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Weathering Processes in the Icacos and Mameyes
Watersheds in Eastern Puerto Rico

By Heather L. Buss and Arthur F. White

Abstract

Streams draining watersheds of the two dominant litholo-
gies (quartz diorite and volcaniclastic rock) in the Luquillo
Experimental Forest of eastern Puerto Rico have very high
fluxes of bedrock weathering products. The Rio Blanco quartz
diorite in the Icacos watershed and the Fajardo volcaniclastic
rocks in the Mameyes watershed have some of the fastest
documented rates of chemical weathering of siliceous rocks
in the world. Rapid weathering produces thick, highly leached
saprolites in both watersheds that lie just below the soil and
largely isolate subsurface biogeochemical and hydrologic
processes from those in the soil. The quartz diorite bedrock
in the Icacos watershed weathers spheroidally, leaving large,
relatively unweathered corestones that are enveloped by
slightly weathered rock layers called rindlets. The rindlets
wrap around the corestones like an onionskin.

Within the corestones, biotite oxidation is thought to
induce the spheroidal fracturing that leads to development
of rindlets; plagioclase in the rindlets dissolves, creating
additional pore spaces. Near the rindlet-saprolite interface,
the remaining plagioclase dissolves, hornblende dissolves to
completion, and precipitation of kaolinite, gibbsite, and goe-
thite becomes pervasive. In the saprolite, biotite weathers to
kaolinite and quartz begins to dissolve. In the soil layer, both
quartz and kaolinite dissolve. The volcaniclastic bedrock of
the Mameyes watershed weathers even faster than the quartz
diorite bedrock of the Icacos watershed, leaving thicker sapro-
lites that are devoid of all primary minerals except quartz. The
quartz content of volcaniclastic bedrock may help to control
watershed geomorphology; high-quartz rocks form thick sap-
rolites that blanket ridges.

Hydrologic flow paths within the weathering profiles
vary with total fluid flux, and they influence the chemistry of
streams. Under low-flow conditions, the Rio Icacos and its
tributaries are fed by rainfall and by groundwater from the
fracture zones; during storm events, intense rainfall rapidly
raises stream levels and water is flushed through the soil as
shallow flow. As a result, weathering constituents that shed
into streamwaters are dominated by rindlet-zone weathering
processes during base flow and by soil weathering processes
during stormflow. The upper reaches of the Mameyes water-
shed are characterized by regolith more than 35 meters thick

in places that contains highly fractured rock embedded in its
matrix. Weathering contributions to stream chemistry at base
flow are predicted to be more spatially variable in the Ma-
meyes watershed than in the Icacos watershed owing to the
more complex subsurface weathering profile of the volcanicla-
stic bedrocks of the Mameyes watershed.

Introduction

Biogeochemical and physical weathering processes in trop-
ical watersheds produce most of the solutes and sediments dis-
charged to the oceans. These watersheds contribute 50 percent
of the water, 38 percent of the dissolved ions, and 65 percent of
the dissolved silica in the oceans, despite covering only about
25 percent of the terrestrial surface (Stallard and Edmond, 1983;
Meybeck, 1987). Thus, relative to their area, tropical systems
are disproportionately important in terms of weathering, ero-
sion, and global CO, cycles. In addition to influencing stream
and ocean chemistry and sediment loads, weathering processes
exert control over chemical transport through soils and regolith
(such as saprolite), soil and saprolite formation rates, mineral
nutrient availability, and microbial growth rates. Weathering
processes are complex phenomena comprising coupled chemi-
cal, physical, and microbial processes, driven by water and
oxygen fluxes. These coupled processes also control the shape,
position, stability, and rate of retreat of the bedrock weathering
interface, which in turn affect topography and erosion.

To date (2012), the majority of research into weathering
processes in the four U.S. Geological Survey Water, Energy,
and Biogeochemical Budgets program (WEBB) watersheds
in eastern Puerto Rico has focused on the Icacos water-
shed. This watershed is an ideal site for studying tropical
weathering processes, because it is relatively pristine, small
(3.3 square kilometers (km?)), and lithologically homoge-
neous (99 percent Rio Blanco quartz diorite; Murphy and
others, 2012). Thick saprolite profiles on ridge tops allow
analysis of deep weathering and the cycling of chemical
elements—processes that are not directly coupled with the
surficial environment. The homogeneity of the quartz diorite
(relative to the volcaniclastic units that dominate the Mam-
eyes watershed) also considerably simplifies interpretation
of the weathering profiles. Currently, a subwatershed of the
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Mameyes watershed, Bisley 1 (fig. 1), is being investigated
and compared with the Icacos watershed in order to better
understand the influence of lithology on weathering pro-
cesses, weathering fluxes, and mineral nutrient availability.

Weathering processes within the Bisley 1 watershed are
spatially more variable than in the Icacos watershed owing
to the more varied lithology of the parent rock. The Bisley 1
watershed is underlain by the Fajardo Formation, a marine-
bedded volcaniclastic bedrock that is mapped as having
several units: an upper thin-bedded tuffaceous siltstone and
sandstone, an upper thick-bedded tuff, a lower thin-bedded
tuffaceous sandstone and siltstone, a lower thick-bedded
tuff, and an undivided unit (Briggs and Aguilar-Cortés,

1980). Bed thicknesses differ, and coarse tuff, breccias, and
cherty or calcareous siltstone beds are found in some units.
Although the few bedrock exposures in the Bisley watershed
appear homogeneous, the watershed is underlain by the upper
thick-bedded tuff unit, which includes some breccias, lithic
andesitic clasts, calcareous siltstone, and some pumice and red
scoria. Spheroidally weathered, marine-bedded, volcaniclastic
sandstones are occasionally exposed by landslides. Weathered,
quartz-rich clasts, which may be relict quartz veins, are found
in the Bisley regolith.

In contrast to the high quartz content of the Rio Blanco
quartz diorite (=20-30 percent by weight; White and oth-
ers, 1998; Turner and others, 2003; Buss and others, 2008),
which creates a weathering-resistant matrix that supports
isovolumetric weathering to form saprolite, the bluish-gray
tuffaceous rock commonly found in the Bisley streambeds
contains very little quartz (=7 percent, as analyzed by X-ray
diffraction (XRD) and quantified using the program Rock-
Jock as described by Eberl, 2003). Without a quartz matrix
to support the volume during chemical weathering, these
volcaniclastic rocks likely dissolve completely or collapse in
volume during weathering. However, quartz-rich saprolites (as
much as 65 percent) greater than 35 meters (m) deep are found
in the Bisley watershed, indicating formation from a parent
rock with a higher quartz content than the rocks commonly
encountered in the Bisley watershed today. Similar rocks, but
with higher quartz content (=22—27 percent) may be exposed
after relatively deep landslides in the Bisley 1 watershed and
within a few kilometers to the east. These rocks may have
been hydrothermally altered by infiltrating Si-rich fluids dur-
ing intrusion of the Rio Blanco stock. Thus, saprolite-mantled
ridges in the Bisley watershed likely formed from these rela-
tively quartz-rich rocks.

Both the quartz-rich and quartz-poor volcaniclastic rocks
in the Bisley watershed contain similar amounts of chlorite
(20-25 percent) and pyroxene (5—10 percent), but they diverge
in feldspar content: about 35 and 50 percent, respectively.
The Bisley saprolite contains =15-65 percent microcrystal-
line quartz into which are embedded sparse, small, weathered,
quartz-rich clasts (as much as =80 percent quartz) that may
represent relict quartz veins. Typically, quartz content by
weight is higher in weathered materials, such as saprolite,
relative to the parent rock. When other minerals weather and

Water Quality and Landscape Processes of Four Watersheds in Eastern Puerto Rico

elements such as Ca, Na, Mg, and K are lost from the system,
quartz makes up a larger proportion of the remaining mass
than it did originally. Similarly, elements that are relatively
immobile during chemical weathering, such as Ti and Zr, are
also more abundant in saprolite relative to parent rock in both
the Bisley watershed (bulk chemistry measured by inductively
coupled plasma—atomic emission spectroscopy (ICP—-OES)
after lithium metaborate fusion) and Icacos watershed (White
and others, 1998; Buss and others, 2005, 2008).

The Fajardo Formation, which underlies the Bisley water-
shed, is older than the granitic intrusion underlying the Icacos
watershed, ~100 million years old (Ma) as compared with
47 Ma, respectively (Jolly and others, 1998; Smith and others,
1998). Regolith in the Bisley | watershed is also thicker than
in the Icacos watershed: about 10-20 m and 5-9 m on ridge
tops in the Bisley and Icacos watersheds, respectively (White
and others, 1998; Schellekens and others, 2004; Buss and oth-
ers, 2005). Borehole drilling on a road in the Bisley 1 water-
shed recovered regolith cores more than 35 m deep, within
which were embedded highly fractured rock in varying stages
of weathering. These cores may contain a combination of
transported material (such as from old landslides) and saprolite
(which is formed in place, by definition). A 29-m-deep bore-
hole on a road in the Icacos watershed passed through 5 m of
saprolite, followed by a fractured-bedrock zone less than 1 m
thick, and finally through 23 m of solid, unfractured, quartz
diorite bedrock. A saprolite-production rate (or bedrock-
weathering rate) of 211 meters per million years (m m.y. ")
has been estimated for a Bisley ridgetop (Dosetto and others,
2011), which is considerably faster than the 43-58 m m.y.!
rate estimated for the Icacos watershed (Brown and others,
1995; White and others, 1998; Riebe and others, 2003, 2004).
The bedrock weathering rates of both watersheds are also
high relative to weathering rates of siliceous bedrock (such
as basalts, andesites, granitoids, and schists) in watersheds
around the world (White and others, 1998; Freyssinet and
Farah, 2000; Navarre-Sitchler and Brantley, 2007; Dosseto
and others, 2011).

The Bisley saprolite is about 60—80 weight percent clay
(primarily microcrystalline, disordered kaolinite) and is com-
pletely devoid of primary minerals except quartz, indicating an
advanced stage of weathering (mineralogy analyzed by XRD).
The kaolinite contains impurities of Mg, Fe, and K that are
released as the kaolinite itself dissolves with time. The Icacos
saprolite contains primary biotite, which releases appreciable
Mg, K, and Fe during transformation to kaolinite throughout
the saprolite (Murphy and others, 1998).

The remainder of this chapter discusses weathering
processes in the Icacos watershed (fig.1), which has been
studied in much greater detail than the Mameyes watershed.
The Rio Blanco quartz diorite weathers in place along joint
planes, forming rounded bedrock corestones (as much as
about 2 m diameter), which then weather spheroidally (fig. 2).
Onionskin-like layers (rindlets) form on the corestones during
spheroidal weathering; continued weathering of the cores-
tones produces a thick (about 2—8 m) saprolite overlain by
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Figure 1. Location and geology of Icacos and Mameyes watersheds. (Geology adapted from Bawiec (1998); metamorphic contact

from Seiders (1971) and Briggs and Aguilar-Cortés (1980), with digital interpretation by F.N. Scatena and Miguel Leon, University of
Pennsylvania Luquillo Critical Zone Observatory; Bisley 1 watershed boundary courtesy Miguel Leon, University of Pennsylvania;
Guaba watershed boundary courtesy Sheila Murphy, U.S. Geological Survey.)
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Figure 2. Sampled roadcut 600 meters southeast of the mouth of the Icacos

watershed showing a 2-meter diameter corestone of Rio Blanco quartz

diorite that is weathering spheroidally. A 49-centimeter-thick zone of partially

weathered rock layers called rindlets surrounds the corestone. The string grid
(at an angle to the camera) partitions the outcrop into 1-square-meter blocks.

thin (about 0.5—1 m) soils. The resulting weathering profile is
characterized by multiple interfaces that define distinct zones
in which weathering processes differ and, in some cases, oper-
ate independently of the processes operating within the other
zones. Here we will discuss weathering processes in individual
zones from the fresh bedrock upward to the surface soil.

Weathering Processes at the Bedrock
Interface

Weathering of fresh, intact bedrock is the initial step in
the soil-forming process and is the primary contributor of
chemical solutes to the hydrosphere—groundwater, streams,
precipitation, and oceans. Interfaces where intact bedrock
weathers to disaggregated material, such as saprolite, are con-
trolled by coupled chemical, physical, and microbial processes
driven by the flux of reactants to the fresh rock. The rate at

which the bedrock weathers determines the rate at which the
interface moves downward, the rate of formation of the sapro-
lite, the flux of mineral nutrients to the biosphere, and the flux
of solutes to the hydrosphere.

A spheroidally weathering interface, such as in the Rio
Blanco quartz diorite, provides a model environment for
studying the coupling of physical and chemical processes
involved in rock weathering and saprolite formation. Spheroi-
dal weathering is a well-known, but poorly understood, form
of exfoliation that has been linked to chemical weathering
(for example, Farmin, 1937; Ollier, 1971; Fletcher and others,
2006; Buss and others, 2008). Spheroidal weathering begins
when bedrock joint planes are exposed to weathering, which
rounds off corners in place to form boulders called corestones.
Corestones then fracture parallel to and just below their sur-
face, forming concentric layers called rindlets (Bisdom, 1967;
Ollier, 1971; Fritz and Ragland, 1980; Turner and others,
2003; Buss and others, 2005, 2008). A complete set of rindlets
(from corestone to saprolite) comprise a rindlet zone (fig. 3).
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Figure 3. Generalized view of the weathering profile in the
Icacos watershed. Quartz diorite bedrock corestones weather
spheroidally, producing a zone of concentric layers called rindlets.
Rindlets transform into saprolite in a zone called protosaprolite or
saprock, where weathering processes differ from those in either
the rindlet zone or saprolite (Buss and others, 2008).

Rindlets are slightly weathered, but most are still relatively
hard. The hand-friable outer rindlets (at the saprolite interface)
are sometimes referred to as saprock, a material intermedi-
ate between saprolite and bedrock. Where rindlet zones are
exposed by erosion (which is dominated by landslides; Larsen
and Torres-Sanchez, 1998), they tend to slough off, leaving
bare corestones. Corestone-rindlet complexes that remain in
place at depth eventually weather to saprolite.

Expansion of a mineral during chemical weathering has
been identified as a possible cause of spheroidal fracturing (for
example, Larsen, 1948; Simpson, 1964; Eggler and others,
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1969; Isherwood and Street, 1976; Begle, 1978; Chatterjee
and Raymahashay, 1998; Fletcher and others, 2006; Buss and
others, 2008). Although isovolumetric weathering is required
to produce the overlying saprolite, Fletcher and others (2006)
demonstrated quantitatively that only a very small net volume
change is required to generate sufficient elastic strain energy
to produce spheroidal fracturing as observed in the Rio Blanco
quartz diorite.

The rindlet zone in the Rio Blanco quartz diorite is
composed of a sequence of rindlets each about 2.5 centimeters
(cm) thick, which are slightly weathered relative to the parent
corestones (fig. 4). Within the rindlet zone, the transformation
from bedrock to saprolite is accomplished. This transformation
includes development of pore space, essentially complete loss
(=99 percent) of the primary minerals plagioclase, hornblende,
chlorite, and apatite; oxidation of biotite; and formation of
the secondary minerals kaolinite, gibbsite, and goethite (Buss
and others, 2008, 2010). These weathering processes occur
at different points within the rindlet zone but are interrelated.
The transformation of bedrock to saprolite begins within the
corestones. Aqueous oxygen contained in pore waters dif-
fuses into the unweathered corestone and oxidizes Fe(Il) in
the biotite (Buss and others, 2008), which then expands in the
d(001) direction from 10.0 angstroms (A) to 10.5 A (Dong and
others, 1998; Murphy and others, 1998). This modest expan-
sion builds up elastic strain energy within the rock (Buss and
others, 2008). When the elastic-strain-energy density reaches
fracture surface energy, fracturing occurs, creating a rindlet
(Fletcher and others, 2006). The oxidation of Fe(II) in biotite
is initiated when dissolved oxygen diffuses into the core-
stones; thus the weathering rate depends on the concentration
of oxygen in pore waters. This concentration is expected to
decrease with increasing saprolite thickness, creating a posi-
tive feedback between erosion and weathering rates that may
maintain profiles at steady state throughout geologic time
(Fletcher and others, 2006).

A weathering front is a boundary layer, or zone, that sep-
arates weathered material from fresh rock. It is often defined
in terms of a weathering reaction (for example, dissolution of
a given mineral) such that the weathering front encompasses
the entire zone where the weathering reaction occurs. For a
mineral weathering reaction, the mineral becomes progres-
sively more altered (or changes in abundance) within the
weathering front. Turner and others (2003) conceptualized the
spheroidal weathering system in the Rio Blanco quartz diorite
as consisting of many parallel weathering fronts that move
inward toward each of the rindlet centers from their edges as
well as inward towards the centers of the corestones. However,
in detailed analyses of a complete rindlet sequence, Buss and
others (2008) did not detect a trend in chemical weathering
intensity within individual rindlets and proposed an alternative
model. In this model, the entire rindlet zone and corestone is a
single weathering front controlled by only two interfaces: the
bedrock-rindlet interface and the rindlet-saprolite interface,
which are coupled by the pore-space-forming processes of
mineral dissolution and fracturing.
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Figure 4. Backscattered electron images of thin sections taken from a corestone-rindlet complex exposed at a roadcut 600 meters
southeast of the mouth of the Icacos watershed. A, Corestones are relatively unweathered and unfractured and are dominated

by large zoned plagioclase crystals. B, A typical rindlet sampled from about 20 centimeters above the corestone (the entire rindlet
sequence was 49 centimeters thick) contains microcracks, unaltered hornblende (HB), and pore space within plagioclase (Plag)
crystals where calcic cores are weathering before sodic edges. C, Within the protosaprolite zone, a rindlet sampled from about 2
centimeters below the visible rindlet-saprolite interface contains unaltered quartz, highly weathered plagioclase (Plag) with gibbsite
and kaolinite within the pore spaces, and slightly weathered hornblende (HB). D, Also within the protosaprolite zone, a sample taken
from about 0.5 centimeter above the visible rindlet-saprolite interface contains quartz and visibly altered biotite; hornblende and
plagioclase crystals are no longer visible. Large areas are filled with gibbsite and kaolinite (after Buss, 2006; Buss and others, 2008).
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In a one-dimensional, steady-state profile, the loss of a
mobile element or dissolving mineral can be modeled as a
linear decrease with decreasing depth from the parent rock
composition to some weathered composition. This linear
decrease, or weathering gradient, is composed of two vec-
tors: the weathering velocity (which equals rate of advance
of the weathering front in a solid-state profile or the fluid flux
in an aqueous profile) and the rate of loss of the individual
mineral or element that defines the gradient (White, 2002).
Solid-state gradients in Na, Fe(II), and P within a rindlet
zone were used to calculate weathering rates for plagioclase
dissolution (Na), biotite oxidation (Fe(Il)), and apatite dis-
solution (P) (Buss and others, 2008, 2010).

Within the bulk of the rindlet zone, hornblende is
relatively stable, whereas plagioclase dissolves at a rate of
90 x 10 moles per square meter per second (mol m=2s™'),
biotite is oxidized at a rate of 3.1x107"* mol m2s™!, and
apatite dissolves at a rate of 6.8 x10* mol m? s™! (Buss
and others, 2008, 2010). Concurrent with these mineral
weathering reactions, the rindlets are further fractured by
microcracks. Additional pore space develops by the dis-
solution of plagioclase; some of the dissolved constituents
precipitate within the pore space as kaolinite and gibbsite
(Murphy and others, 1998; Turner and others, 2003; Buss
and others, 2004, 2008), whereas other constituents, notably
Na and Ca, are lost from the profile. Sodium and calcium
are abundant in all stream waters within the Icacos Basin
(Bhatt and McDowell, 2007), reflecting plagioclase dis-
solution. The precipitation of kaolinite following pla-
gioclase dissolution leads to an isotopically heavy &*°Si
signature (+0.8 per mil; ratio of stable isotopes of silicon,
39Si/2881, relative to international standard NBS-28) in
pore waters from the deepest saprolite, because isotopi-
cally light Si is preferentially sequestered in the kaolinite
(Ziegler and others, 2005). Similarly, Ge/Si ratios in deep
saprolite pore waters are low (=1.0-2.0 micromoles per
mole (umol mol ™)) reflecting the dissolution of plagioclase
(Ge/Si = 1.5umol mol™') and the formation of kaolinite
enriched in Ge (Ge/Si = 4.8-6.1 umol mol™!, Lugolobi and
others, 2010). Because plagioclase weathers only in the
rindlet zone (White and others, 1998; Turner and others,
2003) and at the rindlet-saprolite interface (Buss and others,
2008), weathering at this interface is the primary control
on Si flux into the deep saprolite pore waters. The low Ge/
Si ratios of the deep saprolite pore waters are also reflected
in stream waters in the Icacos and Guaba watersheds dur-
ing base flow (Ge/Si = 0.29 pmol mol™'), indicating that
weathering at the rindlet zone is the primary contributor
to stream-water Si during base flow (Lugolobi and others,
2010; Kurtz and others, 2011). Likewise, the isotopic com-
position of Si in stream waters in the Icacos watershed (6*°Si
=+1.2 to +1.5 per mil during base flow) reflects weather-
ing reactions (plagioclase and hornblende dissolution)
that occur at the bedrock-saprolite interface (Ziegler and
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others, 2005). During storm events, however, stream-water
Ge/Si ratios are higher (2.3 pmol mol™') and 6*°Si values
lower (+0.8 per mil), consistent with the shallow saprolite
and soil zone Ge/Si ratios (2.3 to 3.3 and 4.6 pmol mol ™,
respectively) and &*°Si values (0.8 and —1.4 to —1.7 per mil,
respectively), indicating rapid flow of storm waters overland
and through shallow subsurface zones (Ziegler and others,
2005; Kurtz and others, 2011).

The removal of soil and saprolite from bedrock and
corestone-rindlet assemblages by landslides enhances access
of reactants (such as oxygen, carbonic acid, and organic acids)
to primary minerals such as plagioclase, hornblende, biotite,
and apatite (Frizano and others, 2002; Bhatt and McDowell,
2007). This effect is more pronounced at higher elevations and
is revealed in stream waters draining higher elevations (Bhatt
and McDowell, 2007). Enhanced access to mineral nutrients
contained in primary minerals also aids in the rapid restora-
tion of vegetation on landslide scarps in the Icacos watershed
(Frizano and others, 2002).

At the rindlet-saprolite interface, the rindlets finally
disaggregate and transform into saprolite (figs. 3, 4). The
narrow zone (=7 cm at the rindlet sequence studied) sur-
rounding the visible interface has been called the proto-
saprolite zone (Buss and others, 2008) or saprock zone
(Minyard and others, 2011). Within this zone, plagioclase
and apatite completely dissolve and biotite achieves the
oxidized composition found within the saprolite. Also
within this zone, hornblende begins to weather and rapidly
dissolves to completion at a rate of 1.4 x 10> mol m2 s,
calculated from the solid-state gradient in Fe(II) within the
protosaprolite zone (Buss and others, 2008). Thus horn-
blende provides the dominant flux of Fe(II) to the saprolite
and the deep saprolite biota (Buss and others, 2005).

In the deep saprolite, microbial communities are rela-
tively isolated from the biogeochemical cycling near the
surface. Nutrients, such as organic carbon and phosphorous,
do not infiltrate to the deep saprolite (Murphy, 1995; Buss
and others, 2005, 2010). Therefore, the deep communities
depend directly upon nutrients and energy sources derived
from the rock-forming minerals during weathering of the
rindlets and corestones. Apatite dissolution across the rindlet
zone and at the rindlet-saprolite interface produces sufficient
flux of phosphorous to support the needs of the deep micro-
bial community (Buss and others, 2010). This community
includes autotrophic microorganisms that fix CO, to produce
organic carbon from inorganic carbon. At least some of these
autotrophs are also iron oxidizers, which derive energy by
oxidizing the Fe(II) that is rapidly released at the rindlet-
saprolite interface during hornblende dissolution (Buss and
others, 2005, 2008). Iron-oxidizing bacteria contribute to
the formation of secondary Fe(IlI)-oxide minerals (goethite)
in the saprolite and potentially affect the rate of spheroidal
weathering by decreasing the concentration of dissolved
oxygen in pore water (Buss and others, 2005, 2008).
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Weathering Processes in the Saprolite
and Soil

Saprolite is, by definition, an isovolumetric weathering
product (Bates and Jackson, 1984), and this characteristic
has been confirmed for the Icacos saprolite by calculations of
volumetric strain with respect to Ti (White and others, 1998;
Buss and others, 2008) that are close to zero. The 50 percent
porosity and visible primary granitic texture of the saprolite
is also consistent with isovolumetric weathering (White and
others, 1998).

Weathering reactions within the saprolite include the
replacement of biotite by kaolinite, quartz dissolution, oxida-
tion of Fe(Il) and Mn(II), and precipitation of Fe and Mn
oxides (Murphy and others, 1998; White and others, 1998;
Buss and others, 2005). These reactions are revealed in gradi-
ents in pore-water and solid-state chemistry, in petrographic
and electron microscopy of thin sections, and in microbiologi-
cal assays. Concentrations of K, Mg, and Si in Icacos saprolite
pore waters increase with depth, defining weathering gradients
(White and others, 1998). Weathering rates for biotite altera-
tion to kaolinite (10" mol m? s™') and for quartz dissolution
(108 mol m2 s™') were calculated from these gradients (Mur-
phy and others, 1998; Schulz and White, 1999).

In the Icacos weathering profile, biotite weathers in two
stages. As mentioned earlier, biotite in the corestones and
rindlets oxidizes to form an “altered biotite” phase, which
is characterized by a d(001) spacing of ~10.5 A, and higher
Al/Si ratios and lower Fe, Mg, and K contents than fresh bio-
tite (Dong and others, 1998; Murphy and others, 1998; Buss
and others, 2008). In the saprolite, altered biotite weathers
further to form kaolinite by either of two mechanisms: direct
epitaxial overgrowth of two layers of kaolinite onto one layer
of altered biotite, or formation of one layer of kaolinite per
layer of altered biotite after the formation of an intermediate
halloysite layer (Dong and others, 1998; Murphy and others,
1998). The weathering of biotite to kaolinite controls Mg and
Si concentrations in pore waters in all but the shallowest and
deepest saprolite.

Quartz dissolution in the soil is reflected in Si concentra-
tions (Schulz and White, 1999) and Si isotope ratios (Ziegler
and others, 2005) in the pore waters. Quartz dissolution rates
under natural conditions are extremely slow, and thus residual
quartz is the major structural component of many weathering
profiles, including the Icacos saprolite, where quartz abun-
dances and grain size distributions are approximately constant
with depth. However, these quartz grains are not inert but
show evidence of dissolution in the form of etch pits (Schulz
and White, 1999). Quartz dissolution rates, calculated from
silica concentrations in the pore waters, are fastest at shallow
depths (2.8%x10°"° mol m? s ' at 1.5 m depth), where quartz-
grain etch pits are the most abundant (Schulz and White,
1999). Silica concentrations in the saprolite pore waters
increase linearly with depth, whereas quartz weathering rates
decrease with depth. Quartz dissolution also controls the 6°Si
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signature in the soil pore waters (—1.4 to —1.7 per mil, Ziegler
and others, 2005). Some kaolinite in the shallow soil dissolves
in association with lower pH and elevated concentrations

of Al and dissolved organic carbon in the soil pore waters
(White and others, 1998). Dissolution by organic acids and
other organic ligands produced by soil microorganisms and
vegetation are likely responsible for the loss of kaolinite in
the soil layer, as has been observed in laboratory studies (for
example, Maurice and others, 2001) and in other tropical soils
(for example, Chorover and Sposito, 1995). However, despite
the influence of quartz and kaolinite dissolution, pore-water
chemistry in the soil and shallow saprolite is dominated by
atmospheric deposition and biological cycling (White and oth-
ers, 1998; Pett-Ridge and others, 2009; Lugolobi and others,
2010) rather than mineral weathering processes.

Summary

Calculated bedrock weathering rates for the Icacos and
Mameyes watersheds are high compared with watersheds
around the world that are underlain by siliceous bedrock.
Rapid weathering produces thick, highly leached saprolites
in both watersheds that decouple subsurface processes from
those in the soil. The quartz diorite bedrock in the Icacos
watershed weathers spheroidally, forming relatively unweath-
ered bedrock corestones that are surrounded by concentric lay-
ers of rock called rindlets. The spheroidal weathering process
produces two controlling weathering interfaces. First, disag-
gregation of the intact rock is initiated at the bedrock-rindlet
interface, where biotite oxidation within the corestones leads
to spheroidal fracturing. The second controlling interface is the
rindlet-saprolite boundary, where the rindlets disintegrate into
saprolite owing to the development of extensive pore space
and the complete dissolution of plagioclase and hornblende.
Stream-water chemistry at base flow within the Rio Icacos and
its tributaries reflects these rindlet-zone weathering processes.
Within the saprolite, biotite is replaced by kaolinite and quartz
dissolves. The geochemistry of the overlying soil layer is
dominated by the biological recycling of mineral nutrients, but
it is also influenced by the dissolution of quartz and kaolinite.
These shallow weathering processes are reflected in stream-
water chemistry during storm events.
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