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a b s t r a c t
Understanding controls on silicate weathering is critical to characterizing critical zone evolution. The objective of
this study was to investigate how climate, vegetation, and landscape position control feldspar transformations
across a semiarid environmental gradient. Granitic surface soil and saprock samples were collected from desert
scrub and mixed conifer sites within the Santa Catalina Mountain Critical Zone Observatory where mean annual
temperature ranges from 24 °C to 10 °C and mean annual precipitation from 25 to 85 cm. Quantitative X-ray diffraction, X-ray ﬂuorescence, and electron microprobe analyses were employed to quantify elemental changes in
bulk soils and across plagioclase grains. The chemical depletion of Na in bulk soils ranged from 5.4 – 15% in the
desert scrub sites relative to 16–33% in the mixed conifer sites. Plagioclase grain alteration was classiﬁed into
unaltered, edge, and altered sections to compare microscale weathering and elemental variation. The Na/Al
and Si/Al ratios decreased from unaltered, to edge, to altered grain sections in the mixed conifer sites, whereas
the element ratios of the desert scrub system were similar between unaltered and edge grain sections, and
only exhibited signiﬁcant decreases in Na/Al and Si/Al ratios between edge and altered materials. The microscale
depletion of Na and Si suggested increased silicate weathering in the cooler, wetter, and more biologically productive mixed conifer system compared to the hot, dry desert scrub system. The results also demonstrated a topographic control on mineral transformation where increased plagioclase weathering occurred in convergent
footslope landscapes with little change in elemental depletion of soils in divergent summit sites.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
Silicate weathering and mineral transformations contribute signiﬁcantly to landscape evolution and to our understanding of water and
carbon cycling in the critical zone, which spans from the top of the vegetation canopy down to and including groundwater (NRC, 2001). Important questions remain regarding the role of various climatic,
tectonic, and topographic factors in controlling silicate weathering
mechanisms and microscale transformations in the critical zone. Here,
we address how climate, vegetation, and landscape position interact
to shape silicate weathering patterns through elemental loss in bulk
soils and through microscale transformations of plagioclase feldspar
grains.
The dominant controls on silicate weathering and the nature of the
subsurface weathering front include water availability and temperature
(White and Brantley, 1995; White et al., 1996; Dahlgren et al., 1997;
White et al., 2001; Rasmussen and Tabor, 2007; Rasmussen et al.,
2010), physical erosion (Riebe et al., 2001, 2004), and the interactions
between climate and erosion (Jacobson et al., 2003; West et al., 2005;
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Rasmussen et al., 2011). Additional factors reported to control extent
and rates of silicate weathering include deep regolith and saprolite
weathering (Dixon et al., 2009), vascular plants and primary production
(Moulton et al., 2000), and topographic controls on soil production
rates, mineral residence time, soil and solute transport distances, and
soil depth (Heimsath et al., 1997; Green et al., 2006; Yoo et al., 2007;
Yoo and Mudd, 2008). At the mineral scale, White and Brantley
(2003) suggest that silicate weathering reaction rates are a product of
both extrinsic properties, such as solute composition, climate, and/or biologic interactions, and intrinsic properties. Intrinsic properties can include increases in grain surface roughness and concurrent increases in
mineral surface area or decreases in reactive surface area due to physical
impediment by secondary weathering products or leached layers. Nearly all of these factors co-vary and interact, and thus present a challenge
to understanding chemical weathering processes and critical zone evolution (Chorover et al., 2011).
The microscopic study of weathered mineral surfaces in the critical
zone may be used to constrain the formation and distribution of secondary altered products, an aspect not readily addressed in laboratory investigations of feldspar weathering (Hochella and Banﬁeld, 1995). Of
the silicate minerals, feldspars comprise approximately 60% of the minerals in the Earth's crust (Kauffman and Van Dyk, 1994) and have been
studied extensively in laboratory weathering experiments (e.g., Blum
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and Stillings, 1995). However, feldspar dissolution rates are consistently
two to ﬁve orders of magnitude higher in laboratory settings compared
to ﬁeld studies (Blum and Stillings, 1995; White et al., 1996, 2001;
White and Brantley, 2003; Zhu et al., 2006), likely a result of differences
in mineral surface characteristics of freshly ground and naturally weathered feldspars. High-resolution imaging and accompanying chemical
analyses present a powerful tool to investigate silicate weathering processes in critical zone systems that may help address this discrepancy,
particularly in regard to the composition and mineral transformations
that occur at reactive feldspar surfaces. Zhu et al. (2006) illustrated
the ambiguous deﬁnitions associated with the feldspar surface–water
interface that include but are not limited to: reactivity dominated by
surface reactions between unaltered feldspar and the aqueous solution
(Lagache, 1961); the occurrence of a cation deﬁcient leached layer separating the reactive feldspar surface from aqueous solution (Paces,
1973); mineral dissolution controlled by non-diffusive, chemical reactions at the feldspar surface–water interface (Berner and Holdren,
1977, 1979); the existence of a sharp feldspar–amorphous silica chemical gradient created by interfacial dissolution–reprecipitation processes
(Hellmann et al., 2003, 2012); or a complex surface where crystalline
feldspar is separated from the aqueous solution by a thin (b10 nm)
amorphous layer covered by discontinuous kaolinite and an outer
layer of precipitated smectite. Similar to White and Brantley (2003),
Zhu et al. (2006) related differences in feldspar reactivity of laboratory
and ﬁeld samples to intrinsic mineral properties including amorphous
layer development and secondary mineral coatings on feldspars.
The objective of this work was to constrain how climate and vegetation, topographic position, and pedon depth control plagioclase
weathering across a steep semiarid environmental gradient. Local environmental gradients that compress large climate and vegetation variation over short distances provide excellent opportunities to examine
the interaction among these factors with minimal variation in bedrock
and regional tectonics (Dahlgren et al., 1997). Plagioclase feldspar
chemical composition in bulk soils was coupled with microscale elemental changes associated with feldspar chemical transformation. Electron microprobe wave dispersive spectroscopy (WDS) combined with
backscattered electron (BSE) imagery was used to develop a classiﬁcation scheme for characterizing the plagioclase grain–secondary mineral
interface.
2. Methods
2.1. Field sites and sample collection
The two ﬁeld sites, referred to here as desert scrub and mixed conifer,
were sampled from the Santa Catalina Critical Zone Observatory environmental gradient in southern Arizona (Fig. 1a). These locations capture the relative end-members of the environmental gradient and
encompass the largest variation in climate, vegetation, and topography.
The Santa Catalina Mountains encompass signiﬁcant range in temperature (10–24 °C) and precipitation (25–85 cm), with concurrent variation in vegetation community composition and structure (Whittaker
and Niering, 1965; Whittaker et al., 1968; Table 1). Climate and vegetation both exert control on soil properties and silicate weathering, with
distinct variation in soil development by vegetation community, or climate–vegetation zone (Whittaker et al., 1968). Additionally, local relief
and topography vary signiﬁcantly across the SCM (Pelletier et al., 2013),
leading to landscape position variation in soil physical and chemical
properties within each climate–vegetation zone (Lybrand et al., 2011).
A 1:125,000 digital spatial database containing geologic maps of the
Catalina Core Complex and ﬁeld observations of rocks were used to determine the geology of the ﬁeld sites, which span two Tertiary-aged intrusive rock units (Dickinson, 1991, 2002). Speciﬁcally, the desert scrub
site was located on the Oligocene–Miocene aged Catalina granitic pluton, and the mixed conifer site was located on the Eocene aged twomica wilderness granite suite. The granitic parent materials exhibit
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Fig. 1. a) Locations of the desert scrub and mixed conifer sites encompassed by the Santa
Catalina Mountain environmental gradient in southern Arizona. b) An example of the two
landscape positions studied in the project. The image is of an adjacent divergent–convergent landform unit pair at the mixed conifer ﬁeld site.

similar mineral and elemental composition except for the dominant
mica mineral where the desert scrub site is dominated by biotite and
the mixed conifer location is dominated by muscovite (Table 2).
Local topographic controls on silicate weathering were examined in
the desert scrub and mixed conifer systems by sampling a combination
of divergent summit landscape positions and adjacent convergent
footslope positions. The divergent summit positions are a source of
soil materials and solutes to adjacent convergent footslope sites where
increased water availability and colluvial inputs likely enhance silicate
weathering and mineral transformation (Huggett, 1975; Birkeland,
1999). The sample location design follows similar hillslope scale soil
studies that focus on the interactive control of climate and topography
on granitic soil development (Watson, 1964; Muhs, 1982; Khomo et
al., 2011).
Soil, saprock, and representative parent rock samples were collected
from the desert scrub and mixed conifer locations (Fig. 2a, b). Pedons
were excavated to the depth of refusal from north-facing convergent
and divergent landscape positions for a total of four pedons per sample
location. Pedon locations were selected based on ﬁeld observations of
local topography and landscape conﬁguration. Soils and saprock were
sampled by morphologic horizon and described using established
methods (Schoeneberger et al., 2011). Soil subgroup classiﬁcations
and dominant vegetation were also determined for each ﬁeld site
(Table 1). The weathered parent material observed at the sites in the
current study best matched the characteristics of saprock as outlined
by Graham et al. (2010), where saprock is deﬁned as weathered parent
material that retains the structural features of the parent rock, can be
broken apart with bare hands, and is dominated by primary minerals
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Table 1
Site and soil properties for the desert scrub and mixed conifer soil pedons. Soil pH, pedon soil organic carbon (SOC), and depth to paralithic contact are reported as depth-weighted
averages ± 2σ.
Elevation MAT MAP MAP/ 1:1 soil:
water
(m)
(°C) (cm) PET
ratio pH ± 2σ

1:1 soil:
1 M KCl
pH ± 2σ

Pedon SOC
Soil subgroup
Depth to
(kgm−2) ± 2σ paralithic
classiﬁcation
contact
(cm) ± 2σ

Field site

Landscape
position

Desert scrub

Convergent 1081

18.1

18.1

0.4

6.2 ± 0.38 5.0 ± 0.94 3.7 ± 2.3

39 ± 2.8

Desert scrub

Divergent

1081

18.1

18.1

0.4

6.2 ± 0.00 4.8 ± 0.10 1.2 ± 0.20

10 ± 2.8

Mixed conifer Convergent 2410

9.4

95.4

1.2

5.6 ± 0.70 4.3 ± 0.46

17 ± 0.14

100 ± 28

Mixed conifer Divergent

9.4

95.4

1.2

5.7 ± 1.1

8.7 ± 0.04

59 ± 4.2

2410

4.4 ± 1.2

that have not undergone extensive chemical alteration to secondary
products.

Dominant vegetation type

Typic Torriorthent Saguaro (Carnegiea gigantea),
Ocotillo (Fouquieria splendens),
Acacia, Arizona
Typic Torriorthent Barrel Cactus (Ferocactus wislizeni),
and Agave (Agave schotti, Agave palmeri)
Typic Ustorthent
Douglas ﬁr (Pseudotsuga menziesii),
ponderosa pine (Pinus ponderosa)
and white ﬁr (Abies concolor)
Typic Ustorthent

site, which occurred at ~ 10 cm in the desert scrub site and ~ 35 cm in
the mixed conifer site. Plagioclase minerals were the focus of the

2.2. Sample characterization
2.2.1. Soil chemical properties
All soils were air-dried, and sieved at b2 mm to isolate the “ﬁneearth” fraction for analyses (Soil Survey Staff, 2004). Soil pH was
determined for all soil samples using 1:1 soil:water and 1:1 soil:1 M
KCl extracts (Soil Survey Staff, 2004). Soil organic carbon (SOC) was
measured by the University of Arizona's Environmental Isotope Laboratory using a Finnigan Delta Plus XL (Thermo Fisher Scientiﬁc, Bremen,
Germany) coupled to an elemental analyzer (Costech Analytical Technologies Inc., Valencia, CA, USA). The soil properties, including pH,
SOC, and depth to paralithic contact, were reported as depth-weighted
pedon averages ± 2 standard deviations (2σ) (Table 1).
2.2.2. Mineralogical and elemental composition
Quantitative X-ray diffraction (QXRD), X-ray ﬂuorescence (XRF),
and electron microprobe analyses were used to quantify mineral type
and abundance, bulk soil elemental distribution, and parent rock composition of all samples. Additionally, a total of four surface and saprock
samples from each of the divergent summit landscape positions at the
desert scrub and mixed conifer locations were subsampled for microscale characterization of plagioclase grain transformations using an
electron microprobe (Fig. 2a, b). The surface samples were collected
from the topmost mineral horizon that spanned 0 to 3 cm for the desert
scrub site and 0 to 4 cm for the mixed conifer site. The saprock samples
were collected from the uppermost paralithic contact within each ﬁeld

Table 2
The mineral assemblage, weight percent (±2σ), and associated mineral formulas of the
parent rock collected from the ﬁeld sites. Mineral formulas were also calculated for
muscovite grains in mixed conifer soil, biotite grains in desert scrub soil, and biotite in
desert scrub dust. The ±2σ does not account for analytical error (±5% relative).
Mineral

Weight (%)

CV (%)

Mineral formula

Mixed conifer (site coordinates: 32.429009° N, −110.770223° W)
Muscovite (rock)
11 ± 3.2
15
K0.902Mg0.095, Fe0.323Al2.554, Si3.115
Muscovite (soil)
14 ± 3.5
13
K0.967Mg0.114, Fe0.318Al2.483, Si3.144
Oligoclase
38 ± 5.8
7.5
K0.011,Na0.857, Ca.102, Al1.111, Si2.899
Microcline
19 ± 1.7
4.4
K0.887,Na0.082, Ca0.002, Al1.022, Si2.989
Quartz
32 ± 4.2
6.5
SiO2a
Desert scrub (site coordinates: 32.555829° N, −110.841022° W)
Biotite (rock)
3 ± 2.4
39
K0.695Mg1.433, Fe0.960Al1.498, Si2.852
Biotite (soil)
7 ± 3.1
23
K0.800Mg1.509, Fe0.897Al1.166, Si2.984
Biotite (dust)
–
–
K0.603Mg1.148, Fe0.8895Al1.627, Si2.975
Oligoclase
37 ± 17
24
K0.029,Na0.814, Ca.120, Al1.124, Si2.883
Orthoclase
28 ± 12
21
K0.862,Na0.121, Ca0.002, Al1.011, Si2.989
Quartz
32 ± 10
16
SiO2a
a

Ideal mineral formula (formula not calculated during this study).

Fig. 2. A schematic of sample locations in a) the desert scrub divergent pedon and b) the
mixed conifer divergent pedon.
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microscale quantiﬁcation part of this study because the parent rocks of
both study areas contained comparable amounts of these minerals
(Section 3.1). Plagioclase feldspars are also one of the ﬁrst primary minerals to undergo chemical transformation, making the impacts of climate and vegetation easier to distinguish and quantify (White et al.,
2001; Papoulis et al., 2004).
Parent rock mineral composition and mineral formulas were calculated using elemental weight percentages determined by microprobe
point analyses. Representative unweathered rock fragments were
ﬁxed in 2.5 cm round Araldite epoxy mounts and ﬁnely polished (grit
size of 0.5 μm). The rock mounts were analyzed at the University of
Arizona Electron Microprobe Laboratory using a CAMECA SX50 Ultra
electron probe microanalyzer (EPMA). Instrument conditions were set
to a 15 kV accelerating voltage, an electron beam size of 2 μm, and a
20 nA current for all elements except Na and K where an 8 nA current
was used to prevent alkali migration. Parent rock mineral formulas
were calculated with the Spear normalization technique (Spear, 1993)
and aided in the selection of the closest matching mineral patterns
from the RockJock Library and the American Mineralogist Crystal Structure Database (Downs and Hall-Wallace, 2003) to improve QXRD accuracy for assessing mineral assemblage and abundance.
Soils were pre-treated prior to QXRD and microprobe analysis to remove organic matter using NaOCl adjusted to pH 9.5 (Soil Survey Staff,
2009). The soils were ground to b 355 μm using a mortar and pestle. A
known amount of zincite was added to the ground soil as an internal
standard and micronized into a homogenous, bulk powder (b 180 μm)
using a McCrone Micronizing Mill (Moore and Reynolds, 1997; Eberl,
2003). Rocks were broken using a mallet, or a sledgehammer when necessary, and internal, un-weathered fragments were selected from the
specimen centers. Rock fragments were ground and processed using
the same methods described for soils. Clays were prepared as oriented
clay mounts on glass slides using a vacuum ﬁltration technique
(Moore and Reynolds, 1997). The clay mounts underwent standard
treatments to aid in secondary mineral identiﬁcation including Ksaturation (KCl—25 °C, KCl—300 °C, and KCl—550 °C), Mg-saturation
(Mg—25 °C), Mg/glycerol saturation (Mg–Gly—25 °C), and a formamide treatment to differentiate halloysite from kaolinite (Churchman et
al., 1984).
Oriented clay mounts and randomly oriented, bulk soil and rock
powder mounts were analyzed by X-ray diffraction at the University
of Arizona's Center for Environmental Physics and Mineralogy with a
PANalytical X'Pert PRO Multi-Purpose Diffractometer (PANalytical, Almelo, The Netherlands). The system generated Cu-Kα X-rays at an accelerating potential of 45 kV, a current of 40 mA, and was equipped
with a 1° divergence slit (1.52 mm), a 10 mm divergent mask, a 1°
anti-scatter slit (1.52 mm), a 0.60 mm ﬁxed receiving slit, and a sealed
Xenon detector ﬁtted with a graphite monochromator. A spinner sample stage with a 1 s rotation time was used to measure from 4 to 65°
2-theta, with a step size of 0.020° and a dwell time of 3 s. Semiquantitative X-ray diffraction was employed to determine secondary
mineral assemblage where a ﬁxed sample stage was used to measure
oriented clay mounts with a scan range of 2–35° 2-theta, a step size of
0.040° and a dwell time of 3 s. The diffractometer was ﬁtted with a 1°
divergence slit (1.52 mm), a 10 mm divergent mask, a 1° anti-scatter
slit (1.52 mm), a 0.60 mm ﬁxed receiving slit, and a sealed Xenon detector with a graphite monochromator.
Quantitative phase analysis of the bulk soil and rock samples was
completed using the full-pattern ﬁt Rietveld reﬁnement method (Bish
and Post, 1993; Bish, 1994), an extension of the Rietveld method
(Rietveld, 1969). The Rietveld method uses a least squares minimization
process that relies on a set of user-deﬁned crystal structure reﬁnements
to minimize differences between the observed diffraction pattern and
the reference mineral patterns. The Rietveld reﬁnements were performed in PANalytical X'Pert HighScore Plus v2.1b using reference mineral patterns from the RockJock Library and the American Mineralogist
Crystal Structure Database (Downs and Hall-Wallace, 2003). The
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parameters selected for the reﬁnement strategy sequence were based
on Young's (1993) suggested parameter sequence. A set of global parameters, including R expected, weighted R, and goodness of ﬁt generated by the software, were used to evaluate each reﬁnement to ensure
the production of accurate, high quality data (Speakman, 2013). Mineral
phase quantiﬁcation was independently conﬁrmed by analyzing a subset of the rock and soil samples in RockJock (Eberl, 2003). Characteristic
secondary minerals were identiﬁed using HighScore Plus with reference
mineral patterns from the RockJock Library and the American Mineralogist Crystal Structure Database.
Major, minor, and trace elemental constituents were determined by
XRF for all soil and rock samples. Soils were prepared by ball milling
~ 3.5 g of sample in a plastic scintillation vial containing 3 tungsten
carbide bearings for 10 min. Internal rock fragments were ground to
b355 μm using a porcelain mortar and pestle. The ground soil and
rock samples were formed into pellets under a pressure of 25 tons for
120 s, bound with cellulose wax (3642 Cellulose binder — SPEX
SamplePrep PrepAid™), and analyzed using a Polarized EnergyDispersive X-ray Fluorescence spectrometer (EDXRF–SPECTRO XEPOS,
Kleve, Germany). The XRF concentrations measured for soils were
corrected for loss on ignition and reported on an ash free basis. Loss
on ignition was determined by weighing out 20 g of dried (105 °C for
24 h), un-treated soil, placing the sample in a mufﬂe furnace for 3 h at
550 °C, cooling the sample in a desiccator, and re-weighing the sample
post-ignition. Loss on ignition was then calculated as the percent of dry
weight that was lost on ignition (Konen et al., 2002).
The relative Na mass transfer was calculated for each soil horizon
using quartz and Na as the immobile and mobile constituents, respectively. Sodium was used as a proxy for plagioclase weathering
(Rasmussen et al., 2011) because Na bioaccumulation in the soil is generally low (b1%), making Na loss from transforming feldspars more
quantiﬁable than other elements (White and Brantley, 2003). Quartz
was selected as a conservative component because of its consistent distribution in the parent rock (White et al., 1996) and its demonstrated
similarity in immobility to conservative elements, such as Zr and Ti
(Jin et al., 2010). The degree of elemental loss or gain was determined
using the dimensionless mass transfer coefﬁcient, τi,j, following Porder
et al. (2007):

τi; j ¼

"
#
c j;w ci;p
−1  ½1−RF%
c j;p ci;w

ð1Þ

where cj,p and ci,p are concentrations of the mobile and immobile constituents in the parent material, cj,w and ci,w are soil concentrations,
and RF% is weight percent rock fragments.
2.3. Microscale characterization
Rock, saprock, and soil mineral arrangement and composition were
studied using an electron microprobe to produce backscattered electron
images, element X-ray maps, and point elemental weight percentages
of mineral grains (Hill and Sawhney, 1971; Ghabru et al., 1987; Dixon
et al., 2006; Sedov et al., 2008). Following previous studies of granitic
mineral transformations, including those of feldspar (Zhu et al., 2006;
Lee et al., 2008; Plumper and Putnis, 2009) and mica (Fordham, 1990;
Robertson and Eggleton, 1991), the microprobe technique was applied
to differentiate chemical weathering processes, speciﬁcally primary
minerals and secondary weathering products (Sequeira Braga et al.,
2002; Driese et al., 2007).
Four pre-treated subsamples of the ﬁne-earth soil fraction and
saprock were prepared for microprobe analysis. Approximately 0.1 g
of bulk ﬁne-earth sample was mounted in a 1″ round Araldite epoxy
mount and polished to a ﬁnal grit size of 0.5 μm. The samples were analyzed at the University of Arizona Electron Microprobe Laboratory
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using a CAMECA SX100 Ultra EPMA that was calibrated using a set of silicate mineral standards.
Ten plagioclase feldspar grains were randomly selected within each
mounted sample for characterization and elemental analysis. The grains
ranged in size from b50 μm to ~200 μm in length. Backscattered electron images of the grains revealed heterogeneous weathering patterns
that were classiﬁed as: (1) unaltered, (2) edge, and (3) altered
(Fig. 3a, b). The unaltered sections were deﬁned as grain areas
exhibiting smooth surfaces with no apparent evidence of weathering
(i.e. dissolution pitting, fracturing, etc.) and no elemental loss (total element weight ~100%). The edge classiﬁcation was assigned to any grain
area ~2–3 μm from the grain edge or fracture where the degree of alteration and total elemental weight percentages were variable (N70%–
100%). Altered grain areas appeared darker due to a greater abundance
of heavier Si and Al atoms and were located in grain fractures and along
edges. Altered grain areas contained variable total elemental weight
percentages (N70%) and were dominated by weathering products. The
classiﬁcation scheme was designed to account for changes in the degree
of grain transformation occurring among sample locations (Fig. 3a, b).
Mineral composition of the unaltered grain areas was quantiﬁed
using a combination of randomly selected point analyses and horizontal/vertical straight line transects with point analyses taken every
~10–15 μm. The microprobe conditions for unaltered grain point analyses included an electron beam size of 2 μm and a 20 nA current for all
elements except Na and K where an 8 nA current was used. Grain
edges and altered materials were quantiﬁed with point analyses using
the electron microprobe speciﬁcations described by Velde (1984) for
clay mineral analysis (2 μm beam size and a 2 nA current). All analyses
were conducted at 15 kV.
A set of elemental data (Na, K, Al, Mg, Si, Ca, Ti, Cr, Fe, Mn and P) were
produced for every microprobe point analysis made. A minimum of 5
and up to 20 points were analyzed and averaged per classiﬁcation
type (i.e., unaltered, edge, and altered) across every plagioclase feldspar
grain examined in the study. A total of 10 plagioclase feldspar grains
were analyzed per bulk sample. Microscale chemical composition of
grain sections was examined using elemental ratios relative to Al,

including Na/Al, Si/Al, K/Al, Fe/Al, and Mg/Al, as general proxies for relative element loss (Birkeland, 1999).
Two-sample t-tests were performed in SigmaPlot (v. 12, Systat Software, Inc.) on log-transformed elemental weight percentages obtained
from the microprobe point analyses. The t-tests were used to test for
signiﬁcant differences among the grain classes, the mixed conifer and
desert scrub ﬁeld sites, and to compare surface soils to saprock samples.
The sample variables, t-statistics, degrees of freedom, and P-values were
reported for every t-test completed (Table A1).
3. Results
3.1. Parent material composition
Parent rock composition of the two ﬁeld sites was similar in mineral
abundance, calculated mineral formulas, and primary mineral assemblage, except for the dominant type of mica (Table 2). All major primary
mineral percentages fell within ±10% of one another across locations.
Oligoclase was the dominant plagioclase mineral with Na/Ca molar ratios ranging from 6.8 to 8.4 in the desert scrub and mixed conifer sites,
respectively. The remaining oligoclase element compositions of the desert scrub minerals were similar to the mixed conifer minerals (Table 2).
Oligoclase and microcline weight percentages from the desert scrub
rocks ranged from 28 – 48% and 18 – 32% versus the mixed conifer parent rocks that contained respective ranges of 33–40% and 18–20%.
Quartz comprised 24–37% of the desert scrub parent rock compared to
29–34% in the mixed conifer parent rock. The primary difference between the parent rocks was that biotite (1–4%) was the predominant
mica mineral in the desert scrub site whereas muscovite (9–13%) was
prevalent in the mixed conifer site (Table 2). The desert scrub biotite
contained an average of 0.697 mol K, 1.433 mol Mg, and 0.960 mol Fe
in contrast to 0.902 mol K, 0.095 mol Mg and 0.323 mol Fe in the
mixed conifer muscovite.
Biotite grains were examined in the parent rock, soil, and dust samples at the desert scrub site (Table 2). Dust was collected in four dust
traps installed at the desert scrub location that were similar in

Fig. 3. Backscattered electron images documenting how a) desert scrub and b) mixed conifer plagioclase feldspar grains were classiﬁed consistently across ﬁeld sites.
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construction to those described by Reheis and Kihl (1995). Soil biotite
grains tended to show enrichment in K and Mg relative to the rock
and dust samples, with ~0.2 mol K difference between the biotite grains
in the soil and dust and ~0.36 mol greater Mg in the soil compared to the
dust. Conversely, Fe in the biotite varied little (~0.07 mol) among the
rock, soil, and dust.
3.2. Soil chemical and mineralogical characterization
3.2.1. General soil chemical properties
The desert scrub and mixed conifer soils differed in terms of pH, SOC
content, and secondary mineral assemblage (Table 1, Fig. 4a,b). The pH
values of the soil–water extracts averaged 6.2 in desert scrub horizons
compared to 5.6 in mixed conifer soil horizons (Table 1). The KCl pH
values averaged 4.9 in desert scrub soils relative to an average of
4.3 in the mixed conifer soils. The highest average SOC content of
17 kg m−2 was observed in the mixed conifer convergent soils, whereas
the lowest SOC content of 1.2 kg m−2 was observed in the desert scrub
divergent landscapes. The clay mineral assemblage of the desert scrub
location included vermiculite, smectite, hydrated halloysite, dehydrated
halloysite and/or kaolinite (Fig. 4a). Conversely, the mixed conifer clay
minerals generally included vermiculite, hydroxy-interlayed vermiculite (HIV), illite, and kaolin, with lesser amounts of hydrated halloysite,
smectite, and gibbsite (Fig. 4b).
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consistent with depth in the mixed conifer system with the convergent
horizons exhibiting average Na losses of 25% (n = 13) relative to adjacent divergent soil horizons with an average of 8.9% loss (n = 7). The
maximum Na depletion of 33% was observed in the convergent surface
horizon, whereas only 6.5% Na loss was observed in the convergent
saprock material (Fig. 5b). In contrast, the desert scrub sites exhibited
less distinction in Na loss between landscape positions where maximum chemical depletion was 5.4% in the divergent horizons and 15%
in the convergent horizons. Desert scrub divergent soil horizons averaged 2.9% Na loss (n = 6) relative to 3.2% (n = 8) in the convergent
horizons.

3.2.2. Bulk soil Na depletion
Chemical depletion of Na was observed in both the desert scrub and
mixed conifer sites (Fig. 5a, b). Sodium chemical loss was most

Fig. 4. X-ray diffractogram patterns of clay fractions from a) desert scrub and b) mixed conifer divergent saprock samples.

Fig. 5. Changes in Na weight percent relative to the immobile reference element, quartz
(SiO2). The ﬁgures highlight Na depletion across landscape positions in a) the desert
scrub and b) mixed conifer sites.
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3.3. Microscale feldspar weathering
3.3.1. Chemical depletion of Na and Si
Plagioclase grains in the mixed conifer surface soils exhibited a signiﬁcant (P b 0.001) decrease in Na/Al from unaltered to altered grain
sections (Fig. 6c, d; Table 3). The Na/Al coefﬁcient of variation (CV) for
mixed conifer surface grains was ~6.5 times greater in the altered sections compared to measurements made for the unaltered sections
(Table 3). A similar trend was noted for the saprock plagioclase grains
where Na/Al decreased signiﬁcantly from unaltered to altered grain sections (Fig. 6d; Table 3), and the CV increased ﬁve-fold from unaltered to
altered grain sections. The CV of the surface edge sections was ~ 1.5
times higher than the saprock edge measurements, suggesting less
edge heterogeneity in Na loss with depth.
The Na/Al ratios for unaltered and edge sections in desert scrub
plagioclase grains were similar (Fig. 6a, b), yet a signiﬁcant decrease in
Na/Al was observed between edge and altered grain sections
(Tables 3, A1). In the surface horizons, Na/Al decreased minimally from
unaltered to edge grain sections and decreased four-fold from edge to altered grain sections (Table 3). Surface grain CV values increased ~60%
from unaltered to altered sections. Similarly, saprock Na/Al exhibited
minimal decrease from the unaltered to edge sections, but decreased
nearly 5-fold from edge to altered sections (Fig. 6b). The CV percentages
increased by ~ 47% from unaltered to altered grain sections (Table 3).
Highly signiﬁcant differences in Na/Al were noted for edge to altered section comparisons in both surface and saprock samples but not for Na/Al
comparisons between unaltered and edge sections (Table A1).
Similar to Na/Al, Si/Al values decreased signiﬁcantly (P b 0.001)
between unaltered and altered sections of mixed conifer plagioclase

grains (Tables 3, A1). The Si/Al for both surface and saprock grains decreased from unaltered, to edge, to altered grains, indicating increased
desilication with grain transformation (Fig. 7c, d; Table 3). The CV
values in surface and saprock samples were lowest in the unaltered
grain sections followed by edge and then altered grain areas (Table 3).
The edge sections were signiﬁcantly different (P b 0.001, Table A1)
from altered grain sections in both the surface and saprock samples.
In contrast to the mixed conifer location, desert scrub Si/Al values of
surface and saprock grains were relatively homogeneous across grain
sections (Fig. 7a, b). Desert scrub surface grains contained similar Si/Al
ratios in unaltered and edge grain sections and exhibited a decrease of
only ~1 unit in the altered materials (Table 3). Similarly, there was little
change in Si/Al in unaltered and edge saprock grain sections and only a
slight decrease observed in the altered grains (Fig. 7b, Table 3). The CV
values increased more than three-fold from unaltered to altered
sections in both desert scrub surface and saprock grains (Table 3). Unaltered grain sections were signiﬁcantly different than altered grain sections in both surface and saprock horizons (P = 0.005 and P b 0.001,
respectively).
3.3.2. Enrichment of K, Fe, and Mg in desert scrub altered materials
Observed K/Al values were b0.1 in all samples (grain, edge, and altered) except for the altered materials on the desert scrub surface grains
where K/Al values averaged 0.16 and indicated a relative K enrichment
(Fig. 8a–d, Table 3). The K/Al values calculated for desert scrub surface
biotite grains overlapped with those of plagioclase altered grain sections
(Fig. 9a). The altered sections of the desert scrub surface plagioclase
grains were also enriched in Fe (Fig. 9b) and Mg (Fig. 9c). The Fe/Al
and Mg/Al ratios of the plagioclase altered grain sections overlap with

Fig. 6. Box plots summarizing Na/Al ratio averages for grains analyzed in the a) desert scrub surface soil, b) desert scrub saprock, c) mixed conifer surface soil, and d) mixed conifer saprock.
Each box plot is composed of 10 data points analyzed for each classiﬁcation scheme (i.e., unaltered).
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Table 3
The Na/Al, Si/Al, and K/Al ratio averages ± 2σ, and coefﬁcient of variation (CV %) for the sites, soil depths, and grain sections studied in the project.
Soil depth

Grain section

Avg. Na/Al

CV (%)

Avg. Si/Al

CV (%)

Avg. K/Al

Mixed conifer
Surface
Surface
Surface
Subsurface
Subsurface
Subsurface

Unaltered
Edge
Altered
Unaltered
Edge
Altered

0.66
0.53
0.04
0.61
0.60
0.04

±
±
±
±
±
±

0.08
0.34
0.032
0.08
0.08
0.06

6.5
32
44
8.0
6.6
41

2.6
2.5
1.5
2.5
2.6
1.5

±
±
±
±
±
±

0.22
0.6
0.48
0.26
0.42
0.56

4.4
12
16
5.3
8.0
19

0.02
0.04
0.05
0.01
0.01
0.03

±
±
±
±
±
±

0.01
0.06
0.09
0.00
0.00
0.04

24
73
85
13
14
62

Desert scrub
Surface
Surface
Surface
Subsurface
Subsurface
Subsurface

Unaltered
Edge
Altered
Unaltered
Edge
Altered

0.55
0.50
0.12
0.55
0.52
0.11

±
±
±
±
±
±

0.11
0.12
0.16
0.04
0.16
0.12

9.0
13
68
3.7
15
51

2.4
2.4
2.1
2.4
2.6
1.9

±
±
±
±
±
±

0.26
0.3
0.66
0.08
0.38
0.5

5.4
6.4
16
1.8
7.5
13

0.03
0.04
0.16
0.03
0.06
0.07

±
±
±
±
±
±

0.02
0.02
0.34
0.01
0.12
0.04

27
37
105
19
86
29

the lower end of ratios calculated for a desert scrub biotite grain (Fig. 9b,
c), which was located adjacent to a plagioclase grain examined in this
study (Fig. 9d). Point analyses shown in the altered biotite column
(Fig. 9a–c) include unaltered biotite grain sections and fully transformed secondary clay products analyzed in the expanded interlayer
space (Fig. 9d, e).
The morphology of the altered materials associated with the desert
scrub plagioclase grains presented as clay ﬁlms (Fig. 10a–c) in contrast
to mixed conifer altered materials that presented a morphological appearance of in situ transformation products (Fig. 11a, b). Clay ﬁlms in
the desert scrub system were identiﬁed as altered materials coating primary mineral grains and were noted on all desert scrub plagioclase
grains. Frayed-edge biotite grains were observed in desert scrub surface

CV (%)

soil (Figs. 9d, e; 12a, c), saprock (Fig. 12b), and dust (Fig. 12d), suggesting potential elemental contributions from weathered biotite to clay
ﬁlms on the plagioclase grains.
4. Discussion
4.1. Controls and variation in plagioclase weathering
4.1.1. Climate and vegetation
Greater bulk soil Na depletion with increased elevation may be
attributed to a combination of greater moisture availability and biological production at higher elevations. The annual water budget shifts
from water-limited in the desert scrub system where mean annual

Fig. 7. Box plots documenting Si/Al ratios measured for plagioclase grains in a) desert scrub surface soil, b) desert scrub saprock, c) mixed conifer surface soil, and d) mixed conifer saprock.
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Fig. 8. Box plots detailing K/Al ratios in plagioclase grain sections from the a) desert scrub surface soil, b) desert scrub saprock, c) mixed conifer surface soil, and d) mixed conifer saprock.

precipitation (MAP) is less than potential evapotranspiration (PET)
with a MAP/PET ratio of ~ 0.4, to energy-limited in the mixed conifer
system where precipitation exceeds the energy available to drive potential evapotranspiration with MAP/PET of ~1.2 to 1.4 (Budyko, 1974). The
mixed conifer sites thus have annual precipitation inputs in excess of
evapotranspiration that are available to leach through the soil, participate in chemical weathering reactions, and remove reaction products
from the soil system. The patterns observed here were similar to chemical depletion relationships to water availability noted in previous work
(Egli et al., 2003; Williams et al., 2010; Rasmussen et al., 2011). In particular, the magnitude of change in surface tau Na values from roughly
−0.1 to −0.4 relative to increasing water availability observed in the
SCM was very similar to the magnitude of change in Na loss noted in a
broad synthesis of locations presented by Rasmussen et al. (2011).
Concurrent with changes in temperature and water availability in the
SCM are changes in biological production, the amount of reduced carbon
entering and being stored in the soil system, and soil pH (Whittaker and
Niering, 1975). Vegetation assemblage transitions from desert scrub,
with limited biological production on the order of ~90 g m−2 yr−1 and
relatively little canopy cover at low elevation, to mixed conifer forest
with annual aboveground primary production of ~ 1100 g m−2 yr−1
and near complete canopy cover at high elevation. Greater inﬂux of organic materials into the mixed conifer system likely promotes enhanced
silicate weathering via feldspar interaction with organic acids and ligands
(Stillings et al., 1996). For example, feldspar weathering rates increase up
to ﬁfteen-fold in the presence of organic acids in laboratory experiments
(Ullman et al., 1996; Welch and Ullman, 1996; Drever and Stillings,
1997). Additionally, feldspar weathering is also likely enhanced in the
mixed conifer systems as a result of greater proton activity. Soil KCl pH
values decrease from ~ 4.9 in the desert scrub system to ~ 4.3 in the

mixed conifer system indicating greater exchangeable acidity (Pionke
and Corey, 1967; Ross, 1995). Greater exchangeable acidity in the
mixed conifer location results from a combination of acidic conifer litter
inputs that have pH values ~4.5 (Heckman et al., 2011), and enhanced
loss of base cations due to greater water ﬂux through the soil system
(Moss and Edmunds, 1992). In particular, Whittaker et al. (1968) observed that surface soil base saturation decreased from 100% to b 40%
with increasing elevation across the SCM gradient indicating greater
loss of non-hydrolyzing cations with increased water availability and primary production. Feldspar dissolution rates can increase by an order of
magnitude when pH decreases from 5 to 3 (Sokolova, 2013). The observed increase of Na depletion in the mixed conifer sites is thus likely
a function of both of greater water availability, and greater inputs of reduced carbon compounds and protons into the soil system.
4.1.2. Landscape position controls on plagioclase weathering
The bulk soil data also indicated signiﬁcant control of landscape position on Na depletion. Both the desert scrub and mixed conifer sites exhibited greater Na depletion in the water gathering convergent
positions with an increase in maximum convergent Na depletion from
~15% to 33%, respectively. In particular, the greatest Na depletion was
observed in mixed conifer convergent landscapes (Fig. 4b), likely a result of both the water-gathering nature of this topographic position
and the average annual excess of water in this system. In contrast, the
water shedding divergent landscape positions in the desert scrub and
mixed conifer systems exhibited less Na depletion with elevation, increasing from 5.4% to 16%, respectively. These data suggest that despite
signiﬁcant variation in climate and biological production across the environmental gradient, the local redistribution of water on the landscape
may exert strong control on silicate weathering and Na depletion.
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Fig. 9. Element ratios calculated for plagioclase grains in the desert scrub surface sample including a) K/Al, b) Fe/Al, and c) Mg/Al ratios. The microprobe point chemical analyses were performed
on d) a biotite grain adjacent to a plagioclase grain included in the study with e) a magniﬁed view of the transforming biotite grain containing red symbols where point analyses were taken.

Greater Na depletion in the water-gathering convergent landscape
positions relative to upslope hillslope locations corresponds with the
concept of a “leaching catena.” Here, a combination of overland and
subsurface ﬂow from upslope soils and increased downslope inﬁltration
promotes greater silicate weathering and chemical depletion (Sommer
and Schlichting, 1997).
4.2. Linking bulk soil chemical depletion to microscale weathering
4.2.1. Variation in plagioclase weathering
Differences in plagioclase transformation between the desert scrub
and mixed conifer sites were recognized as elemental and textural differences at the feldspar–secondary mineral interface. Altered products

of the desert scrub plagioclase grains were limited to grain crevices,
fractured edges, and clay coatings on grain exteriors (Figs. 3a, 10a–c).
Similarly, Zhu et al. (2006) found that altered products from weathered
feldspars in Navajo Sandstone from Black Mesa, AZ were contained predominately in grain cracks and cleavage planes. Altered products within
the SCM desert scrub grain interiors were Si–Al rich and may be attributed to in situ plagioclase alteration. In comparison, the altered products
coating the outer edges of plagioclase surface grains as clay ﬁlms were
enriched in K (Fig. 8a), possibly a translocated secondary product of biotite weathering (Fig. 9a–e).
The degree of plagioclase transformation in the mixed conifer soils
was highly variable, ranging from grains demonstrating near complete
pseudomorphic transformation to secondary products (Fig. 11b), to
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Fig. 11. The variability of mineral alteration in mixed conifer saprock is evident in two
transforming plagioclase grains dominated by a) smooth, un-altered grain sections and
b) darker, altered weathering products.

Fig. 10. Backscattered electron images of a) a desert scrub plagioclase feldspar b) containing thin, continuous clay ﬁlms deposited along the edges of the entire grain. c) A small
fragment of biotite is noted to the right of the grain.

grains exhibiting minimal weathering along grain cracks and fractures
(Fig. 11a). The variable nature of plagioclase alteration in the more
densely vegetated, relatively wet mixed conifer locations suggests an
important role for intrinsic mineral resistance to alteration in mixed conifer semiarid environments. The smooth, more-intact plagioclase
grains contained un-altered sections of plagioclase feldspar immediately adjacent to secondary weathering products similar to BSE imagery
presented for transforming feldspars from temperate, granitic terrain
in Portugal (Sequeira Braga et al., 2002). The altered plagioclase grain
pictured in Fig. 11b reveals remnants of less altered sections enclosed
by secondary weathering products, further suggesting grain-scale spatial variability in weathering resistance.
Similar to these observations, other studies of naturally weathered
feldspars have observed areas of intense microscale feldspar grain

weathering adjacent to unweathered, clean feldspar surfaces (Wilson,
1975; Berner and Holdren, 1977; Wilson, 2004). These observations
suggest that grain microtexture and dislocations may exert signiﬁcant
control on microscale weathering processes. In contrast, a lack of correlation between mineral dissolution and etch pit and/or dislocation densities in experimental studies brings into question the importance of
etching in the weathering of feldspar (Holdren et al., 1988) and other
minerals (Schott et al., 1989; Blum et al., 1990).
The relative degree of microtexture control on feldspar dissolution in
ﬁeld settings may be contingent on soil solution saturation state conditions (Lee et al., 1998). Three mineral dissolution mechanisms related to
near-equilibrium, intermediate, and far-from equilibrium saturation
states of the soil solution have been determined for calcite dissolution
(Teng, 2004). The same mechanisms may also be applied to feldspars
with the dominant feldspar dissolution mechanism depending on soil
saturation state (Wilson, 2004). In general, near-equilibrium conditions
yield minimal to no etch pit formation whereas far-from equilibrium
conditions lead to an increase in “uncontrolled” etch pit formation at
both grain dislocation zones and in defect-free zones (Teng, 2004). At
intermediate saturation conditions, mineral dissolution occurs stepwise at microstructural grain defects and dislocation zones, emphasizing the role of mineral surface texture in controlling spatial patterns of
mineral dissolution.
Based on the chemical changes documented for an extensive number
of feldspar grains per soil sample, a relationship between microtexture
and changes in elemental composition of feldspars at the grain scale
appears rational, especially in the mixed conifer environment where
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Fig. 12. Backscattered electron images depict frayed edge biotite alteration in desert scrub a) surface soil and b) saprock. c) Sand-sized biotite grains were also observed in the desert scrub
surface soils and d) altered biotite was documented in desert scrub dust samples.

mineral transformations occur immediately adjacent to un-weathered
sections of plagioclase grains (Fig. 3b). Etch pit formation was generally
not observed in defect-free grain zones (Figs. 3a; 11a) but along grain dislocations or defects (Fig. 3b), as described for minerals in intermediate
saturation states (Teng, 2004). Examining grain morphologies of both
ﬁeld sites revealed regions of un-weathered feldspar surfaces neighboring altered, Si and Al-rich secondary weathering products, suggesting
that weaker grain sections are transformed before other, more chemically resistant grain areas.

4.2.2. Feldspar–secondary mineral interface
The complex mixture of weathered materials in the altered grain
sections made the calculation of speciﬁc clay mineral formulas challenging. The Si/Al ratios of the mixed conifer altered products ranged
from ~ 1 to 2, indicating a mixture of 1:1 and 2:1 phyllosilicate
weathering products (Fig. 7c, d). The observed combination of secondary products suggests one proposed description of the crystalline
feldspar–water interface where a thin (b 10 nm), discontinuous layer
of kaolinite is covered by an outer layer of precipitated smectite (Zhu
et al., 2006). Both layers would have been encompassed by the 2 μm
beam used in the current study. A complex mixture of secondary
weathered products at the feldspar–secondary mineral interface
would explain both variable Si/Al ratios (Fig. 7c, d) and wellconstrained Na loss from unaltered/edge feldspar surfaces to altered
products (Fig. 6c, d). The Si/Al ratios would be affected by the elements composing the altered products while Na loss would be expected in the formation of both kaolinite and smectite materials
from transforming plagioclase grains.

4.3. Sources of elemental enrichment in desert scrub surface soils
The enrichment of K, Fe, and Mg in the plagioclase altered materials
from the desert scrub surface soil (Figs. 6a; 7a) was unexpected and initiated speculation on possible controls of the observed elemental variability. The altered materials observed in the desert scrub surface soil
were in the form of clay ﬁlms rather than in situ alteration products,
suggesting that the altered materials may in part derive from minerals
other than the plagioclase. While the exact mechanism for this enrichment cannot be determined from the data collected, we hypothesize
that dust deposition and/or the initial stages of in situ biotite weathering
released K-enriched secondary products into the soil proﬁle that were
subsequently translocated and deposited onto adjacent plagioclase
grains as clay coatings (Fig. 10a–b). In support of this hypothesis, medium sand-sized (N250 μm in diameter) frayed-edge biotite grains were
observed in desert scrub surface soil and saprock samples (Fig. 12a, b),
indicating the potential for K contribution to secondary phases from biotite alteration. Additionally, microprobe analyses of dust samples from
this site conﬁrmed the presence of altered biotite in the dust (Fig. 12d).
The desert scrub soils were enriched in biotite relative to the parent rock
indicating the possibility for dust contribution to the surface material.
However, chemical distinction between dust-derived and in situ altered
biotite mineral formula was not possible (Table 2). The evidence for
both dust and parent material biotite weathering, combined with the
morphology and chemistry of the altered materials, suggests that secondary biotite weathering products may in part contribute to the altered materials found on the plagioclase grains. However, as noted,
alternative mechanisms of enrichment cannot be ruled out with the
data collected.
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5. Conclusions
Quantifying soil Na depletion and microscale plagioclase weathering
patterns across a semiarid environmental gradient in southern Arizona
revealed strong connections among climate and vegetation, landscape
position, and silicate weathering. Both bulk soil Na depletion and Na
loss across plagioclase feldspar grains increased from hot, waterlimited desert scrub sites to cool, wet, biologically productive mixed conifer forest. The greatest Na depletion, both in bulk soils and at the microscale, occurred in the mixed conifer convergent positions. These
ﬁndings suggest that localized concentrations of surface and subsurface
water exerts strong control on silicate weathering, particularly in environments where annual precipitation exceeds annual evapotranspiration. Secondary weathering products were found adjacent to smooth,
un-altered feldspar surfaces in the desert scrub and mixed conifer
sites, suggesting a coupling of grain microtexture to mineral alteration.
The results document an important link between bulk soil element loss
and microscale weathering processes, with increased chemical depletion and mineral transformation in the mixed conifer ecosystems.
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