per unit area
of hillslope per time. The flux of an individual mineral or element X
into the soil is the sum of the influxes of X from the saprolite and dust,
and in steady state this rate is matched by the rate at which X is lost
from the soil by physical erosion and chemical erosion.

Psoilxsap + PdXd = EXsoil + Wsoil,X' (2)

Here Xsap, Xsoil, and Xy are the concentrations (mol M ™ N of X in
saprolite, soil, and dust, respectively, and W x is the chemical
erosion rate of X in the soil (molL™2T~1!). If X is a chemically
“immobile” element or mineral - that is, if X is so resistant to
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Fig. 1. Schematic of a hillslope on which a layer of soil overlies a layer of saprolite, which
itself overlies unweathered bedrock. Bedrock is converted to saprolite at a rate Pg,p,, and
the saprolite loses mass through chemical erosion at a rate Wi,, and through
incorporation into the soil at a rate Ps;i. The soil gains mass from saprolite at a rate Psoj
and from dust deposition at a rate Py, and loses mass by chemical erosion at a rate Wy
as well as by physical erosion at a rate E. As described in the text, we calculate Wq,p,
Wioii, and E by combining measured concentrations of cosmogenic '°Be in soil-borne
quartz with concentrations of an immobile element (e.g., Zr) in the soil, saprolite,
bedrock, and dust.

dissolution that its chemical erosion rate Wi x is negligible - then
Eq. (2) yields the following expression for the physical erosion rate:

ZI‘Sap P Zry

E = Py 5— d :
eroil eroil

3)

Here we have substituted zirconium, which occurs predominantly
in zircons and which is frequently assumed to be immobile, for X.
Eq. (3) can be combined with Eq. (1) to yield an expression for the soil
chemical erosion rate Ws;;.

Zr Zr
Wit = Pooit <1 — Zr53p> + Py <] ~7r d > (4)

soil soil

Similarly, substituting Eq. (3) into Eq. (2) yields an expression for
the chemical weathering rate of mineral phase X in the soil.

Zr Zry

Wioiix = Pooit [ X. —X-ﬂ)—f—P(X—X-—) 5
soil X 501l< sap soil eroil d d soil eroil ( )

A similar analysis to Egs. (1)-(5) provides expressions for the same
rates in saprolite. If the combined mass of saprolite and soil stays constant
over time and if dust deposition does not affect saprolite composition,
then the rate at which bedrock is converted to saprolite - i.e., the saprolite
production rate Py, — is balanced by the rate at which mass is lost from
the soil and saprolite, commonly called the denudation rate.

Psap = Py + Wsap (6)

In steady state, conservation of mass for a mineral or element X
implies that

Psapxrock = Psoilxsap + Wsap.X~ (7)

For an immobile element like zirconium, Wi,p, 7, is negligible and
Eq. (7) then yields an expression for the saprolite production rate in

terms of the soil production rate and the concentrations of zirconium
in saprolite and bedrock.

Zr
P, | ep—— (8)

sap = Fsoil erock

Substituting Eq. (8) into Eq. (6) yields the bulk chemical erosion
rate in saprolite Wqgp,

Zr,

sap — Lsoil P s

W, P, 7t i 1 9)
roc

and substituting Eq. (8) into Eq. (7) yields the mineral-specific
chemical weathering rate in saprolite Wi,p, x.

. erap
Wsap)( - Psoil Xrocl( 7r . _Xsap (10)
roc

If we again use the term “regolith” to mean the soil and saprolite
together, then the bulk chemical erosion rate and the mineral-specific
chemical weathering rates in the regolith are

1 1 Zr
Wregolith = Wsoil + Wsap = soilzrsap (Z Ny - 7r. ’l) + Pd (1_ 7r dq)
roc soi soi
(11)

and

X, Xooi Zr
Wregolith.x = Wsoix + Wsap)( = Psoilzrsap rock _ Zsoil ) 4 Py Xg—Xsoil d_ >
Zr, Zr;

erock soil
(12)

respectively.

At field sites that have soil and bedrock but no saprolite (or
saprolite that is not substantially depleted by chemical losses), Wi,y
and Wi, x are zero and Eqgs. (11) and (12) simplify to

Zr, Zr
Wregolith = Wi = Pyl (1 - #Odl() + Py <1 7 d([) (13)
soi soi

and

Zr, Zr
Wregolith.,X = Wsoix = Psoil (Xrock_ soil eroc:ll(> + Py (Xd —Xsoil 7r. d_])v
soi soi
(14)

respectively (Riebe et al., 2001b, 2003, 2004a,b).

Mineral-specific chemical weathering rates in soil and saprolite
can thus be estimated by measuring the soil production rate and
concentrations of minerals and immobile elements in soil, saprolite,
dust, and bedrock. In cases where dust influxes are negligible, all
terms that include Py become insignificant and these expressions
converge to the same expressions derived in Dixon et al. (2009), as
they should.

Below we use this mass balance framework to calculate mineral-
specific chemical weathering rates at two sites in Rio Icacos, Puerto
Rico. We do so by combining new measurements of mineral
concentrations estimated with quantitative X-ray diffraction (XRD)
with previous measurements of soil production rates estimated from
cosmogenic '°Be concentrations in soil-borne quartz (Riebe et al.,
2003), immobile element concentrations in soil, saprolite, and
bedrock measured with X-ray fluorescence (XRF) (Riebe et al.,
2003), and dust flux and dust composition (Glaccum and Prospero,
1980; Herwitz et al., 1996; Pett-Ridge et al., 2009).
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3. Field sites: Rio Icacos, Puerto Rico

We measured mineral-specific chemical weathering rates in two
small tributary catchments of Rio Icacos in Puerto Rico's Luquillo
Mountains (Fig. 2), in a densely vegetated tropical rainforest where
the climate is hot (mean annual temperature =22 °C; White et al.,
1998) and humid (mean annual precipitation=4200 mmyr~!;
McDowell and Asbury, 1994). The Rio Blanco quartz diorite that
underlies the catchment is dominated by plagioclase feldspar and
quartz, with lesser amounts of hornblende, biotite, and accessory
potassium feldspar (Seiders, 1971; White et al., 1998). Directly above
the bedrock is a narrow zone of saprock a few tens of cm thick (White
et al, 1998), in which pristine rock rapidly grades to deeply
weathered saprolite. Above the saprock lies an oxidized saprolite
layer up to 8 m thick, and although the saprolite appears physically
undisturbed its density (1.19-1.35 g cm ~ 3) is less than half that of its
parent rock (2.70 g cm ~3), reflecting the near-total loss of plagioclase
and hornblende (White et al., 1998). Above the saprolite is a low-
density (1.19-1.37 g cm ~ 3), bioturbated inceptisol 50-100 cm thick,
which grades from an organic-rich A horizon in the upper 10 cm of the
profile to a clay-rich B horizon at depths greater than 40 cm (White
et al, 1998; Buss et al., 2005). Landsliding is common, occurring
primarily in the form of shallow soil slips and debris flows, and
accounts for roughly 90% of total hillslope sediment fluxes (Larsen and
Simon, 1993; Larsen, 1997), while soil creep, tree throw and slope
wash dominate soil transport on hillslopes that have not experienced
recent landsliding (Larsen et al., 1999).

Rio Icacos has been the site of many chemical weathering studies.
Measurements of solute fluxes in soils and streams at Rio Icacos have
yielded bulk chemical weathering fluxes over annual to decadal
timescales (McDowell and Asbury, 1994; Stonestrom et al., 1998;
White et al., 1998), and long-term bulk chemical weathering rates
have been calculated from the chemical and isotopic compositions of
regolith relative to parent bedrock (Stonestrom et al., 1998; White
et al., 1998; Riebe et al., 2003). Mineral-specific chemical weathering
rates at Rio Icacos have been inferred for plagioclase feldspar (Turner
et al., 2003; Buss et al., 2008), biotite (Murphy et al., 1998; White,
2002; Buss et al., 2008), hornblende (Buss et al., 2008), and quartz
(Schulz and White, 1999). These studies show that silicate weathering
rates at Rio Icacos are among the fastest documented on Earth.

Dust deposition plays an important role in contributing mass to
the soils in Rio Icacos. A number of studies examining dust transport
from northern Africa to the Caribbean have concluded that African
dust is a major driver of soil development on many Caribbean islands

Rio Icacos
field area

Fig. 2. Field sites within the Rio Icacos catchment, Puerto Rico. Rock and soil samples
were collected in subcatchment RI-1, and rock, saprolite, and soil samples were
collected in subcatchment RI-4. See Figs. SF1 and SF2 in the Supplementary file for maps
of individual sample locations within each subcatchment. Subcatchment RI-1 is part of
the Quebrada Guaba drainage, and also encompasses the location of the lysimeter
measurements of White et al. (1998). Light gray lines denote streams, and thick gray
lines denote the catchment boundary. Figure adapted from Riebe et al. (2003).

(e.g., Prospero et al., 1970; Glaccum and Prospero, 1980; Prospero
et al, 1981; Muhs et al.,, 1990; Herwitz et al., 1996; Prospero and
Lamb, 2003; Mahowald et al., 2006; Muhs et al., 2007). There have
been no direct physical measurements of dust deposition rates in the
Rio Icacos catchment, but a recent study has concluded, based on
discrepancies between inputs and outputs in a Rio Icacos Sr isotope
budget, that Saharan dust contributes 21 +7 t km~2yr ' to the Rio
Icacos catchment (Pett-Ridge et al., 2009), an estimate consistent with
predictions of atmospheric dust transport models (Mahowald et al.,
2006). Given that millennial-timescale soil production rates from
saprolite are 113+17 and 118+17 tkm~2yr~! at our two Rio
Icacos field sites (Riebe et al., 2003; discussed further in Section 4), a
dust flux of 21+ 7 t km ~ 2 yr ~ ! represents a non-trivial contribution
to Rio Icacos soils. We are unaware of any direct measurements of
dust mineralogy or Zr concentrations at Rio Icacos. However,
measurements in Barbados and Miami of dust mineralogy from
Saharan dust outbreaks show little variation in dust mineralogy across
the Caribbean (Glaccum and Prospero, 1980), consistent with
homogenization of Saharan dust during transatlantic transport (e.g.,
Reid et al., 2003). This suggests that Saharan dust falling in Puerto
Rico, which lies between Barbados and Miami, is likely to have a
composition similar to Saharan dust measured at Barbados and
Miami.

4. Methods

In this study we apply the mass balance framework to two
subcatchments of Rio Icacos (RI-1 and RI-4 in Fig. 2) where Riebe et al.
(2003) measured cosmogenic '°Be concentrations in soil-borne
quartz and Zr concentrations in soil, saprolite, and bedrock. In that
study, Riebe et al. collected rock samples from surface outcrops,
saprolite samples from augur cores and landslide scars, and soil
samples from a variety of locations and depths within the two
subcatchments. Here we present new measurements of mineral
abundances in the same rock, saprolite, and soil samples that were
analyzed in Riebe et al. (2003), and combine these new measure-
ments with the existing °Be and Zr measurements of Riebe et al.
(2003), the dust flux estimates of Pett-Ridge et al. (2009), and the
dust compositions of Glaccum and Prospero (1980) and Herwitz et al.
(1996) to estimate new mineral weathering rates at Rio Icacos.
Sample locations, depths, and hillslope gradients are listed in the
Supplementary file (Table SF2, Figs. SF1 and SF2). For further details of
the sample collection and the '°Be and Zr measurements we refer the
reader to Riebe et al. (2003). Below we discuss the methods we used
to measure mineral abundances and discuss the reasons for revising
estimates of soil production rates from Riebe et al.'s (2003) '°Be
measurements.

4.1. Soil production rates inferred from cosmogenic nuclides

Riebe et al. (2003) first estimated soil production rates at sites RI-1
and RI-4 (Fig. 2) by measuring concentrations of cosmogenic '°Be in
soil-borne quartz. Beryllium-10 is produced in quartz only through
interactions of cosmogenic high-energy neutrons and muons with
atomic nuclei in the crystal lattice (e.g., Lal, 1991). Because the fluxes
of these cosmogenic particles decrease exponentially below the
Earth's surface, the rate of '°Be production in quartz also decreases
exponentially with depth. Concentrations of '°Be in quartz collected
from surface soils thus record the integrated exposure of quartz to
cosmogenic radiation during its exhumation from depth. Several
studies have shown that the steady state soil denudation rate may be
inferred from cosmogenic nuclide concentrations in the rock
underlying the soil (e.g., Heimsath et al., 1997) or, if production of
cosmogenic nuclides in the soil during downslope soil transport is
negligible relative to the production of cosmogenic nuclides during
exhumation, in the soil itself (e.g., Brown et al., 1995; Granger et al.,
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Table 1
Inputs to CRONUS denudation rate calculator, v. 2.2.%
RI-1 RI-4

Latitude (°N) 18.284 18.284
Longitude (*W) 65.788 65.788
Parent material density (g cm ~3) 1.25 1.25
Atmospheric scaling Standard Standard
Sample thickness (cm) 2 2
['°Be] (x 10° atoms g~ !)° 1.83+0.14 1.76+0.10
Elevation (m)® 700 750
Topographic shielding” 0.937 0.902
10Be standardization KNSTD KNSTD

2 Balco et al. (2008).
b Riebe et al. (2003).

1996). Under the steady state assumption, the soil production rate
equals the soil denudation rate.

In light of recent efforts by the cosmogenic isotope research
community to standardize calculation of cosmogenic-based denudation
rates (Balco et al.,, 2008), and because our new measurements of quartz
abundances at Rio Icacos permit calculation of a correction factor due to
quartz enrichment in the soil (Small et al., 1999; Riebe et al., 2001a),
here we recalculate soil production rates with the CRONUS calculator
(Balco et al., 2008) rather than use the rates previously calculated for
these sites by Riebe et al. (2003). The CRONUS calculator takes as inputs
the relevant sample characteristics (latitude and longitude, elevation,
topographic shielding, sample thickness, parent material density, and
the measured '°Be concentration, for which values specific to RI-1 and
RI-4 are listed in Table 1) and computes soil production rates using
several different cosmogenic nuclide production scaling schemes (see
Balco et al., 2008 for details). We use the Lal and Stone constant
production rate scaling scheme in our analysis (Lal, 1991; Stone, 2000);
other scaling schemes yield soil production rates that are faster by 3-
10%. In calculating soil production rates from cosmogenic '°Be in
amalgamated soil samples, we repeat Riebe et al.'s (2003 ) assumption
that the sampled soils are well mixed. After computing rates with the
CRONUS calculator, we modified these rates following Small et al.
(1999) and Riebe et al. (2001a) to account for biases in '°Be
concentrations due to quartz enrichment. If chemical erosion of soluble
minerals leaves quartz enriched in regolith relative to its parent
material, soil production rates inferred from '°Be concentrations in
quartz will be biased to the extent that quartz's exposure to cosmogenic
radiation is longer than that of the average mineral in the parent

Table 2
Tests of FULLPAT on prepared mineral mixtures.

Actual abundance  FULLPAT abundance Absolute difference
(%) (%) (%)
Mixture 4
Quartz 60.0 61.9+2.1 1.9+2.1
Kaolinite 30.0 27.1£05 29405
Goethite 10.0 13.14+03 3.1+03
Total 100.0 102.1+£2.2
Mixture 5
Andesine 35.0 36.24+0.6 1.2+0.6
Quartz 25.0 271+£04 21404
Labradorite ~ 15.0 153409 03409
Hornblende  10.0 9.5+0.2 0.5+0.2
Biotite 5.6 52402 04+0.2
Albite 5.0 47402 03+£0.2
Magnetite 4.4 58+0.2 144+0.2
Total 100.0 103.8+1.2

2 Because of small variations in XRD scans of any given sample when repacked and
remeasured, we ran all samples four times on the XRD, repacking samples in the sample
holder between each scan, and so generated four slightly different XRD patterns for
each sample. The uncertainties listed here are the standard errors associated with the
variability in FULLPAT-determined mineral abundances on the four XRD patterns.

material. To correct for this bias, we multiplied the CRONUS-
calculated rates by a quartz enrichment factor (Small et al., 1999;
Riebe et al.,, 2001a) of 1.68 +0.19 derived from our measured quartz
concentrations to yield soil production rates of 113+ 17 tkm 2 yr !
at RI-1 and 118 £17tkm~2yr—! at RI-4. These rates are 22-26%
higher than those originally reported in Riebe et al. (2003).These
estimates should be unaffected by the exposure of dust-borne quartz to
cosmogenic radiation, because Riebe et al. (2003) measured '°Be
concentrations in quartz extracted from the >250 um size fraction of the
amalgamated soil samples, a practice that excludes dust-derived quartz,
which is likely composed almost entirely of particles smaller than 20 um
(Prospero et al., 1970).

These soil production rates are averaged over the timescale of °Be
accumulation in quartz, which at these sites is approximately 14 kyr.
This timescale is calculated as A/Ps.;, where A is the so-called
attenuation length for '°Be production by high-energy spallation. This
attenuation length is an exponential scaling constant that describes
how the intensity of cosmogenic radiation is attenuated as it passes
through matter, typically taken to be 160 g cm ~ 2 (Gosse and Phillips,
2001), which can be converted to a true length scale by dividing by
the density of the material the cosmogenic radiation is passing
through. In granite of density 2.7 g cm ~ 3, for example, this translates
to a depth of 59 cm. The value of the empirical constant Ais based on
calculations on an infinite horizontal surface (e.g., Gosse and Phillips,
2001). Soil production rates inferred from cosmogenic nuclides are
thus considered to be rates of mass loss in the vertical direction (i.e.,
per unit area in map view), not normal to the hillslope.

We consider our measured '°Be concentrations in soil-borne quartz
to be a proxy for soil production rates, and not saprolite production
rates, because the thickness of soil plus saprolite at Rio Icacos is much
larger than the penetration depth of !°Be-producing cosmogenic
neutrons. This implies that the great majority of cosmogenic °Be in
soil-borne quartz is produced above the saprolite-bedrock boundary,
which in turn implies that '°Be concentrations in soil-borne quartz do
not record the mass losses occurring by chemical erosion at the
saprolite-bedrock boundary. Instead, concentrations of °Be in soil-
borne quartz at Rio Icacos reflect the integrated exposure of quartz to
cosmogenic radiation in the soil and upper saprolite, and thus reflect the
rate of mass loss in the soil and upper saprolite. Because saprolite
density and chemistry are nearly constant in the upper saprolite (White
et al, 1998), we assume that the rate of mass loss from the upper
saprolite is negligible relative to that in the soil. From this it follows that
cosmogenic '°Be concentrations in soil-borne quartz are, to first-order, a
reflection of the total rate of mass loss from the soil, which in steady
state equals the soil production rate. The soil production rates we report
for site RI-1 and RI-4 were calculated under the assumption of steady
state soil formation and denudation, which at Rio Icacos is likely a
reasonable approximation (Turner et al., 2003; Fletcher et al., 2006). We
then relate these P, rates to the saprolite production rate through
concentrations of immobile Zr in the rock and saprolite (Eq. (8)).

4.2. Mineral abundances inferred from powder XRD patterns

We determined mineral abundances in rock, saprolite, and soil
samples through quantitative analysis of X-ray diffraction (XRD)
patterns measured on powdered samples. Although the principle
underlying quantitative powder XRD is straightforward - the XRD
pattern of a powdered sample should be the sum of the XRD patterns
of the sample's constituent mineral phases, scaled by their relative
abundances - in practice calculating mineral abundances from XRD
patterns is limited by factors that affect measured XRD patterns (e.g.,
crystallite size, preferred orientation of crystallites during sample
preparation, variation in mineral composition, and degree of
structural disorder; e.g., Jenkins and Snyder, 1996). Because of these
practical complications, uncertainties for mineral abundances deter-
mined from quantitative XRD are typically no better than 2-3%
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absolute (e.g., Hillier, 2000; Chipera and Bish, 2002; Omotoso et al.,
2006; Jeong et al., 2008; Eberl and Smith, 2009), implying that powder
XRD may be useful for quantifying high-abundance mineral phases
but has limited utility for quantifying trace mineral phases.

In our analyses we used FULLPAT (Chipera and Bish, 2002) to
determine mineral abundances in our rock, saprolite, and soil samples
based on each sample's powder XRD pattern. FULLPAT is an inversion
method that calculates mineral abundances by creating a synthetic
XRD pattern from XRD patterns of standard minerals and adjusting
the abundances of the standard minerals to optimize the fit between
the synthetic pattern and the measured sample pattern. Unlike some
earlier quantitative XRD methods (e.g., Chung, 1974), FULLPAT does
not scale the sum of all mineral abundances in a sample to 100%, and
thus is able to accurately quantify the abundances of known mineral
phases even if other mineral phases in the sample are unquantified.
Fig. 3 shows an example of FULLPAT's approach on a test sample that
we prepared from a mixture of several standard minerals.

Within FULLPAT we calculated mineral abundances in two steps. In
the first step, we allowed FULLPAT to scale all mineral abundances
simultaneously; this yielded a synthetic pattern that closely matched
the observed sample pattern. In the second step, we refined the
abundance of each mineral phase individually, allowing FULLPAT to
change the abundance of only one mineral phase at a time while
keeping other mineral abundances constant. This refinement step was
based only on the integrated intensity of the relevant mineral's

a
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T | U A
b
| e . Quartz 26.0%
1 Magnetite 5.6%
i Labradorite 14.2%
] N Hornblende 10.0%
.n.L i Andesine 37.3%
1 Albite 4.5%
| . Biotite 4.9%
C
| Summed standards
LM A e oy
d Difference (observed - summed standards)
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Fig. 3. FULLPAT (Chipera and Bish, 2002) calculates mineral abundances in a sample by
comparing the sample's measured XRD pattern (a) to a synthetic XRD pattern (c), which is
created by summing together scaled XRD patterns of standard minerals (b). The scaling
factors on the standard mineral patterns are the best-fit mineral abundances, and they are
scaled to minimize the difference (d) between the measured pattern and the synthetic
pattern. The observed pattern here (a) is from a test sample that we prepared in the lab by
combining standard minerals in known quantities, and the synthetic pattern (c) is
FULLPAT's fit to the observed pattern. Figure modeled after a similar example in (Chipera
and Bish, 2002).

highest-intensity peak, and was carried out while ensuring that the
background intensity of the synthetic pattern matched the back-
ground intensity of the sample pattern. After refining the abundance
of one mineral phase in this manner, we refined the abundances of the
other minerals in the same manner.

A central requirement of this approach is that the XRD patterns of
the standard minerals match the XRD patterns of the minerals present
in the sample. Because some mineral phases have varying crystal
structures - and hence varying XRD patterns — the best minerals to
use as standards are pure mineral separates from the field samples
themselves. This was our approach for quartz and plagioclase. Because
of difficulties separating sufficient quantities of pure hornblende and
biotite from field samples at Rio Icacos, we used a synthetic
hornblende pattern (ID# 01-089-7282) from the Powder Diffraction
File (ICDD, 2003) for our hornblende standard, and a biotite from
Ward's Scientific, sourced in Bancroft Mica Mine, for our biotite
standard.

Does this XRD-based approach for measuring mineral abundances
work? Before using FULLPAT to calculate mineral abundances in our
samples from Rio Icacos, we tested FULLPAT's accuracy on mineral
mixtures that we prepared ourselves, with one mixture designed to
mimic a granitic rock and another to mimic a highly weathered soil.
The results of these tests are shown in Table 2 and Fig. 4. In these tests,
FULLPAT-determined mineral abundances to an accuracy of 3.1%
absolute (i.e., 3.1% of the total sample mass) or better, similar to the
results of similar tests in Chipera and Bish (2002).

We prepared samples for XRD analysis by powdering them to a
median grain size of approximately 5pm, and adding an internal
standard (1-micron corundum) to each sample in a4:1 sample:standard
ratio. These mixed powders were then packed into a back-loaded mount
atop a frosted glass slide, and scanned under Co-Ka radiation from 4 to
9° 20 on a Phillips X'Pert Pro diffractometer. We found that multiple XRD
patterns of the same sample differed slightly between specimens; that
is, repacking and remeasuring the same sample produced slightly
different XRD patterns. This variability may be merely a consequence of
the counting statistics associated with X-rays diffracted from randomly
oriented crystallites (e.g., Alexander et al., 1948). To account for this
variability, we measured four XRD patterns for each sample (repacked
between measurements), ran FULLPAT on each of the four patterns, and
report the mean calculated mineral abundance over all four runs (Table
SF2, Supplementary file).

It is possible that some of the variability between XRD patterns
may be due to preferred orientation of crystallites within the powder,
although our tests on self-prepared mineral mixtures suggest that this
effect should be small, even on the phyllosilicates that should be most
susceptible to preferred orientation (Table 2, Fig. 4). Recently, other
sample preparation techniques such as spray-drying (Hillier, 2000;
Kleeberg et al., 2008) have been shown to be especially successful at
reducing preferred orientation in powder XRD specimens. Future
studies that follow the procedures of Hillier (2000) are thus likely to
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Fig. 4. Our tests of FULLPAT (Chipera and Bish, 2002) on specially prepared mineral
mixtures (Table 2) verify that this XRD-based method can provide close estimates of
actual mineral abundances for a variety of minerals over a wide range of abundances.
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yield the most accurate estimates of mineral abundances, which in
turn will yield the most accurate estimates of mineral weathering
rates within the mass balance framework.

4.3. Uncertainties in inferred mineral-specific chemical weathering rates

How accurately can mineral-specific chemical weathering rates be
determined with this approach? Standard error propagation shows that
uncertainties in Wy derive from four sources: uncertainties in soil
production rates, uncertainties in dust deposition rates, uncertainties in
Zr concentrations, and uncertainties in mineral abundances. From a
practical standpoint, uncertainties in Zr concentrations and dust fluxes
at our field sites are negligible compared to the other uncertainties
(Tables 3 and 4), so here we focus only on the errors in soil production
rate and mineral abundances.

The uncertainty in soil production rate Ps,; stems primarily from the
uncertainty in the production rate P of cosmogenic '°Be (at sea level and
high latitude, Py.=5.1 4 0.3 atoms of '°Be per gram of quartz per year;
Stone, 2000). Other uncertainties can stem from uncertainties in the
degree of shielding by snow (e.g., Schildgen et al., 2005) or vegetation (e.g.,
Ferrier et al., 2005), analytical uncertainties in the measurement of '°Be,
and uncertainties in the mass attenuation constants of gamma-ray
neutrons and muons (see review in Gosse and Phillips, 2001), all of
which we assume are negligible at RI-1 and RI-4. Typically, the uncertainty
in the °Be production rate dwarfs other uncertainties in Py;. At field sites
with weathered regoliths, another source of uncertainty can arise in the
correction factor that accounts for the bias in 1°Be concentrations due to
quartz enrichment in the regolith (Small et al., 1999; Riebe et al., 2001a).
At our field sites, the correction factor associated with this extended
exposure is 1.68 4 0.19, and is the largest source of uncertainty in our Py
estimates.

The uncertainties listed for all mineral abundances are a composite
of two uncertainties. The first uncertainty is the standard error
associated with the sample-to-sample variability in mineral abun-

Table 3
Site RI-1 mineral abundances, weathering rates, and bulk fluxes (mean +s.e.).

Mineral abundances (mol kg ~1!) Wieegolith, x

Bedrock Soil Dust? (molha=!yr—1)P
Quartz 3.76+0.71 8.07 +-0.68 2.3040.18 —3734+1368
Plagioclase 2.09+0.13 0.04+0.11 0.15+0.01 32744575
Hornblende 0.1340.03 0.0340.04 0 187+ 71
Biotite 0.009 4+ 0.009 0.0040.01 0 14416
Zr (ppm)© 8549 205410 167 +12
n 5 or 69 13
Bulk rates tkm~=2yr—! Source
Pyoit® 113+17 10ge
P 157 +18 Eq. (8)
Py 21+7 Pett-Ridge et al. (2009)
Wrego]ith 94+17 Eq. (1 1 )

84415 Eq. (3)

¢ Dust mineral abundances taken from Glaccum and Prospero (1980) and dust Zr
concentration from Herwitz et al. (1996).

b Wiegolitn,x Tates were calculated with Eq. (12) under the assumption that thick
saprolite exists at RI-1 as it does elsewhere in the Rio Icacos catchment, and that at RI-1 the
ratio Zrsp/Zrrock is 1.39 £ 0.07, as was measured at the nearby RI-7 site (Riebe et al., 2003).

€ Zr concentrations in bedrock and soil from Riebe et al. (2003).

4 Because of a poor match between the measured XRD pattern of one rock sample
(RI-1P4X) and standard mineral patterns for plagioclase and hornblende, we were not
able to determine abundances for these minerals in that sample. The number of rock
samples used for mean plagioclase and hornblende abundances is thus 5, while n for
quartz and biotite is 6.

€ Soil production rate Py, was calculated with version 2.2 of the CRONUS calculator
(Balco et al., 2008) from Riebe et al.'s measurements of 1.83 +0.14 x 10° atoms °Be/g
quartz (Riebe et al., 2003), a topographic shielding factor of 0.937, and a quartz
enrichment factor (Small et al., 1999; Riebe et al., 2001a) of 1.68 +0.19.

f Calculated with Eq. (8) assuming that Zrsap/Zrock is 1.39 4 0.07, as was measured at
the nearby RI-7 site (Riebe et al., 2003).

dances, which was typically small (<1%). A more conservative means
of estimating uncertainties in mineral abundances is to combine the
sample-to-sample uncertainty with a methodological uncertainty
associated with the XRD-based method itself. Our tests of FULLPAT on
self-prepared mineral mixtures (Table 2) suggest that the uncertain-
ties in XRD-based abundance determinations may depend on both
mineral abundance and the mineral phase itself. Although our tests
are not extensive enough to conclude how these methodological
uncertainties depend on abundance for each mineral phase, they did
reliably reproduce mineral abundances to 3.1% absolute or better over
a range of abundances and a variety of mineral phases (Table 2),
which is similar to accuracies reported by Chipera and Bish (2002). In
particular, biotite appears to be resolvable at concentrations well
below 1% absolute due to its strong peak at 10.19° 26 (equivalent to a
d-spacing of 10.07 A). To account for this methodological uncertainty,
we conservatively added a 3% absolute uncertainty in quadrature to
the sample-to-sample uncertainty in quartz, plagioclase, and horn-
blende, and a 0.4% absolute uncertainty to the uncertainty in biotite
abundances. This resulted in mean bedrock mineral abundances that
are still easily distinguishable from zero except for biotite at site RI-1.
For the most abundant and most soluble minerals (here plagioclase
and hornblende), the methodological uncertainty contributes a small
fraction of the total uncertainty in estimated mineral weathering
rates.

A final source of uncertainty, and one that we do not treat here,
arises from the possible deviation of the regolith from steady state.
Because the mass balance framework in Section 2 is founded on the
assumption of a steady state regolith, the accuracy of mineral
weathering rates estimated within this framework depends on the
degree to which mass fluxes into the regolith differ from mass fluxes
out of the regolith over the time of regolith development. We expect
this effect to be small for our samples. The regolith samples analyzed
here were collected from hillslope sites that had not experienced
recent landsliding (Riebe et al., 2003), and modeling results suggest
that errors in estimated chemical erosion rates should be smaller than
fluctuations in physical erosion rates (Ferrier and Kirchner, 2008).
That modeling study found, for example, that if physical erosion rates
fluctuated by 50% of their long-term mean, estimates of chemical
erosion rates calculated with the mass balance framework should
deviate from actual chemical erosion rates by no more than 15%.
Because several studies have suggested that the weathering system at
Rio Icacos is operating at close to steady state (Turner et al., 2003;
Fletcher et al., 2006; Blaes et al., 2009), and because it is not the
purpose of this paper to explore how deviations from steady state
affect mineral weathering rates, we do not address this issue further
here.

5. Results and discussion

As Egs. (1)-(14) demonstrate, estimated mineral weathering rates
depend on measurements of soil production rates, dust deposition rates,
immobile element concentrations, and mineral abundances. Because
the '°Be and Zr measurements are discussed in detail in Riebe et al.
(2003) and the dust flux estimate is discussed in detail in Pett-Ridge
etal. (2009), we focus here on the new mineral abundance data and new
estimates of mineral weathering rates.

5.1. Mineral abundances

We measured mineral abundances in six rock samples and
thirteen soil samples from site RI-1, and in five rock samples, thirteen
saprolite samples, and 30 soil samples from site RI-4 based on the
powder XRD patterns of each sample. Qualitatively, the mineralogic
differences between rock and regolith can easily be seen by eye in the
XRD patterns. Fig. 5 shows representative XRD patterns for one soil
sample, one saprolite sample, and one rock sample from site RI-4, and
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Table 4
Site RI-4 mineral abundances, weathering rates, and bulk fluxes (mean + s.e.).
Mineral abundances (mol kg =) Weathering rates (molha~'yr—')
Bedrock Saprolite Soil Dust? Wit x° Waap x> Wiegolith, X
Quartz 3.6240.53 4254051 9.47 +0.63 2.3040.18 — 1468 4- 786 4254962 —1043 41002
Plagioclase 2.094+0.14 0.0440.12 0.07 +0.11 0.154+0.01 32+170 3077 +541 31104530
Hornblende 0.22 +0.04 0.02 +0.04 0.03 +0.03 0 0453 308493 308 +85
Biotite 0.018+0.010 0.0040.01 0.00+40.01 0 0+12 28418 28417
Zr (ppm)© 90+2 115+2 23248 167 +12
n 3 or 5¢ 13 30
Bulk fluxes tkm~2yr—! Source
Pgoit® 118417 10
Peap 151422 Eq. (8)
Py 21+7 Pett-Ridge et al. (2009)
Wioit 65+10 Eq. (4)
Weap 32412 Eq. (9)
Wiegolith 98 +16 Eq. (11)
E 74411 Eq. (3)

2 Dust mineral abundances taken from Glaccum and Prospero (1980) and dust Zr concentration from Herwitz et al. (1996).

b Weoit, x» Wsap,x, and Wiegolith, x are calculated with Egs. (5), (10), and (12), respectively.

¢ Zr concentrations in bedrock, saprolite, and soil are from Riebe et al. (2003).

4 Because of poor matches between the measured XRD patterns of two rock samples (RI-4X4 and RI-4X5) and standard mineral patterns for plagioclase, we were not able to
determine abundances for plagioclase in those samples. The number of rock samples used for mean plagioclase abundances is thus 3, while n for quartz, hornblende, and biotite is 5.

¢ Soil production rate was calculated with version 2.2 of the CRONUS calculator (Balco et al., 2008) from Riebe et al.'s measurements of 1.76 +0.10x 10° atoms '°Be/g quartz
(Riebe et al., 2003), a topographic shielding factor of 0.902, and a quartz enrichment factor (Small et al., 1999; Riebe et al., 2001a) of 1.68 +-0.19.

the differences in the patterns reveal clear differences in mineralogy
from sample to sample. The soil and saprolite patterns look quite
similar - all of their sharp peaks come from quartz, kaolinite, and the
corundum standard added to each sample - but they differ from the
rock pattern in that they lack peaks between 32 and 40° 26, reflecting
the absence of plagioclase and hornblende. Clearly, these samples
show that plagioclase and hornblende have been intensively
weathered during the conversion of bedrock to saprolite, in
agreement with measurements of elemental losses elsewhere in the
Rio Icacos basin (e.g., White et al., 1998; Turner et al., 2003; Buss et al.,
2008).

FULLPAT analysis of these XRD patterns provides mineral
abundance data that quantitatively confirm the large mineralogic
differences between rock and regolith. As Tables 3 and 4 show, the
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Fig. 5. Measured XRD patterns for one rock sample, one saprolite sample, and one soil
sample from site RI-4. The absence of peaks between 32 and 40° 26 in the saprolite and soil
patterns show that the plagioclase present in the rock has been completely weathered, and
the absence of peaks at 10.2 and 12.2° 26 in the saprolite and soil samples similarly show
that biotite and hornblende have also been completely weathered.

rock samples are dominated by quartz and feldspar, have less
hornblende, and include trace amounts of biotite. What little biotite
exists in the rock samples is completely absent in all of the saprolite
and soil samples, and plagioclase and hornblende are both greatly
depleted, if not completely depleted, in the saprolite and soil samples.
Only one of the thirteen saprolite samples contains any measurable
plagioclase or hornblende at all, while roughly two-thirds of the soil
samples contain no measurable plagioclase, and about 40% of the soil
samples contain no measurable hornblende. (See Table SF2 in the
Supplementary file for mineral abundances in each of the 67 samples.)
The saprolite samples do not show any mineralogic trends over the
range of sampling depths (95 cm to 222 cm; Table SF2), which is
consistent with observations that weathering at Rio Icacos is
concentrated in a narrow zone of saprock between bedrock and
saprolite well below our deepest saprolite samples (e.g., White et al.,
1998; Turner et al., 2003; Buss et al., 2008). Plagioclase and
hornblende are more evenly distributed in the soil samples than in
the saprolite samples, which is consistent with mixing of composi-
tionally variable saprolite samples in the soil, and supports other
observations of soil mixing at Rio Icacos by earthworms, burrowing
animals, and roots (e.g., White et al., 1998).

The FULLPAT-derived mineral abundances for quartz, plagioclase, and
hornblende in rock, saprolite, and soil at RI-1 and RI-4 (Tables 3, 4) agree
well with previous mineral abundance measurements made by point
counting in samples of rock, saprolite, and soil collected in ridgetop
weathering profiles elsewhere in the Rio Icacos catchment (Murphy,
1995, as cited in White et al,, 1998). The primary difference between
mineral abundances at RI-1 and RI-4 and those measured elsewhere in the
Rio Icacos catchment is in biotite. This is true for both the rock samples and
the regolith samples. In the rock samples at RI-1 and RI-4, abundances of
biotite are much lower (9-18 mmol/kg) than in rock samples examined
by Murphy (208 mmol/kg) (Murphy, 1995; White et al,, 1998). Is this an
indication that the FULLPAT-determined estimates of biotite abundances
at sites RI-1 and RI-4 are too low by a factor of 10-20? Such a bias in
calculated biotite abundances could arise if, during preparation of the
standard biotite specimen, the biotite crystallites were oriented along a
common crystal plane, which would artificially amplify the intensity of the
dominant biotite peak relative to the corundum peaks against which the
biotite peaks are normalized. Such preferred orientation can be especially
strong in platy minerals like biotite, which within a powdered specimen
may align themselves along basal planes rather than randomly (e.g.,
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Jenkins and Snyder, 1996; Kleeberg et al., 2008). However, although
preferred orientation can be important for biotite, our tests on self-
prepared mineral mixtures suggest that preferred orientation has not
dramatically skewed FULLPAT-calculated estimates of biotite concentra-
tions (Fig. 4, Table 2). The FULLPAT-determined biotite abundance in this
test (5.2 £0.2%) was only slightly lower than the true biotite abundance
(5.6%) — far less than the order of magnitude difference in biotite
concentrations between our samples at RI-1 and RI-4 and those in Murphy
(1995). Thus we suggest preferred orientation is unlikely to have caused
FULLPAT to calculate artificially low biotite abundances. Our measure-
ments also suggest that FULLPAT-derived biotite abundances were not
strongly affected by differences between the XRD pattern of the standard
biotite and the biotite present in the Rio Icacos bedrock. To verify this, we
measured the powder XRD pattern of biotite isolated from Rio Icacos
bedrock (courtesy of Heather Buss, USGS, October 2007), and found that
its XRD pattern did not differ substantially from the XRD pattern of the
standard biotite used in FULLPAT. Thus our measurements suggest that
FULLPAT-calculated biotite abundances were not severely skewed by
preferred orientation or by a mismatch between the standard biotite and
the biotite in sampled bedrock.

The biotite XRD patterns in saprolite and soil at RI-1 and RI-4 also
differ from those in previous studies of soil and saprolite at Rio Icacos.
In previous studies of biotite in a weathering profile elsewhere in the
Rio Icacos catchment, the presence of an altered biotite phase with a
lattice spacing of 10.5 A was inferred from powder XRD patterns
(Murphy et al., 1998) and TEM measurements (Dong et al., 1998). In
contrast to those studies, none of the XRD patterns of our soil and
saprolite samples at RI-1 and RI-4 show a diffraction peak at 10.5 A
(equivalent to 9.77° 26 in Fig. 5). Because our measurements and
those in Murphy et al. (1998) were both made with powder XRD,
we suggest the difference between our XRD patterns and this in
Murphy et al. (1998) is not a reflection of methodological differences.
Instead, we suggest it is a reflection of geochemical differences
between the samples studied in Murphy et al. (1998) and our samples
at RI-1 and RI-4. Similarly, the absence of peaks at 10.07A in the RI-1
and RI-4 saprolite and soil XRD patterns indicates that pristine biotite
is not present in the RI-1 and RI-4 regolith samples. These XRD
measurements suggest that biotite concentrations in rock and regolith
samples at RI-1 and RI-4 are much lower than in rock and regolith
samples collected elsewhere in the Rio Icacos catchment, and that the
minor quantities of biotite in bedrock at RI-1 and RI-4 are completely
weathered before reaching the upper saprolite.

5.2. Mineral-specific weathering rates

We combined the FULLPAT-derived mineral abundance measure-
ments with prior measurements of Zr concentrations in the same samples
(Riebe et al.,, 2003), new estimates of soil production rates (Section 4.1)
from the '°Be concentrations measured by Riebe et al. (2003), and a
published dust deposition rate of 21+ 7 tkm ~2yr ! (Pett-Ridge et al,,
2009). Because direct measurements of dust mineralogy and chemistry
are unavailable at Rio Icacos, and because studies have found that
variations in African dust composition are relatively small across the
Caribbean (Glaccum and Prospero, 1980), we assume that the composi-
tion of African dust deposited at our field sites is the same as the
composition of Saharan dust deposited at a long-term dust monitoring
station in Barbados (Glaccum and Prospero, 1980; Herwitz et al.,, 1996)
(Tables 3, 4). From these combined sets of measurements, we used
Egs. (5), (10), (12), and (14) to calculate chemical weathering rates for
quartz, plagioclase, hornblende, and biotite (Tables 3 and 4 and Fig. 6).

As Fig. 6 shows, the bulk of the primary mineral weathering at Rio
Icacos is due to plagioclase weathering, and nearly all of the remainder is
accounted for by hornblende weathering. Because at RI-4 samples of
saprolite, rock, and soil are available, we are able to estimate mineral
weathering rates in both saprolite and soil, under the assumption that the
composition and mass per unit area of both saprolite and soil remain
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Fig. 6. Mineral-specific chemical weathering rates in the regolith at sites RI-1 and RI-4
for P: plagioclase, Q: quartz, H: hornblende, and B: biotite, as calculated with Eq. (12).
Comparisons among these weathering rates illustrate the extent to which plagioclase
weathering dominates total weathering at Rio Icacos.

steady over time. These data reveal major differences in weathering rates
between the saprolite and the soil. Within uncertainty, all of the primary
mineral weathering at RI-4 occurs between the bedrock and the upper
saprolite at a depth of 222 cm (i.e., the depth of our deepest saprolite
samples). This is consistent with the finding that the great majority of
weathering at Rio Icacos occurs in the narrow zone of saprock between
bedrock and saprolite (White et al,, 1998; Turner et al.,, 2003; Buss et al.,,
2008). Plagioclase and hornblende are weathered nearly to completion
below the upper saprolite, and biotite is completely lost; consequently,
their weathering rates between the bedrock and the top of the saprolite
(i.e., Waprolite, x) are high. Because the concentrations of these minerals at
the top of the saprolite are so small, they are supplied to the soil in small
quantities during soil production, and as a consequence their weathering
rates in soil (i.e., Wi, x) are low.

These calculated weathering rates in the soil, saprolite, and regolith
(Tables 3, 4) should be considered averages over the lengths of time the
sampled material has been weathering in the soil, saprolite, and regolith.
That is, these timescales are the transit times of the sampled material
through the soil, saprolite, and regolith. Based on our measured soil
production rates and the ranges in density and thickness of soil and
saprolite at Rio Icacos, we estimate these timescales as 7-16 kyr in soil,
20-93 kyr in saprolite, and 27-109 kyr in regolith at our field sites. We
calculate this timescale in soil as pPseiHsoi/E, Where pgo is the soil
density (1.19-1.37 g cm ~ 3; White et al.,, 1998), H; is the soil thickness
(0.5-1 m; White et al., 1998), and E is the physical erosion rate
estimated with Eq. (3). We similarly calculate this timescale in
the saprolite as PsapHsap/Psoi, Where ps,p, is the saprolite density
(1.19-1.35 kg m ~ 3; White et al.,, 1998), Hsap is the saprolite thickness
(2-8 m; White et al., 1998), and P is the soil production rate inferred
from cosmogenic '°Be. This timescale in the regolith is the sum of the
soil and saprolite residence times.

5.3. Comparison to prior measurements of mineral weathering rates

The framework we use to calculate mineral weathering rates at Rio
Icacos yields rates in mineral mass per unit area of hillslope per time.
These are the units of greatest interest in studies of landscape
evolution and marine ecology that require measurements of catch-
ment-scale mass fluxes. By contrast, many chemical weathering rates
in the literature are reported as rates of mineral mass per unit area of
mineral surface per time, which are the units of greatest interest in
studies of grain-scale mineral dissolution mechanisms. Comparing
rates estimated by different methods requires converting weathering
rates from one set of units to the other, which requires calculating the
ratio of mineral surface area to landscape surface area, which in turn
requires measurements of mineral-specific surface area, regolith
density, and mineral abundance throughout the weathering column
from the surface down to bedrock. At Rio Icacos, these measurements
are particularly important in the narrow zone of saprock between
bedrock and saprolite where the majority of mineral weathering
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occurs (White et al., 1998; Turner et al., 2003; Buss et al., 2008). We
do not have these measurements at RI-1 and RI-4. Our soil samples at
RI-1 are representative of the soil, not the saprolite, and at site RI-4
our deepest saprolite samples come from a depth of 222 cm (Table
SF2, Supplementary file), well above the saprock. It would be
inappropriate to extrapolate our mineral abundance data down to
the bedrock-saprolite boundary. Instead, for the sake of comparison
we convert previously published weathering rates to units of moles
per unit area of hillslope per year, by methods described below. These
rates are compiled in Table 5.

5.3.1. Plagioclase weathering rates

As calculated with Egs. (5), (10), and (12), plagioclase weathering
rates per unit area of hillslope are 3274 +575 mol ha™'yr ~ ! in the
regolith at RI-1, 3077 4541 mol ha~ ! yr ! in the saprolite at RI-4,
and 32+ 170 mol ha~ ' yr ! within the soil at RI-4, confirming that
the great majority of plagioclase weathering occurs below our deepest
saprolite samples at 222 cm. (Turner et al., 2003) and (Buss et al.,
2008) also measured in-situ plagioclase weathering rates in the Rio
Icacos catchment, and reported these rates in moles weathered per
unit volume per time. To compare our measurements with theirs, we
convert the reported rates of Turner et al. (2003) and Buss et al.
(2008) to moles per unit area of hillslope per year as follows.

Turner et al.'s field sites (named GN and SS) were two zones of
partially weathered rock that lay above unweathered corestones and
below 1-2 m of regolith. As described in Turner et al. (2003 ), samples of
weathered rock were collected from a cut stream bank at site GN and from
aroadcut at site SS. Within these weathering zones, Turner et al. measured
Na and Ti concentrations and, under the assumption that Ti is
immobile, calculated volumetric weathering rates of 1.52x10~° and
3.82x10"9molNam~3s~!. Assuming that plagioclase is the sole
source of Na in the parent rock and that each mole of plagioclase contains
0.6 moles of Na (Turner et al., 2003), these Na weathering rates translate to
2.53x10 2 and 637 x 10 ~° mol plagioclase m ~> s~ . These measure-
ments were made over a zone 58 cm thick at site GN and 45 cm thick at

Table 5
Rio Icacos mineral weathering rates.

Weathering rate

(molha='yr=')* Method

Source
Quartz —3734+1368 Eq. (12) RI-1 regolith, this study
4254962 Eq. (10) RI-4 saprolite, this study
—1468 £786 Eq. (5) RI-4 soil, this study
228" Porewater chemistry Schulz and White (1999)
Plagioclase 3274+575 Eq. (12) RI-1 regolith, this study
30774541 Eq. (10) RI-4 saprolite, this study
324170 Eq. (5) RI-4 soil, this study
>464° Solid-phase Na, Ti Turner et al. (2003),
site GN
>904° Solid-phase Na, Ti Turner et al. (2003),
site SS
2735° Solid-phase Na, Ti Buss et al. (2008)
Hornblende 187+71 Eq. (12) RI-1 regolith, this study
308493 Eq. (10) RI-4 saprolite, this study
0+53 Eq. (5) RI-4 soil, this study
474 Solid-phase Fe(Il), Ti Buss et al. (2008)
Biotite 14416 Eq. (12) RI-1 regolith, this study

28418 Eq. (10)
0+12 Eq. (5)

RI-4 saprolite, this study
RI-4 soil, this study
500-920 Porewater K, Mg Murphy et al. (1998)
461-990° Porewater K, Mg White (2002)

734¢  Solid-phase Fe(II), Ti Buss et al. (2008)

2 Means and standard errors are denoted with a 4 symbol, e.g. 187 + 71, and ranges
are indicated with a dash, e.g. 500-920.

b Quartz weathering rates from Schulz and White (1999) were calculated by
multiplying the reported mean quartz weathering rate (1.6x10~ > molm 2 of
mineral s~ ') by the reported total quartz surface area in a 1 m? column of saprolite
(4.55%10° m? of mineral per m? of saprolite).

¢ Calculated by multiplying the volumetric weathering rate by the thickness of the
zone over which the rate measurement was made. See text for details.

site SS. Multiplying the volumetric weathering rates by these thicknesses
gives rates of 464 and 904 mol ha ! yr—! per year, respectively. These
should be considered lower bounds on the total plagioclase weathering
rates per unit area of hillslope at these sites, because some plagioclase still
remains at the ends of the weathered rock sequences at GN and SS, and
thus some plagioclase may be weathering simultaneously in the overlying
regolith. At site GN, 46% of the original Na (and by extension, 46% of the
original plagioclase) still exists at the end of the measured weathering
zone, and at site SS 4% of the original Na remains at the end of the
measured weathering zone. If all of the remaining plagioclase at each site
weathered to completion in the overlying regolith, the total plagioclase
weathering rates would be 464/(1—0.46) =853 molha~'yr~! at GN
and 904/(1—0.04)=940 molha='yr—! at SS. This suggests that
plagioclase weathering rates per unit area of hillslope are at least
464 mol ha~ ' yr ~ ' but no faster than 853 mol ha—' yr ! at GN, and at
least 904 mol ha~'yr~! but no faster than 940 molha~'yr~! at SS.
These ranges of possible weathering rates are over a factor of three slower
than the plagioclase weathering rates calculated in this study at sites RI-1
and RI-4 and those measured by Buss et al. (2008), discussed below.

Buss et al. (2008), like Turner et al. (2003), measured the spatial
gradient in solid-phase Na and Ti concentrations in a zone of weathered
rock immediately above an unweathered corestone exposed in a
roadcut. Assuming that Ti is immobile and Na is contained only within
plagioclase, these measurements permit calculation of a volumetric
plagioclase weathering rate. For comparison with the plagioclase
weathering rates at RI-1 and RI-4, we converted Buss et al.'s volumetric
plagioclase weathering rate to a plagioclase weathering rate per unit
area of hillslope by multiplying the thickness of the zone over which Na
and Ti concentrations were measured (53 cm) by the volumetric
plagioclase weathering rate r; (516 mol m ~2 yr — ). This value for the
volumetric weathering rate was calculated as rs= proc®/ (8bs) (White,
2002), where proe (kg m™3) is the density of the unweathered rock,
o (myr ') is the advance rate of the weathering front, 3 (mol element/
mol mineral) is the stoichiometric coefficient for the measured mobile
element in the mineral of interest, and b, (m kg mol ~!) is the reciprocal
of the gradient in Ti-normalized Na concentrations. In using proc rather
than the density of the weathered material we deviate from the
expression in White (2002); we do this in order to resolve a minor
dimensional inconsistency and to bring this expression into agreement
with other established methods for calculating weathering rates (Stallard,
1985; Brimhall and Dietrich, 1987). From Buss et al.'s measurements
of Prock=2700 kg m ~3, ®=4.3x10"> m/yr, 3=0.5 mol Na/mol pla-
gioclase, and b;=0.45mkgmol !, we calculate a plagioclase
weathering rate of 2735molha~'yr~!. Four percent of the
parent Na remains at the top of this 53 cm weathering zone,
implying that the total plagioclase weathering rate per unit area of
hillslope at this site is likely to be no faster than 2735/(1 —0.04) =
2849 mol ha~ ! yr ~ L. This range of possible plagioclase weathering
rates agrees with our calculated plagioclase weathering rates
at RI-1 and RI-4 within uncertainty.

5.3.2. Hornblende weathering rates

As calculated with Egs. (5), (10), and (12), hornblende weathering
rates per unit area of hillslope are 187 + 71 mol ha~ ! yr ~ ! in the regolith
at RI-1, 308+93molha~'yr~! in the saprolite at RI-4, and 0+
53 mol ha=!yr ! in the soil at RI-4 (Table 5). These are 1.5-2.5 times
slower than hornblende weathering rates reported in Buss et al. (2008),
who inferred these rates from measurements of the gradient in Ti-
normalized Fe(Il) concentrations across a 7 cm zone of protosaprolite
exposed in a roadcut. We have normalized Buss et al.'s volumetric
hornblende weathering rate to a weathering rate per unit area of hillslope
by multiplying the thickness of the protosaprolite (7 cm) by the volumet-
ric weathering rate r, within the protosaprolite (677 mmol m~>yr —;
calculated as rs=prock®/(Bbs) using Buss et al's measurements of
Prock=2700kg m 3, w=4.3x10">m/yr, 3=0.063 mol Fe(Il)/mol
hornblende, and b;=0.088 m kg mol ~!). The resulting hornblende
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weathering rate per unit area of hillslope is 474 mol ha~ ! yr ~!. Because,
as Buss et al. noted, hornblende is completely weathered across this 7 cm
zone, this represents a maximum possible hornblende weathering rate
per unit area of hillslope at this site.

5.3.3. Biotite weathering rates

As calculated with Egs. (10) and (12), biotite weathering rates per
unit area of hillslope are 1416 mol ha~ ' yr ~ ! in the regolith at RI-1
and 28 +18 mol ha~'yr~! in the saprolite at RI-4.These are much
slower than previously reported biotite weathering rates at Rio Icacos
(Murphy et al., 1998; White, 2002; Buss et al., 2008), primarily because
bedrock biotite abundances are much lower at RI-1 and RI-4 than in the
rock samples examined in other studies, as discussed in Section 5.1.
Murphy et al. (1998) reported biotite weathering rates in saprolite at Rio
Icacos of 500 and 920 mol ha~!yr~! based on vertical gradients in
porewater concentrations of K and Mg, respectively. In White (2002),
measurements of vertical gradients in porewater K and Mg concentra-
tions over a 7.3 m saprolite profile permit calculation of volumetric
biotite weathering rates of 6-14 mmol m ~ 3 yr ~ . Both Murphy et al.
(1998) and White (2002 ) conducted their measurements in saprolite on
a stable ridgetop. In contrast to the solute-based measurements of
Murphy et al. (1998) and White (2002), Buss et al. (2008) measured Ti-
normalized Fe(Il) concentrations across a 46-cm zone of weathered rock
in a corestone exposed in a roadcut, which permit calculation of a
volumetric biotite oxidation rate of 160 mmol m =3 yr ~ ! (calculated as
I's= Prock®/ (Bbs)) and proac=2700kg m ™3, ©=4.3x10"°>myr,
3=0.36 mol Fe(II)/mol biotite, and b;=2.02 m kg mol ~!). Multiplying
the volumetric weathering rates in White (2002) and Buss et al. (2008)
by the thicknesses of the zones over which each rate was measured
yields biotite weathering rates of 461-990 molha~'yr~! and
734 mol ha™'yr !, respectively.

At this point it is useful to note that different methodologies for
measuring biotite weathering rates may reflect different portions of
the overall transformation of biotite to kaolinite. In our XRD-based
approach, for example, biotite weathering is recognized by (and
indeed can only be recognized by) changes to XRD patterns between
unweathered and weathered samples. Thus the expansion of biotite to
form vermiculite, which is the first step in the overall transformation
of biotite to kaolinite, is classified as biotite weathering in our XRD-
based approach because it alters biotite's crystal structure and thus its
XRD pattern. In this respect the functional definition of biotite
weathering in our study differs from that in Murphy et al. (1998) and
White (2002), which recognized biotite weathering by the release of K
and Mg to solution, which itself occurs during the initial transforma-
tion of biotite to vermiculite as well as during the further
transformation of vermiculite to kaolinite. By contrast, our XRD-
based definition of biotite weathering refers to a process similar to the
biotite oxidation documented by Buss et al. (2008), because both
crystal expansion and oxidation of Fe(II) to Fe(Ill) occur during the
initial weathering of biotite to vermiculite.

5.3.4. Quartz weathering rates

As calculated with Egs. (10) and (12), quartz weathering rates in the
regolith at RI-1 and in the saprolite at RI-4 overlap zero within uncertainty
(—373+1368 molha~'yr~! and 425+962 mol ha~'yr~!, respec-
tively), as expected for a mineral so resistant to dissolution. These rates are
also indistinguishable from the quartz weathering rate reported in Schulz
and White (1999), which was calculated based on porewater chemistry in
a ridgetop saprolite profile (Table 5). Within the soil at RI-4, however,
Eq. (5) yield a quartz weathering rate that is negative beyond one
standard error (— 1468+ 786 molha~'yr~"), implying an apparent
gain of quartz relative to Zr in the soil. Below we discuss several ways in
which this calculated negative quartz weathering rate could arise.

One possibility, however unlikely, is that the calculated negative
quartz weathering rate in RI-4 soil reflects mobility of Zr relative to
quartz in the soil. Although zircon has a very low solubility and is thus

unlikely to lose much mass by chemical weathering, it is not perfectly
insoluble: some studies have documented chemical mobility of Zr in
the lab (Hodson, 2002) and in the field (Hill et al., 2000; Kurtz et al.,
2000). Quartz, like zircon, has a very low solubility. In fact, its
solubility is so low that some studies have used it as an immobile
tracer in soils (e.g., White et al., 1996). Thus we expect chemical losses
of quartz in Rio Icacos soils to be small. However, although zircon may
not be perfectly insoluble and quartz is highly resistant to dissolution,
it is difficult to argue that chemical losses of quartz should be smaller
than those of Zr. We expect the solubility of zircon to be at least as low
as the solubility of quartz, and given prior documentation of quartz
dissolution in Rio Icacos saprolite (Schulz and White, 1999), we
consider it unlikely that chemical losses of quartz in Rio Icacos soils
are less than those of Zr.

The calculated negative quartz weathering rate in RI-4 soil could
also arise if Zr were more physically mobile than quartz in the soil.
This could happen if zircons were physically segregated from quartz
due to differences in grain size or density, as has been observed in
bioturbated soils elsewhere (e.g., Colin et al., 1993). If the strong
bioturbation in Rio Icacos soils were to physically segregate zircons
from quartz, it is theoretically possible that zircons could be
concentrated in areas within the soil profile where physical erosion
is fastest, which would lead to faster physical erosion of Zr than
quartz. In other words, intense soil mixing might make Zr more
physically mobile than quartz, which could account for the measured
enrichment of quartz relative to Zr in RI-4 soils. Testing this would
require in-situ measurements of downslope soil velocities at a
number of depths within the soil column and co-located measure-
ments of Zr and quartz concentrations. Our limited soil samples
cannot test this, but we acknowledge that preferential physical
mobility of Zr is a possibility at Rio Icacos, as it is at any field site, and
we note that this possibility is consistent with the observation of a
quartz-rich layer at 40 cm depth in Rio Icacos soils (Schulz and White,
1999).

Differences in chemical or physical mobility between quartz and Zr are
not the only possible explanations for the calculated negative quartz
weathering rate. If the dust deposition rate were a factor of five smaller
than that determined by Pett-Ridge et al. (2009) (e.g., 4+ 4 tkm 2 yr !
instead of 21 +7 tkm —2yr—"') or if the average dust Zr concentration
were over a factor of two smaller than that determined by Herwitz et al.
(1996) (e.g., 77 +12 ppm instead of 167+ 12 ppm), then the chemical
weathering rate of quartz in RI-4 soils would be indistinguishable from
zero, as expected. However, we suggest such a low dust deposition rate is
unlikely because it is incompatible with Pett-Ridge et al.'s measurements
of Sr fluxes and isotopic signatures in the Rio Icacos catchment, and
inconsistent with Herwitz et al.'s reported Zr concentrations.

Overall, we cannot definitively rule out any of these possible
explanations for the calculated negative quartz weathering rate in RI-
4 soil. We suggest, however, that it is unlikely that Zr is more chemically
mobile than quartz or that dust deposition rates are at least five times
lower than that reported in Pett-Ridge et al. (2009). We therefore
suggest that it is more likely that Zr and quartz have similarly low
chemical mobilities in Rio Icacos soils and that the negative calculated
quartz weathering rate may be indicative of enhanced physical mobility
of Zr. As such, this dataset reinforces the importance of measuring
mineral abundances as well as elemental abundances in chemical
weathering studies. Because both quartz and Zr should both be
approximately chemically immobile, the rock-to-soil enrichment of
highly abundant and deeply insoluble minerals like quartz can serve as a
check on the rock-to-soil enrichments of trace elements like Zr, whose
low concentrations may be more easily skewed by secondary mass
influxes into the soil or physical segregation.

5.3.5. Kaolinite weathering rates
In addition to weathering rates of primary minerals, this method
can yield production rates of secondary minerals, provided that their



112 K.L. Ferrier et al. / Chemical Geology 277 (2010) 101-114

abundances can be accurately quantified. At Rio Icacos, kaolinite is the
most abundant secondary mineral, and it manifests itself in the soil
and saprolite XRD patterns as several sharp peaks (most prominently
at 14.2° 20) and two broad bulges at 23-31° and 40-46° 26. Our
attempts to isolate from our soil samples a pure kaolinite standard
with diffraction characteristics matching those in the regolith XRD
patterns were unsuccessful, and as a consequence we were unable to
use measured XRD patterns to reliably estimate the absolute
abundances of kaolinite in our soil and saprolite samples. However,
the intensities of the kaolinite peaks in the soil XRD patterns relative
to those in the saprolite XRD patterns implies that kaolinite
abundances in the soil are 36 £ 6% of kaolinite abundances in the
saprolite, which is similar to the findings of Murphy (1995) (as cited
in White et al., 1998), who reported a [kaolinite]s; /[kaolinite]saprotite
ratio of 46%. If we assume that the measured kaolinite abundances of
Murphy (1995) - i.e. [kaolinite];ock = 0%, [kaolinite]saprotite = 59.4%,
and [kaolinite]so;; =27.1% - are representative of site RI-4,
then Egs. (5), (10), and (12) yield weathering rates for kaolinite of
Wsoil,kaolinite =2006 + 345 mol ha ™~ ! yro ]v Wsap,kaolinite =—-2711%
413 mol ha~ ! yr ~! (where the negative sign denotes net production,
rather than weathering, of kaolinite), and Wiegolith kaolinite = — 704 &
131 mol ha ~ ! yr ~ !, This suggests that the rate of kaolinite weathering
in the soil is nearly three-quarters the rate of kaolinite production in the
saprolite. These inferred losses of kaolinite in the soil are consistent with
documented losses of aluminum between the saprolite and the soil at
site RI-4 (Riebe et al., 2003) and are also consistent with the conclusions
of (White et al., 1998), who measured an increase in the median grain
size of kaolinite in soil relative to saprolite, which they suggest indicates
preferential dissolution of the fine-grained kaolinite particles in the soil.

These estimates of kaolinite production rates in saprolite and
kaolinite weathering rates in soil rely on the assumption that kaolinite
does not migrate through the regolith once produced. If kaolinite
were instead produced in the soil and translocated downwards into
saprolite, then our estimates of kaolinite production rates in saprolite
and kaolinite weathering rates in soil would be too high. For kaolinite
translocation to greatly affect kaolinite abundances in the soil and
saprolite, however, kaolinite production from weathering of plagio-
clase and biotite would need to be significant in the soil. We can be
reasonably certain that this is not the case at Rio Icacos because
virtually all of the plagioclase and biotite is weathered when bedrock
is converted to saprolite, well below the soil-saprolite boundary. Thus
we expect that translocation of kaolinite from the soil to the saprolite
should have a negligible effect on kaolinite abundances in soil and
saprolite, and thus a negligible effect on estimated rates of kaolinite
weathering and production.

5.4. How much does dust deposition affect estimates of chemical and
physical erosion rates?

At the time of Riebe et al.'s measurements of Zr and '°Be (Riebe
et al., 2003), no independent estimates of dust deposition rates were
available at Rio Icacos, and Riebe et al. calculated bulk chemical and
physical erosion rates under the assumption of negligible dust
deposition. The new Rio Icacos dust flux estimate of Pett-Ridge et al.
(2009) now permits incorporation of dust fluxes into the steady state
mass balance model, and it demands a reevaluation of bulk chemical
and physical erosion rates at sites RI-1 and RI-4. These updated
estimates for bulk chemical and physical erosion rates are listed in
Tables 3 and 4.

The updated estimates show that although a dust deposition rate of
21+7tkm~2yr—! is non-negligible relative to the inferred soil
production rates of 113+ 17 tkm ~2yr~"and 118+ 17 tkm ~2yr— 1,
it has only a small effect on estimates of bulk chemical erosion rates at
our field sites. Ignoring dust fluxes in Eq. (11) (i.e., assuming Py — 0)
yields mean estimates of 91 and 92 t km =2 yr ~ ! for Wyegoritn at RI-1and
RI-4, respectively, and including dust fluxes in Eq. (11) increases those

mean estimates to 94 and 98 t km ~2 yr ~ ' at RI-1 and RI-4, respectively.
Including dust fluxes in this mass balance model has a larger effect on
estimates of physical erosion rates, which are 26% larger at each site than
they would be if dust fluxes were assumed negligible in Eq. (3). Thus our
updated calculations show that dust fluxes play a secondary but non-
trivial role in setting bulk chemical and physical erosion rates at Rio
Icacos, in agreement with the conclusions of Pett-Ridge et al. (2009).

6. Conclusions

The central purpose of this paper is to show that quantitative
analysis of powder XRD patterns can — at least in samples with relatively
simple mineralogies - yield mineral abundances that are accurate
enough to be profitably used in the solid-phase mass balance approach
for estimating long-term mineral weathering rates, even in places
where dust deposition rates are high. In addition to measurements of
mineral abundances, this mass balance approach requires measure-
ments of soil production rates, dust deposition rates, and immobile
element concentrations in the soil, saprolite, parent rock, and dust. The
mathematical framework in which these measurements are used to
calculate weathering rates is not new. Rather, the framework is an
extension of the approach put forth by Stallard (1985), and it follows
previous studies in its consideration of hillslopes where dust fluxes are
significant and where saprolite weathering constitutes a major fraction
of the total weathering (Owen et al., 2008; Dixon et al., 2009).

To demonstrate that uncertainties in calculated mineral weather-
ing rates are not so large that they negate the utility of this solid-phase
mass balance approach, we applied this approach to two sites in the
Rio Icacos catchment of Puerto Rico. Our new XRD-based mineral
abundances, when combined with prior measurements of soil
production rates, immobile element concentrations, and estimates
of dust deposition rate and dust composition, suggest that field-based
weathering rates of abundant, soluble mineral phases can be
accurately determined on eroding hillslopes in both saprolite and
soil. At these field sites chemical weathering has stripped the saprolite
and the soil of nearly all of its plagioclase and hornblende, and for
these minerals, these measurements yield mineral weathering rates
with uncertainties that are 17% of the mean for plagioclase and 37% or
less of the mean for hornblende. These rates are averaged over the
transit time of material through the saprolite and soil, which at these
field sites have ranges of 20-93 kyr and 10-23 kyr, respectively.

Our measurements at Rio Icacos suggest the utility of this approach
for estimating mineral weathering rates is primarily limited by
uncertainties in cosmogenic-based soil production rates and XRD-
based mineral abundances. Although many studies have measured
soil production rates with cosmogenic nuclides (e.g., Heimsath et al.,
1997; Riebe et al., 2001a; Dixon et al., 2009) and quantified mineral
abundances with powder XRD (e.g., Hillier, 2000; Chipera and Bish,
2002; Omotoso et al., 2006; Andrews and Eberl, 2007; Jeong et al.,
2008; Eberl and Smith, 2009), we do not mean to suggest that these
measurements are trivial or universally applicable. Inferring soil
production rates from cosmogenic nuclides requires assuming that
the hillslope soil is in steady state (which is not true everywhere) and
requires accurately assessing quartz enrichment in the soil (which can
be difficult without direct measurements of quartz abundances).
Quantifying mineral abundances with powder XRD patterns can be
hampered by factors that confound interpretation of measured XRD
patterns (e.g., preferred orientation, crystallite size, and variations in
the crystallinity of a given mineral phase (Jenkins and Snyder, 1996;
Kleeberg et al., 2008)). Thus powder XRD patterns are most likely to
yield accurate abundances for high-abundance minerals with consis-
tent crystallinities (e.g., quartz in granite), and are least likely to be
useful for minerals that have crystal structures that vary between
samples (e.g., poorly ordered clays) or that are present in trace
quantities (e.g., calcite in granite). With these caveats, however, our
measurements at Rio Icacos suggest that - at least at sites that are



K.L. Ferrier et al. / Chemical Geology 277 (2010) 101-114 113

close to erosional steady state and which have relatively simple
mineralogies, like Rio Icacos - cosmogenic-based soil production rates
and XRD-based mineral abundances can be accurate enough to yield
useful estimates of long-term mineral weathering rates. Because this
mass balance approach for estimating mineral weathering rates also
depends on distinguishing the composition of the regolith from the
composition of the parent material, the weathering rates it yields are
most accurate in field settings where weathering has been intense and
the regolith mineralogy is easily distinguishable from the parent
mineralogy. Thus this approach is best suited to sites where chemical
weathering is fast enough to produce a soil mineralogy that is easily
distinguishable from the parent mineralogy, such as Rio Icacos, the
southern Appalachians (e.g., White, 2002) or the mountains of Sri
Lanka (e.g., von Blanckenburg et al., 2004). We suggest that the suite
of measurements used in this paper may also be fruitfully applied at
other eroding hillslopes, and that this approach can be useful in
building a database of long-term mineral weathering rates that can
help clarify how factors such as temperature, precipitation, vegeta-
tion, and physical erosion rates influence mineral weathering.

Appendix A. Supplementary data

Supplementary materials related to this article can be found online
at doi:10.1016/j.chemgeo.2010.07.013.
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