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ABSTRACT
In the Rio Icacos watershed of Puerto Rico, which has one of the fastest
documented chemical weathering rates of granitic rock in the world, the quartz diorite
bedrock weathers spheroidally, producing a 0.2-2 m thick interface of partially weathered
rock layers called rindlets. Plagioclase dissolution and biotite oxidation are the first
observable weathering reactions in this system although it remains unknown which of
these reactions occurs first. Dissolution of plagioclase produces porosity and may retard
dissolution of other silicate minerals within the rindlet zone. Biotite weathering occurs in
two stages: by oxidation within the rindlet zone and by alteration to kaolinite within the
saprolite. Within a 0.07 m zone near the rindlet-saprolite interface, we document the
fastest rate of hornblende dissolution in the field ever reported: 6.0 x 10-13 mol m-2 s-1 .
The release of Fe(II) during hornblende dissolution supports the growth of ironoxidizing bacteria at depth in the Rio Icacos saprolite. Fixation of CO2 by these bacteria
supports growth of heterotrophic bacteria. A conceptual model is presented to quantify
the effect of Fe(II) release during bedrock weathering on the microbial population at
depth in the saprolite. By consuming Fe(II) and O2 , iron-oxidizing bacteria may affect
spheroidal fracturing, which is likely driven by diffusion of O2 into the bedrock and
oxidation of Fe-silicate minerals.
Microbial populations also affect the mechanisms and rates of mineral weathering
via the production of organic moieties that interact with mineral surfaces. Spectroscopic
and microscopic techniques were utilized to investigate Fe-silicate glass surfaces after
incubation with siderophores, extracellular polysaccharides (EPS), and /or under colonies
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of bacteria. Siderophores enhanced release of Fe, Al, and Si. Release of these elements
was greatest in the presence of both EPS and siderophores, but negligible in the presence
of EPS alone. Siderophore-exposed surfaces contained widespread, small etch pits and
greater surface roughness than bacteria-exposed surfaces, which contained fewer,
localized, larger etch pits. This is the first documented case in which mineral surface
pitting by siderophores has been observed. Small acidic molecules released from the EPS
may have shuttled Fe from the surfaces to the siderophores, enhancing general
dissolution.
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PREFACE
This thesis consists of four chapters with the first serving as an introduction to the
following three. Chapter Two is a study of mineral weathering reactions across a
bedrock-saprolite interface, with an emphasis on reactions involving iron-silicate
minerals. Chapter Two will be edited and submitted for review as a multiple-authored
work in a scientific journal: Buss H.L., Sak P.B., Fletcher R.C., White A.F., and Brantley
S.L. Mineral weathering across a spheroidally weathering bedrock-saprolite interface,
Luquillo Mountains, Puerto Rico. Chapter Three is a study of the microbial community
living in the deepest saprolite above the bedrock-saprolite interface. In this chapter, the
influence of the iron-silicate mineral weathering reactions on the microbial community is
expressed quantitatively. Chapter Three was published as a multiple-authored work: Buss
H.L., Bruns M.A., Schultz M.J., Moore J., Mathur C.F., and Brantley S.L. (2005) The
coupling of biological iron cycling and mineral weathering during saprolite formation,
Luquillo Mountains, Puerto Rico. Geobiology 3, 247-260. Chapter Four is a study of
several ways in which microorgansisms can affect the weathering of iron-silicate
minerals. Chapter Four will be submitted for review as a multiple-authored work in a
scientific journal: Buss H.L., Lüttge A. and Brantley S.L. Etch pit formation on iron
silicate surfaces during siderophore-promoted dissolution. In accordance with the
requirements of the Graduate School, I, Heather L. Buss am the first author of each of
these manuscripts and was responsible for the majority of the data collection, analysis,
and manuscript preparation. The additional authors provided assistance in the laboratory
or field and/or with editing of the manuscripts.

xiii
ACKNOWLEDGEMENTS
I wish to thank, first and foremost, my parents Jim and Melba Buss for their patience and
generosity while I have pursued my education. I owe many thanks to my fiancé David
Mericle for his patience and support. I appreciate the guidance of my thesis committee
and signatory. I would also like to thank J. Troester and A. White (USGS), and D.
Mericle and R. Fletcher (Penn State) for field support; and to thank R. Mathur (Juniata
College), L. Liermann (Penn State), M. Schultz, C. Mathur, G. Fillipeli, A. Fink, and S.
Christy (York College of PA), and S. Campos (University of Texas at El Paso) for
laboratory assistance. Analytical facilities and support were provided by the Penn State
Materials Characterization Laboratory and staff including M. Angelone (EPMA), J.
Cantolina (SEM), V. Bojan (AFM), H. Gong (ICP-AES), J. Schallenberger (XPS), N.
Wonderling (XRD), J. Kittleson (ICP-MS), and S. Atkinson (IC). Additional SEM
assistance and advice was provided by P. Sak (Dickinson College). Thanks also to D.
Eggler (Penn State) and E. Merino (Univ. Indiana) for help with optical microscopy, to
A. Lüttge (Rice University) for assistance and access to VSI instrumentation, to N.
Tamura (Lawrence Berkeley National Laboratory) for µ-XRD assistance, and to B.
Thomas (Penn State) for GC-MS. Funding was provided by the Penn State
Biogeochemical Research Initiative for Education: NSF-IGERT grant DGE-9972759,
DOE grant DE-FG02-05ER15675, the NASA Astrobiology Institute, the Penn State
Center for Environmental Chemistry and Geochemistry, and the NSF Graduate Research
Fellowship Program. And finally I would like to thank my advisor, Sue Brantley for
having confidence in me and turning me into a scientist. I am ever in your debt.

Chapter 1
The significance of biogeochemical weathering of Fe-silicate minerals in
the critical zone

1.1 Silicate Mineral Weathering
Water and dissolved reactants infiltrate cohesive, intact bedrock releasing
dissolved ions, altering minerals, and disaggregating mineral and rock grains in the
process known as weathering. The rates and mechanisms of weathering processes are
important for understanding a variety of environmental problems (Anderson et al., 2004).
For example, weathering reactions contribute to nutrient cycling (Huntington et al.,
2000), neutralization of acidic rain (Drever and Hurcomb, 1896) the evolution of
landforms (Heimsath et al., 1997), and long-term drawdown of atmospheric CO2 (Berner
and Berner, 1997). The weathering of silicate minerals – the most abundant class of
minerals in the crust – are of particular interest as they are the primary source of mineral
nutrients to the biosphere and for their role in regulation of global CO2 .
On geologic time scales, global climate is partially regulated by a negative
feedback loop between silicate weathering and atmospheric PCO2 (Berner, 1995). During
silicate hydrolysis, CO2 is consumed by uptake of H+ from carbonic acid. The
bicarbonate ions that are produced are sequestered as carbonate rocks that eventually
subduct and melt, releasing CO2 back into the atmosphere by volcanic outgassing. As
atmospheric PCO2 increases, global temperatures rise increasing rainfall, which promotes
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chemical weathering, and the cycle is repeated. Climate is the primary control over
temperature, rainfall, and vegetation, all of which affect silicate weathering rates.
Weathering in tropical regions is of primary importance because the high rainfall
maintains disequilibrium, which promotes rapid weathering (Thomas, 1994).
Tropical regions cover only about 25% of Earth’s surface but account for the vast
majority of the dissolved ions (38%) and silica (65%) released to the oceans (Meybeck,
1987). While temperate and sub-tropical watersheds have Si discharge fluxes of 1302582 mol ha -1 yr-1 , Si fluxes of 478-8066 mol ha -1 yr-1 have been reported for tropical
watersheds (White and Blum, 1995; Freyssinet and Farah, 2000; Braun et al., 2005). It
has been suggested that weathering fluxes from tropical systems may be more appropriate
than global averages for estimation of global carbon cycling and for use in climate
change models (White and Blum, 1995). Rapid weathering and erosion rates in
mountainous tropical watersheds lead to highly variable soil and saprolite thicknesses
which in turn impact nutrient fluxes and biological populations. To understand mineral
nutrient cycling in such environments requires tracing nutrients through the entire critical
zone: weathering bedrock, saprolite, soil, water, and biota. A thorough understanding of
nutrient cycling in tropical uplands is necessary in order to predict human impacts.

1.2 The Critical Zone and Weathering Interfaces
The region of the Earth’s surface including soil, saprolite or residuum, and the
bedrock weathering interface has been called the “critical zone” in the National Research
Council report by the Committee on Basic Research Opportunities in the Earth Sciences
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(2001). Geochemical, physical, biological, and hydrologic processes are tightly coupled
within the critical zone and impact global and local water cycles, solute movement,
weathering rates, and nutrient bioavailability. However, surprisingly little
biogeochemical data exist as a function of depth in terrestrial regolith below the rooting
zone. This shortage of data hinders quantification of the coupled processes that control
nutrient fluxes.
Chemical weathering of bedrock releases inorganic nutrients such as Ca, Mg, K, Fe,
and P, which are then cycled through the saprolite, soil, and vegetation. Inorganic
nutrients are cycled by microorganisms via uptake, release, biomineralization, oxidation,
and reduction (e.g., Berner and Berner, 1996; Chapter 3). Microorgansims also contribute
to mineral weathering and soil formation by secreting organic acids and other ligands
such as siderophores (e.g., Richter and Markewitz, 1995; Kalinowski et al., 2000a;
Liermann et al., 2000; Richter and Oh, 2002; Liermann et al., 2005; Chapter 4). Within
the rooting zone, plants take up mineral nutrients, which are recycled back into the soil
when plants decompose. In fact, the rate of Si fixation by plants rivals the rate of Si
fixation in the ocean and is thus significant to the global Si cycle (Conley, 2002).
The contributions of organisms to weathering and nutrient cycling below rooting
depth are not well understood, especially in tropical forests that have rapid nutrient
cycling in surficial layers (e.g., Poszwa et al., 2002). Few microbiological studies have
been conducted within the sub-soil critical zone (Madsen, 1995; Fierer et al., 2003).
However, recent investigations of granitic saprolite (Taunton et al., 2000; Richter and Oh,
2002; Buss et al., 2005; Chapter 3) indicate that saprolite can harbor a diversity of
organisms. Thus the bedrock-saprolite interface is an important transitional boundary for
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the hydrosphere and the biosphere. At this interface, intact bedrock transforms into
disaggregated saprolite and mineral nutrients are released by che mical weathering.
Weathering reactions and their rates are contingent upon the formation of reactive
surface area at the bedrock-saprolite interface. Consequently, processes that disaggregate
intact bedrock facilitate chemical weathering. Yet the convergence and feedbacks among
the coupled chemical, physical, and microbial processes that operate at the bedrocksaprolite interface are poorly understood.

1.3 Biogeochemical Iron Cycling
The abundance, mobility, valence, and phase of chemical elements impacts the
ability of microorganisms to utilize them as nutrients, and thus impacts the makeup of the
microbial community. Iron, the fourth most abundant element in the crust, is central to
many metabolic processes in bacteria and is required for almost all organisms (e.g.,
Wackett et al., 1989). Iron-containing silicate minerals such as amphiboles, pyroxenes,
olivine, and biotite are relatively unstable under surface conditions and are therefore a
major source of Fe and other cations to the hydrosphere and the biosphere. Iron can be
released from silicates by proton- or ligand-promoted dissolution or by oxidation within
the mineral, weakening the crystalline structure.
Microorganisms mobilize Fe from minerals during chemical weathering through
secretion of organic acids, phenols, highly Fe(III)-specific ligands called siderophores,
and extracellular polymers that surround most microbial colonies (Hersman, 2000;
Kalinowski et al., 2000b; Liermann et al., 2000). Not only can these secretions accelerate
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Fe release (e.g., Liermann et al., 2000; Brantley et al., 2004; Neaman et al., 2005), they
can also enhance overall dissolutio n of the mineral via the formation of etch pits (e.g.,
Zhang et al., 1993; Thorseth et al., 1995; Grantham et al., 1997; Buss et al., 2003). In
addition to dissolution, various species of microorganisms can also reduce or oxidize
iron, either passively or for energy, and form new iron minerals intra- or extracellularly.
To date, research on microbial iron cycling in terrestrial environments has been
mostly concentrated on highly acidic or anoxic (often polluted) environments, essentially
neglecting other, more typical terrestrial environments. Much research has been pursued
in the last ~ 15 years into the abilities of some iron-reducing microbes to degrade organic
material (both natural and contaminant) while reducing ferric iron in anoxic sites (e.g.,
Lovley et al., 1994; Fredrickson et al., 1998). A large body of work also exists on iron
cycling by certain acidophilic microorganisms such as Thiobacillus ferrooxidans, which
are widely found in acid environments (Nordstrom, 2000). Although perhaps more
widely relevant are bacteria that can contribute to the oxidation or release of iron from
silicate minerals at circumneutral pH. For example, a soil bacterium, Bacillus sp.,
depleted hornblende surfaces of Fe during incubation in pH buffered media (Kalinowski
et al., 2000a). Some species of Gallionella, Sphaerotilus, Leptothrix, and Thermothrix,
among others (Holt et al., 1994) oxidize Fe(II) at circumneutral pH. These organisms
have been associated with iron oxide deposits in oxic soils, water supply systems, and
aquifer, river, and lake sediments (Houot and Berthelin, 1992; Holt et al., 1994; Nordlund
et al., 1995; Takeda et al., 2000; Sogaard et al., 2001) but their significance in the critical
zone has not been established.
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1.4 Summary
The release of mineral nutrients via silicate mineral weathering supports living
organisms, which in turn can enhance silicate weathering. These interactions are
especially notable at bedrock-regolith interfaces. These topics are explored in this thesis,
beginning with a look at Fe-silicate mineral weathering reactions occurring within a
spheroidally weathering bedrock-saprolite interface in the Luquillo Mountains of Puerto
Rico in Chapter 2. This interface is about 0.5 m thick and itself contains two “subinterfaces”: the bedrock-rindlet interface where spheroidal weathering initiates
disaggregation of the intact bedrock, and the rindlet-saprolite interface where the
relatively coherent spheroidal layers (rindlets) transform into fully disaggregated
saprolite. In this chapter, mineral weathering across these two interfaces is examined and
the roles of the weathering reactions in the disaggregation processes are determined. In
Chapter 3 the effects of Fe release on saprolite microbial populations at the bedrocksaprolite interface in the Puerto Rico quartz diorite are presented. In this chapter, Fe(II)oxidizing bacteria are found near the bedrock-saprolite interface and the flux of Fe(II)
from mineral weathering within the interface is quantitatively linked to microbial growth
rates. Furthermore, by oxidizing Fe(II) and reducing O2 , these microorganisms alter the
concentrations of these species in the pore waters, thus affecting the reaction rates of the
Fe-silicate minerals. Finally, Chapter 4 explores the effects of microbial activity on Fesilicate minerals in a series of laboratory experiments. In this chapter, microorganisms
and microbial exudates (siderophores and extracellular polysaccharides) are shown to
affect the dissolution mechanisms, rates, and the surface topography of Fe-silicate

7
mineral surfaces. The ability of microorganisms to influence mineral weathering
reactions implies that they could affect the rates and mechanisms of disaggregation
processes such as spheroidal fracturing, most of which are likely driven by geochemical
reactions.
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Figure 1.1: Schematic diagram of the Fe cycle, adapted from Lundgren and Dean (1979).

Chapter 2
Mineral weathering across a spheroidally weathering bedrock-saprolite
interface, Luquillo Mountains, Puerto Rico

2.1 Abstract
Spheroidal weathering generates complex, concentrically fractured interfaces
between un-weathered bedrock cores known as corestones and the surrounding saprolite.
In the Rio Icacos watershed in the Luquillo Mountains of northeastern Puerto Rico,
quartz diorite bedrock weathers spheroidally, producing a 0.2-2 m thick interface of
partially weathered rock layers called rindlets. Biotite weathering occurs in two stages:
first by oxidation within the rindlet zone at a rate of 7.2 x 10-14 mol m-2 s-1 , and later by
alteration to kaolinite within the saprolite. The first visible weathering reactions are
plagioclase dissolution and the oxidation of biotite. We were unable to determine which
of these two reactions came first because they were both seen inboard of the corestonerindlet interface in the present samples. Biotite oxidation within the corestone is
significant because it could produce a positive change in molar volume that initiates the
spheroidal fracturing. Within a 0.07 m zone surrounding the rindlet-saprolite interface
(including 4 cm of very friable rindlets and 3 cm of saprolite), high porosity permits rapid
flushing of fluids and the complete dissolution of hornblende. Here we document the
fastest reported rate of hornblende weathering in the field: 1.4 x 10-12 mol m-2 s-1 . This
rate is consistent with laboratory-derived hornblende dissolution rates. By calculating
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field weathering rates for minerals within small zones of active weathering, the gap
between field scale and laboratory scale weathering rates can be reduced.

2.2 Introduction
Rock weathering is the most fundamental part of the soil- forming process and the
primary contributor of chemical solutes to the hydrosphere. The boundaries at which
weathering transforms intact bedrock into disaggregated regolith (i.e., soil, saprolite) are
complex interfaces controlled by coupled chemical, physical, and microbial processes
driven by the flux of reactants into the bedrock. The rate of rock weathering determines
the advance rate of the bedrock-saprolite interface and, in a steady state profile, the rate
of formation of soil. In turn, the rates of individual geochemical reactions contribute to
the overall bedrock weathering rate, the flux of mineral nutrients to the biosphere, and the
flux of solutes to the hydrosphere.
Geochemical reactions involving Fe-silicate minerals have been credited with
causing the spheroidal fracturing that initiates weathering at some interfaces (e.g., Larsen,
1948; Simpson, 1964; Isherwood and Street, 1976; Chatterjee and Raymahashay, 1998;
Fletcher et al., 2006). Herein we present a detailed geochemical investigation of a
spheroidally weathering bedrock-saprolite interface. Specifically we examine the
occurrence and rates of individual mineral weathering reactions within the interface zone,
with particular emphasis on the Fe-silicate minerals.
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2.2.1 Spheroidal Weathering
Spheroidal weathering refers to a well known but poorly understood type of
exfoliation in which corestones are surrounded by concentric layers of weathering rock
(Ollier, 1971). Corestones are blocks of residual bedrock that are weathered in place
along pre-existing joint planes, rounding off corners to create boulders (Linton, 1955;
Ollier, 1971). Spheroidal weathering is synonymous with concentric or onion-skin
weathering. The concentric layers surrounding corestones are variously called sheets,
layers, shells, plates, scales, or rindlets (Bisdom, 1967; Ollier, 1971; Fritz and Ragland,
1980). Envisioning an entire sequence of layers as a weathering rind, here we adopt the
term rindlets to describe the individual layers within a rind, consistent with terminology
used by Fritz and Ragland (1980), Turner et al. (2003), Buss et al. (2005), and Fletcher et
al. (2006). We also refer to a spheroidal weathering rind as a rindlet zone (Figure 2.1).
Spheroidal weathering is most common in homogeneous, jointed, competent
rocks, primarily granite and basalt although it has also been observed on gneisses, schists,
andesites, sandstones, and greywackes (e.g., Ollier, 1967; Heald et al., 1979; Fritz and
Mohr, 1984; Chatterjee and Raymahashay, 1998). Granitic corestones are found in a
variety of climatic regions on all continents except Antarctica and thus represent a
widespread phenomenon impacting soil- formation worldwide.
It is unclear why some rocks weather spheroidally and others do not. Some
investigators have proposed that the percentage of biotite (Le Pera and Sorriso-Valvo,
2000) or feldspar (Ferry, 1984) controls susceptibility to spheroidal weathering, while
others have argued for (Isherwood and Street, 1976; Sequeira Braga et al., 2002) or
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against (Ollier, 1988; Romani and Twidale, 1998; Mignon and Thomas, 2002) climatic
controls.
Spheroidal weathering was once thought to be caused by release of stress upon
erosional unloading or uplift (e.g., Farmin, 1937; Schattner, 1961), a mechanism
sometimes invoked to explain tors and other large-scale exfoliation (Thomas, 1974).
However, spheroidal weathering can occur at hundred of meters depth such that
unloading is an unlikely mechanism (Ollier, 1967; Ollier, 1971). A number of researchers
have suggested that dilation during mineral weathering could induce spheroidal fracturing
(e.g., Larsen, 1948; Simpson, 1964; Isherwood and Street, 1976; Chatterjee and
Raymahashay, 1998; Fletcher et al., 2006). Ollier (1967) argues that a net volume change
is unlikely because the rocks retain joint and mineral structure after spheroidal cracking.
He proposes that expansion of minerals during hydrolysis is balanced by a removal of
material by water and that the layering is caused by Liesegang-type periodic deposition
(Ollier, 1971). However, Fletcher et al. (2006) demonstrated quantitatively that only a
very small net volume change is required to produce stress sufficient to produce
spheroidal cracking.
We have postulated that a positive change in molar volume (DVreaction = S Vproducts
– S Vreactants) for the precipitation of ferric oxides due to oxidation of ferrous minerals
builds-up elastic strain energy in the rock, which causes the fracturing that demarcates
rindlets (Fletcher et al., 2006). In this scenario, the rate of spheroidal weathering, and
hence the rate of advance of the bedrock-saprolite interface (the rindlet zone), is a
function of the concentrations of ferrous minerals and oxygen, the reaction rate, the rate
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of transport, and the mechanical properties of the rock (Fletcher et al., 2006). The model
proposed the dissolution of hornblende coupled with a precipitation of ferrihydrite as the
reaction responsible for the positive change in molar volume. However, there are several
possible reactions involving ferrous minerals that could produce a ferric product:
dissolution of hornblende, biotite, or augite followed by precipitation of a ferric
hydroxide mineral, or solid-phase oxidation of Fe(II) within hornblende, biotite, or
augite. The work presented in this chapter is intended to identify the first weathering
reaction that occurs in the corestones in order to refine the model presented in Fletcher et
al. (2006).
A weathering front is a zone where the primary minerals of the un-altered bedrock
are dissolved and their chemical constituents either lost or precipitated as secondary
phases. A rindlet sequence contains the weathering front, where bedrock chemically
weathers and disaggregates to form saprolite. For an assumed steady-state system such as
the Rio Icacos weathering profile (Riebe et al., 2003; Fletcher et al., 2006), the rate of
formation of the saprolite is equal to the movement of the boundary between the saprolite
and the bedrock and to the total denudation rate. This boundary mo ves downward into the
bedrock as rindlets form during spheroidal weathering. Turner et al. (2003) conceptualize
the Rio Icacos weathering profile as multiple parallel weathering fronts that advance
inward towards the center of the corestones as well as inward from inter-rindlet
boundaries towards the rindlet centers. In this model, the net rate of advance of the
rindlet-scale fronts equals the net rate of advance of the corestone-scale fronts. Likewise,
the net rate of advance of the corestone-scale fronts equals the total denudation rate. If the
rindlet-bounding fractures are a series of parallel weathering fronts (as per Turner et al.,
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2003), then chemical and mineralogical trends should be measurable across a single
rindlet. Alternatively, the entire rindlet zone could be a single weathering front with two
interfaces: the bedrock-rindlet interface and the rindlet-saprolite interface (Figure 2.2).

2.2.2 Field Site
The Rio Icacos watershed in Puerto Rico’s Luquillo Experimental Forest is
located on Rio Blanco quartz diorite bedrock mantled by 200 Ka regolith (Brown et al.,
1995), which is composed of 2-8 m of saprolite and 0.5-1 m of soil. These Picacho-Ciales
complex soils, previously classified as ultisols (Boccheciamp, 1977), are now considered
inceptisols (USDA NCRS, 2002). The quartz diorite weathers spheroidally forming
corestones that average 2 m in diameter, surrounded by 0.2-2 m rindlet zones containing
individual rindlets of 2.6 cm average thickness (Turner et al., 2003; Buss et al., 2004;
Fletcher et al., 2006).
The Rio Blanco quartz diorite bedrock contains zoned plagioclase, quartz,
hornblende, partially chloritized biotite, and minor primary iron oxides and accessory
minerals (Murphy et al., 1998; White et al., 1998). The overlying saprolite contains
kaolinite, goethite, quartz, and biotite. Biotite in the saprolite is oxidized relative to the
bedrock biotite and weathers via epitaxial overgrowth of kaolinite (Murphy et al., 1998).
Within the rindlet zone, plagioclase, hornblende, and chlorite must weather completely
because these minerals are not found in the saprolite (Murphy et al., 1998; White et al.,
1998; Turner et al., 2003).
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Stream water Ge/Si ratios reflect the weathering of plagioclase to kaolinite (Kurtz
and Derry, 2004). Because plagioclase weathering only occurs in the rindlet zone (White
et al., 1998; Turner et al., 2003), weathering at this interface (rather than in the overlying
saprolite or soil) is the primary control on Si flux into the river system. Likewise, the
isotopic composition of Si in stream waters in the Rio Icacos watershed reflects
weathering reactions (plagioclase and hornblende dissolution) at the bedrock-saprolite
interface (Ziegler et al., 2005). In the present paper we explore the weathering reactions
occurring at the bedrock-saprolite interface, that is, within the rindlet zone.

2.2.3 Sample Collection
In June 2003 and July 2004 we collected a suite of solid samples from the Rio
Icacos watershed including saprolite, bedrock, corestone, and rindlets (Figures 2.3-2.4 ).
Rindlets were sampled from around two corestones exposed at a roadcut near the Guaba
Ridge on Route 191 (Figure 2.4). These samples include the edge of a corestone and a
continuous 49 cm section of rindlets above the corestone, spanning the entire rindlet
sequence between corestone and saprolite.
The rindlets were carefully removed with a hammer and chisel, wrapped in plastic
and packing tape, and labeled according to position and orientation. At the rindletsaprolite interface, the rindlets are significantly more friable, thinner, and lighter in color
than the majority of the rindlet zone. Likewise, the saprolite just above the interface is
slightly more resistant and darker in color than the bulk of the overlying saprolite. This 7
cm zone, consisting of 4 approximately 1 cm thick, highly weathered, friable rindlets and
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roughly 3 cm of adjacent saprolite was dubbed the protosaprolite zone. We define the
rindlet zone as the ~46 cm region containing all of the very hard, cohesive rindlets
between the corestone and the protosaprolite zone (Figure 2.2). Rindlet-bounding
fractures anastamose and outer rindlets (further from the corestone, but not yet to the
protosaprolite zone) tend to split in two, complicating precise definition of a single
rindlet. Therefore, a transect was chosen, and samples bounded by parallel fractures
along this transect were defined as individual rindlets. Where the transect crossed
anastamosing fractures or partially split rindlets, the sample was collected as a single
piece and considered a single rindlet. Delicate protosaprolite samples were coated with
melted wax on at least one side before removal from the outcrop to preserve the structure
and orientation of the interface (Figure 2.5).

2.3 Methods

2.3.1 Sample Preparation and Analysis
Bulk elemental analysis was performed on pulverized and sieved (150 µm)
corestone, rindlet, and saprolite samples (Appendix A). These analyses included major
and minor elements by inductively coupled plasma optical emission spectrometery (ICPOES) after lithium metaborate fusion digestion and FeO by titration after a multi-acid
digest (SGS Mineral Laboratories, Ontario, Canada). Sub-samples from within individual
rindlets were taken by careful grinding with a Dremel rotary tool with diamond points.
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Dry bulk densities of the rindlet samples were determined by coating samples with thin
layers of rubber cement and immersing them in water to measure volume displacement.
Thin-sections were prepared from the sub-horizontal rindlets overlying a
corestone shown in Figure 2.3. Minerals within the thin sections were identified using
optical microscopy and electron probe microanalysis (EPMA, Cameca SX-50). EPMA
was also used to measure the composition of hornblende crystals as a function of distance
from the corestone. Backscattered electron (BSE) images, mosaic maps of BSE images,
and X-ray elemental maps of the thin-sections were made on an FEI Quanta 400 SEM
equipped with an energy dispersive X-ray spectrometer (EDS). Modal analysis was
performed on backscattered images using XT-Docu software (v. 3.2, Soft-Imaging
System GmbH, Münster, Germany) to point count phases identified by the user based on
the backscattered grayscale value and crystal morphology. This technique has been
successfully used to measure porosity in weathering rinds (Dorn, 1995; Dixon et al.,
2006).
To supplement microscopic phase identification in the highly weathered rindlets
and protosaprolite zone, powder X-ray diffraction (XRD) was performed on randomly
oriented samples on a Scintag X2 theta-theta goniometer with a copper target. A step
scan was used with a step size of 0.02° and 2 seconds per step. To look for incipient
weathering phases in the corestone that may be too small to identify with the above
mentioned techniques, scanning X-ray microdiffraction (µXRD) was performed on 4
areas (~0.6 – 1.8 mm2 ) of 2 corestone thin-sections at Beamline 7.3.3 at the Advanced
Light Source, Lawrence Berkeley National Laboratory. The stage was rastered under a
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monochromatic beam (< 1 µm spot size) and µXRD patterns were collected every 50 µm.
The data were analyzed with XMAS v.5.1 software (LBNL, Appendix B).

2.3.2 Mass Transfer Calculations
In a weathering profile, the mass of an immobile element will be the same in both
the parent rock and the weathered material. The concentration of the immobile element in
the weathered material will differ from that in the parent material if the weathering
processes result in a change in density and/or volume. By comparing elemental
concentrations of mobile elements to the concentration of an immobile element and
considering changes in density and strain, the mass transfer (loss or gain of an element
relative to the parent rock composition) can be documented (Brimhall and Dietrich, 1987;
Anderson et al., 2002).
Mass transfer of individual elements relative to Ti was calculated for each rindlet
and saprolite sample (Appendix B). Open-system mass transport is quantifiable in the
present samples because the parent material is homogenous (Rio Blanco quartz diorite),
of uniform age (Tertiary), and contains an inert component (Ti) that is present in both the
parent and product material (Chadwick et al., 1990). Because saprolite is isovolumetrically weathered rock, volumetric strain (change in volume as a result of stress),
calculated on the basis of an assumed immobile element, should be near- zero. White et
al. (1998) identified Ti as immobile in the Puerto Rican saprolite relative to the bedrock
based on low volumetric strain. The immobility of Ti in the rindlet zone was confirmed
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by our calculations of very low volumetric strain with respect to Ti relative to the parent
rock composition:
ε Ti , w =

ρ p CTi , p
ρ w CTi , w

−1

(2.1)

where ε Ti,w is the volumetric strain in the weathered (w) sample with respect to Ti, ρw is
the dry bulk density of the weathered material (rindlets, Figure 2.6), ρp is dry bulk density
of the parent (p) rock, CTi,w is the mass concentration of Ti in the weathered material, CTi,p
is the mass concentration of Ti in the parent rock. Ti occurs in the Rio Blanco quartz
diorite parent rock as ilmenite and as a structural component of biotite and is not lost
from the biotite lattice during weathering of the quartz diorite (Murphy et al., 1998).
Mass transfer (gain or loss) of an element j relative to the parent rock, represented
by the mass transfer coefficient, t* Ti,j, can be calculated as:
 C j, w CTi , p
τ *Ti , j = 
C C
 j, p Ti , w


 − 1,



(2.2)

Here, Cj,w is the mass concentration of element j in the weathered material, and
Cj,p is the mass concentration of element j in the parent material. If τTi,j = -1, element j is
entirely lost. If τTi,j > 0, a net gain of element j relative to the parent rock is indicated. The
parent rock composition used in the present calculations is based upon the average of five
analyses from a single corestone.
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2.4 Results

2.4.1 Porosity Development
The dry bulk density decreases steadily across the rindlet zone from 2.7 g cm-3 for
the corestone to 1.8 g cm-3 at the rindlet-saprolite interface (Figure 2.6). The dry bulk
density decrease mirrors the increase in porosity determined by point counting
(Figure 2.7). Porosity and low molecular weight pore- filling precipitates (as a group)
were readily distinguished from the crystalline phases. To limit variability in the point
counts due to macro-cracks and image resolution, porosity and mineral phases throughout
the majority of the rindlet zone were only counted on same-size images (~6 mm2 areas)
that did not contain cross-cutting cracks (cracks that span the entire image). However, the
extensive network of cracks in the last two intact rindlets and in the protosaprolite zone
made this impossible. For these samples, care was taken to avoid cracks larger tha n ~60
µm wide.
Porosity in the corestone is extremely low (0.03 %) at approximately 36 mm
inboard of the corestone-rindlet interface. Here porosity is dominated by weathering of
the altered calcic cores of zoned plagioclase crystals (Figures 2.7 and 2.8). From about 9
or 10 mm inboard of the corestone-rindlet interface, micro-cracks are identifiable
although these are contained within crystals and do not appear to cut across crystals of
different mineralogy. No cracks are recognized more than 10 mm into the corestone.
Beginning in the first rindlet above the corestone-rindlet interface, cross-cutting
micro-cracks are visible and increase in quantity and size throughout the rindlet set with
increasing distance away from the corestone and towards the saprolite. These micro-
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cracks are not preferentially aligned in any given orientation, are not associated with any
given mineral, and cut across individual crystals of all phases indiscriminately. In the
rindlets closest to the corestone, cross-cutting micro-cracks are quite narrow (less than 10
µm), short (rarely extend across an entire 6 mm2 SEM image), and typically follow
crystal boundaries and cleavage planes (Figure 2.9). From about 20 cm outboard of the
corestone (about halfway between the corestone and the saprolite) and beyond, intrarindlet cracks that are 25-90 µm wide are common, with some as large as 250 µm wide.
By this point it becomes difficult to image a 6 mm2 area that does not contain cracks that
span the image.
Within the rindlet zone, micro-cracks cut through all minerals without preference:
in most cases they do not follow grain boundaries. Throughout the rindlet zone, noncrack porosity is dominated by intra-crystal weathering of the altered calcic cores of
zoned plagioclase crystals. Additional porosity is created by apatite crystals, which
weather inward from the edges, forming apatite-shaped pores (Figure 2.10). Apatite
crystals are mostly present as inclusions within hornblende and biotite and less
commonly within primary iron oxides. They are also found adjoining all other primary
minerals. With increasing distance from the corestone, apatite content decreases, while
the abundance of apatite-shaped pores increase.

2.4.2 Chemical Mobility
Mass transfer calculations indicate the average order of cation mobility in the
entire rindlet zone relative to the corestone as P > Ca ~Na > Fe(II) > K > Mn > Si ~Mg >
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Fe (total) > Al, which differs from what has been calculated for the saprolite Na ˜ Ca >
Mg > Si > K > Al > Fe (White et al., 1998). The most notable difference is the lower
mobility of Mg in the rindlet zone relative to the saprolite. These results suggest rapid
weathering of apatite and plagioclase and slower weathering of Fe-silicates across the
rindlet zone, or retention of Mg in secondary minerals after alteration of Fe-silicates.
Mass transfer calculations also reveal most of the rindlets to be only slightly
depleted (or enriched) in most elements relative to the corestone. The largest bulk
chemical differences relative to the corestone are found in the protosaprolite zone
(Table 2-1) suggesting that the boundary between the saprolite and bedrock chemistry
may be significantly more abrupt than the 150 – 200 cm transition zone recognized by
others (e.g., White et al., 1998). These chemical differences correlate with the relative
degree of weathering observable in BSE images (Figures 2.8- 2.14). These images reveal
little difference between the rindlet samples and the corestone, with the exception of
cracks in the rindlet samples. Within the protosaprolite zone, intense weathering is
evident.

2.4.3 Mineralogy
The mineralogy of the corestone is consistent with the mineralogy previously
reported for Rio Blanco quartz diorite bedrock (Seiders, 1971; Murphy et al., 1998;
White et al., 1998; Turner et al., 2003). The average mineralogical composition of the
corestone determined by digital point counting is given in Table 2-2. Large (~200-1000
µm) plagioclase crystals with altered calcic cores are the most abundant mineral,
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comprising ~50 vol %, followed by quartz at ~20 vol %. The plagioclase alteration is
likely hydrothermal and contains minor chlorite and fine- grained white mica. Fe-silicate
phases include hornblende; biotite, which is partially replaced by chlorite; and some other
chlorite that does not have a biotite morphology. Of these, hornblende is the most
abundant Fe-silicate phase. No pyroxene was observed. Accessory minerals include
primary Fe oxides with ilmenite exsolution lamellae, sphene, apatite, and zircon. Mineral
formulas for major Fe-silicate phases in the corestone and protosaprolite rindlet zone
were determined by EPMA (Table 2-2).
No trends in mineralogy, bulk chemistry, or porosity were recognized across
individual rindlets, contradictory to the Turner et al. (2003) model of a series of multiple
parallel weathering fronts made up of individual rindlets. Also, no distinct trend was
noted in the distribution of mineral phases throughout the intact rindlet zone. The first
visible weathering reactions are the weathering of plagioclase from the calcic cores
outward to the sodic rims (Figure 2.15), and the oxidation of biotite (Figure 2.16); both of
these reactions can be found within the corestone, but are not easily visible. Biotite grains
appear more reddish in all of the rindlets than in the corestone, indicating oxidation.
Biotites also appear partially oxidized in the corestone, but the bedrock biotite is also
partially oxidized (Murphy et al., 1998) and the exact location where the oxidation begins
has not yet been identified. Evidence for plagioclase weathering (porosity development
within the crystal grains) in the corestone is scarce, suggesting that biotite oxidation
could be the first weathering reaction that occurs within the corestone. Throughout the
first half (~25 cm) of the rindlet zone, precipitated weathering products are rare and
mostly confined to plagioclase cores and along some cracks (Figure 2.9). Hornblende
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appears pristine throughout most of the rindlet zone. Specifically, no reddening due to
oxidation, no dissolution features, and no alteration to secondary phases was observed. In
fact, plagioclase and apatite inclusions commonly weather out leaving the hornblende
essentially unchanged (Figure 2.10). Cracks commonly cross-cut hornblende crystals
without evidence of chemical alteration or dissolution along the edges (Figure 2.10).
Visible hornblende alteration begins about 6 cm below the rindlet-saprolite
interface, in the last two intact rindlets below the protosaprolite zone. Here hornblende
begins to look more reddish and some zones of Fe enrichment can be detected
(Figure 2.17). In contrast to the hornblende crystals in the rindlet zone (Figure 2.19),
hornblende crystals in the protosaprolite zone are significantly smaller and dramatically
etched (Figure 2.18). Similar saw-toothed etching along hornblende cleavage planes has
been reported by others (e.g., Berner and Schott, 1982; Anand and Gilkes, 1984; Velbel,
1989). Hornblende grains are extremely difficult to find (using SEM) above the rindletsaprolite interface, although XRD patterns (Appendix B) indicate that hornblende persists
in the first 2 cm of the saprolite, but not in the third cm. EPMA analyses of >300
hornblende grains reveal no trend in composition as a function of distance from the
corestone (Figure 2.20).
As mentioned before, the protosaprolite zone is made up of four highly
weathered, very friable rindlets and about 3 cm of saprolite (Figures 2.2 and 2.5). In the
friable rindlet portion of the protosaprolite zone, primary mineral grains are surrounded
by abundant precipitated gibbsite with minor kaolinite. Kaolinite becomes more abundant
above the saprolite-rindlet boundary. Boxwork replacement of primary minerals by iron
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hydroxides (e.g., Nahon, 1986; Velbel, 1989; Delvigne, 1998) was observed only on
some primary iron oxide crystals (Figure 2.21) within the protosaprolite zone.
Quartz remains pristine throughout the rindlets and the protosaprolite zone
(Figures 2.11 - 2.14). Specifically, no dissolution channels, no etch pits, and few cracks
were observed in quartz grains.
Point counting using image analysis software was difficult for individual Fesilicate phases in all samples and for all phases in the weathered rindlets due to the large
grain size and overlap of the grayscale values for several phases. In particular, it was not
possible to quantify the Fe-silicate minerals separately due to the partial pseudomorphic
replacement of biotite by chlorite and the similar chemistries of the chlorite, biotite, and
hornblende in these samples. The volume percentages of these Fe-silicates (as a group)
and of plagioclase indicates that they are relatively constant over the rindlet zone, but
decrease in abundance within the protosaprolite zone (Figure 2.22). Apatite, which was
readily point-counted, is lost within the rindlet zone (Figures 2.10 and 2.22). Apatite
content is ~0.6% in the corestone, decreasing to below detection across the rindlet zone.
Some evidence for an interstratified biotite/vermiculite phase (sometimes called
hydrobiotite) was also found in the protosaprolite zone. Mérings principles (summarized
by Moore and Reynolds, 1997) state that randomly interstratified phases will produce
reflections between the (00l) peaks of the endmembers that are shifted relative to the
proportion of the two endmembers in the mixed structure. Reflections in the
protosaprolite samples at 12.58 Å and ~3.5 Å are consistent with an interstratified
trioctahedral mica/vermiculite containing ~40% vermiculite (Moore and Reynolds,
1997). Murphy et al. (1998) observed reflections in bulk saprolite samples that also
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suggested an interstratified phase, but with only ~12% vermiculite. It is probable that
chlorite intergrown with biotite alters to vermiculite in the rindlet and protosaprolite
zones, then to kaolinite in the saprolite zone. Kaolinite and goethite, which are major
components in the Rio Blanco saprolite, replace biotite and vermiculite as weathering
progresses (Banfield and Eggleton, 1988; Fordham, 1990; Murphy et al., 1998). Little to
no goethite was detected in the powder XRD patterns of the protosaprolite samples or by
EPMA or EDS.
Evidence for incipient weathering phases in the corestones was not found in the
µXRD data. However, this technique does hold promise for future work of this type.
Scans should be performed with much smaller (e.g., 5-10 µm instead of 50 µm) step sizes
of smaller, carefully chosen areas. Some results are presented in Appendix B.

2.5 Discussion

2.5.1 Hornblende Weathering
Previous researchers who have studied the Rio Icacos weathering system have
noted the absence of hornblende in the saprolite (White et al., 1998; Turner et al., 2003).
Hornblende is the most abundant Fe-silicate in the bedrock, but the mechanism and
location of hornblende weathering has not been identified.
Pseudomorphic replacement of hornblende by clay minerals such as chlorite,
chlorite-saponite, or saponite has been documented (Wilson and Farmer, 1970; Anand
and Gilkes, 1984), but no widespread evidence for such phase changes was observed in
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the present samples. Similarly, dissolution of hornblende and re-precipitation of iron
oxyhydroxides, gibbsite, or kaolinite can occur (e.g., Velbel, 1989), but was not observed
here: i.e., no etching of the hornblende grains, no boxwork texture or precipitates
associated with the rindlet hornblende crystals. In fact, plagioclase and apatite inclusions
within hornblende crystals are commonly seen to weather leaving the surrounding
hornblende visibly un-weathered (Figure 2.10). EPMA and EDS analyses confirm that
the surrounding hornblende is not measurably altered (Figure 2.20). These results suggest
that hornblende dissolution and subsequent precipitation of Fe(III) (hydr)oxides is not the
reaction that produces the increase in molar volume that initiates spheroidal fracturing as
proposed in Fletcher et al. (2006).
Hornblende weathering can also be detected optically by color changes from dark
green to pale green, due to loss of iron, or to brown-ish green, due to oxidation of iron
(Deer et al., 1962; Wilson and Farmer, 1970). Although hornblendes in the outermost
rindlets do appear by the eye to be slightly oxidized, overall, evidence for hornblende
weathering within the rindlet zone is scarce. Therefore, solid phase hornblende oxidation
is also an unlikely candidate for the incipient reaction that causes the spheroidal
fracturing. Although intra- and inter-rindlet cracks permit fluid flow within the rindlet
zone, total permeability remains low (Turner et al., 2003). Low permeability coupled
with high mineral/fluid ratios and increased solute (Al, Si, Na, Ca, Mg) concentrations
due to plagioclase and chlorite dissolution are inferred to keep the porefluid within the
rindlet zone saturated or supersaturate with respect to hornblende, preventing dissolution.
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2.5.2 Weathering Gradients and Reaction Stoichiometry
Gradients in bulk chemical composition are generated by the sum of the
weathering reactions taking place within the profile. Here we present elemental
weathering gradients following White (2002) from which we extract information about
the various weathering reactions occurring over the spheroidally weathering profile.
The concentration of a mobile element that is not incorporated into secondary
precipitates can be modeled as a linear decrease with depth from an initial concentration
C0 at depth z1 to a concentration Cw at a shallower depth z0 (Figure 2.23). Here C0
corresponds to the concentration of the element within the protolith (the corestone) and
Cw is the concentration of the element with a weathered sample (a rindlet or saprolite) at
some depth z. The concentration Cw differs from the measured concentration Cj,w
(Equation 2.2) by changes in density and volume that may occur during weathering.
These changes are estimated by normalizing the concentration by an element that is inert
to chemical weathering, here Ti:
 CTi , p
C w = C j, w 
 CTi ,w






(2.3)

where CTi,p (mol kg-1 ) is the concentration of the inert element (Ti) in the protolith and
CTi,w is the concentration of Ti in the weathered material. This normalization is based on
the same principles as the mass transfer calculation (Equation 2.2, Appendix A) and can
be easily converted:
τ *Ti , j =

Cw
−1
C j,p

(2.4)
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Values of Cw with depth for several elements are shown in Figure 2.24 with linear
fits. Within the profile studied here, two discrete weathering gradients can be discerned
for several elements: the first across the majority of the rindlet sequence extending from
the corestone to about 45 cm above; the second through the protosaprolite zone, which
includes both the final 4 cm of rindlets and the first 3 cm of the saprolite (Figure 2.5).
Differences in gradients for a single element in a single profile indicate a change in the
rate of release of that element, which can signify a change in mineral weathering rates
and/or a change in the reactions taking place. For example, the weathering gradient in
Fe(II) is significantly shallower across the protosaprolite zone (bs = 0.088 m kg mol-1 )
than in the intact rindlet zone (b s = 2.02 m kg mol-1 , Figure 2.24a) indicating a more rapid
loss of Fe(II) in the protosaprolite and potentially a different reaction. Because the
weathering gradients in Fe(III) across the rindlet and protosaprolite zones (Figure 2.24b)
are reversed with respect to the gradients in Fe(II) (Figure 2.24a), it is clear that Fe(II) is
being oxidized to Fe(III), rather than lost from the system.
The ratios of the weathering gradients can be used to determine the relative
stoichiometry of the net weathering reactions occurring in the profile. The ratios of the K
gradients to the Fe(II) gradients are 4.4 and 4.0 moles of Fe(II) lost per mole K lost in the
intact rindlet zone and the protosaprolite, respectively. The ratios of the Mg gradients to
the Fe(II) gradients are 1.3 and 0.8 moles of Fe(II) lost per mol Mg lost in the rindlets and
protosaprolite, respectively. These ratios can be compared to the stoichiometries of
mineral reactions. For example, the dissolution of biotite or hornblende would remove
1.05 or 47 moles of Fe(II) per mole of K lost, respectively.
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In addition to loss of Fe(II) due to dissolution, silicate-bound Fe(II) can also be
lost via in situ oxidation to Fe(III). Charge balance is maintained by expulsion of cations,
typically K+ for biotite oxidation, Mg2+ for hornblende oxidation (White and Yee, 1985).
The stoichiometry of oxidation, therefore, will be different than the stoichiometry of
dissolution.
In a multi- mineralic system, multiple weathering reactions may occur
simultaneously, each contributing to the elemental weathering gradients in different
proportions. The loss of Mg in the rindlet and protosaprolite zones could result from the
dissolution of biotite, hornblende, or chlorite, or the oxidation of hornblende. Loss of K
could be caused by biotite oxidation or dissolution of biotite or hornblende and loss of
Mn could indicate dissolution of hornblende or biotite (Figure 2.24).
The loss of Fe(II) over the rindlet zone could be caused by a combination of the
following reactions: dissolution of hornblende, oxidation of Fe(II) in hornblende,
dissolution of biotite, oxidation of Fe(II) in biotite, dissolution of chlorite, or oxidation of
Fe(II) in chlorite. These reactions involve Fe2+ as well as K+ and/or Mg2+. We can
represent these reactions by their stoichiometries with respect to these ions. The
stoichiometry of biotite oxidation is 1 mol Fe2+ oxidized per mol K+ lost and the
stoichiometry of hornblende oxidation is 2 mol Fe2+ oxidized per mol Mg2+ lost (White
and Yee, 1985). By comparing weathering gradient ratios for different elements, the
relative contributions of these parallel reactions to the weathering gradients can be
determined.
To estimate the relative magnitude of the weathering reactions occurring within
the intact rindlet zone, we set up and solve a system of equations describing the
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weathering gradients for several elements as functions of the stoichiometries of the
possible reactions. To examine Fe-silicate weathering over the intact rindlet zone we
write the following equations based on the weathering gradients in Fe(II), Mg, K, and
Mn:

1
bFe ( II )

= Fb, o M b, o + Fh,o M h,o + Fb, d M b, d + Fh, d M h, d + Fc, d M c ,d

(2.5)

1
= K b, o M b,o + K b, d M b, d + K h, d M h, d
bK

(2.6)

1
= Gh,o M h ,o + Gb, d M b ,d + Gh, d M h, d + Gc , d M c ,d
bMg

(2.7)

1
bMn

= N b, d M b, d + N h, d M h, d

(2.8)

Here F, K, G, and N, represent the stoichiometries of Fe(II), K, Mg, and Mn,
respectively, in the various weathering reactions. Subscripts b, h, c, o, d indicate biotite,
hornblende, chlorite, oxidation, and dissolution, respectively. For example, Fb,o indicates
the moles of Fe(II) lost during biotite oxidation. These values are listed in Table 2-4. M
indicates the quantity of mineral (b, h, or c) undergoing either oxidation or dissolution (o
or d) in the rindlet zone (mol m-1 kg-1 ). We reduce the unknowns from 5 to 4 by assuming
that all chlorite is dissolved over the rindlet zone. This is reasonable because chlorite –
the least abundant Fe-silicate phase in the bedrock – is not observed in the protosaprolite
or saprolite. This assumption gives Mc,d = 0.185 mol m-1 kg-1 of chlorite dissolved.
Solving the system of equations yields Mb,d = -0.11 mol m-1 kg-1 , Mh,d = 0.04 mol m-1 kg1

, Mb,o = 1.00 mol m-1 kg-1 , Mh,o = -0.22 mol m-1 kg-1 . The negative values for biotite
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dissolution (Mb,d) and hornblende oxidation (Mh,o) likely reflect the re-precipitation of
Mg-containing secondary phases (e.g., vermiculite interlayers in biotite), which is not
accounted for in the system of equations. Vermiculite layers that may be interstratified
with biotite in the protosaprolite zone are one likely candidate for a Mg sink. Such phases
were not modeled here because they vary in composition and are a small component of
the total mineralogy. Despite this simplification, these results clearly show that Fesilicate mineral weathering across the rindlet zone is dominated by biotite oxidation.
Optically, hornblende oxidation does not appear to be significant within the rindlet zone.
This conclusion is supported by microprobe analysis that does not indicate loss of cations
from hornblende as a function of distance across the rindlet zone (Figure 2.20).
In addition to controlling the Fe(II) gradient in the rindlet zone, biotite oxidation
is also the first Fe(II)-silicate mineral weathering reaction that occurs in the entire profile.
The biotite oxidation front, which can be represented by the weathering gradient for
Fe(II) through the rindlet zone (only, not the protosaprolite zone, Figure 2.24) is
consistent with the reaction profile modeled by Fletcher et al. (2006), which creates the
rindlet-bounding fractures (Figure 2.25). This result suggests that biotite oxidation could
be the geochemical reaction that creates the stress that causes spheroidal fracturing.
The stoichiometries of biotite oxidation, Fb,o and Kb,o, represent an increase in
ferric iron in the mineral formula of 26.3%: the observed difference in oxidation between
bedrock biotite and saprolite biotite (from 3.7 to 30%, Murphy et al., 1998). In the current
work, the valence of the biotite iron was not directly determined. However, if we assume
3.7% of the biotite iron in the corestone is ferric following Murphy et al. (1998), then
convert an additional 26.3% of the ferrous iron to ferric, removing the molar equivalent
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in K, the resulting composition is identical to the measured biotite compositions (EPMA)
in the protosaprolite. These results are consistent with a model in which iron in biotite is
oxidizing over the rindlet zone and ejecting K+ ions to compensate for the loss of
electrons. These results also indicate that biotite achieves the oxidation state of the
saprolite biotite (Murphy et al., 1998) within the rindlet zone.
Across the rindlet-saprolite boundary (the protosaprolite zone), Fe-silicate
weathering must progress from the rindlet mineralogy to the saprolite mineralogy. Within
the rindlet zone, some saprolite characteristics are obtained: complete loss of chlorite and
oxidation of biotite to its saprolite composition. Although hornblende dissolution is
insignificant within the rindlet zone, the absence of hornblende in the bulk saprolite
indicates that complete dissolution must occur over the ~0.07 m of the protosaprolite
zone. Indeed, hornblende dissolution in readily observed within the protosaprolite zone
(Figure 2.18). A small difference in biotite abundance between the bedrock and deep
saprolite (Murphy et al., 1998; White et al., 1998) is insignificant compared to total loss
of all hornblende over the protosaprolite zone. Although hornblende is likely also being
oxidized over the protosaprolite zone, this signal is eclipsed by the complete dissolution
of the mineral.

2.5.3 Quantification of mineral weathering rates
Elemental weathering gradients as discussed above can also be used to calculate
long-term, average mineral reaction rates. Using the methodology of White (2002) we
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use the weathering gradients to calculate weathering rates across the spheroidally
weathering profile for hornblende and plagioclase dissolution and biotite oxidation.
The solid-state reaction rate R for a given mineral in a weathering profile is
calculated from the elemental distribution in the profile using the following expression
from White (2002):
R = 10 − 3

1 ω
ϕβ s bs

(2.9)

where f is the mass fraction of the mineral in the weathering material (g g-1 ), ß is the
stoichiometric coefficient of the element in the mineral (mol mol-1 ), s is the specific
surface area of the mineral (m2 g-1 ), bs is the weathering gradient (m kg mol-1 ), and w is
the weathering advance rate (m s-1 ), which is also known as the weathering advance rate
or the regolith propagation rate. For a steady state system, the weathering advance rate
will equal the total denudation rate (chemical + physical denudation) and a chemical
depletion zone, defining the weathering gradient, will develop. In fact, as long as the total
denudation rate is equal to or less than the weathering advance rate, a depletion zone will
develop. If a depletion zone develops and subsequently denudation becomes faster than
the weathering advance rate, a depletion zone may be eroded away. However, as long as
a depletion zone is still measurable, the weathering gradient can be determined, even if
the depletion zone has been partially eroded.
The average weathering advance rate integrated over the exposure age can be
calculated as the thickness of the profile, Dz, divided by the time to form the profile, t:
ω=

∆z
t

(2.10)
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2.5.3.1 Hornblende weathering rate
We use an average weathering advance rate, w, of 43 m Ma-1 , which is within the
range of reported estimates (25-58 m Ma-1 ; Brown et al., 1995; White et al., 1998;
Fletcher et al., 2006). To estimate the dissolution rate of hornblende in the protosaprolite,
we consider the gradient in Fe(II) across the protosaprolite zone (bs = 0.088 m kg mol-1 ,
Table 2-4) and mineralogical parameters f = 0.063 g g-1 (White et al., 1998), ß = 2.06
mol Fe(II) mol-1 (White et al., 1998), and s = 0.2 m2 g-1 (Brantley and Mellott, 2000). The
resulting rate of hornblende weathering is 6.0 x 10-13 mol m-2 s-1 (log R = -12.2).
The complete loss of hornblende over the ~0.07 m protosaprolite zone implies
extremely rapid weathering due to high exposed mineral surface area and relatively far
from equilibrium fluids, which is reflected in the calculated hornblende weathering rate.
This rate is faster than other published rates for hornblende weathering in the field, but is
within range of laboratory weathering rates (see compilations in White and Brantley,
1995; Brantley, 2004). This similarity to laboratory rates is not so surprising when we
consider that although hornblende is exposed to reactive fluids within the intact rindlet
zone due to cracks that cross-cut mineral grains, it does not appear to weather along these
channels. This is attributed to the fact that the fluids are saturated or supersaturated with
respect to hornblende, likely due to dissolution of plagioclase and chlorite. At the
protosaprolite zone, however, the fluids infiltrating from the high-porosity overlying
saprolite encounter a permeability barrier at the rindlet interface. While some fluid
infiltrates the intact rindlet zone, the majority will runoff along the barrier (the interface).
Hornblende is able to dissolve in the protosaprolite zone because rapid flushing prevents
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the porefluids from reaching saturation with respect to hornblende. Furthermore, by
densely sampling the protosaprolite zone and calculating the hornblende dissolution rate
for only this ~0.07 m zone where the reaction occurs, the rate is averaged over a small
scale, more similar to an experimental scale than the watershed scale of most field rates.
Weathering rates calculated from field data are averages over the period of the
profile development. Thus if a reaction rate varies over the length or age of a profile, the
average will not necessarily reflect this, which highlights one reason for the oft cited
discrepancy between field and laboratory reaction rates (e.g., White and Brantley, 1995).

2.5.3.2 Biotite weathering rate
A weathering rate for the oxidation of biotite over the intact rindlet zone can be
similarly determined using Equation 2.9 and the weathering gradient of Fe(II) over the
intact rindlet zone (bs = 2.02 m kg mol-1 ). Other parameters used are f = 0.095 g g-1
(White et al., 1998); specific surface area for fresh biotite, s = 0.1 m2 g-1 (Acker and
Bricker, 1992); and ß = 0.95 mol Fe(II) mol-1 , which is the stoichiometry of Fe(II)
oxidation (Table 2-4). The resulting rate of biotite oxidation within the rindlet sequence is
3.1 x 10-14 mol m-2 s-1 , or log R = -13.5. By comparison, the rate of biotite weathering to
kaolinite within the saprolite is log R = -15 (Murphy et al., 1998).
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2.5.3.3 Plagioclase weathering rate
Plagioclase weathering occurs steadily across the intact rindlet and protosaprolite
zones as evidenced by the Na gradient (Figure 2.24e). Equation 2.9 can again be used to
calculate a plagioclase weathering rate for the entire weathering front (intact rindlets +
protosaprolite) using the Na gradient (bs = 0.45 m kg mol-1 ) and mineralogical parameters
f = 0.564 g g-1 (White et al., 1998), ß = 0.6 mol Na mol-1 (White et al., 1998), and s = 0.1
m2 g-1 . This specific surface area is an average value for fresh oligoclase or andesine of
300-600 µm grain size (Holdren and Speyer, 1987), which is within the range of
plagioclase grain sizes in the corestone and rindlets (~200 – 1000 µm). The resulting rate
of plagioclase weathering across the front is 9.0 x 10-14 mol m-2 s-1 , or log R = -13.0. This
rate is faster than that reported by Turner et al. (2003) for rindlet system plagioclase
weathering (log R = -14.3 to -14.6). Although Turner et al. (2003) used a range of
specific surface areas (0.1 – 1.0 m2 g-1 ), our rates are still faster even using this range (log
R = -13.0 to -14.0). This apparent discrepanc y may be a matter of scale. Turner et al.
(2003) calculated average plagioclase weathering rates using sections of rindlet sets
exhibiting different degrees of weathering from different rindlet sequences within the
watershed. One would expect rindlet sets of different orientations, overlying saprolite
thicknesses, elevations, and proximity to surface waters to have slightly different
weathering rates. Consequently, a rate that incorporates data from several different
sample sets can be considered to be an average rate over a larger area. The rate presented
here considers a single sub-horizontal rindlet zone atop a corestone and is therefore
averaged over a smaller, more densely sampled scale.
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2.5.4 Significance for Life
Microorganisms living at depth near the saprolite-bedrock interface may benefit
from an increase in availability of inorganic nutrients associated with their release from
bedrock during mineral weathering. For example, the ferrous iron released from
hornblende at the rindlet-saprolite interface (the protosaprolite zone) provides substrate
for iron-oxidizing bacteria (Buss et al., 2005; Chapter 3). Because most of the Fe(II)
within biotite is oxidized in-situ rather than released, biotite does not contribute
significantly to the flux of Fe(II) available to deep saprolite microorganisms. Ironoxidizing bacteria fix CO2 , producing organic carbon to support heterotrophic organisms
in the ecosystem. Lithoautotrophs such as iron-oxidizing bacteria in the Rio Icacos
saprolite are favored by substrate fluxes and are likely dominant at depth (Buss et al.,
2005; Chapter 3). Because these bacteria alter the concentrations of Fe(II) and O2
(Fletcher et al., 2006), they may also affect the rate of spheroidal weathering.

2.6 Conclusions
The dominant weathering front for Fe-silicate dissolution in the Rio Icacos
weathering system occurs between the saprolite and the rindlet zone. Within this ~0.07 m
thick protosaprolite zone, hornblende rapidly dissolves to completion. This reaction
represents the dominant flux of Fe(II) to the saprolite. However, the dominant weathering
front for Fe-silicate mineral oxidation occurs within the ~0.5 m intact rindlet zone between
the protosaprolite and the bedrock corestone. Within this zone, hornblende weathering is
insignificant while plagioclase dissolves and biotite is oxidized. The oxidation of biotite is
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likely the reaction responsible for initiating spheroidal fracturing, and is therefore the first
step in disaggregation of the intact bedrock. Mid-scale field studies of weathering rates that
focus on zones of active weathering such as presented here and by Turner et al. (2003), are
thus a useful step towards bridging the gap between field scale and laboratory scale mineral
weathering kinetics.
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2.8 Figure Captions
Figure 2.1. Photograph of a spheroidally weathering corestone (Rio Blanco quartz
diorite) in the Rio Icacos watershed, Puerto Rico. This corestone is about 2 m in
diameter, the rindlet sequence is about 0.5 m thick, and the overlying saprolite is about 2

47
m thick. This corestone and rindlet sequence were sampled in the present study and are
also pictured in Figure 2.3.

Figure 2.2. Simplified diagram of the spheroidal weathering system in the Rio Icacos
watershed. The quartz diorite bedrock is rounded into corestones, which fracture
concentrically forming a ~0.2-2 m thick rindlet zone, overlain by 2-8 m of saprolite and
0.5-1 m of soil. The area immediately surrounding the rindlet-saprolite interface is here
called the “protosaprolite zone”.

Figure 2.3. a) Photograph of the primary sampling site along a roadcut on Route 191.
Here the ~1 m diameter corestone is surrounded by ~0.5 m zone of rindlets and ~2 m of
saprolite. b) Close up photograph of the top of the corestone pictured in a). The subhorizontal rindlet sequence pictured was sampled in the present study.

Figure 2.4. Map of the field area adapted from Turner et al. (2003): “SS, TC” indicates
the road cut sampled in the present work.

Figure 2.5. At the rindlet-saprolite interface, about 4 highly weathered, very friable
rindlets and 3 cm of saprolite make up the ~0.07 m “protosaprolite” zone. This zone was
sampled by coating the exposed surface with melted wax before removal from the Route
191 outcrop.

48
Figure 2.6. Dry bulk density of the rindlets show a steady decrease in density as a
function of distance from the corestone.

Figure 2.7. Volume percent open porosity and total porosity (including low molecular
weight secondary precipitates filling pore spaces) determined by point counting using XT
Docu software on backscattered electron images.

Figure 2.8. Backscattered electron image of the corestone. Large zoned plagioclase
crystals dominate the un- fractured, un-weathered corestone.

Figure 2.9. Backscattered electron (BSE) image of a rindlet from ~8 cm above the
corestone-rindlet interface. Here zoned plagioclase crystals dissolve and form secondary
precipitates within the interior of the crystals (shown with the thick black arrow), quartz
crystals are pristine, and chloritized biotite grains show no signs of dissolution or
alteration in BSE images.

Figure 2.10. Backscattered electron image of the last intact rindlet below the
protosaprolite zone, ~47 cm above the corestone-rindlet interface. Chlorite here is highly
weathered and hornblende, although cracked, shows no obvious dissolution features. The
arrow points to a round hole within the hornblende where an apatite inclusion is believed
to have dissolved without affecting the adjoining hornblende.
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Figure 2.11. Backscattered electron image of a rindlet sampled from ~20 cm above the
corestone. All rindlets have micro-cracks that cut across multiple crystals. Most
hornblende crystals remain visibly un-altered throughout the majority of the rindlet zone.

Figure 2.12. Backscattered electron image of a rindlet from the protosaprolite zone, ~2
cm below the rindlet-saprolite interface. Plagioclase crystals are highly weathered in this
sample and hornblende crystals show signs of dissolution. Quartz remains visibly unaltered throughout the rindlet and protosaprolite zones.

Figure 2.13. Backscattered electron image of a rindlet from the protosaprolite zone, ~1
cm below the rindlet saprolite interface. Less that 1 cm from the sample pictured in
Figure 2.12, the plagioclase in this sample is almost entirely lost. Much of the pore space
created by dissolution of primary minerals is filled with gibbsite, and to a lesser extent,
kaolinite. Here hornblende crystals are significantly smaller than they are in the
corestone.

Figure 2.14. Backscattered electron image of a saprolite sample from the protosaprolite
zone, ~0.5 cm above the rindlet-saprolite interface. Hornblende and plagioclase crystals
are no longer visible. Biotite and quartz are the dominant primary minerals, although
biotite is visibly altered. Large areas are filled with gibbsite and kaolinite.

Figure 2.15. a) Backscattered electron image of a rindlet sampled from ~20 cm above the
corestone, also shown in Figure 2.11. The weathering of the calcic zones of plagioclase
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crystals dominates non-crack porosity development. b) False color image created using
XT Docu software to color code mineral phases. Plagioclase zones are light and dark
green, porosity is blue, quartz is yellow, primary Fe oxides are white, apatite is bright
pink, and Fe-silicates (hornblende, biotite, chlorite) are maroon and purple.

Figure 2.16. Optical microscope image in PPL taken with a 10X objective showing
hornblende (green) and biotite (reddish and brown) in a rindlet ~5 cm above the
corestone-rindlet interface. The greenish color of the hornblende shows that it is not
oxidized, whereas the reddish zones of the biotite are indicative of oxidation. Porosity is
visible as light blue.

Figure 2.17. X-ray map of a hornblende crystal in a rindlet ~47 cm above the corestone
(the last rindlet below the protosaprolite zone). Fe = red, Si = green, Al = blue. The
hornblende crystal (brown) contains zones of Fe enrichment (red) that are not seen in
hornblende crystals in rindlets closer to the corestone.

Figure 2.18. a) and b). Backscattered electron images of hornblende crystals in the
protosaprolite zone reveal dissolution along cleavage planes. Clumps of gibbsite and
some kaolinite surround the crystals.

Figure 2.19. a) and b). Backscattered electron images of the corestone reveal pristine
hornblende crystals.
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Figure 2.20. Fe/Si and Mg/Si ratios of hornblende crystal grains measured by EPMA as a
function of distance from the corestone reveal no change in composition.

Figure 2.21. a) Backscattered electron image of a primary Fe oxide crystal in the
protosaprolite zone. The edges of the crystal have dissolved and been replace by hydrous
Fe oxide precipitates in a characteristic boxwork texture. b) Close up of a).

Figure 2.22. a) Volume percent composition of Fe-silicates (hornblende, biotite, and
chlorite) and of plagioclase, and b) of apatite, with distance from the corestone. Modal
analysis was performed by point counting using XT Docu software on backscattered
electron images.

Figure 2.23. Schematic diagram (after White, 2002) depicting the distributions of a
mobile element in a weathering profile.

Figure 2.24. Weathering gradients (bs ) for a) Fe(II), b) Fe(III) c) Mg, d) K, e) Na, and f)
Mn, reveal two distinct trends for most elements: one through the zone of intact rindlets,
and one through the protosaprolite zone. Enrichments relative to the parent values seen as
positive excursions at the protosaprolite zone were not included in the linear fits. These
excursions are thought to be related to the horizontality of the particular rindlet sequence
studied combined with the difference in permeability between the saprolite and the rindlet
zone. This possibility should be further examined by analyzing sub- vertical rindlet sets
from the sides of the corestones. For zones that were sub-sampled more intensively
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(protosaprolite, the corestone, and the first 3 rindlets), subsamples from single rindlets
were averaged together.

Figure 2.25 Spheroidal weathering model results from Fletcher et al. (2006) showing the
profile of calculated reacted fraction (V plotted as the line) compared to the biotite
oxidation gradient, which is represented here by the Fe(II) gradient across the rindlet
zone only (not the protosaprolite, see Figure 2.24a), represented as t*Ti,Fe(II) normalized
to the 0-1 scale. Similar to the Fletcher et al. (2006) numerical model, biotite oxidation
begins near the corestone with a large loss of Fe(II), followed by a leveling off near the
saprolite.

Table 2-1: Mass transfer ( t*Ti,j) of elements across the rindlet and protosaprolite zones
Distancea
Rindlet Zone
0.70
9.00
0.00
48.00
45.00
39.00
30.00
21.50
14.50
5.50
47.35
47.95

Al

Ca

Feb

K

Mg

Mn

Na

P

Si

Fe(II)

-0.01
0.04
0.03
-0.11
-0.30
-0.36
-0.36
-0.03
-0.07
0.79
-0.08
0.10

0.05
-0.01
0.02
-0.39
-0.57
-0.58
-0.55
-0.23
-0.23
0.58
-0.08
-0.15

-0.05
0.02
-0.02
-0.03
-0.16
-0.11
-0.05
0.02
-0.03
0.02
0.02
-0.06

-0.38
-0.02
0.09
-0.17
-0.16
-0.25
-0.20
-0.13
-0.19
0.68
-0.24
-0.13

0.05
0.06
-0.02
0.04
-0.10
-0.12
-0.10
-0.05
-0.11
0.17
0.24
0.02

0.02
0.07
-0.04
0.02
-0.18
-0.16
-0.12
0.02
-0.05
0.04
0.18
0.01

-0.05
-0.02
0.03
-0.38
-0.55
-0.57
-0.53
-0.15
-0.14
0.88
-0.15
-0.05

-0.17
-0.01
-0.05
-0.37
-0.37
-0.44
-0.64
-0.21
-0.15
0.05
-0.35
-0.39

0.08
0.06
0.01
-0.20
-0.37
-0.38
-0.29
-0.03
-0.05
0.59
-0.01
0.04

-0.13
-0.03
-0.01
-0.24
-0.36
-0.33
-0.30
-0.21
-0.23
-0.09
-0.02
-0.19

Protosaprolite
48.45
48.75
49.40
50.20
51.00
52.00

0.44
-0.09
-0.48
-0.40
-0.23
2.13

-0.19
-0.74
-0.81
-0.88
-0.90
-0.98

-0.02
-0.12
-0.07
-0.16
-0.16
0.33

-0.21
-0.29
-0.48
-0.60
-0.70
-0.85

0.07
-0.09
-0.20
-0.38
-0.49
-0.75

0.00
-0.20
-0.29
-0.45
-0.52
-0.36

-0.05
-0.75
-0.87
-0.94
-0.94
-0.96

-0.41
-0.82
-0.90
-0.95
-0.95
-1.00

0.11
-0.44
-0.47
-0.50
-0.42
0.35

-0.14
-0.39
-0.41
-0.57
-0.65
-0.89

a

Distance in cm from the corestone-rindlet interface

b

Fe is total iron.

Table 2-2: Average mineralogical compositiona of the corestone

a

Phase

Volume %

Porosity

0.03

Filled porosityb

0.88

Quartz

19.9

Plagioclase

49.3

Fe-silicates

24.0

Fe, Ti Oxides

2.5

Apatite

0.62

Volume % composition determined by point counting backscattered electron images of

thin sections using image analysis software.
b

Filled porosity is very fine- grained low molecular weight material found associated with

cracks or pore space.

Table 2-3: Mineral formulas measured by electron microprobe
Mineral

Formula

Sample

Hornblende (Ca1.73 Na0.29K0.05)(Mg2.64Fe(II)1.95Al0.37)(Si7.24 Al 0.76)O22 (OH)2

Corestone

Hornblende (Ca1.60 Na0.26K0.06)(Mg2.66Fe(II)1.91Al0.47)(Si7.39 Al 0.61)O22 (OH)2

Middle rindlet

Hornblende (Ca1.76 Na0.28K0.07)(Mg2.67Fe(II)1.99Al0.33)(Si7.21 Al 0.79)O22 (OH)2

Protosaprolite

a

Biotite

K0.88(Fe(II)1.23Fe(III) 0.05Mg1.19Al0.16Ti0.18 )(Si2.87 Al1.13)O 10 (OH)2 Corestoneb

Biotite

K0.73(Fe(II)1.00Fe(III) 0.15Mg1.15Al0.25Ti0.19 )(Si2.86 Al1.14)O 10 (OH)2 Middle rindlet

Biotite

K0.33(Fe(II)0.87Fe(III) 0.37Mg1.06Al0.35Ti0.18 )(Si2.87 Al1.13)O 10 (OH)2 Protosaprolite

a

The middle rindlet is located ~ 24 cm above the corestone-rindlet interface and ~ 24 cm below

the protosaprolite
b

Biotite formulas were calculated assuming that of the total Fe, 3.7% is Fe(III) for the corestone

(Murphy et al., 1998), 13% for the middle rindlet, and 30% for the protosaprolite.

Table 2-4: List of variables for Equations 2.5 – 2.8
Fb,o

0.95

mol mol -1

mol Fe(II) lost during biotite oxidation

Fh,o

2.06

mol mol -1

mol Fe(II) lost during hornblende oxidation

-1

Fb,d

1.3

mol mol

Fh,d

2.06

mol mol -1

Fc,d

0.29

mol mol

-1

mol Fe(II) lost during chlorite dissolution

Kb,o

0.2

mol mol

-1

mol K lost during biotite oxidation

Kb,d

0.85

mol mol -1

mol K lost during biotite dissolution

Kh,d

0.05

mol mol -1

mol K lost during hornblende dissolution

Gh,o

1.03

mol mol -1

mol Mg lost during hornblende oxidation

Gb,d

1.25

mol mol

Gh,d

2.84

mol mol -1

mol Mg lost during hornblende dissolution

Gc,d

3.32

mol mol -1

mol Mg lost during chlorite dissolution

Nb,d

0.19

mol mol -1

mol Mn lost during biotite dissolution

Nh,d

0.34

mol mol

-1

M b,o

1.0

mol m kg

M h,o

-0.22

mol m-1 kg-1

mol hornblende oxidized per unit rock

M b,d

-0.11

mol m-1 kg-1

mol biotite dissolved per unit rock

-1

-1

-1

-1

mol Fe(II) lost during hornblende dissolution

mol Mg lost during biotite dissolution

mol Mn lost during hornblende dissolution
mol biotite oxidized per unit rock

M h,d

0.04

Mc,d

0.185 mol m-1 kg-1

bFe(II)

2.02

m kg mol -1

Fe(II) weathering gradient

bK

8.92

m kg mol -1

K weathering gradient

bMg

2.71

m kg mol

-1

Mg weathering gradient

m kg mol

-1

Mn weathering gradient

bMn

72.3

mol m kg

-1

mol Fe(II) lost during biotite dissolution

mol hornblende dissolved per unit rock
mol chlorite dissolved per unit rock
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Figure 2.1: Photograph of a spheroidally weathering corestone in the Rio Icacos
watershed, Puerto Rico
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Figure 2.2: Schematic diagram of the sampled site
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Figure 2.3: Images of the sampled rindlet-corestone sequence
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Figure 2.4: Map of the field area
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Figure 2.5: The protosaprolite zone
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Figure 2.8: Backscattered electron image of a corestone
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Figure 2.9: Backscattered electron image of a rindlet ~8 cm above the corestone-rindlet
interface
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Figure 2.10: Backscattered electron image of a the last intact rindlet
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Figure 2.11: Backscattered electron image of a rindlet ~20 cm from the corestone
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Figure 2.12: Backscattered electron image of a protosaprolite sample ~2 cm below the
rindlet-saprolite interface
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Figure 2.13: Backscattered electron image of a protosaprolite sample ~1 cm below the
rindlet-saprolite interface
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Figure 2.14: Backscattered electron image of a protosaprolite sample ~0.5 cm above the
rindlet-saprolite interface
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Figure 2.15: Backscattered electron and false color images of plagioclase weathering
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Figure 2.16: Optical microscope image of a rindlet ~5 cm above the corestone-rindlet
interface
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Figure 2.17: X-ray map of a hornblende crystal
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Figure 2.18: Backscattered electron images of hornblende weathering
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Figure 2.19: Backscattered electron images of un-weathered hornblende crystals
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Figure 2.20: Fe/Si and Mg/Si ratios of hornblende crystals across the rindlet zone
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Figure 2.21: Backscattered electron images of boxwork texture weathering products
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Figure 2.23: Schematic of the distributions of a mobile element in a weathering profile
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Chapter 3
The coupling of biological iron cycling and mineral weathering during
saprolite formation, Luquillo Mountains, Puerto Rico

3.1 Abstract

Corestones of quartz diorite bedrock in the Rio Icacos watershed in Puerto Rico
weather spheroidally to form concentric sets of partially weathered rock layers (referred
to here as rindlets) that slowly transform to saprolite. The rindlet zone (0.2-2 m thick) is
overlain by saprolite (2-8 m) topped by soil (0.5-1 m). With the objective of
understanding interactions between weathering, substrate availability and resident
microorganisms, we made geochemical and microbiological measurements as a function
of depth in 5 m of regolith (soil + saprolite). We employed direct microscopic counting of
total cell densities; enumeration of culturable aerobic heterotrophs; extraction of
microbial DNA for yield calculations; and biochemical tests for iron-oxidizing bacteria.
Total cell densities, which ranged from 2.5 x 106 to 1.6 x 1010 g-1 regolith, were higher
than 108 g-1 at three depths: in the upper 1 m, at 2.1 m, and between 3.7-4.9 m, just above
the rindlet zone. High proportions of inactive or unculturable cells were indicated
throughout the profile by very low percentages of culturable heterotrophs (0.0004% to
0.02% of total cell densities). The observed increases in total and culturable cells and
DNA yields at lower depths were not correlated with organic carbon or total iron but
were correlated with moisture and HCl-extractable iron. Biochemical tests for aerobic
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iron-oxidizers were also positive at 0.15-0.6 m, at 2.1-2.4 m, and at 4.9 m depths. To
interpret microbial populations within the context of weathering reactions, we developed
a model for estimating growth rates of lithoautotrophs and heterotrophs based on
measured substrate fluxes. The calculations and observations are consistent with a model
wherein electron donor flux driving bacterial growth at the saprolite-bedrock interface is
dominated by Fe(II) and where autotrophic iron-oxidizing bacteria support the
heterotrophic population and contribute to bedrock disaggregation and saprolite
formation.

3.2 Introduction

The Rio Icacos watershed in the Luquillo Mountains of eastern Puerto Rico has
one of the highest documented chemical weathering rates of granitic rocks in the world
(White et al., 1998). Quartz diorite of Tertiary age (Rio Blanco stock) underlies the
watershed, which receives an average annual precipitation of 420 cm. Detailed physical,
hydraulic, and chemical characterization of the regolith (i.e., material between the surface
and the bedrock) has been conducted in the Rio Icacos watershed at sites on the Guaba
Ridge (Murphy et al., 1998; White et al., 1998; Schulz & White, 1999). The Rio Icacos
regolith consists of 50-100 cm of soil (inceptisol) above a layer of oxidized saprolite
which varies in depth between 2-8 m (Figure 3.1 ). Soil and saprolite are typically thinner
on hillslopes and thicker on hilltops. Weathering studies of the saprolite indicate that
some minerals that are abundant in the bedrock (hornblende, augite, and plagioclase) are
absent in the saprolite (Murphy et al., 1998; White et al., 1998). Quartz and biotite are
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present in the bedrock as well as in the saprolite, where biotite weathers directly to
kaolinite (Murphy et al., 1998; Schulz & White, 1999). Although mineral weathering has
been studied intensively in this regolith, the extent to which biological processes
contribute to the observed rapid weathering rates has not been evaluated.
Biological processes are known to play significant roles in soil formation and
surficial weathering (e.g., Richter & Markewitz, 1995). However, the contributions of
biological activity to regolith and rock weathering below the root zone are less well
understood, especially in humid tropic forests that have shallow root systems and rapid
nutrient cycling in surficial layers (e.g., Poszwa et al., 2002). In the specific case of the
Rio Icacos regolith, the upper soil layer is highly weathered, grading from an organic-rich
A horizon (<10 cm) to a clay-enriched B horizon (~ 40-90 cm). Here, biological
processes are indicated by evidence of roots and bioturbation by earthworms, other
burrowing fauna, and root throws (White et al., 1998). Below the B soil horizon, the
saprolite exhibits no or very few visible signs of bioturbation.
Interestingly, fe wer microbiological studies have been conducted of terrestrial
near-surface environments, i.e., unsaturated zones between rooting depth and bedrock
(Madsen, 1995; Fierer et al., 2003) than of the deep subsurface (Amy & Haldeman, 1997;
Leu et al., 1998; Fredrickson & Fletcher, 2001; Lehman et al., 2001). Recent
investigations of granitic saprolite in Australia (Taunton et al., 2000) and South Carolina
(Richter & Oh, 2002) indicate that saprolite environments can harbor a diversity of
organisms (Richter & Markewitz, 1995). Thus, depending on cell densities, activity
levels, and genetic capabilities, microorganisms may play critical roles in geochemical
transformations at depths below the rooting zone.
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Some evidence for the importance of biological processes at depth is provided by
mineralogical data from the saprolite-bedrock transition zone, here called the rindlet zone
(Figure 3.1). Within this zone, plagioclase and hornblende weather completely and quartz
and biotite weather partially; the latter minerals continue to weather within the saprolite
(Murphy et al., 1998; White et al., 1998). The rindlet zone is comprised of ~ 0.2-2 m of
concentric layers of partially weathered rock called rindlets that surround boulders of unweathered bedrock called corestones (Turner et al., 2003; Buss et al., 2004; Fletcher et
al., 2006). For simplicity, we will refer to the boundary between the deepest saprolite and
the outermost rindlet surface as the saprolite-bedrock interface. Rindlets eventually
disaggregate to form saprolite. Ge/Si ratios in two streams near the Guaba ridge site have
shown that weathering of primary minerals in the rindlet zone controls the elemental flux
out of the watershed during base flow, with weathering of the saprolite becoming
dominant only during storm events (Kurtz & Derry, 2004).
If microbial densities in the Rio Icacos regolith vary with depth in relation to
physical and chemical properties (e.g., mineralogy, pore water chemistry, organic carbon
content, gas chemistry, hydrology), we would expect these variations to indicate
corresponding changes in the bioavailability of carbon and electron donors and acceptors.
Because Fe(II) is released upon weathering of hornblende and biotite, the flux of Fe(II)
from the bedrock into the saprolite during weathering would supply microorganisms with
an energy alternative to organic carbon. Low carbon contents and Fe(II) availability
would favor autotrophic iron-oxidizing bacteria (Hallbeck & Pedersen, 1991; Holt et al.,
1994). The objectives of the current study were to survey microbial distribution with
depth in the Rio Icacos regolith and to propose a model for estimating relative
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contributions of heterotrophic and iron-oxidizing autotrophic bacteria to biological
weathering of the regolith. To these ends, we obtained estimates of total, culturable, and
iron-oxidizing microorganisms, particle size distributions, moisture, and chemical
concentrations in regolith samples.

3.3 METHODS

3.3.1 Field Site and Sample Collection

Two regolith cores (soil + saprolite) were collected to the point of refusal by hand
augering from the top of the Guaba Ridge in the Rio Icacos watershed in the Luquillo
Experimental Forest. The regolith age is 200 Ka (Brown et al., 1995) and is located in a
lower montane wet colorado forest with rugged topography. Soils at the collection site
are grouped in the Picacho-Ciales complex (USDA NCRS, 2002), which are very deep,
somewhat poorly drained soils found on the ridgetops and slopes of the Luquillo
Mountains. Although the soils in this complex have been previously classified as ultisols
(Boccheciamp, 1977), they are now considered inceptisols (i.e., Picacho soils are fineloamy, kaolinitic, isothermic Aquic Dystrudepts) (USDA NCRS, 2002). Pore water pH of
the soil and saprolite is 4.0-5.4 (White et al., 1998). The augered site was approximately
1 m south of the edge of the LG-1 lysimeter field (latitude 18º 16' 54.2" N, longitude 65º
47' 25.3" W) described and mapped by others (Murphy et al., 1998; White et al., 1998;
Turner et al., 2003) and the two cores (5.7 cm diameter) were augered approximately 1 m
apart, east-west (Figure 3.1). Core depths were 7.5 m in June 2003 and 5.0 m in June
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2004. The 2003 core was longer than the 2004 core, because the 2003 core was augered
2.5 m deeper into the rindlet zone whereas the 2004 core was not augered into this zone.
Samples were removed from the auger at 0.15-0.3 m depth intervals for a total of 34 and
22 sampled depths in 2003 and 2004, respectively. Precautions were taken to avoid
contamination by cleaning and wiping auger and spatula surfaces with ethanol prior to
sampling and by confining analysis to samples from the inner portions of saprolite in the
auger bucket. Samples were placed in sterile plastic bags. Samples were refrigerated in
Puerto Rico and transported packed in blue ice within 3 days to Penn State University,
where they were stored at 4°C until analysis. Microbiological laboratory work was
initiated 7 days after sample collection and was completed within an 8-week period.

3.3.2 Chemical and Physical Analyses

Bulk elemental analysis of both major and minor elements was performed by
inductively coupled plasma atomic emission spectrometry (ICP-AES) after lithium
metaborate fusion digestion (SGS Laboratories, Toronto, Ontario, Canada) of pulverized
and sieved (150 µm) material from each of the sampled depths from 0.15 to 5 m of the
2004 core and 0.15-7.3 m of the 2003 core. Mass transfer (loss or gain from the parent
rock during weathering) of individual elements relative to Zr was calculated for each
sample depth (Brimhall & Dietrich, 1987). Because saprolite is isovolumetrically
weathered rock, volumetric strain (change in volume as a result of stress), calculated on
the basis of an assumed immobile element, should be near-zero. Previously, Ti was
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identified as immobile in the saprolite at this site (White et al., 1998); however, Zr was
shown to be better conserved than Ti in the present samples. The immobility of Zr in
these samples was confirmed by our calculations of very low volumetric strain with
respect to Zr relative to the parent rock composition. Mass transfer (gain or loss) of an
element j, relative to the parent rock is represented by the mass transfer coefficient, t Zr,j,
which is calculated as:

 ρ w C j, w
τ Zr , j = 
ρ C
 p j, p


(ε Zr , w + 1) − 1,



(3.1)

where ρw is the dry bulk density of the weathered material (saprolite and soil, White et
al., 1998), ρp is dry bulk density of the parent (p) rock, Cj,w is the mass concentration of
element j in the weathered material, Cj,p is the mass concentration of element j in the
parent rock, and ε Zr,w is the volumetric strain in the weathered (w) sample with respect to
Zr in the parent rock:
ε Zr , w =

ρ p C Zr , p
ρ w C Zr , w

−1 .

(3.2)

If τZr,j = -1, element j is entirely lost. If τZr,j > 0, a net gain of element j relative to
the parent rock is indicated. We used an average parent rock composition based on all
available published compositions of the Rio Blanco quartz diorite as reported by Turner
et al. (2003). Mass transfer in an open-system can be quantified in this manne r when the
parent material is homogenous (Rio Blanco quartz diorite), of uniform age (Tertiary), and
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contains an inert component (Zr) present in both the parent and product material
(Chadwick et al., 1990).
Not all elements in a soil or saprolite matrix are expected to be easily accessible
to microorganisms. Specifically, metals such as iron that are bound in a silicate mineral
lattice are significantly more refractory than iron bound in carbonate or (oxyhydr)oxide
minerals, weakly adsorbed to mineral surfaces, or complexed to organic matter. These
labile sources of iron would be more bioavailable than silicate-bound iron (Emerson,
2002). In soil and saprolite samples, measurement of labile iron can be accomplished by
solubilization using a dilute HCl leach (modified from Sutherland, 2002; CastilloGonzalez & Bruns, 2005), which does not mobilize silicate lattice-bound iron. To extract
the labile iron, 0.5 g of saprolite from each sampled depth (in duplicate) was carefully
weighed and placed in 15 ml centrifuge tubes with 10 ml 0.5 N HCl and agitated on an
end-over-end shaker at room temperature for 17 hours. Samples were centrifuged at 4000
x g for 10 min and the supernatants were decanted into new tubes and centrifuged again
before filtering (0.4 µm).
Ferrous iron in the extracts was measured in triplicate by ultraviolet-visible
(UV/Vis) spectrophotometry using a standard ferrozine assay (Stookey, 1970; Gibbs,
1976). Briefly, 40 µl of the extracts were added to 2.5 ml ferrozine solution (2 mM
ferrozine, 50 mM HEPES buffer) in clean cuvettes, sealed with Parafilm and vortexed to
mix. Samples were allowed to react for 25 minutes, then absorbance at 562 nm was
measured on a Spectronic 20D+ UV/Vis spectrophotometer (Spectronic Instruments) and
compared to Fe(NH4 )2 SO4 standards.
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Total iron (Fe2+ and Fe3+) in the extracts was measured by inductively coupled
plasma mass spectrometry (ICP-MS) on a Finnigan Mat high resolution ICP-MS using a
10 ppb indium internal standard added to allow correction for fluctuations in the rate of
sample uptake and nebulization. Ferric iron was calculated by subtracting ferrous iron
measured by UV/Vis from total iron measured by ICP-MS.
Gravimetric moisture content of duplicate regolith samples was determined by
oven-drying samples at 105°C for 24 to 48 hr. Orga nic carbon in the saprolite and soil
samples was measured by combustion using a CE instruments NC 2500 elemental
analyzer after HCl extraction of inorganic carbon, which was negligible. Particle size
distributions were determined by the hydrometer method (Gee & Bauder, 1986), based on
sedimentation rates following Stokes’ Law. We used the USDA classification for soil
particle sizes, which defines particles 50 to > 2000 µm as sand, 2 to 50 µm as silt, and <2
µm as clay.

3.3.3 Enumeration of total cells and culturable heterotrophs

Samples (~3 g) of soil or saprolite were suspended in 27 ml of 0.1% peptone
(Zuberer, 1994). The suspensions were vortexed for 1 min and the coarse particles
allowed to settle for 1 min. A portion of the liquid above the coarse particles was fixed
immediately with formaldehyde (3.7% final concentration) and stored at 4°C for
subsequent microscopic examination. Another portion of the liquid was serially diluted
tenfold in 0.1% peptone for spread-plating of 0.1- mL aliquots on R2A agar plates (Difco,
Detroit MI), an oligotrophic nutrient medium shown to recover higher numbers of
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stressed cells from environmental samples (Reasoner & Geldreich, 1985). Plates were
incubated at 25°C for 10 days (beginning 8 days after sample collection in the field).
Numbers of colonies with morphologies typical of actinobacteria and fungi were also
recorded to assess compositional changes in culturable heterotrophs. Numbers of colonyforming- units were reported on the basis of oven-dry weights of regolith. Genomic DNA
from four commonly observed colonies obtained from the 4.3- m sample was amplified
by polymerase chain reaction with universal bacterial primers (Lane, 1991) to obtain 16S
rRNA gene sequences for cloning and BLAST analysis.
Formaldehyde- fixed cell suspensions were diluted further with buffer (0.5 M
Na2 HPO4 and 0.85% NaCl adjusted to pH 9.0) to obtain final dilutions of 1:50, 1:500,
and 1:5000. A 5-µl aliquot of each dilution was smeared evenly within a 6- mm diameter
well on slides (Cell- Line Associates Inc., Newfield, CA) to obtain smears with different
cell densities. After air-drying smears were stained for 30 min with 20 µl DTAF (5-(4,6dichlorotriazin-2-yl) aminofluorescein) at a concentration of 0.2 mg ml-1 buffer. DTAF is
a protein stain with binding, absorption, and emission peaks (at 488 and 510 nm,
respectively) nearly identical to those of fluorescein isothiocyanate (Sherr et al., 1987).
DTAF exhibits less nonspecific fluorescence in soil samples than nucleic acid stains such
as acridine orange (Bloem et al., 1995; Bruns et al., 1999). Slides were rinsed twice in
buffer for 20 min, then in sterile water for a few seconds and allowed to air dry before
counting with Nikon Eclipse E600 and Nikon Eclipse i50 fluorescence microscopes at
600X magnification. Smears yielding 10-50 cells per microscope field were selected for
counting to reduce error due to cell masking at higher densities (Bloem et al., 1995).
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Sufficient numbers of microscope fields were inspected to enumerate at least 300 cells
per sample, and all counts were obtained by one investigator.

3.3.4 DNA Extractions

DNA extractions were performed using a sequential chloroform extraction
method, based on Zhou et al. (1996), designed to minimize DNA shearing. The DNA
extractions were undertaken within 3 weeks after sample collection in the field. Briefly,
10 g soil or saprolite (moist wt) in 50- ml centrifuge tubes were vortexed with 13.5 ml
extraction buffer containing 0.1 M potassium phosphate (pH 8.0), 0.1 M EDTA (pH 8.0),
0.1 M Tris-HCl (pH 8.0), and 1.5 M NaCl. After adding 50 µl proteinase K (10mg ml-1 ),
tubes were shaken horizontally at 225 rpm for 30 minutes at 37°C. After shaking, 1.5 ml
20% sodium dodecyl sulfate (SDS) was added and samples were incubated in a 65°C
water bath for 2 h, with gentle end-over-end inversions every 20 min. Supernatants were
collected after centrifugation at 6,000 g for 10 min at room temperature and transferred to
clean 50- ml tubes. Regolith pellets were extracted two more times by adding 4.5 ml of
the extraction buffer and 0.5 ml of 20% SDS, vortexing for 10 s, incubating at 65°C for
10 min, and centrifuging as before. Supernatants from the three cycles of extractions
were combined and mixed with an equal volume of chloroform- isoamyl alcohol (24:1
vol/vol). The aqueous phase was recovered after centrifugation and precipitated with 0.6
volume of isopropanol. Precipitates were collected by centrifugation at 16,000 g for 20
min at room temperature, washed with cold 70% ethanol, and resuspended in in 200-500
µl 10 mM Tris-HCl. Final purification of 50 µl crude DNA involved processing through
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the purification steps (from step 13) of the Mo Bio UltraCleanT M Soil DNA Isolation Kit.
DNA in extracts was quantified by spectrophotometric absorption at 260 nm and purity
assessed from absorbance rations at 260/280 and 260/300 nm using a Perkin Elmer
Instruments Lambda 40 UV/VIS spectrometer (Bruns & Buckley, 2002).

3.3.5 Biological Activity Reaction Tests

Biological activity reaction tests (BARTT M), manufactured by Droycon
Bioconcepts Inc. (Regina, SK, Canada), were used to detect iron-related bacteria (IRB) in
samples from each saprolite depth interval of the 2004 (5 m) core. IRB-BARTT M tests
results were evaluated according to the manufacturer’s instructions. BARTT M tests have
been used for research applications including the detection of sulfate-reducing bacteria
(SRB) in bacterial mats (Pimenov & Ivanova, 2005); evaluation of iodine toxicity to IRB,
SRB, and slime- forming bacteria (Sheppard & Hawkins, 1995); and enumeration of IRB
and SRB in soil cores to 3.4 m depth (Bhupathiraju et al., 2002). BARTT M tests are based
on establishing redox gradients in tubes containing growth medium, which permits
organisms with different oxygen requirements to grow at different levels in the medium.
The BARTT M test vials contain a dried pellet of selective media at the bottom and a
floating ball that restricts oxygen supply to the solution below. Oxygen diffuses around
the edges of the ball permitting growth of aerobic microorganisms. As aerobes grow, they
quickly use up the oxygen as it diffuses into the solution below the ball. A redox gradient
is thus created with oxic conditions at the top and anoxic conditions at the bottom of the
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test vials. Consequently, aerobic, microaerophilic, and anaerobic microorganisms can
grow in different zones of the test vials.
The IRB-BARTT M tests can detect both iron-oxidizing and iron-reducing bacteria
as well as pseudomonads, enteric, and heterotrophic bacteria. The IRB-BARTT M test
media contains ferric ammonium citrate providing iron, nitrogen, and carbon.
Development of foam and/or brown coloration in the vial indicates the presence of
anaerobic and/or aerobic IRB, respectively. The composition of the IRB community can
be estimated from the observed reaction pattern signatures which are sequences of 1-3
reactions (out of 8 possible) that have been calibrated by the manufacturer. For each
sampling depth, 0.5 g of wet soil or saprolite mixed with 15 ml of phosphate buffered
saline (PBS) buffer was added to each of BARTT M test vials and capped. Vials were
stored in the dark at room temperature for 10 days and observed and photographed daily.
Control vials were run containing only PBS buffer without sample.

3.4 Results

3.4.1 Field Observations

For both cores, surface samples were wet, clay-rich, and contained roots and plant
material. Between 0.5-1.1 m depth, samples became increasingly drier and roots fewer.
Roots and plant material were only observed in samples collected from less than 1.1 m
depth. Saprolite texture was discernible at 1.2 m and below. Although most of the
saprolite has a uniform texture, horizontal linear zones enriched in manganese oxides
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were visible in the auger bucket at about 2.4, 4.6-4.9 m and less distinct zones were
observed at about 3.8 and 4.1 m (Figure 3.2a). Such visible heterogeneities were
observed in both cores although depths of these layers were only recorded in the 5 m
(2004) core.

3.4.2 Chemical and Physical Parameters

Calculations of the mass transfer coefficient for Fe, t Zr,Fe (Figure 3.2b), indicated
no significant trends with distance from the parent rock (or upwards through the profile
from the bedrock to the soil) and much variability in the mobility of Fe throughout the
profile. In contrast, t Zr,Mn indicates a distinct trend of Mn depletion with increasing
distance from the parent rock, but with several significant enrichment zones
corresponding to depths where Mn oxides were visible before removal from the auger
bucket (Figure 3.2a).
Concentrations of HCl- extractable Fe(II) and Fe(III) were highest in the top meter
of the profile, low and relatively constant from 1-4 m depth, and higher at the bottom of
the profile (Table 3-1, Figure 3.3). A slight increase in both Fe(II) and Fe(III) were
observed at 2.4 m. Moisture and clay content ((Table 3-1, Figure 3.4) were highest in the
top meter and relatively constant through the rest of the profile (1-5 m). The silt-sized
fraction was lowest (19-26 wt %) in the top 0.5 m of the profile, then increased to a
variable 30-55 wt % down to 5 m depth. The sand-sized fraction accounted for 29-49 wt
% of the material but sho wed no significant trends through the profile.
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3.4.3 Biological Results

Direct microscopic counts of DTAF-stained cells in the upper 0.6 m of soil of the
2003 and 2004 cores ranged from 4.0 x 109 to 1.6 x 1010 g-1 . Below 0.6 m cell densities
were lower but varied by more than two orders of magnitude (from 2.5 x 106 to 7.9 x 108
cells g-1 , Table 3-2). Cell densities in the upper portion of the profile appeared to follow a
pattern similar to that of organic carbon content, as shown by data for the 2003 core
(Tables 3-1 and 3-2). In the 2004 core, direct counts made at depths between 3.7-4.9 m
showed higher cell numbers than at intermediate depths and ranged between 1.0 x 108 g-1
to 1.3 x 109 g-1 (Table 3-2, Figure 3.5a). Notable observations from the 2004 core were
the increased cell densities at 2.1 m and between 3.7-4.9 m depths.
For the 2004 core, counts of culturable cells, based on colony- forming units
(CFUs) on R2A plates, ranged from 0.0004% to 0.02% of the total cell numbers
estimated by direct microscopy (Table 3-2, Figure 3.5a). One exception to this pattern
was observed at 4.6 m depth, where CFUs made up 0.8% of the direct microscopic count.
DNA yields ranged from 120 to 52,000 ng DNA g-1 oven-dry saprolite or soil. In the
upper 1.2 m of the 2004 core, DNA yields exhibited decreases similar to those of total
and culturable cell densities (Table 3-2, Figure 3.5b). Between 1.2-4.6 m of the 2004
core, DNA yields remained low (between 200-600 ng g-1 soil or saprolite) but increased
to 20,000 ng g-1 at 4.9 m. Although this relatively high DNA yield was not observed at
precisely the same depth as the highest CFU count (i.e., 7.9 x 106 g-1 at 4.6 m), the CFU
count of 3.2 x 104 g-1 was still higher at 4.9 m than at intermediate depths (Figure 3.5a).
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Higher cell densities and DNA yields therefore provided evidence for greater biomass in
the saprolite just above the rindlet zone (at 4.6-4.9 m) in the 2004 core.
Differences in colony morphologies on R2A plates were noted to evaluate
compositional changes in culturable organisms with depth in the 2004 core. At most
depths, culturable actinobacteria and fungi were not dominant, except at 1.4 and 1.8 m,
where CFU counts were lowest (Table 3-2, Figure 3.5a). For the sample at 4.3- m depth,
genomic DNA was obtained from four different colonies with commonly observed
morphologies to obtain partial 16S rRNA gene sequences; these were most closely
related to the common soil bacteria Streptomyces griseus, Micromonospora sp., and
Bacillus subtilis. Some of the culturable organisms from the sample at 4.6- m depth
produced in the R2A medium a diffusible yellow- green fluorescent pigment, which is
characteristic of pseudomonads. This pigment was not observed in plates from any other
depth. Interestingly, this sample also had the highest CFU g-1 in the entire profile. The
presence of culturable fluorescent pigment producers was unique to this sample and
provided a clear indication of bacterial community differences at this depth.
All IRB-BARTT M tests turned cloudy within 2 days, indicating general
heterotrophic activity. A brown gel formed at the bottom of some sample tubes after day
4 indicating a mixed community of heterotrophs and iron-oxidizing bacteria (IOB) with
some enteric bacteria (Droycon Bioconcepts Inc., 2003). This positive result for IOB
occurred in samples from the uppermost section of the profile (0.15-0.6 m), the middle of
the profile (2.1 and 2.4 m, coincident with the spike in the direct count cell numbers) and
the bottom of the profile (4.9 m).
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3.5 Discussion

3.5.1 Geomicrobiology of the Regolith

At depth near the saprolite-bedrock interface, increases were seen in densities of
total cells, culturable cells, and iron-oxidizing bacteria, as well as in HCl- extractable iron
(Figures 3.3 and 3.5). HCl-extractable Fe(II) shows the highest coefficient of
determination (r2 = 0.56, p = 0.0002) with respect to cell numbers of all of the parameters
measured (Figure 3.6). The similar trends for concentrations of “bioavailable” iron, cells,
and iron-oxidizing bacteria may be consistent with either i) a population of saprolite
bacteria that varies as a function of available iron in the saprolite, or ii) a population of
bacteria that causes the increased bioavailable iron.
The two zones of visible manganese enrichment at 2.4 and 4.6-4.9 m coincided
with relatively higher cell numbers, Mn oxide concentrations and values of t Zr,Mn ,
presence of iron-oxidizing bacteria, and concentrations of HCl- extracted Fe(II) and
Fe(III). The 4.6-4.9 m samples were nearest the saprolite-bedrock interface. The 2.4 m
zone probably represents a zone of “ghost rindlets”; in other outcrops elsewhere in the
Rio Icacos watershed we have observed these highly weathered rindlets detached from
the bedrock corestone and surrounded by saprolite. These are interpreted as saprolite
grains that retain the visible features and chemistry of bedrock rindlets. For example, the
2.4 m zone coincided with the previously reported increase in the Fe2+/Fe3+ ratio
(Murphy, 1995) in mica grains. Mn is a constituent of the biotite grains in the saprolite,
rindlets, and bedrock (0.1-0.6 wt % MnO in biotite, Murphy, 1995) and of the hornblende
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grains in the rindlets and bedrock (0.6-1.2 wt % MnO in hornblende, data not shown).
These less weathered ghost rindlets therefore are interpreted to retain both the visible
features of bedrock rindlets as well as the less-weathered biotites that provide a source of
reduced metals for microbial life at 2.4 m depth.

3.5.2 Chemical weathering controls on biomass

Microbial ecologists have long recognized that 1% or less of all microorganisms
in environmental samples are culturable (Hugenholtz et al., 1998). Thus it is difficult to
quantify populations with specific functions (eg., iron oxidation) in uncharacterized
microbial communities. In this section we present a model using substrate fluxes to
estimate growth rates of the active iron-oxidizing and heterotrophic populations in the
deep saprolite just above the saprolite-bedrock interface.
Researchers including Brown et al. (1995), Heimsath et al. (1999), and von
Blanckenburg et al. (2004) have previously assumed that soils developed on granite,
sandstone, and metamorphosed crystalline bedrock are steady state in thickness. Riebe et
al. (2003) and Brown et al. (1995) propose that the regolith profiles in Rio Icacos are
undergoing steady state regolith (soil + saprolite) formation, erosion, and weathering
such that the total mass of the regolith in the watershed is approximately constant through
time. Conservation of mass implies that the rate of regolith formation from parent
material is equal to the total denudation rate, which in turn is equal to the sum of the rates
of chemical weathering and physical erosion. Riebe et al. (2003) generally assume that
elemental soil profiles (element concentration versus depth) are steady state as well.
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Calculated weathering rates based on soil denudation (Brown et al., 1995; Riebe et al.,
2003) agree with weathering rates based on advance of the saprolite-bedrock interface
(White et al., 1998) supporting the steady state assumption. In a steady state weathering
profile, the value for a property at a given depth remains constant as a function of time,
because of the assumed balance in production and loss of particles through weathering
and erosion, respectively. Fletcher et al. (Fletcher et al., 2006) proposed that the
weathering advance rate for the Rio Icacos quartz diorite – the rate that the bedrock
transforms to saprolite – is controlled by the chemistry of pore fluids at depth and that
this chemistry is in turn controlled by the thickness of the saprolite profile.
While the concept of steady state has been proposed for soils and saprolites, little
to no work has been completed to investigate the idea of a steady state biomass profile.
We discuss here a model that assumes that the profiles of yearly-averaged cell biomass
and organic carbon as a function of depth are constant with time. We also assume in the
model that the depth profiles of iron-oxidizing and heterotrophic bacterial mass versus
depth are invariant. Because the regolith studied here is positioned on a knife-edge ridge,
downward-moving pore fluid will flow laterally when it reaches the bedrock-saprolite
interface. Although the hydrologic system is therefore inherently 2D, for simplicity we
only consider 1D vertical flow. Thus, in this discussion we implicitly assume that pore
fluid flows through both the saprolite and bedrock, but fluid only reacts chemically with
the saprolite and not with the bedrock. In effect, the lateral flow is incorporated within
our model as chemically non-reactive vertical flow through the bedrock. Although this
assumption is unrealistic, it enables simplification for allowing a preliminary step in
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interpretation of biomass within a steady state profile. We further restrict ourselves to
consideration only of the saprolite profile, ignoring the soil profile above 1m.
From the perspective of the biomass at the saprolite-bedrock interface, and
ignoring other inorganic substrates that are presumably present at insignificant
concentrations, metabolizable substrate is delivered as a mass flux of dissolved organic
carbon or dissolved Fe(II). The flux of Fe(II) is delivered by solubilization of bedrock.
This latter solubilization, when considered through the perspective of a unit of immobile
biomass at the saprolite-bedrock interface, delivers a slow but steady concentration of
aqueous Fe(II) as the rindlet zone advances into intact bedrock over time.
Variations of properties (e.g., substrate concentrations) with depth can be
described using either of two different frames of reference (Berner, 1980; 2006): with
respect to a fixed layer or a fixed depth. If properties are expressed in terms of a fixed
layer origin, the origin moves upward as the profile moves downward due to weathering
and erosion. In the case of a fixed depth origin (e.g., the saprolite-bedrock interface), the
origin moves downward at the same rate as the rest of the profile. In a steady state profile
with a fixed depth origin, the value of a property in a given layer will vary with time, but
the property at a given depth will remain constant. Here we choose the fixed depth frame
of reference taking as our origin the saprolite-bedrock interface; we express mass balance
of component i in an infinitely thin layer of saprolite at this origin:
.

∂Ci
∂F
= − i + ∑ Ri .
∂t
∂x

101

(3.3)
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Here Ci is the concentration of component i (mol m-3 saprolite); Fi is the flux of
component i into or out of the layer of saprolite (mol m-2 saprolite h-1 ); and Ri refers to
the reactions that release or consume component i to or from the saprolite (mol m-3
saprolite h-1 ) (Berner, 1980). Variables x and t refer to distance increasing upward from
the saprolite-bedrock interface and time, respectively. Note that weathering of bedrock to
saprolite at Rio Icacos is isovolumetric (White et al., 1998), so the layer experiences no
volume change as the profile evolves.
In rindlets where porosity is very low (< 0.1 %) and transport is diffusioncontrolled, abiotic oxidation of Fe(II) is hypothesized to form Fe(III)-oxide precipitates
that crack the rock (Fletcher et al., 2006). It is reasonable to suppose that the bedrock and
rindlets are therefore dominated by abiological iron-oxidation. Presumably, bacterial
iron-oxidation controls the Fe(II) oxidation rate in the saprolite but not in the rindlets
because in the saprolite the abiological processes have disaggregated the rock to the
extent that advection dominates transport. Therefore to model fluxes in the saprolite just
above the rindlets, we assume that the advective flux is dominant over the diffusive flux
where v is the rate of advective transport (m h-1 ):

Fi = vCi

(3.4)

For simplicity, we assume that the source of Fe(II) from bedrock is due to
weathering of hornblende, which disappears within the rindlet zone (White et al., 1998;
Buss et al., 2004) as the bedrock weathers isovolumetrically to saprolite. The HCl-
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extractable Fe(II) in the deepest saprolite represents the Fe(II) released from hornblende
as the rindlets transform to saprolite. Biotite weathering also releases Fe(II) (Murphy et
al., 1998) but we ignore this flux since biotite persists throughout the saprolite profile and
thus cannot be the controlling feature causing rindlet formation and disaggregation.
As a first approximation, we assume that the dominant sink for Fe(II) within the
deep saprolite is oxid ation by Fe-oxidizing bacteria. Thus, the rate of change of Fe(II) in
the volume of saprolite at the saprolite-bedrock interface can be expressed as:

∂(C Fe( II ) )
∂t

=−

(

∂ ν CFeaq( II )

) ∂(ωC

∂x

−

rz
Fe ( II )

)

∂x

−

β IOB
YFe( II )

(3.5)

where β IOB (mol C m-3 h-1 ) is the maximum rate of production of iron-oxidizing biomass,
YFe(II) is the yield of IOB biomass (mol C biomass mol-1 Fe(II) oxidized), ω is the
aq
weathering advance rate (m h-1 ), CFe
( II ) is the concentration of Fe(II) in pore fluid in the

rz
saprolite (mol m-3 ), and CFe
( II ) is the concentration of hornblende- incorporated Fe(II) per

unit volume of rock in the outermost rindlet (mol m-3 ) or the concentration of extractable
Fe(II) in the deepest saprolite (mol m-3 ). If the advective flux and ω are constants, then
we can write:
∂(C Fe( II ) )
∂t

= −ν

(

aq
∂ C Fe
( II )

∂x

)

−ω
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(

∂ CFerz ( II )
∂x

)

−

β IOB
.
YFe ( II )

(3.6)
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Next we make the steady state assumption on Fe(II) concentration in the layer as a
function of time:

∂(CFe ( II ) )
∂t

= 0. Based on the rate of advance of the saprolite-bedrock

interface due to weathering, ω, we calculate a rate of production of iron-oxidizing
biomass:

β IOB

(

)

(

aq
rz
 ∂ C Fe
∂ C Fe
( II )
( II )
= YFe ( II ) − ν
−ω
∂x
∂x


)

.


(3.7)

Equation 3.7 expresses the rate of growth of biomass, β IOB, as a function of the
weathering advance rate and the advective flux of Fe(II). Because we are assuming
constant ω, v, YFe(II), and Fe(II) concentration gradients, this implies that β IOB is also
constant with time.
The value of

(

rz
∂ C Fe
( II )

∂x

)

can be estimated as the rate of change in Fe(II) across the

2 cm thickness of the outermost rindlet: this concentration varies from 1480 mol Fe(II) m3

rock within the hornblende in the outermost rindlet (Turner et al., 2003) to 6.0 x 10-7

mol extractable Fe(II) m-3 saprolite in the lowermost saprolite (Table 3-1). Using ω =
~100 m Ma-1 based on cosmogenic isotopes (Brown et al., 1995; White et al., 1998)
yields -8.4 x 10-4 mol Fe(II) m-3 h-1 for the second term in Equation 3.6. Setting the
advective transport velocity, v, to equal the velocity of water movement through the
aq
saprolite, -6.84 x 10-5 m h-1 (Schulz & White, 1999) and setting the gradient in CFe
( II ) to

equal the change in iron concentration in the saprolite pore water with depth (0 µM at 1.2
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m and 0.3 µM at 8.5 m, White et al., 1998) we calculate that the first term in Equation 3.6
(3.1 x 10-10 mol Fe(II) m-3 h-1 ) is negligible compared to the second term; therefore the
volumetric flux of Fe(II) substrate that is available for IOB production is equivalent to the
second term in Equation 3.6:
β IOB = −YFe( II )ω

(

rz
∂ C Fe
( II )

∂x

).

(3.8)

To estimate the value of β IOB, we need a value for YFe(II): the only published
measurement s of such a parameter for non-acidophilic iron-oxidizing bacteria range from
0.3-0.7 mol C mol-1 Fe(II) calculated for freshwater iron-oxidizing bacteria (Neubauer et
al., 2002; Sobolev & Roden, 2004). Here we choose the lowest value: 0.3 mol C mol-1
Fe(II) for YFe(II) for iron-oxidation in the deep saprolite. For this value for YFe(II) , the
maximum rate of growth of iron-oxidizing bacteria for the steady state model is 2.5 x 10-4
mol C m-3 h-1 (Equation 3.8).
Similarly we can consider a mass balance on total organic carbon, CC, in the same
volume of saprolite at the saprolite-bedrock interface. The inputs of organic carbon to this
saprolite volume are the advective flux of dissolved organic carbon, DOC, from the
surface and fixation of organic carbon by autotrophs. Losses of organic carbon from this
volume of saprolite are the release of CO2 during respiration by heterotrophs and the flux
of insoluble (or otherwise un-recycled) organic carbon that leaves the saprolite layer as
the profile moves downward. Mass balance can be written as:
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( )

( )

( )

∂ CC
∂ CCaq
∂ CCin
β
= β IOB − v
− H −ω
∂t
∂x
YC
∂x

(3.9)

where CCin refers to the concentration of insoluble organic carbon and CCaq is the
concentration of DOC. Here β H is the growth rate of heterotrophic biomass (mol C m-3 h1

), YC is the growth yield of heterotrophic biomass (mol C biomass mol-1 C substrate),

and

( )

∂ CCin
is the gradient in solid organic carbon in the saprolite (1.2-4.9 m depth,
∂x

Table 3-1). At steady state, the rate of change of total organic carbon is zero and we can
write:

( )

( )

βH
∂ CCaq
∂ CCin
= β IOB − v
−ω
.
YC
∂x
∂x

(3.10)

Equation 3.10 indicates that the rate that heterotrophs oxidize organic carbon,
releasing CO2 (β H/YC) is equal to the difference between the rate that autotrophs fix CO2
(β IOB) and the net aqueous (input) and insoluble (output) organic carbon fluxes. If the net
aqueous + insoluble flux is equal and opposite the rate of autotrophic carbon fixation
(β IOB) then no carbon is available for heterotrophic growth and the entire biomass at
depth in the saprolite is lithoautotrophic. If the net aqueous + insoluble flux is much
smaller than β IOB then the lithoautotrophic growth rate outpaces the heterotrophic growth
rate.
The small gradient in organic carbon yields 1.6 x 10-10 mol C m-3 h-1 for the
insoluble flux (the last term in Equation 3.10), which is insignificant compared to the first
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term (β IOB = 2.5 x 10-4 mol C m-3 h-1 , Equation 3.8). The concentration of DOC in the
Guaba ridge lysimeters was measured at 208 µM at 0.15 m depth and 125 µM at 6.7 m
depth (Murphy, 1995), yielding an estimate of -2.8 x 10-7 mol C m-3 h-1 for the aqueous
flux (the second term in Equation 3.10), which is also insignificant relative to β IOB.
Therefore the dominant flux of organic carbon to the deep saprolite is via carbon fixation
by lithoautotrophs. For the organic carbon mass balance (Equation 3.9) β IOB is actually
the rate of growth and death of all lithoautotrophs, which we assume here to be
dominated by iron-oxidizing bacteria.
For aerobic heterotrophs, YC can vary from ~0.01-0.8 mol C biomass mol-1 C
substrate (Heijnen & van Dijken, 1991). This range can be narrowed for aerobic
heterotrophs in soils to ~0.3-0.6 mol C biomass mol-1 C substrate (Frey et al., 2001).
Solving Equation 10 for β H using 0.5 as a first estimate for YC, we find that the rate of
growth of heterotrophic biomass is 1.25 x 10-4 mol C m-3 h-1 . Substituting Equation 3.8
into Equation 3.10 (omitting the insignificant aqueous and insoluble carbon fluxes)
demonstrates that rock weathering drives organic carbon and biomass production in the
deep saprolite:

β H = −YC YFe( II )ω

(

rz
∂ C Fe
( II )

∂x

)

.

(3.11)

To test the consistency of these growth rates with literature observations, we
estimate biomass yields by dividing the calculated growth rates β IOB or β H (Equations 3.8
or 3.11) by a specific growth rate constant µ (h-1 ). These constants range from ~0.01-0.3
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h-1 for bacteria in non-agricultural soils (Barros et al., 2001; Núñez-Regueira et al., 2002;
Zelenev et al., 2005). Converting units using the deep saprolite density (1.2 x 106 g m-3 )
and estimating 3.6 x 10-14 mol C cell-1 , this range of µ gives cell densities on the order of
104 -105 cells g-1 . When compared to our total cell count (which includes all visible cells:
active, inactive, and dead) at depth in the saprolite of 108.4 (Table 3-2), we see that the
calculated growth rates are reasonable.
Despite the broad assumptions made for these calculations, it is apparent that the
substrate fluxes at the saprolite-bedrock interface will allow a greater growth rate of IOB
than of heterotrophic bacteria. Thus, iron-oxidizing bacteria are likely dominant in the
deep saprolite as has been observed in acidic carbon- limited systems (López-Archilla et
al., 2001; Rohwerder et al., 2003). Production of organic carbon by autotrophic ironoxidizing bacteria is the primary source of substrate for heterotrophic bacteria, creating a
synergistic community of lithoautotrophs and heterotrophs that is dependent on bedrock
weathering. Moreover, by consuming Fe(II) and O2 , iron-oxidizing bacteria alter the
concentration gradients of these elements and therefore may be important in the
disaggregation of the bedrock, which is driven by diffusion of O2 into the bedrock and
oxidation of ferrous minerals (Fletcher et al., 2006).
Our model calculations show that the substrate flux at the saprolite-bedrock
interface is dominated by Fe(II), suggesting that the biota transforms from a
heterotrophy-based ecosystem at the top of the profile in the soil, to a lithoautotrophybased ecosystem at depth. The topsoil biota is presumably controlled by the rate of
production of DOC (heterotrophic growth) while the deep saprolite biota is controlled by
the rate of release of Fe(II) from disaggregating and solubilizing bedrock through
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spheroidal weathering (lithoautotrophic growth). While we have not proven that the Feoxidizing biota at the bedrock-saprolite interface are driving Fe(II) oxidation and
spheroidal weathering of the bedrock, our model is consistent with coupling between the
physical and chemical and biological weathering of the quartz diorite through the cycling
of Fe(II) at the saprolite-bedrock interface.

3.6 Conclusions

Microorganisms in the ~5 meters of saprolite in the Rio Icacos watershed respond
to the availability of iron as a function of depth. As bedrock weathers, ferrous iron is
released from silicate minerals, providing substrate for iron-oxidizing bacteria. In turn,
autotrophic iron-oxidizing bacteria fix CO2 , providing organic carbon substrate for other
organisms in the ecosystem. In this way, Earth’s rock weathering engine drives biomass
production at depth in this system. Lithoautotrophs, specifically iron-oxidizing bacteria,
may be dominant at depth in the saprolite because they are more favored by substrate
fluxes than heterotrophs. Furthermore, iron-oxidizing bacteria affect the concentrations of
dissolved Fe(II) and O2 and therefore may contribute to disaggregation of the intact
bedrock through spheroidal weathering. Such weathering has been attributed to diffusion
of O2 into the bedrock, oxidation of ferrous minerals, and creation of spheroidal fractures
around corestones. Our results indicate that the activities of bacteria may be important
factors in geochemical processes in regolith material below the rooting zone. Efforts are
ongoing to develop molecular techniques to obtain better quantitative data for microbial
populations. These data will be compared to predictions made by the proposed regolith
109

110
weathering model, which will be further modified to incorporate fundamental
understanding of the microbial energetics of iron oxidation.

3.7 Definitions of Variables

τZr,j

Mass transfer coefficient (dimensionless)

ρw

Density of weathered material (g m-3 )

ρp

Density of parent material (g m-3 )

ε Zr,w

Volumetric strain of Zr in weathered material (dimensionless)

Cj,w

Concentration of element j in weathered material (wt %)

Cj,p

Concentration of element j in parent material (wt %)

Ci

Concentration of component i per volume of solid (mol m-3 )

Fi

Flux of component i (mol m-2 h-1 )

Ri

Reaction terms for reactions involving i (mol m-3 h-1 )

ω

Rate of weathering advance of saprolite-bedrock interface (m h-1 )

v

Rate of advection (m h-1 )

CFe(II)

Concentration of Fe(II) per volume of solid (mol m-3 )

CCaq

Concentration of aqueous organic carbon per volume of solid (mol m-3 )
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rz
CFe
( II )

Concentration of hornblende-bound Fe(II) in rindlet per volume of solid
(mol m-3 )

aq
CFe
( II )

Concentration of Fe(II) in pore water per volume of solid (mol m-3 )

CC

Concentration of total organic carbon per volume of solid (mol m-3 )

CCin

Concentration of insoluble (or otherwise un-recycled) organic carbon per
volume of solid (mol m-3 )

βIOB

Rate of production of iron-oxidizing biomass (mol m-3 h-1 )

βH

Rate of production of heterotrophic biomass (mol m-3 h-1 0

YFe(II)

Growth yield of iron-oxidizing biomass (mol mol-1 )

YC

Growth yield of heterotrophs (mol mol-1 )

µ

Specific growth rate constant (h-1 )
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3.9 Figure Captions
Figure 3.1. Cartoon depicting the system studied in the Rio Icacos watershed. The quartz
diorite bedrock is overlain with 2-8 m of saprolite and topped by 50-100 cm of soil. The
bedrock weathers spheroidally, forming a zone of partially weathered rock layers termed
rindlets. In 2003 a core was augered to 7.5 m, partially into the rindlet zone. In 2004 a
core was augered to 5 m through soil and saprolite only.
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Figure 3.2. Mass transfer coefficients (τZr,j, loss or gain from the parent rock during
weathering) of individual elements j relative to Zr calculated for each sample depth
(Brimhall & Dietrich, 1987; Fletcher et al., 2006). If τZr,j = -1, the element is entirely lost.
If τZr,j > 0, a net gain of the element relative to the parent rock is indicated. The vertical
dashed line at τZr,j = 0 indicates no change relative to the parent rock composition. The
solid horizontal line at 5 m depth indicates the approximate location of the saprolitebedrock interface. Data points below this line are for samples taken from the partially
weathered, but more cohesive, spheroidal weathering layers (rindlets) that cap the unweathered bedrock and comprise the weathering interface. Bedrock samples were taken
from a nearby roadcut because we were unable to penetrate into the least-weathered
rindlets and the bedrock with the auger. a) τZr,Mn reveals zones of Mn enrichment in the
saprolite, which were observed in the field at sampling depths indicated by the horizontal
hachured zones. b) τZr,Fe shows much variability with no identifiable trend of depletion or
enrichment through the profile.

Figure 3.3. Iron extracted from regolith using 0.5 N HCl, plotted versus depth. a) Fe(II)
in the extracts was measured by UV/Vis spectrophotometry using a standard ferrozine
assay (Stookey, 1970; Gibbs, 1976). b) Fe(III) in the extracts was calculated as the
difference between total iron (measured by ICP-MS) and Fe(II).
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Figure 3.4. Clay and moisture content (wt %) of the regolith. Clay is the <2 µm size
fraction of the dry soil or saprolite particles. Particle sizes were measured by the
hydrometer method, which is based on sedimentation rates according to Stokes’ Law
(Gee & Bauder, 1986). Gravimetric moisture content was determined by oven-drying the
wet regolith samples for 24 to 48 hours and comparing wet and dry weights.

Figure 3.5. a) Cells were directly counted in the 2003 (0.15-2.7 m depth) and 2004 (0.155.0 m depth) saprolite cores using fluorescent microscopy after staining with DTAF.
Sufficient numbers of microscope fields (containing 10-50 cells each) were inspected to
count at least 300 cells per sample, and all counts were obtained by one investigator.
Plate counts of colony-forming units (CFUs) in log (CFU g-1 regolith) were performed on
R2A agar plates. b) Comparison of direct counts (which here include data points from
both 2003 and 2004) to DNA yield in log (ng DNA g-1 regolith). Cell counts and DNA
yields are given in terms of regolith dry weight.

Figure 3.6. A linear regression between direct cell counts in log cells g-1 regolith versus
HCl-extracted Fe(II) in µmol g-1 regolith reveal a relationship between cell numbers and
Fe(II).
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Table 3-1: Chemical and physical measurements for the Guaba ridge saprolitea

c

Particle Size Distribution

Organic

e

HCl Extractions

Moisture

Sand

Silt

Clay

Carbon

Total Fe

Fe 2+

(m)

(wt %)

(wt %)

(wt %)

(wt %)

(wt %)

(µmol g -1)

(µmol g-1)

0.15

45.3 ± 0.0

47 ± 5

23 ± 5

30 ± 2

1.62 ± 0.49

70.27 ± 12.3

1.98 ± 0.21

0.30

45.9 ± 0.1

39 ± 5

19 ± 5

42 ± 2

1.45 ± 0.44

69.36 ± 7.72

1.81 ± 0.50

0.46

42.8 ± 0.3

46 ± 5

26 ± 5

28 ± 2

1.19 ± 0.36

58.85 ± 1.43

1.43 ± 0.05

0.61

42.9 ± 3.9

29 ± 5

55 ± 5

16 ± 2

1.11 ± 0.33

54.19 ± 1.59

2.01 ± 0.27

0.76

35.4 ± 0.4

39 ± 5

40 ± 5

21 ± 2

0.18 ± 0.05

22.31 ±7.49

0.90 ± 0.06

f

5.23 ± 0.80

0.39 ± 0.03

Depth

b

d

0.91

27.3 ± 0.1

45 ± 5

38 ± 5

17 ± 2

-

1.07

26.8 ± 0.6

35 ± 5

42 ± 5

23 ± 2

-

2.45 ± 0.12

0.23 ± 0.02

1.22

27.8 ± 1.0

44 ± 5

35 ± 5

21 ± 2

0.14 ± 0.04

2.05 ± 1.02

0.25 ± 0.01

1.37

27.6 ± 0.3

42 ± 5

34 ± 5

24 ± 2

-

2.75 ± 0.44

0.26 ± 0.01

1.52

28.3 ± 0.2

45 ± 5

37 ± 5

18 ± 2

0.41 ± 0.12

1.83 ± 0.12

0.21 ± 0.05

1.83

28.3 ± 3.2

30 ± 5

49 ± 5

22 ± 2

0.11 ± 0.03

2.47 ± 0.09

0.22 ± 0.02

2.13

27.8 ± 0.5

39 ± 5

36 ± 5

25 ± 2

0.19 ± 0.06

1.69 ± 1.14

0.24 ± 0.03

2.44

30.4 ± 0.3

39 ± 5

35 ± 5

26 ± 2

0.04 ± 0.01

5.07 ± 1.24

0.47 ± 0.07

2.74

28.6 ± 0.4

44 ± 5

31 ± 5

25 ± 2

0.15 ± 0.04

3.64 ± 0.09

0.33 ± 0.03

3.05

26.8 ± 0.7

38 ± 5

44 ± 5

18 ± 2

0.09 ± 0.03

2.98 ± 0.50

0.40 ± 0.02

3.35

28.6 ± 0.0

39 ± 5

37 ± 5

24 ± 2

-

3.41 ± 0.36

0.35 ± 0.09

3.66

29.1 ± 0.2

40 ± 5

40 ± 5

20 ± 2

0.11 ± 0.03

2.98 ± 0.95

0.31 ± 0.03

3.96

31.1 ± 0.0

33 ± 5

46 ± 5

21 ± 2

0.08 ± 0.02

3.31 ± 0.08

0.33 ± 0.01

4.27

32.5 ± 1.5

47 ± 5

32 ± 5

21 ± 2

0.11 ± 0.03

9.76 ± 3.93

0.60 ± 0.02

4.57

34.3 ± 0.2

45 ± 5

36 ± 5

20 ± 2

0.18 ± 0.05

9.25 ± 1.20

0.59 ± 0.04

4.88

28.4 ± 0.4

49 ± 5

30 ± 5

21 ± 2

0.09 ± 0.03

31.93 ± 0.43

0.85 ± 0.02

a

All data reported here are for the 2004 regolith core except organic carbon, which was

measured on the 2003 core.
b

Gravimetric moisture content determined by oven-drying. Error is standard deviation

between duplicate samples.
c.

Particle sizes determined by the hydrometer method (Gee & Bauder, 1986). Errors given

are for methodological uncertainties as described by Gee and Bauder (1979; 1986).
d

Organic carbon measured by combustion after HCl extraction of inorganic carbon.

Variability among replicate samples is less than 30%, which is used here as a
conservative estimate of error.
e

Extractions were performed in duplicate for each sampling depth and measurements

made in triplicate on each extract. Error is the standard deviation between the duplicate
samples.
f

Dashes (-) indicate no measurement

Table 3-2: Biological data from the Guaba ridge regolith profile
Depth
(m)

a

Direct count
-1

log (cells g )
2003 core

b

-1

log (CFU g )

2004 core
f

c

Total CFU

d

DNA

% CFU

%CFU

%CFU

(neither

(w/typical

(w/typical fungal

actinobacteria or

actinobacterial

morphology)

fungi)

morphology)

-1

IRB-BART

log (ng g )

(+/-)

0.15

10.2

--

5.7

100

<0

<0

-

+

0.30

10.1

9.8

5.5

100

<0

<0

4.7

+

0.46

10.1

9.6

5.5

100

<0

<0

4.7

+

0.61

9.6

9.7

5.2

88

6

6

4.3

+

0.76

8.8

8.5

4.8

100

<0

<0

3.8

-

0.91

--

8.4

4.3

66

34

<0

2.6

-

1.07

--

8.0

3.6

75

25

<0

2.8

-

1.22

8.7

7.2

1.8

100

<0

<0

2.4

-

1.37

--

7.6

3.8

40

40

20

<2

-

1.52

8.5

7.5

3.3

66

34

<0

<2

-

1.83

8.3

6.4

2.1

<0

50

50

<2

-

2.13

8.5

8.9

3.5

70

20

10

2.4

+

2.44

7.5

7.3

2.7

100

<0

<0

<2

+

2.74

7.3

--

3.4

70

30

<0

<2

-

3.05

--

7.3

2.9

60

20

20

<2

-

3.35

--

6.9

3.1

75

15

10

<2

-

3.66

--

8.0

2.9

80

8

12

<2

-

3.96

--

8.4

3.7

80

20

<0

2.8

-

4.27

--

9.1

3.8

90

8

2

2.5

-

4.57

--

9.0

6.9

100

<0

<0

<2

-

4.88

--

8.4

4.5

100

<0

<0

4.3

+

TM

a

Direct counts were performed on DTAF-stained samples examined by epifluorescence

microscopy. Detection limit for microscopic counts was assumed to be ca. 107 cells g-1
oven-dry regolith (soil or saprolite).
b

Plate counts of colony forming units (CFUs) g-1 oven-dry regolith performed on R2A

agar plates incubated at 25°C for 10 days.
c

DNA concentration was measured by absorbance at 260 nm.

d

IRB-BARTT M = Biological Activity Reaction Test for iron related bacteria performed on

regolith samples collected in 2004.
f

No measurement indicated by dashes (-).

Figure 3.1: Cartoon depicting the system studied in the Rio Icacos watershed
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Figure 3.3: HCl-extractable Fe(II) and Fe(III) in the regolith
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Chapter 4
Etch pit formation on iron silicate surfaces during siderophorepromoted dissolution

4.1 Abstract
Understanding the effects of microbiota on mineral alteration requires the ability to
recognize evidence of bacteria-promoted dissolution on mineral surfaces. Although
siderophores are known to promote mineral dissolution, their effects on mineral surfaces
are not well known. We have utilized atomic force microscopy (AFM), X-ray
photoelectron spectroscopy (XPS), and Mirau vertical scanning interferometry (VSI) to
investigate surfaces after incubation with the siderophore desferrioxamine-B mesylate
(DFAM) and under colonies of bacteria. Iron-silicate glass planchets chemically similar
to hornblende were incubated in buffered growth medium with siderophore-producing
bacteria (Bacillus sp.) for 46 days with parallel abiotic experiments conducted with and
without 240 µM DFAM, with and without 0.01 g l-1 of microbially produced extracellular
polysaccharides (EPS, alginate or xanthan gum). Some glass planchets were protected by
dialysis tubing from direct contact with the EPS. Weekly sampling and analysis of all
filtered sample solutions showed negligible Fe and Al release in the control experiments
and significant release of Fe and Al in the presence of DFAM, with ne gligible changes in
pH. Concentration of Fe, [Fe], in the filtered solutions after incubation with bacteria was
below detection, consistent with uptake of Fe by cells. Release of Fe, Al, and Si in
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control, xanthan-only, and alginate-only experiments was negligible. Release of these
elements was enhanced in all experiments containing DFAM, and greatest in alginate +
DFAM experiments.
AFM and VSI analyses reveal widespread, small etch pits and greater root mean
squared (RMS) roughness on siderophore-exposed surfaces and fewer, localized, larger
etch pits on bacteria-exposed surfaces. This is the first documented case in which pitting
by siderophores has been observed. Roughness was not affected by growth medium or
alginate or xanthan gum alone. The roughness trends among samples correlate with
trends in Fe depletion documented by XPS. Enhanced dissolution and roughness cannot
be attributed to direct contact with EPS because no significant chemical or physical
differences were observed between surfaces directly exposed to EPS and those protected
by dialysis tubing. Small acidic molecules may have been released from the EPS and
shuttled Fe from the surfaces to the siderophores, enhancing general dissolution.
Siderophores produced by Bacillus sp. may be responsible for some of the ‘biopits.’ The
difference in size and distribution of the biopits may be related to colonization.

4.2 Introduction

4.2.1 Surface Colonization
Microbial colonization of mineral surfaces is rapid and extensive in aqueous and
soil environments because organic macromolecules adsorb to surfaces and form a layer
that encourages attachment of microorganisms (Baier, 1980; Characklis, 1989; Brisou,

130

131
1995; Little et al., 1997). As a result, free microorganisms represent only 0.1 to 1.0 % of
total microorganisms in an aquatic ecosystem, with the remainder of the microorganisms
attached to surfaces (Brisou, 1995; Madigan et al., 2000).
To colonize a surface, microorganisms form large aggregates of cells, proteins,
lectins, and polysaccharides, collectively termed “biofilms” (e.g., Wilderer and
Characklis, 1989; Brisou, 1995; Little et al., 1997). A number of researchers have
documented the attachment of microorganisms to mineral surfaces via the formation of a
biofilm (e.g., Thorseth et al., 1995; Barker et al., 1998). The nutrient content of mineral
surfaces drive the attachment (Brisou, 1995; Bennett et al., 1996; Madigan et al., 2000).
In fact, in environments depleted in one or more nutrients, microorganisms preferentially
colonize mineral surfaces containing essential macro- or micronutrients (Bennett et al.,
1996; Grantham and Dove, 1996; Rogers et al., 1998; Sawyer and Hermanowicz, 1998;
Kalinowski et al., 2000).
The effects of colonization on mineral surfaces remain, for the most part, unquantified. Effects such as the formation of etch pits by microorganisms on mineral
surfaces are of interest as potential biosignatures. Seve ral researchers have documented
etch pits on colonized mineral surfaces using scanning electron, transmission electron,
vertical scanning interferometry or atomic force microscopies (SEM, TEM, VSI, AFM,
respectively). Barker et al. (1998) and Rogers et al. (1998) saw etch pits on feldspars near
attached microbial colonies. Fisk et al. (1998) observed remnants of cells within etched
channels on basaltic glass collected from the sea floor and found the etchings to be
consistent with microbial weathering. Similarly, Furnes et al. (2004) found tubular and
segmented etchings that were likely microbial in origin on formerly glassy rims of
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Archean pillow basalts. Irregular etchings on hematite particles (Maurice et al., 1996) and
muscovite surfaces (Maurice et al., 2001) were observed after incubation with bacteria in
laboratory and field experiments, respectively. Others have documented etch pits on
surfaces from which colonies have been removed (Thorseth et al., 1995; Bennett et al.,
1996). Whether the etch pits were formed by way of direct cellular attachment or
chemical interactions with one or more microbial exudates is unknown. Conversely,
Lüttge and Conrad (2004) found bacteria to inhibit etch pit formation on calcite surfaces.
Microorganisms produce and secrete a variety of substances that may influence
mineral dissolution by lowering pH, by complexing with surface or solution ions, or by
catalyzing redox reactions. Some of these substances include enzymes, alcohols, low
molecular weight organic acids (LMWOA), high molecular weight extracellular
polymeric substances (EPS), and highly Fe(III)-specific ligands called siderophores.
Some high affinity ligands may also be released to extract other metals (e.g., Liermann et
al., 2005).
The EPS that bacteria secrete are primarily composed of glycocalyx, which are
primarily polysaccharides and serve to anchor and give structure to the biofilm and to
concentrate and store enzymes, ions, other bioessential molecules, and heavy metals
(Morel and Palenik, 1989; Brisou, 1995; Roane and Kellogg, 1996; Madigan et al.,
2000).
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4.2.2 Siderophores
Most microorganisms need ~µM concentrations of Fe to thrive (Neilands,
1995). Fe(III)-oxides (including oxides, oxyhydroxides, and hydrated oxides),
specifically goethite (α-FeOOH), are the dominant forms of Fe in most aerobic
soils (Hersman, 2000). Fe in these secondary minerals ultimately derives from the
common rock- forming Fe-silicates: olivines, pyroxenes, amphiboles (notably
hornblende), and biotite (Allen and Hajek, 1989; Huang, 1989). However, the
extremely low solubility products of Fe(III)-oxides limit the aqueous Fe
concentration at equilibrium and near-neutral pH to ~10-17 M in inorganic
solutions (Schwartzman and Volk, 1991). Many microorganisms produce
siderophores to overcome the ~10 orders of magnitude difference between
available Fe and Fe needed for metabolism (Hersman, 2000).
Typical aqueous siderophore concentrations in nature are estimated to range
from approximately equal to as much as three orders of magnitude less than
concentrations of other chelators in soils, such as LMWOA (Hersman et al., 1995;
Hersman, 2000; Kalinowski et al., 2000). LMWOA can increase weathering via
proton- or ligand-promoted dissolution. However, siderophores have greater
affinity for Fe than LMWOA and previous studies have shown that siderophores
are more effective than LMWOA for inducing release of Fe(III) from minerals at
near neutral pH (Holmen and Casey, 1996; Kalinowski et al., 2000; Brantley et
al., 2001).
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Here we investigate mechanisms of pitting and the effects of siderophores and EPS
on Fe-silicate surfaces by microorganisms that only use Fe as a micronutrient (i.e., that
do not respire Fe). We performed batch dissolution experiments in which flasks
containing a polished Fe-silicate substrate and an Fe-free, buffered, pH-neutral growth
medium were each supplemented with desferrioxamine-B mesylate (DFAM, the salt of a
commercially available siderophore) or a strain of Bacillus sp., an obligately aerobic soil
bacterium that produces an acidic glycocalyx (Brantley et al., 2001) and a catecholate
siderophore (Kalinowski et al., 2000). To more specifically investigate the influence of
EPS on siderophore-promoted dissolution, we also incubated hornblende glass planchets
in batch experiments with alginate or xanthan gum (Sigma), two commercially available
extracellular polysaccharides, with and without DFAM.
Surfaces were analyzed with AFM, Mirau vertical scanning interferometry (VSI),
and XPS to document changes in microtopography and chemistry of the surfaces.
Solution analyses were performed to document glucose consumption, pH changes, and
Fe, Al, and Si release.

4.3 Materials and Methods

4.3.1 Experimental Setup
In order to isolate biogenic features from mineralogical features, glass planchets
were synthesized with a composition similar to the Fe-silicate mineral hornblende
(Liermann et al., 2000a) and polished to provide a smooth, chemically analogous
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substrate. The composition of this “hornblende glass” (in wt%: 48.2% SiO 2 , 14.5%
Al2 O3 , 11.0% Fe2O3 , 8.33% CaO, 10.9% MgO, 2.31% Na2 O, 0.51% K2O, where Fe2 O3
includes Fe(II) and Fe(III)) was determined using the lithium metaborate fusion
technique (Suhr and Ingamells, 1966; Medlin et al., 1969) and inductively coupled
plasma atomic emission spectrometry (ICP-AES). The glass was cut into planchets
approximately 1 x 1 x 0.5 cm with a diamond blade and polished with diamond slurries to
0.25 µm. Polished samples were ultrasonicated in acetone for 10 minutes, air-dried, and
stored in a dessicator.
The soil bacterium selected for this study was previously identified as an
Arthrobacter but was subsequently found to be a Bacillus sp. (Buss et al., 2003). This
bacterium was isolated from a hornblende-containing soil from Gore Mountain, New
York, and has been shown to grow vigorously in Fe-deficient growth medium in the
presence of hornblende (Kalinowski et al., 2000; Liermann et al., 2000a; Liermann et al.,
2000b; Brantley et al., 2001; Buss et al., 2003). Two polished hornblende glass planchets
were placed in each 500-ml glass culture flask and sterilized by autoclaving at 250°C for
20 minutes. After cooling, 150 ml of sterilized, modified iron- free MM9 medium
(Schwyn and Neilands, 1987; Liermann et al., 2000a) was added aseptically. The medium
composition was: 6.0 g l-1 Na2 HPO4 , 0.3 g l-1 KH2 PO4 , 0.5 g l-1 NaCl, 1.0 g l-1 NH4 Cl,
and 6.06 g l-1 (50 mM) TRIS buffer, prepared from ultrapure chemicals and deionized
water and buffered at pH 7.4. The medium was supplemented with 2% (v/v) Chelex-100treated 10% (w/v) casamino acids (Bio-Rad Laboratories, Difraco Laboratories,
respectively), 0.2% (v/v) 1M MgSO4 , 1% (v/v) filter-sterilized 20% (w/v) glucose, and
0.01% (v/v) 1M CaCl2 , each prepared and sterilized separately. Some experiments were
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supplemented with filter-sterilized 240 µM DFAM, or sterilized 0.1 g ml-1 alginate or
xanthan gum. Alginates are polysaccharides produced by several species of bacteria and
algae. These polymers contain monomers of D- mannosyluronic and L-gulosyluronic acids
(Budavari, 1996) or ß- D-mannuronic and a- L-guluronic acids (Larsen and Haug, 1971).
Xanthan gum is produced by Xanthomonas campestris and is composed of monomers of
D-glucose, D-mannose, and D-glucuronic

acid (Sloneker and Jeanes, 1962).

Duplicate flasks for each of six conditions were set up. Abiotic conditions inc luded
1) controls (medium + planchets), 2) DFAM-only (medium + planchets + DFAM), 3)
xanthan-only (medium + planchets + xanthan gum), 4) alginate-only (medium +
planchets + alginate), 4) xanthan + DFAM (medium + planchets + xanthan gum +
DFAM), and 5) alginate + DFAM (medium + planchets + alginate + DFAM). In the
flasks with EPS (alginate or xanthan gum) one of the two glass planchets was enclosed in
12 – 14,000 Dalton dialysis tubing. The molecular weights of alginate and xanthan gum
are about 240,000 and > 106 Daltons, respectively (Budavari, 1996). Thus, the dialysis
tubing prevented the polymers from contacting the surfaces while permitting free flow of
siderophores and other small molecules and ions. A sixth set of 2 flasks contained live
bacteria (medium + planchets + 2.0 ml of an inoculum of stationary stage cultures of
Bacillus sp.). Inocula contained 2.5 x 107 cells ml-1 , as counted on streak plates. All
experiments were incubated at room temperature for 46 days on a shaker table
continuously agitated at 120 rpm.
To monitor chemical changes over time and to replenish nutrients to sustain
microbial growth, solutions were aseptically sampled from each flask and replaced with
equivalent amounts of fresh medium ± DFAM ± EPS approximately once a week.
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Sampled solutions were syringe- filtered through 0.2 µm Nuclepore polycarbonate
membranes and aliquots were measured for pH immediately. Of the remaining filtered
supernatant, 2 ml were frozen for glucose analysis, and the remainder acidified to 1%
with nitric acid for elemental analysis of Fe, Al, and Si by inductively coupled plasma–
atomic emission spectrometry (ICP-AES) and ICP–mass spectrometry (ICP-MS).
After 47 days, the EPS experiments were terminated and the planchets were gently
rinsed with fresh MM9 medium followed by distilled and deionized water. Planchets
were then imaged using an FEI Quanta 2000 Environmental SEM operated at 5 ºC and
4.5 – 5 Torr. Following ESEM analysis, all planchets were ultrasonicated for 45 minutes
in a 2% solution of sodium dodecyl sulfate (SDS), then rinsed in distilled and deionized
water and ultrasonicated for 30 minutes in spectroscopic grade acetone before air-drying.
SDS has been shown to effectively remove biomatter from hornblende glass without
chemically or physically altering the surfaces (Buss et al., 2003).
At the end of the bacteria-containing experiments, the bacteria in the solutions were
pelleted by centrifugation, dried overnight at 65°C, and weighed.

4.3.2 XPS
X-ray photoelectron spectroscopy (XPS) has been used to study a variety of
chemical changes at mineral surfaces such as the bioleaching of metals, leached layer
formation, or adsorption of organics (e.g., Balaz et al., 1996; Blight et al., 2000; Hamilton
et al., 2000; Kalinowski et al., 2000; Maurice et al., 2001; Buss et al., 2003).
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Elemental concentrations of the upper ~100Å of 3 oval areas (1mm x 0.7mm each)
of each of the hornblende glass planchets was analyzed by XPS using a Kratos Analytical
Axis ULTRA XPS with a 1486.6 eV Al monochromatic X-ray source at 280 Watts at a
takeoff angle of 90° with respect to the sample plane. The three measurements for each
individual planchet were averaged. Prior to XPS analysis, samples were cleaned with
spectroscopic grade acetone followed by 15 minutes of ultraviolet ozone cleaning
(UVOC) to remove organic contamination (Vig, 1992; Zazzera and Evans, 1993;
Kalinowski et al., 2000). Such contamination can distort elemental ratios such as Fe/Si as
measured by XPS (Buss et al., 2003).

4.3.3 AFM
All hornblende glass planchets were imaged in air with a Digital Instruments
Dimension 3100 Atomic Force Microscope in Tapping-Mode® (TM–AFM) using a
tapping- mode etched silicon probe tip (TESP–70) at a scan-rate of 0.75 – 1.00 Hz.
Three types of images were collected of each scan, including height images,
showing features both above and below the average surface level; amplitude images,
showing only the positive features; and phase-contrast images, revealing variations in
surface adhesive properties (Digital Instruments, 1997). Third-order plane fitting was
performed on each image to eliminate tilt and S-shaped bow distortions caused by
curvature of the piezoelectric stylus, thermal drift, or lateral forces (Ruppe and Duparee,
1996). Fifteen to 26 randomly chosen 100 µm2 areas of each surface were scanned in
addition to 4 – 10 µm2 areas, which were scanned to examine surface features in detail.
138

139
The images were analyzed using Digital Instruments Nanoscope IIIa
Controller software to measure the dimensions of surface features and to calculate
the root mean square (RMS) roughness – the standard deviation of the height
measurements relative to the basal plane – for each image. Only 100 µm2 scans at
the same resolution were compared because RMS roughness varies with scan size
and resolution (e.g., Mellott et al., 2002). Fifteen RMS roughness measurements
were made of the untreated, polished glass surfaces (blanks) to obtain a range of
RMS roughness values for the initial variations of the glass surfaces.

4.3.4 VSI
Mirau vertical scanning interferometry (VSI) is a light-optical technique that
provides an additional source of microtopographic data, providing approximately 1 nm
vertical resolution in white light mode. In green light mode (i.e., a narrow band of green
light centered at 550 nm), VSI has a vertical resolution of 0.7 Å. Although VSI is
commonly used in industry for quality assurance applications, its use as a research tool is
still relatively novel (Lüttge et al., 1999; Lasaga and Luttge, 2001). Scanning surfaces
with light prevents many of the analytical artifacts that result from the physical probing
involved in AFM. Additionally, VSI can scan up to a 760 x 840 µm area with a vertical
scan range of up to 100 µm (2.1 µm s-1 in z-direction), while AFM scans are limited to a
maximum of 90 x 90 µm with a vertical scan range of only ~ 6 µm. Although AFM
suffers from pixelization, which limits resolution to the pixel size (for example, the
maximum resolution on a 50 x 50 µm scan is 98 nm; Digital Instruments, 1997), the
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maximum lateral resolution of AFM (1-5 nm) is far superior to VSI (0.5-1.2 µm) making
both techniques indispensable and complementary tools for analyzing surfaces in detail.
A thorough description of the VSI technique is found in Lüttge et al. (1999).
A vertical scanning phase shift interferometer (MP8 8, ADE-Phase Shift, Tuscon)
was used to image the hornblende glass samples. For each sample, an overall scan of 800
x 600 µm was made with a 10X objective followed by 25 scans of adjacent ~ 124 x 163
µm areas to form a 5 x 5 grid pattern using a 50X objective. The raw VSI data were
analyzed using software we developed to format the data and measure RMS roughness.
Topographic height images, 3-D plots, and cross-sectional traces were produced from the
digitized interferograms of some scans using MAPVUE software (ADE Phase Shift,
Tuscon, Arizona).

4.4 3. Results

4.4.1 Solution Chemistry
Concentrations of Fe in the filtered solutions, [Fe], increased with time for all
conditions except those incubated with bacteria (Table 4-1, Figure 4.1a), for which [Fe]
was below the lower limit of detection (0.36 µM for [Fe] by ICP-AES). Release of Fe,
Al, and Si in control, xanthan-only, and alginate-only experiments was negligible
(Figure 4.1). Release of these elements was enhanced in all experiments containing
DFAM, with alginate + DFAM experiments showing the greatest release. By day 11,
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xanthan + DFAM experiments showed higher [Al] and [Si], but approximately equal [Fe]
compared to the DFAM-only experiments.
Throughout the experiments, changes in pH were negligible, with pH ranging from
7.2–7.6, as compared to a starting pH of 7.4. Glucose levels in abiotic experiments
remained relatively constant (>1500 mg l-1 ). Only in the experiments with bacteria were
fluctuations in glucose levels observed, increasing to 600–680 mg l-1 immediately after
replenishment with fresh medium at each sampling time point and then dropping to 4.3–
6.8 mg l-1 by the following week. The drastic reductions in glucose levels between
sampling days in the biotic solutions confirmed that the bacteria remained viable for the
duration of the experiments.

4.4.2 Surface Chemistry
Ratios of Fe/Si on polished hornblende glass surfaces are identical within error for
untreated blanks and abiotic controls incubated in medium for 39 days (Table 4-2,
Figure 4.2). For our analysis, ratios are considered “unchanged” when they fall within the
range of the ratios measured on the unt reated blanks including the measurement errors of
5% for Si and 10% for Fe (0.091 – 0.122). The magnitude of this range (± 0.016)
indicates sample variability and is used as an estimate of error in the XPS analyses.
DFAM-only experimental surfaces have lower Fe/Si ratios (0.072 ± 0.016). Fe/Si ratios
are significantly lower on surfaces exposed to xanthan + DFAM, whether inside or
outside the dialysis bags (0.018 ± 0.016 and 0.038 ± 0.016, respectively). In contrast,
Fe/Si ratios on xanthan-only experimental surfaces are unchanged. The surfaces exposed
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to alginate + DFAM have unchanged Fe/Si ratios regardless of the dialysis bags. The
alginate-only sample incubated inside the bag also has an unchanged Fe/Si but the sample
incubated outside the bag has an elevated Fe/Si ratio (0.154 ± 0.016).

4.4.3 Surface Morphology

4.4.3.1 Etch Pits
No evidence for widespread adsorption of EPS on surfaces was detected by ESEM.
The planchet exposed to alginate-only (and not protected by dialysis tubing) did rarely
contain a few strands of hydrated material within some of the larger polishing scratches:
such strands were not observed on any other samples.
In AFM images, surfaces from all experiments were observed to contain polishing
scratches, 7-30 nm deep and < 600 nm wide as seen previously (Buss et al., 2003). All
surfaces also contain very small pits < 20 nm deep. However, these pits were rare (0-3
pits per 100 µm2 scan) except on surfaces exposed to DFAM. Regardless of the sample
treatment and pit size, etch pits were roughly circular to oval- shaped. Thus, different
treatments do not produce differently shaped etch features as has been demonstrated for
anisotropic materials such as crystals (e.g., Honess, 1929).
The control and EPS-only surfaces appear identical to the blanks as observed by
AFM. Specifically, these surfaces exhibit no distinguishable changes in the shapes or
dimensions of the etched polishing scratches or the bulk surfaces relative to the blanks. In
contrast, some polishing scratches appeared enlarged on the DFAM experiments as a
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result of etch pit formation along the scratches (Figure 4.3); in addition, many etch pits
were observed not associated with polishing scratches. The DFAM-exposed surfaces also
contained numerous (4–50 per 100 µm2 area), scattered, small etch pits, measuring less
than 450 nm wide and less than 60 nm deep. In fact, a 100 µm2 region on any DFAMtreated planchet could not be scanned with the AFM without observing from 4 to 20 or
more pits.
Etch pits on surfaces exposed to alginate + DFAM or xanthan + DFAM are
comparable in size and frequency to etch pits on DFAM-only surfaces regardless of
dialysis tubing (Figure 4.3- 4.4 ). The glass surfaces in the EPS experiments did not show
any topographic variability according to presence or absence of dialysis tubing. In
comparison to the DFAM-only surfaces, non-pitted regions of the surfaces exposed to
alginate + DFAM or xanthan + DFAM appear more corroded in that the polishing
features are more prominent and smoothed (Figures 4.4- 4.5).
The etch pits on the bacteria-exposed surfaces tended to be fewer (0-5 pits per 100
µm2 image), larger (~300–1800 nm wide, < 95 nm deep), and grouped together, unlike
those observed on the DFAM experiments (Figures 4.3 and 4.6). Although etch pits also
formed along the polishing scratches of the surfaces that were exposed to Bacillus sp.,
these pits were too few to impact the overall shape of the polishing scratches.

4.4.4 RMS Roughness
RMS roughness, is the root- mean-square average of height deviations from the
average plane, calculated from the relative heights of each data point
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RMS =

( z12 + z 22 + L z n2 )
n

(4.1)

where z i is the height difference relative to the mean plane for each point i and n is the
total number of points measured. Fifteen AFM height images of the blanks (polished, untreated glass surfaces) were collected and analyzed for RMS roughness (Table 4-2,
Figure 4.7). The range of values for these blanks (2.83–5.36 nm) was used as a
comparison to the glass surfaces exposed to experimental solutions. Unusually large
polishing scratches on all samples have larger RMS roughness, and were therefore
avoided during imaging.
Roughness values (AFM) measured on the control, alginate-only, and xanthan-only
experimental surfaces fall within the range of the blanks. All surfaces exposed to DFAM
or bacteria have elevated RMS roughness as follows: (alginate + DFAM) ≈ bacteria <
DFAM-only << (xanthan + DFAM). This ordering is similar to the magnitude of the
surface Fe-depletion documented by XPS: (alginate + DFAM) < bacteria ≈ DFAM-only
<< (xanthan + DFAM). No such correlation was observed between RMS roughness and
Al-depletion. The large areas of the VSI scans made it impossible to avoid specific
features such as large polishing scratches or other substrate defects. As a result, RMS
roughnesses measured by VSI vary more on any given sample than do RMS roughness
values determined by AFM. However, the general trend in roughness measured by VSI is
the same as seen by AFM: controls < bacteria < DFAM.
For control, bacteria, and DFAM-only surfaces, 25 adjacent 164 x 124 µm VSI scans
were performed to obtain a representative analysis of the surfaces. The larger VSI scans
show numerous etch pits on the DFAM-exposed surfaces (Figure 4.8), but due to the
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lower lateral resolution of the VSI scans, the majority of the DFAM-pits visible in the
AFM images (< 450 nm wide) are not visible at the VSI scale. Many of the pits visible in
the VSI scans may represent etching at inherent glass defects (Buss et al., 2003) that were
avoided during AFM imaging. Rather than rely on visual analyses of these pits and other
surface features, we developed algorithms to calculate RMS roughness values from the
raw numerical VSI data. RMS-roughness values of the VSI images were more variable
than RMS-roughness values determined on AFM images, but followed the same general
trend, confirming AFM results (Table 4-2).

4.5 Discussion
Characteristic etching and non-stoichiometric chemical changes demonstrate the
coupled physical-chemical nature of microbial dissolution. It has been established that
siderophores promote mineral dissolution (Hersman et al., 1995; Liermann et al., 2000b;
Cocozza et al., 2002; Cheah et al., 2003; Rosenberg and Maurice, 2003) and we have
now shown that siderophores can alter the topography of mineral surfaces during
dissolution. This is the first documented case in which pitting by siderophores has been
observed. It has been well established that most microorganisms reside in biofilms,
composed in large part by EPS, and exist attached to surfaces in natural environments
(e.g., Brisou, 1995; Watnick and Kolter, 2000). Here we show that interaction of EPS
with siderophores affects mineral dissolution in a manner distinct from either substance
alone.
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To determine the extent of dissolution, we can compare the solution chemistry, etch
pits, surface roughness, and XPS data. For example, according to the solution chemistry
data, release of Fe was most enhanced by alginate + DFAM. This dissolution was close to
stoichiometric because the Fe/Si ratio of the surface was not changed from the blanks or
controls (Figure 4.2). In contrast, although the xanthan + DFAM sample did not release
the most Fe to solution, its roughness was significantly higher than other samples, and its
Fe/Si ratio measured by XPS was significantly lower.

4.5.1 Surface Effects of Siderophores
Differences in size, distribution, and number of etch pits on the DFAM-exposed
surfaces as compared to controls and other samples indicate that dissolution by
siderophores is a widespread effect that leads to the formation of pits. Although etch pits
were frequently seen along polishing scratches, the bulk surfaces (areas not marred by
polishing scratches) also contained numerous pits of comparable size. Etch pits contribute
to surface roughness and increased surface area, promoting further dissolution. The 240
µM concentration of DFAM used in these experiments lies within the range of
siderophore concentrations estimated for soil solutions (~10 µM - mM, Hersman et al.,
1995). The extensive pitting produced by DFAM under these relatively dilute conditions
demonstrates the potential importance of siderophore-promoted pitting to mineral
dissolution in the environment.
Stoichiometry of dissolution can be documented by changes in the ratio of Fe/Si on
the surfaces of the glasses. XPS evidence documents Fe depletion in the layer of glasses
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exposed to bacteria or DFAM alone, consistent with previous experiments with Bacillus
sp. and hornblende crystal (Kalinowski et al., 2000) and hornblende glass (Buss et al.,
2003) where Fe depletion was also shown. Lateral resolution of XPS is poor: Kalinowski
et al. used a spot size of 3 mm on polished hornblende crystal and Buss et al. used a spot
size of 700 µm on polished hornblende glass. XPS yields mol % elemental composition
averaged over some area and depth into the surface, ~100 Å depth based upon the angle
of measurement. Therefore, if the depletion observed on DFAM-only or bacteria-exposed
experimental surfaces is localized to etch pits less than 2 µm wide and up to 1 µm deep,
the actual depletion at the pits may be much greater than estimated based on XPS
analyses. Such a possibility has been suggested for other phases: Berner et al. (1985)
proposed that localized dissolution via etch pit formation may explain apparent
discrepancies between XPS-based and solution chemistry-based estimations of feldspar
leached- layer thicknesses (Schott et al., 1981). Apparent discrepancies between the
solution and surface chemical data highlight the necessity for multiple analytical methods
to be used in complicated systems with natural materials.

4.5.2 Surface Effects of EPS
Dissolution of hornblende glass (as measured by Si release, Figure 4.1c) was not
enhanced in the presence of EPS alone. This is consistent with observations by Welch
and Vandevivere (1994), who also saw no enhanced dissolution when incubating either
alginate or xanthan gum with feldspars. They did observe enhanced dissolution in the
presence of fresh EPS extracted from bacterial cultures in their laboratory, and proposed
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that low- molecular-weight metabolites present in the fresh EPS may have contribut ed to
dissolution. Likewise, Malinovskaya et al. (1990) also found that EPS produced by
Bacillus mucilaginosus only enhanced dissolution of silicate minerals only when
incubated with minerals in combination with low molecular-weight metabolites such as
organic acids. Similarly, in our experiments, EPS did not enhance release of Fe to
solution without the addition of a siderophore. Welch and Vandevivere (1994) concluded
that bacterial EPS may aid dissolution by affecting the affinity of reaction through
complexation. Siderophores increase solubility by complexing aqueous Fe(III).
Simulations of our experiments run using Geochemist’s Workbench 4.0 (NIST, 1998;
Bethke, 2002) using the thermodynamic database of Delany and Lundeen (1991) with
added constants from NIST (1998) showed that our experiments were consistent with this
effect. Concentrations of elements in solution for each experiment on each sampling day
were entered into the simulations. The results demonstrated that if the solution were
allowed to equilibrate, control solutions (without DFAM) would precipitate iron as a
ferric mineral, whereas solutions with DFAM would retain all Fe(III) as aqueous species.
In our experiments, when DFAM was added to alginate or xanthan gum, Fe
release to solution more than doubled over what was observed in the presence of the
siderophore alone. A similar effect was seen by Cervini-Silva and Sposito (2002) and
Cheah et al. (2003) on goethite dissolution when mixing the siderophore
desferrioxamine-B with oxalate. In those studies, dissolution in the presence of both the
siderophore and oxalate was greater than the sum of the dissolution effects of the two
ligands alone. Siderophores have significantly higher affinity for Fe(III) than does oxalate
but due to their large size may be sterically hindered from forming surface complexes as
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easily as oxalate. Cheah et al. (2003) concluded that the siderophores in solution
complexed Fe(III) from aqueous oxalate-Fe(III) complexes, freeing the oxalate ions to
complex additional surface-bound Fe(III). In this way, the siderophores effectively use
oxalate as an Fe shuttle. A similar effect was seen to occur with acetate ions (Carbonaro,
2005).
In our study, we see no evidence for strong adhesion or direct physical effects
from EPS-surface contact in our experiments in ESEM or AFM images, or in surface
Fe/Si ratios. Therefore, enhanced dissolution and roughness cannot be attributed to direct
contact with the polymer. Xanthan gum is a complex polysaccharide polymer that forms
highly viscous, gel- like solutions. The primary monomers of the polysaccharide
backbone are D-glucose, D- mannose, and D-glucuronic acid, but the polymer also
contains 4.7% acetic acid and 3.0-3.5% pyruvic acid by weight (Sloneker and Jeanes,
1962). The acetic acid is present as an ester (Sloneker and Jeanes, 1962), which is
susceptible to hydrolysis at room temperature; thus xanthan gum is likely to release
acetate ions into solution. Both acetate and pyruvate are small enough (60.05 and 88.06 g
mol-1 , respectively) to pass easily through the dialysis tubing (12,000-14,000 Daltons)
and may have shuttled Fe from the surface to the siderophore. Removal of Fe could destablilize the glass structure, enhancing overall dissolution in addition to discrete
dissolution at etch pits.
Although monodentate ligands such as acetate are not as effective at enhancing
mineral dissolution as multidentate ligands such as oxalate, small increases in dissolution
in the presence of acetate have been recorded (e.g., Miller et al., 1986; Hamer et al.,
2003). In similar experiments using the same MM9 medium and constant agitation (as
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used here), Brantley et al. (2004) documented a increased iron release from hornblende in
the presence of acetate.
To investigate the possibility of acetate release from xanthan gum and alginate in
our experiments, we ran 1-week old solutions of 0.1 g l-1 alginate, 0.1 g l-1 xanthan gum,
240 µM DFAM, and 240 µM acetic acid, alone and in various combinations, through an
ion chromatograph (Dionex 2010i) using a 0.005 M Na-borate eluent. Results were
consistent with the presence of acetate in solutions containing alginate or xanthan gum
(as well as in all solutions spiked with acetate for comparison) but the resolution of peaks
was not sufficient to positively identify acetate versus other LMWOA’s. To confirm the
presence of acetate in solutions containing alginate or xanthan gum, samples of these
polymers at 0.1 g l-1 were then analyzed on a gas chromatograph mass spectrometer.
Peaks were positively identified as acetate in the spectra for both polymer samples. The
absence of other LMWOA’s was not verified and they could be present, but at much
lower concentrations than acetate. However, enhanced dissolution in the presence of a
siderophore and a bidentate LMWOA such as oxalate would likely be observed even at
concentrations of a few micromolar oxalate (S. Kraemer, pers. comm.).
Exopolysaccharides from a wide variety of bacteria have been shown to contain
acetyl groups, e.g., succinoglycan produced by the nitrogen- fixing soil bacterium
Sinorhizobium meliloti (González et al., 1996), the EPS of thermophilic Streptococcus
thermophilus (Nordmark et al., 2005), and the EPS of Klebsiella aerogenes (Atkins et al.,
1987). Thus, shuttling of Fe(III) by EPS-derived acetate or other small organic moieties
could be an important component of biogeochemical iron cycling in a variety of bacterial
biofilm systems.
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Although general dissolution, as measured by Si release into solution, was
enhanced by combining DFAM and xanthan gum, Fe release was not enhanced over that
observed in the presence of DFAM alone. In contrast, Fe release was more than doubled
over DFAM alone when DFAM was combined with alginate. However, XPS results
show the Fe/Si ratio to be extremely low on the xanthan + DFAM surfaces (Figure 4.2),
indicating a non-stoichiometric, preferential loss of Fe that does not show up in the
solution data. If some Fe were trapped within, or complexed to the polymer, it may have
been filtered out of the solution before ICP-MS analysis. Considering the highly viscous
nature of the xanthan gum in solution at 0.1 g l-1 , this is plausible. Furthermore, trivalent
metal ions including Al3+ and Fe3+ can crosslink xanthan gum inducing gelation (Sabine
et al., 1992), which would have inc reased viscosity and Fe sequestration within the
polymer. In addition, removal of acetyl groups from bacterial EPS has been shown to
increase viscosity and crystallinity of the polymer (Atkins et al., 1987; Sutherland, 1997;
Sutherland, 2001), which could also restrict movement of metal ions within the polymer.
Elevated Fe/Si ratios on surfaces exposed directly to alginate (without DFAM) may
indicate back precipitation of an Fe(III)-containing phase, demonstrating a lesser
tendency to sequester metals compared to xanthan gum.

4.5.3 Surface Effects of Bacillus sp.
Concentrations of Fe in solution that are below detection are consistent with uptake
of Fe by cells (Brantley et al., 2001). XPS data confirms preferential removal of Fe from
the glass surfaces exposed to bacteria (Figure 4.2).
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Proton-promoted dissolution is an unlikely mechanisms for etch pit formation in the
presence of bacteria in these experiments because 1) etch pits were not seen on control
surfaces, and 2) silicate dissolution should not be affected by the small pH changes
observed within the range of this study (7.2-7.6, White and Brantley, 1995). Therefore,
the etch pits produced in the presence of bacteria were likely caused by ligand-promoted
dissolution. Although lower pH values in microenvironments at the microbe- mineral
interface can contribute to pitting (Barker and Banfield, 1998), Liermann et al. (2000a)
detected a pH change of less than 0.04 across biofilms of Bacillus sp. grown in the same
buffered medium used here in the presence of hornblende.
The production of glycocalyx by Bacillus sp. grown in the presence of hornblende
was verified previously by Alcian Blue staining, which revealed a layer of acidic
polysaccharides surrounding the cells when grown in an iron-depleted medium with
hornblende crystals (Brantley et al., 2001). However, in the present experiments, Bacillus
sp. did not produce enough polymeric material to harvest for experimentation. Iron
release in the DFAM and EPS experiments cannot be directly compared to the Bacillus
sp. experiments because these experiments contain different siderophores and EPS in
different quantities. Semi-quantitative universal (Schwyn and Neilands, 1987) and
catechol-specific (Arnow, 1937; Neilands and Nakamura, 1991; Liermann et al., 2000a)
siderophore assays on this strain of Bacillus sp. growing in Fe- free MM9 medium for 3
weeks indicated approximately 180 - 200 µM catecholate siderophore in the culture
solutions (B. Kalinowski, unpublished data). Our abiotic siderophore experiments
contained 240 µM DFAM. The lower concentrations of EPS and siderophore in our
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Bacillus sp. experiments compared to our DFAM + EPS experiments are consistent with
the trends observed in dissolution and roughness (Figure 4.1c and Figure 4.3).
The difference in size and distribution between the ‘biopits’ and the DFAM-pits
may be related to the EPS produced by the bacteria. In contrast to those produced
abiotically by DFAM alone, the etch pits produced in the presence of Bacillus sp. are
larger and more localized, often forming small groups of pits (Figure 4.6). Additional
components (besides polysaccharide) in the Bacillus sp. EPS may have adhered more
strongly to the surfaces than did alginate or xanthan gum. Indeed, Bacillus sp. cells and
cellular debris were observed by SEM and AFM, respectively, on hornblende glass
planchets rinsed with distilled and deionized water in our previous work (Buss et al.,
2003). Such debris was not observed on planchets incubated with alginate or xanthan
gum, suggesting that these substances either did not adhere to the surfaces or did not
adhere strongly.
The initial step in the development of a biofilm is the adsorption of a conditioning
film, which may contain polysaccharides, but is thought to be primarily glycoproteins
(e.g., Baier, 1980; Characklis, 1989). This film is dynamic, that is, constantly exchanging
with solution molecules, and may be heterogeneously distributed over the surface
(Characklis, 1989). Bacillus sp. likely colonized the hornblende glass surfaces by
secreting a glycoprotein conditioning film for the biofilm to adhere to. This film would
not have formed in the alginate and xanthan gum experiments.
Colonization-related pitting has been documented on silicate minerals before. For
example, in a study of natural basaltic glass, irregular localized pitting was observed after
incubation for 181 days in seawater while the majority of the surface appeared unaltered
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(Thorseth et al., 1995). This pitting was presumably caused by a consortia of bacteria
attached to the glass surfaces that were observed using SEM and TEM. Similarly, when
cyanobacteria were grown on polished glass, Staudigel et al. (1995) observed irregularly
shaped, localized etch pits clustered along zones parallel to polishing scratches. And
Bennett et al. (1996) also observed significant etching in microbially colonized regions of
microcline surfaces, but no etching on the uncolonized regions.
Enzymes, molecules, and ions become concentrated in EPS, which limits their
diffusion into solution (e.g., Morel and Palenik, 1989; Roane and Kellogg, 1996;
Madigan et al., 2000). It follows that a biofilm would contain a higher concentration of
siderophores than the bulk solution. The viscosity of EPS may restrict movement of
siderophores and Fe-shuttling moieties; in a strongly adhering biofilm, this could explain
the localization of the biopits. The large biopits could therefore represent assemblages of
the same-sized pits as on the DFAM-exposed surfaces. Therefore, EPS may be
instrumental in weathering minerals because they sorb to surfaces and create microenvironments with high concentrations of ligands in close proximity to mineral surfaces.
Our experiments with siderophores and EPS highlight additional mechanisms by which
microbial communities can interact with surfaces, contributing to chemical weathering of
silicate minerals.

4.6 Conclusions
This study is the first to document the formation of etch pits by siderophores. The
widespread pitting and enhanced Fe release from siderophore-exposed surfaces compared
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to controls is consistent with chelation of Fe by siderophores is likely responsible for the
etch pits caused by Bacillus sp. at near-neutral pH. Small, approximately circular pits
formed on hornblende glass dissolved with DFAM document that siderophore-promoted
dissolution is localized to pits that are ubiquitous on the surface and contribute to an
increase in surface roughness. EPS may contribute to dissolution by providing a sink for
released ions, enhancing apparent solubilities and also by providing additional ligands
that act as Fe-shuttles for siderophores. When sorbed strongly to surfaces via a
conditioning film, microbial EPS may affect the size and distribution of ligand-produced
etch pits. Widespread pitting on siderophore-exposed surfaces demonstrates the ability of
siderophores to alter surface morphology. By comparison, the distribution and size of
microbial etch pits suggest that the ‘biopits’ may be caused by siderophores concentrated
in biofilms. Non-stoichiometric depletion of Fe on surfaces exposed to bacteria supports
the interpretation of localized dissolution by metal-specific ligands. Mineral surface
features such as etch pits provide non-exclusive evidence of microbial activity but may,
when used in combination with other biomarkers, provide clues to the character of
microbial communities.
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4.8 Figure Captions
Figure 4.1. Concentrations (µM) of filtered solutions after subtracting Al and Si content
of the (Fe- free) MM9 medium. (a) The [Fe] in the bacteria-containing experiments is
below the lower detection limits of the ICP-AES, consistent with uptake of Fe by the
bacteria. Fe release was comparable in solutions without DFAM, whereas the DFAMcontaining solutions enhanced Fe release. Alginate + DFAM solutions showed the
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greatest release. Similar trends are seen for (b) Al release and (c) Si release, except these
elements were not completely removed from solution by the bacteria.

Figure 4.2. Fe/Si ratios of the upper ~100 Å of the hornblende glass surfaces measured
by XPS. Error in the XPS measurements is estimated to be about 5% for Si and 10% for
Fe. The error bars on the blanks and controls indicate this measurement error.
Measurements on replicate samples are shown as averages except for the blanks and
controls, for which all replicates are shown. Sample variability is greater than the XPS
measurement error for blanks: the highest and lowest Fe/Si ratios are bracketed by lines
for the two blanks. This variability is used as the error on the samples. Standard
deviations of the averaged values are within this variability range. The x-axis is arbitrary.
Sample codes: A = alginate, X = xanthan gum, D = DFAM, B = inside dialysis bag,
control = growth media only.

Figure 4.3. AFM height images of 10 x 10 µm areas of hornblende glass planchets.
Vertical scale is ± 200 nm from the average plane (gray). Lighter and darker areas
represent positive and negative topography, respectively, relative to the average plane of
the surface. (a) Starting surfaces, or “blanks,” were polished but not incubated in
solution. AFM images of blanks reveal polishing scratches visible on all sample surfaces.
(b) Control surfaces were polished and incubated in MM9 growth medium for 46 days
and appear unchanged relative to blanks. (c-d) Surfaces exposed 240 µM DFAM in MM9
medium for 46 days reveal numerous, widely distributed etch pits (< 450 nm wide, < 60
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nm deep). Pits were seen on un-scratched areas of the surfaces as well as along polishing
scratches.

Figure 4.4. AFM height images of 10 x 10 µm areas of hornblende glass planchets.
Vertical scale is ± 200 nm from the average plane, which is represented by gray. Lighter
and darker areas represent positive and negative topography, respectively, relative to the
average plane of the surface. (a) On surfaces incubated in MM9 medium with xanthan
gum or (b) alginate, polishing scratches appear slightly more prominent than on control
and blank surfaces (Fig. 3a-b). (c) When the siderophore DFAM was combined with
xanthan gum or (d) alginate, etch pits, enlarged polishing scratches, and more
prominently etched background texture was observed in AFM images.

Figure 4.5. Cross sections of AFM imaged surfaces exposed to (a) xanthan gum or (b)
xanthan gum and the siderophore DFAM. The white lines on the AFM images at the right
of the figure indicate the locations of the cross sections. The vertical scale is ± 50 nm.

Figure 4.6. (a) and (b) AFM height images of 10 x 10 µm areas of hornblende glass
surfaces after incubation with Bacillus sp. Vertical scale is ± 200 nm from the average
plane, which is represented by gray. Lighter and darker areas represent positive and
negative topography, respectively, relative to the average plane of the surface. The etch
pits caused by the bacteria tend to form in groups as shown here, leaving most of the
surface un-pitted. “Biopits” also tend to be larger than those formed in abiotic
experiments (Figs. 3-4).
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Figure 4.7. Box and whisker statistical plot of root- mean-squared (RMS) roughness
measured by AFM on polished Fe-silicate sample surfaces. Sample codes: A = alginate,
X = xanthan gum, D = DFAM, B = inside dialysis bag, Bac = bacteria, control = growth
media only. Dotted lines indicate the RMS roughness range of the untreated starting
surfaces (blanks) measured on 15 surfaces. Boxes represent 25-75% of the data, whiskers
(vertical lines) indicate 5-95% of the data, • symbols bracket the range between 1 and
99% of the data and fall coincident with the dash (’) symbols, which indicate the
maximum and minimum values. Solid squares (!) represent the mean.

Figure 4.8. VSI height image of a 164 x 124 µm area of a hornblende glass planchet
incubated in 240 µM DFAM in MM9 growth medium. Vertical scale is ± 50 nm from the
average plane. As with the AFM height images, the lighter and darker areas represent
positive and negative topography, respectively, relative to the average plane of the
surface, which is gray. The white square in the bottom left corner of the image indicates
the average size of the AFM scans (10 x 10 µm).
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Table 4-1: Si, Fe, and Al releaseda from hornblende glass
Days
Incubation

[Si] µM

[Fe] µM

[Al] µM

Controls

39

24.6 ± 1.7

0.82 ± 0.00

bd

DFAM
DFAM

39
46

159.2 ± 2.7
191.5 ± 2.9

3.1 ± 0.3
4.4 ± 0.4

9.5 ± 0.9
12.3 ± 0.9

Bacteria
Bacteria

46
46

24.0 ± 1.4
47.5 ± 1.4

bd
bd

0.58 ± 0.33
0.84 ± 0.36

Alginate
Alginate

47
47

7.4 ± 14.1
12.0 ± 20.0

0.28 ± 0.08
0.30 ± 0.06

0.67 ± 0.39
0.50 ± 0.32

Xanthan Gum
Xanthan Gum

47
47

6.2 ± 9.9
7.5 ± 10.5

0.36 ± 0.06
0.27 ± 0.04

0.55 ± 0.29
0.62 ± 0.30

Alginate + DFAM
Alginate + DFAM

47
47

507.9 ± 39.7
496.3 ± 26.1

8.6 ± 0.3
8.3 ± 0.5

40.6 ± 0.39
37.9 ± 0.32

Xanthan + DFAM
Xanthan + DFAM

47
47

328.3 ± 16.6
337.7 ± 23.4

2.6 ± 0.1
2.7 ± 0.1

17.4 ± 1.4
19.0 ± 0.3

Experiment b

a

Element release is concentration of the element released into solution minus the starting

concentration of the element in the growth medium.
b

Control experiments contained hornblende glass planchets incubated in Fe- free MM9

medium only. DFAM experiments contained hornblende glass planchets incubated in Fefree MM9 medium with 240 µM desferrioxamine-B mesylate. Bacteria experiments
contained hornblende glass planchets incubated in Fe- free MM9 medium with Bacillus
sp. Alginate and xanthan gum experiments contained hornblende glass planchets
incubated in MM9 medium with 0.1 g l-1 alginate or xanthan gum.
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Table 4-2: Surface data
Experimenta
Blanks
Controls
DFAM
Bacillus
Alginate
Xanthan Gum
Alginate + DFAM
Xanthan + DFAM

a

Days
Incubation
0
39
39
46
47
47
47
47

Fe/Si (atomic %)b
0.102 – 0.110
0.104 – 0.117
0.072 ± 0.016
0.072 ± 0.016
0.154 ± 0.016
0.102 ± 0.016
0.107 ± 0.016
0.038 ± 0.016

Fe/Si (atomic %)
In dialysis bage
na f
na
na
na
0.084 ± 0.016
0.092 ± 0.016
0.091 ± 0.016
0.018 ± 0.016

AFMc RMS (nm)
2.83 – 5.40
3.12 – 5.20
3.80 – 8.60
3.22 – 7.33
3.57 – 4.71
3.00 – 4.72
4.32 – 6.39
3.98 – 11.5

AFM RMS (nm)
In dialysis bag
na
na
na
na
3.32 – 4.85
2.98 – 5.34
4.16 – 6.06
4.28 – 12.9

VSId RMS (nm)
ndf
5.35 – 26.2
4.14 – 29.8
5.19 – 21.5
nd
nd
nd
nd

Blanks are the starting material: polished hornblende glass planchets that were not incubated. Control experiments contained hornblende glass planchets

incubated in Fe-free MM9 medium only. DFAM experiments contained hornblende glass planchets incubated in Fe-free MM9 medium with 240 µM
desferrioxamine-B mesylate. Bacteria experiments contained hornblende glass planchets incubated in Fe-free MM9 medium with Bacillus sp. Alginate and
xanthan gum experiments contained hornblende glass planchets incubated in MM9 medium with 0.1 g l-1 alginate or xanthan gum.
b

Surface Fe relative to Si measured by XPS. Each XPS measurement is an average of three measurements on a single sample. Ranges are for given for

replicate blanks and controls. Error in these values is based on measurement error of 5% for Si and 10% for Fe. This error is shown in Figure 2.
Measurements on other replicate samples are reported as averages with error given as the sample variability based on the range and precision of
measurement on the blanks.
c

Range of AFM RMS values measured on 10 x 10 µm AFM images using Digital Instruments Nanoscope IIIa Controller software.

d
e
f

Range of VSI RMS values calculated from raw numerical VSI data collected from 124 x 163 µm areas.

“In dialysis bag” indicates that the surfaces were protected from EPS by dialysis tubing.

na = not applicable, nd = not determined
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Figure 4.1: Fe, Al, and Si release from hornblende glass
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Figure 4.3: AFM images of hornblende glass blank and control surfaces
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Figure 4.4: AFM images of hornblende glass surfaces after incubation with EPS and DFAM.
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Figure 4.5: Cross sections of hornblende glass surfaces exposed to EPS or DFAM
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Figure 4.6: AFM images of hornblende glass surfaces exposed to bacteria
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Figure 4.8: VSI image of hornblende glass surface incubated with DFAM
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Appendix A
Bulk Chemical Data

A.1 Chemical analysis
Bulk chemical data was obtained for all solid samples collected. This data
included corestone, rindlet, and protosaprolite samples collected from a road cut along
Route 191 in the Rio Icacos watershed (Chapter 2, Figure 2.4, Table A-1), and saprolite
samples collected on the Guaba Ridge also in the Rio Icacos watershed (Chapter 3,
Table A-2). The saprolite samples collected on the ridge top were sampled using a soil
auger. Below 5 m depth in the ridge top saprolite, the material becomes significantly
sandier and more difficult to auger. This material is inferred to be protosaprolite and
rindlet zone material.
Bulk elemental analysis of all elements was measured by inductively coupled
plasma optical emission spectrometery (ICP-OES) after lithium metaborate fusion
digestion, except for FeO, which was measured by titration after a multi-acid digest (SGS
Mineral Laboratories, Ontario Canada).
Mass transfer, tTi,w, was calculated for both the Route 191 roadcut rindlet system
and the augered saprolite (Chapters 2 and 3, respectively). Concentrations of some
elements (e.g., Ti, Na, Al) vary among bedrock and corestone samples in the Rio Blanco
quartz diorite ((Turner et al., 2003). Because these two series of samples were not
collected from a single profile, a different parent composition was used for each of the
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two data sets. For the augered, ridge top saprolite, the deepest sample collected in that
auger hole (7.3 m) was used as the parent composition. For the road cut corestone,
rindlet, and protosaprolite samples, the average composition of the corestone sampled at
that road cut was used as the parent composition for mass transfer calculations.
The road cut rindlet sys tem is overlain by 2 m of saprolite. Data for this saprolite
was not presented in this thesis. On the ridge top, about 5 m of the augered material was
saprolite. Below 5 m the material brought up in the auger was texturally more like
rindlets as observed in road cuts and landslides. In order to plot these two data sets
together to get a picture of the entire Rio Icacos watershed weathering profile, we plotted
the augered saprolite data to 5 m depth. Below this we plot the road cut rindlet data on a
depth scale that presumes that the protosaprolite zone lies just below the 5 m auger depth
(Figures A.1 and A.2). In reality, the two sample sets were taken approximately 2 km
apart in locations with different regolith thicknesses.

A.2 References
Turner B. F., Stallard R. F., and Brantley S. L. (2003) Investigation of in situ weathering
of quartz diorite bedrock in the Rio Icacos basin, Luquillo Experimental Forest,
Puerto Rico. Chem. Geol. 202, 313-341.
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Table A-1: Bulk Chemical Data for Corestone, Rindlet, and Protosaprolite Samplesa
Distanceb
Corestone
-0.09
-0.065

Al2 O3

CaO

Cr2 O3

Fe2 O3

K2 O

MgO

MnO

Na 2 O

P2 O5

SiO2

TiO2

Ba

Nb

Sr

Y

Zn

Zr

FeO

16.0
17.8

7.27
6.95

0.04
0.10

9.58
7.48

0.86
0.89

3.50
2.18

0.20
0.13

2.67
3.16

0.14
0.10

54.1
56.8

0.64
0.53

190
230

bd
bd

230
260

30
20

44
92

80
80

5.4
4.4

-0.04
-0.02

15.4
19.2

7.27
7.26

bd c
bd

10.0
5.83

0.86
0.94

3.74
2.12

0.21
0.12

2.65
3.46

0.15
0.08

54.3
55.3

0.68
0.46

200
240

bd
10

220
280

30
20

46
23

100
80

5.6
3.6

0d

16.5

7.38

bd

9.46

0.75

2.89

0.18

2.97

0.14

55.9

0.60

194

bd

245

24

bd

83

4

Rindlets
0.007
0.088
0.098
0.055
0.085
0.145
0.215
0.300
0.390
0.450
0.475

16.7
16.6
16.7
19.2
16.9
16.8
17.3
14.8
16.3
17.2
17.8

7.47
7.16
7.03
7.12
5.89
5.86
5.75
4.34
4.48
4.48
5.13

0.04
0.02
0.01
bd
bd
bd
bd
bd
bd
bd
bd

7.75
9.03
6.78
5.29
8.31
8.49
8.78
10.7
10.9
9.98
9.32

0.51
0.84
0.69
0.88
0.80
0.72
0.76
0.91
0.93
1.01
0.81

2.99
3.09
2.69
2.11
2.88
2.73
2.86
3.54
3.74
3.76
3.49

0.17
0.18
0.16
0.11
0.17
0.17
0.18
0.20
0.21
0.20
0.20

2.83
2.72
2.89
3.53
2.68
2.74
2.65
1.93
1.93
1.96
2.18

0.10
0.14
0.10
0.08
0.10
0.11
0.10
0.06
0.10
0.11
0.09

60.1
54.9
57.0
55.8
55.3
56.4
56.5
53.8
51.4
50.9
52.0

0.57
0.54
0.49
0.36
0.61
0.61
0.60
0.78
0.85
0.83
0.67

170
220
190
250
250
230
250
260
280
290
220

10
bd
bd
bd
10
10
bd
10
10
10
10

250
240
250
280
200
210
200
140
130
140
160

30
30
20
20
30
30
30
30
30
30
30

67
45
33
27
58
42
49
59
61
57
49

90
60
70
70
100
170
140
40
60
20
100

4.1
5.2
4
2.7
3.8
3.9
3.9
4.5
4.7
4.4
4.2

Protosaprolite
0.480
0.485
0.488
0.494
0.500
0.510
0.520

17.6
20.6
21.9
14.9
17.6
19.8
29.8

5.75
4.88
2.60
2.32
1.51
1.06
0.10

bd
bd
bd
bd
bd
bd
bd

7.33
6.76
10.2
12.9
12.0
10.4
6.10

0.68
0.55
0.83
0.72
0.57
0.38
0.07

2.77
2.57
3.69
3.86
3.09
2.20
0.40

0.16
0.14
0.19
0.20
0.16
0.12
0.06

2.67
2.38
1.04
0.63
0.33
0.25
0.06

0.07
0.06
0.03
0.02
0.01
0.01
bd

54.8
52.1
44.4
49.5
48.0
48.5
42.1

0.54
0.48
0.81
0.96
0.99
0.86
0.32

200
160
190
210
210
200
360

bd
bd
10
20
10
10
bd

200
170
50
30
20
10
bd

20
20
30
30
30
20
10

33
28
63
83
59
57
46

30
90
90
150
160
140
100

3.6
3.4
4.1
4.7
3.5
2.5
0.3

a

Detection limit = 0.01 wt % for all oxides except FeO, which has a detection limit of 0.1
wt %. The detection limit for Ba, Nb, Sr, Y, and Zr is 10 ppm, and 5 ppm for Zn.
Fe2 O3 is total iron.

b

Distance in meters above the corestone-rindlet interface

c

bd = Below detection limit

d

Bulk sample of corestone

Table A-2: Bulk Chemical Data for Saprolite Samplesa
Depthb

Al2 O3

CaO

Cr2 O3

Fe2 O3

K2 O

MgO

MnO

Na 2 O

P2 O5

SiO2

TiO2

Ba

Nb

Sr

Y

Sc

Zr

FeO

0.15
0.30
0.46
0.61
0.76
0.91
1.07
1.22
1.37
1.52
1.83
2.13
2.44
2.74
3.05
3.35
3.66
3.96
4.27
4.57
4.88
5.18
5.49
5.79
6.10
6.41
6.71
7.01
7.32

13.19
12.72
15.68
19.38
17.14
20.61
20.63
18.35
20.15
20.63
19.70
21.03
24.44
22.48
23.76
20.36
20.40
19.37
18.21
20.63
18.68
16.61
16.70
15.70
15.36
16.25
15.40
15.15
16.56

0.03
0.03
0.02
0.06
0.025
0.02
0.02
0.025
0.02
0.03
0.065
0.02
0.02
0.02
0.05
0.02
0.02
0.02
0.03
0.04
0.89
2.52
2.59
3.74
3.55
4.02
4.06
3.94
4.48

bd c
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
0.01

4.74
4.30
5.12
6.46
5.79
6.75
6.67
6.31
7.23
7.39
6.63
6.47
5.66
6.91
7.43
6.66
6.99
7.23
6.90
8.26
6.78
6.13
6.32
5.42
5.09
4.90
5.52
5.52
5.57

0.27
0.27
0.34
0.60
0.56
0.74
0.92
0.84
0.84
0.82
0.90
0.91
0.77
0.91
1.03
1.09
1.00
1.07
1.03
0.98
1.41
1.34
1.45
1.47
1.45
1.47
1.50
1.53
1.35

0.13
0.11
0.19
0.48
0.44
0.53
0.72
0.64
0.67
0.67
0.53
0.46
0.51
0.66
0.74
0.70
0.61
0.63
0.55
0.61
1.29
1.52
1.95
1.73
1.57
1.59
1.84
1.79
1.92

0.02
0.02
0.02
0.07
0.07
0.31
0.08
0.08
0.17
0.08
0.05
0.06
0.46
0.13
0.06
0.09
0.12
0.12
0.26
0.30
0.26
0.17
1.03
0.13
0.14
0.13
0.15
0.15
0.18

bd
0.02
bd
0.03
0.05
0.02
0.02
0.02
0.02
bd
0.08
bd
bd
0.01
0.07
0.06
0.03
0.03
0.07
0.05
0.61
1.67
1.74
2.43
2.36
2.69
2.53
2.54
2.67

0.01
bd
bd
0.01
0.01
0.04
0.02
0.04
0.04
0.03
0.04
0.03
0.05
0.07
0.06
0.04
0.03
0.02
0.02
0.04
0.09
0.08
0.07
0.08
0.08
0.08
0.08
0.07
0.10

68.25
69.02
65.07
60.88
62.35
57.24
57.55
58.72
57.65
58.46
61.47
58.45
54.55
57.88
57.35
59.22
57.82
58.49
59.42
55.42
60.12
61.27
59.98
63.28
60.45
63.66
63.67
65.19
59.94

0.36
0.34
0.43
0.47
0.42
0.44
0.46
0.445
0.47
0.50
0.42
0.48
0.39
0.46
0.49
0.45
0.46
0.47
0.44
0.555
0.43
0.39
0.42
0.37
0.36
0.34
0.38
0.37
0.36

64
63
91
184
213.5
507
203
213
309
203
195
241
673
214
254.5
291
335
347
399
421.5
417.5
434
1590
454
457
459
456
468
487

bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd

bd
bd
bd
bd
bd
bd
bd
16
bd
bd
11
bd
bd
bd
bd
bd
bd
bd
bd
bd
28
92
85
143
140
159
153
150
162

bd
bd
bd
bd
bd
bd
26
23.5
18
13
bd
bd
bd
bd
11
bd
bd
bd
bd
15
29
31
76
46
26
22
23
25
30

bd
bd
bd
12
bd
13
15
15
15
16
13
13
12
16
19.5
18
16
16
16
20.5
19
11
11
bd
bd
bd
10
10
12

138
189
145
167
98.5
107
183
94
97
103
100.5
106
80
113
132
120
103
129
128
101
97
138
98
75
115
66
62
81
111

0.6
0.6
0.5
0.5
0.4
bd
0.4
0.3
0.4
0.4
0.3
0.3
bd
0.4
0.4
0.2
0.3
0.4
0.1
0.2
1.5
1.9
0.6
1.7
1.4
1.4
1.7
1.7
2.1

a

Detection limit = 0.01 wt % for all oxides except FeO, which has a detection limit of 0.1
wt %. The detection limit for Ba, Nb, Sr, Y, Sc, and Zr is 10 ppm. Fe2 O3 is total
iron.

b

Depth in meters below ground surface. Depths below 5 m are presumed to be sampled
from the protosaprolite and rindlet zones based on textural evidence.

c

bd = Below detection limit
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Figure A.1: Weathering profiles for a) Total Fe, b) Mg, c) Fe(II), and d) K for the Rio
Icacos saprolite samples from the Guaba Ridge, and the Rio Icacos rindlet system
(corestone, rindlets, and protosaprolite) samples from the Route 191 road cut. The
horizontal line indicates the boundary between the two data sets and the boundary
between the saprolite above and the protosaprolite, rindlet, and corestone samples below.
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Figure A.2: Weathering profiles for a) Al, b) Na, c) Si, and d) Ca for the Rio Icacos
saprolite samples from the Guaba Ridge, and the Rio Icacos rindlet system (corestone,
rindlets, and protosaprolite) samples from the Route 191 road cut. The horizontal line
indicates the boundary between the two data sets and the boundary between the saprolite
above and the protosaprolite, rindlet, and corestone samples below.
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Appendix B
X-Ray Diffraction of Corestone and Protosaprolite Samples

B.1 Powder XRD of protosaprolite samples
Powder X-ray diffraction (XRD) was performed on randomly oriented samples
from the protosaprolite zone (Chapter 2, Figures 2.2 and 2.5) on a Scintag X2 theta-theta
goniometer with a copper target. A step scan was used with a step size of 0.02° and 2
seconds per step. patterns for protosaprolite samples are shown in Figures B.1 - B.5.

B.2 µXRD of corestone samples
To look for incipient weathering phases in the corestone, scanning X-ray
microdiffraction (µXRD) was performed on 4 areas (~0.6 – 1.8 mm2 ) of 2 corestone thinsections at Beamline 7.3.3 at the Advanced Light Source, Lawrence Berkeley National
Laboratory (Chapter 2). The stage was rastered under a monochromatic beam (< 1 µm
spot size) and µXRD patterns were collected every 50 µm. The data were analyzed with
XMAS v.5.1 software (LBNL). The results of this work were inconclusive. We were able
to identify diffraction patterns of biotite (Figure B.6) and some peaks were identified as
hornblende but no weathering products were identified. It is likely that the 50 µm step
size used was too large in that the probability of hitting a 1 µm-scale precipitated grain
was low. Future scans should be conducted with a step size of less than 10 µm.
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Figure B.1: Powder XRD pattern for a protosaprolite sample from ~2 cm below (towards the corestone) the saprolite-rindlet interface
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Figure B.2: Powder XRD pattern for a protosaprolite sample from ~1 cm below the saprolite-rindlet interface
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Figure B.3: Powder XRD pattern for a protosaprolite sample from ~0.5 cm below the saprolite-rindlet interface
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Figure B.4: Powder XRD pattern for a protosaprolite sample from 0-2 cm above the saprolite-rindlet interface
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Figure B.5: Powder XRD pattern for a protosaprolite sample from ~3 cm above the saprolite-rindlet interface
188

Figure B.6: a) Backscattered electron image of a corestone sample. b) X-ray microdiffraction scan of a reflection indicating a d-spacing of 2.7243 Å, identified as biotite, of
the same area shown in a. Warmer colors indicate higher intensity reflections.
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