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A B S T R A C T

Mineral weathering transforms rock into soils that supply nutrients to ecosystems, store terrestrial carbon, and
provide habitat for organisms. As a result, the mineralogy and geochemistry of soils from contrasting environ-
ments are well-studied. The primary objective of this research was to examine how climate, topography, and
dust interactively control the mineral and geochemical composition of granitic soils that span an environmental
gradient in southern Arizona. Two field sites were selected within the Catalina Critical Zone Observatory that
exhibit significant range in precipitation (25 to 85 cm yr−1), temperature (24 to 10 °C), and vegetation com-
position (desert scrub→ mixed conifer). Within each site, two catena end member pairs were selected to re-
present variation in local topography which included divergent, water-shedding summits and convergent, water-
gathering footslopes. Soils and parent rock were studied using x-ray diffraction and x-ray fluorescence. Dust
samples were collected from ridgetop dust traps at the desert scrub site and examined using x-ray fluorescence.
The desert scrub soils showed enrichment in biotite, total feldspar, and Fe + Mg whereas the mixed conifer soils
were depleted in feldspars and enriched in Fe + Mg. Depletions of Na, Si, and K + Ca occurred in both the
desert and mixed conifer ecosystems, with the convergent soils in the conifer sites exhibiting the greatest degree
of elemental loss. We examined dust in the regolith after identifying mineral and elemental enrichments in both
ecosystems. Dust fraction estimates ranged from 2 to 21% in desert soils and 9 to 19% for the mixed conifer soils.
Our results confirm the interactive role of bioclimate, topography, and dust in driving the geochemical evolution
of soils and cycling of nutrients in desert and conifer ecosystems.

1. Introduction

Mineral weathering serves a fundamental role in the critical zone by
transforming bedrock to a mantle of weathered rock and soil that de-
livers nutrients to ecosystems; stores and partitions water; and shapes
climate change feedbacks with the global carbon cycle (Berner et al.,
1983; White and Brantley, 1995; Dixon et al., 2009). The weathering of
silicate minerals, in particular, leads to the retention of atmospherically
derived carbon in soils and sediments over geologic timescales (Goudie
and Viles, 2012), making the controls on silicate weathering a subject of
much study (e.g., Dahlgren et al., 1997; Riebe et al., 2001, 2004; West
et al., 2005; Rasmussen et al., 2011). Questions remain on the me-
chanisms that define climate-weathering relationships across land-
scapes (Dixon et al., 2012) and how tectonic, topographic, and biologic
factors interact as drivers in silicate weathering processes (West et al.,
2005). Here, we ask how climate, vegetation, and landscape position
drive the weathering of silicate minerals in granitic soils that span de-
sert to mixed conifer ecosystems in southern Arizona. We also assess the

role of external dust inputs in soil development across these systems.
The weathering of primary minerals in granitic terrain leads to

elemental losses that generally intensify in wetter climates (Whittaker
et al., 1968; Dahlgren et al., 1997; Bockheim et al., 2000; Egli et al.,
2003; Khomo et al., 2013) and in downslope, water-gathering land-
scape positions (Nettleton et al., 1968; Hattar et al., 2010; Khomo et al.,
2011). Hillslope steepness and landscape stability complicate these
climate-landscape relationships that are associated with moisture
availability. One such example occurs in the San Gabriel Mountains,
California where low-gradient hillslopes (< 25°) exhibited different
chemical weathering properties than high-gradient hillslopes (> 25°)
in otherwise similar weathering environments (Dixon et al., 2012).
Chemical weathering, as quantified by chemical depletion fractions
(CDF) and tau values, was greatest in downslope positions of low-gra-
dient hillslopes as would be expected given the conventional catena
model (Huggett, 1975; Sommer and Schlichting, 1997; Birkeland,
1999). Conversely, in the 20–30° transition to high-gradient hillslopes,
chemical depletion decreased downslope; a finding linked to kinetic
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controls on mineral weathering in tectonically active landscapes that
results in greater physical erosion rates, shallow soils, and shorter soil
mean residence times compared to low-gradient hillslopes (Dixon et al.,
2012). Studies of mineral weathering along hillslopes require

consideration of soils with relatively short residence times that in-
tegrate estimates of physical erosion rates and the degree of geo-
morphic stability (Yoo et al., 2007; Dixon et al., 2012). Furthermore,
the products of weathering illustrate regional to local site properties,

Fig. 1. Site maps for the Catalina Critical Zone
Observatory (CZO) including a) an inset map of the
CZO located in southern Arizona and b) a digital ele-
vation map showing the desert scrub and mixed con-
ifer field sites.
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including clay minerals that vary in composition and abundance as a
function of moisture availability and temperature (Barshad, 1966;
Berry, 1987; Khomo et al., 2011).

Clay minerals provide insight into climate and localized hydro-
logical conditions in the soil environment (Turpault et al., 2008;
Sandler, 2013). Smectite generally dominates the clay mineral fraction
in hot, water-limited desert environments, and can co-occur with kao-
linite, vermiculite, and palygorskite (Nettleton et al., 1968; Graham and
O'Geen, 2010; Khomo et al., 2011). Kaolinite, hydroxyl-interlayered
minerals, gibbsite, and short range-ordered minerals can comprise the
clay fractions of wetter, cooler environments. Kaolinite is ubiquitous
across climatic regimes whereas halloysite, an intermediate weathering
product in the transformation of plagioclase to kaolinite (Joussein et al.,
2005), predominates in volcanically derived soils (Parfitt et al., 1983;
Southard and Southard, 1987) or soils formed in humid, wet climates
(Jeong, 2000). Halloysite has also been documented in arid environ-
ments with rapid soil drying that kinetically limits the formation of
smectite (Ziegler et al., 2003). Climate-landscape relationships explain
clay mineral type and abundance as demonstrated along a series of arid
to sub-humid granitic catenas in South Africa, where the proportion of
kaolinite to smectite increased in both wetter landscape positions and
higher rainfall regions (Khomo et al., 2011). The study of clay minerals
along bioclimate and topographic gradients demonstrate moisture-
driven controls on in situ mineral weathering, yet the role of dust-de-
rived minerals is less well-understood.

Fine-grained dust inputs provide a critical medium for plant growth,
in the form of nutrients and increased water holding capacities, in
otherwise inhospitable or nutrient-limited terrain (Muhs et al., 2008).
Eolian dust deposition represents a fundamental geomorphic process
that contributes to soil formation and its associated geochemistry in
landscapes spanning arid (Wells et al., 1985; Reheis et al., 1995; Reheis,
2006; Reynolds et al., 2006; Crouvi et al., 2013; Sandler, 2013) to al-
pine ecosystems (Litaor, 1987; Bockheim and Koerner, 1997; Muhs and
Benedict, 2006; Rasmussen et al., 2017), yet the role of dust deposition
is still underrepresented in the literature (McTainsh and Strong, 2007).
Silt-enriched soil mantles observed across desert and high-elevation
environments are attributed to dust accretion over modern and/or
geologic time (Wells et al., 1985; Dahms, 1993; Bockheim and Koerner,
1997; Muhs and Benedict, 2006). Dust fraction estimates were up to
four times greater at hillslope bases compared to ridge top summits in
the Mojave soils (Crouvi et al., 2013), indicating an important geo-
morphic consideration on the distribution of dust. Dust composition,
transport distance, and origin (e.g., playas, alluvial deposits, and sites of
anthropogenic disturbance) vary by location (Muhs and Benedict, 2006;
Bullard et al., 2011; Hirmas and Graham, 2011).

The primary goal of this study was to examine bioclimate and
hillslope scale controls on mineral weathering along an environmental
gradient in Arizona that encompasses semiarid to subhumid ecosys-
tems. We identified primary and secondary mineral composition,
quantified primary mineral abundance in soils, and calculated bulk soil
elemental losses and gains for climate and hillslope end members in the
Catalina Critical Zone Observatory. The elemental ratios of dust, soil,
and rock samples were determined to better understand dust fraction

inputs to the landscapes. We hypothesized that the thin, weakly de-
veloped soils in the desert system comprise substantial inputs of dust
with minerals that would show variable degrees of transformation
given the mix of potential dust sources in the area. More in situ mineral
weathering was expected for the mixed conifer system where increased
precipitation and productivity contribute to deeper soils that would
dilute external dust imprints.

2. Methods

Soil, rock, and dust samples were collected from north-facing
granitic hillslopes in the Santa Catalina Mountain Critical Zone
Observatory (SCM-CZO) that span two climate-vegetation zones, re-
ferred to herein as desert scrub and mixed conifer (Fig. 1a,b). Mean
annual temperature (MAT), mean annual precipitation (MAP), eleva-
tion, parent rock type, and dominant vegetation for each site are
summarized in Table 1. Within each climate-vegetation zone, samples
were collected from two divergent summit and two convergent foot-
slope positions to account for topographic controls on mineral trans-
formation. Divergent positions shed water, soil materials, and solutes
downslope to convergent footslopes where greater moisture availability
results in enhanced mineral weathering. The field experiment 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). The desert scrub and
mixed conifer locations represent the two bioclimatic end members of
the environmental gradient (e.g., Whittaker and Niering, 1965;
Whittaker et al., 1968), with sites selected based on the well-con-
strained geology of the field areas (Dickinson, 1991,2002).

All soils were air-dried, and sieved at< 2 mm to isolate the “fine-
earth” fraction for analysis (Soil Survey Staff, 2004). Major, minor, and
trace elemental constituents were determined by x-ray fluorescence
(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< 355 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 Sam-
plePrep PrepAidTM), and analyzed using a Polarized Energy-Dispersive
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).

Elemental and mineralogical mass transfers were calculated using Zr
and quartz as the respective immobile constituents. Mobile elemental
constituents included Na, Si, K + Ca, Fe + Mg, and Al. Mobile mineral
constituents included biotite, oligoclase, and orthoclase for the desert
soils whereas muscovite (and to a lesser degree, biotite), oligoclase, and
microcline comprised the dominant mineral constituents in the mixed

Table 1
Field site characteristics for the desert scrub and mixed conifer soils in the Catalina Critical Zone Observatory. Site characteristics include mean annual temperature (MAT), mean annual
precipitation (MAP), and major overstory vegetation type. Climate, vegetation, and geology data were published previously for the desert scrub and mixed conifer sites (Lybrand and
Rasmussen, 2014; Lybrand and Rasmussen, 2015).

Field site Elevation (m) MAT (°C) MAP (cm) MAP/PET
ratio

Parent rock Dominant vegetation type

Desert scrub 1092 18 45 0.53 Catalina granitic pluton
(Oligocene-Miocene)

Saguaro (Carnegiea gigantean), Ocotillo (Fouquieria splendens), Acacia,
Arizona Barrel Cactus (Ferocactus wislizeni), and Agave (Agave schotti,
Agave palmeri)

Mixed conifer 2408 9.4 95 1.47 Wilderness granite suite (two-
mica granite; Eocene)

Douglas fir (Pseudotsuga menziesii), Ponderosa Pine (Pinus ponderosa) and
White fir (Abies concolor)
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conifer soils as identified in prior work (Lybrand and Rasmussen,
2014). The mass transfers were calculated using the dimensionless mass
transfer coefficient, τi,j, following Porder et al. (2007):
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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.

Dust samples were collected in 2012 from four dust traps deployed
for 1 year along a ridge top at the desert scrub location. The dust traps
were similar in construction to those described by Reheis and Kihl
(1995). The samples were prepared and analyzed using the XRF method
described above to determine the geochemical composition of the dust.
The fraction of dust composing the soil material was estimated using
the following (Ferrier et al., 2011):
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where Tir is the concentration of Ti in the rock, Tis is the concentration
of Ti in the soil, Tid is the concentration of Ti in the dust, Zir is the
concentration of Zr in the rock, Zrs is the concentration of Zr in the soil,
and Zrd is the concentration of Zr in the dust. The resulting Ti/Zr ratios
of the samples were also used to explore the geochemical characteristics
at each field site.

Soils were pre-treated prior to quantitative x-ray diffraction to re-
move organic matter using NaOCl adjusted to pH 9.5 (Soil Survey Staff,
2009). The soils were ground to< 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 (< 180 μm)
using a McCrone Micronizing Mill (Moore and Reynolds, 1997; Eberl,
2003) for quantitative x-ray diffraction. 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 preparation methods described
for soils. Secondary mineral assemblage was determined using semi-
quantitative x-ray diffraction (XRD). Briefly, oriented clay mounts were
prepared on glass slides using the vacuum filtration method (Moore and
Reynolds, 1997) with the standard suite of clay treatments including
KCl-saturation, heat-treated KCl (300 °C and 550 °C), Mg-saturation,
and Mg/glycerol solvation (Whittig and Allardice, 1986). Additionally,
an aerosol formamide treatment was used to distinguish halloysite from
kaolinite on Mg saturated samples (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. Semi-quantitative x-
ray diffraction was employed to determine secondary mineral assem-
blage 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.

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 minimiza-
tion process that relies on a set of user-defined crystal structure re-
finements to minimize differences between the observed diffraction
pattern and the reference mineral patterns. The Rietveld refinements
were performed in PANalytical X'Pert HighScorePlus v2.1b using re-
ference mineral patterns from the RockJock Library and the American
Mineralogist Crystal Structure Database (Downs and Hall-Wallace,
2003). The 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 ana-
lyzing a subset of the rock and soil samples in RockJock (Eberl, 2003).

The resulting weight percentages for each mineral were averaged
using all soils collected by each landscape position type in a given
ecosystem (e.g., Table 2). The reported averages included 8 soil samples
from two divergent pedons and 13 soils for two convergent pedons in
the mixed conifer ecosystem. The respective number of soils used in the
mineral percent averages for the desert system encompassed 6 samples
from the two divergent positions and 8 samples from the 2 convergent
positions. X'Pert HighScore Plus was utilized to estimate a biotite
weight percent for dust using semi-quantitative x-ray diffraction instead
of quantitative x-ray diffraction given sample size limitations for the
dust materials. Characteristic secondary minerals were identified using
HighScorePlus with reference mineral patterns from the RockJock Li-
brary and the American Mineralogist Crystal Structure Database.

3. Results

3.1. Quantitative mineralogy and mineral depth profiles

The primary mineral assemblage for the desert scrub and mixed
conifer soils comprised ~30% quartz, whereas feldspar and micaceous
minerals differed in abundance and type between ecosystems (Table 2).
Primary mineral species in the desert soils included quartz, oligoclase,

Table 2
A summary of the mineral assemblage and associated weight percentages (± 1σ) for the desert scrub and mixed conifer soils. The mineral weight percentages are presented as averages
for all soil horizon samples from 2 pedons examined for each landscape position type. The number of soils included in each average are as follows: n = 8 and n = 13 samples from the
respective divergent and convergent landscape positions in the mixed conifer system. The number of soil samples for the desert scrub sites include n = 6 and n = 8 for the divergent and
convergent positions, respectively.

Ecosystem Landscape position Quartz (%) Na-Feldspar (%) K-Feldspar (%) Mica (%)

Mixed conifer Divergent 30 ± 2.2 36 ± 2.0a 19 ± 1.1b 14 ± 1.9d

Convergent 35 ± 2.2 32 ± 1.1a 19 ± 0.5b 14 ± 1.7d

Desert scrub Divergent 27 ± 2.5 44 ± 2.3a 22 ± 2.1c 7 ± 1.1e

Convergent 28 ± 1.7 43 ± 4.1a 22 ± 3.0c 7 ± 2.0e

Symbols indicate dominant mineral species for each ecosystem.
a Oligoclase.
b Microcline.
c Orthoclase.
d Biotite/Muscovite.
e Biotite.
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orthoclase, and biotite compared to quartz, oligoclase, microcline, and
both biotite and muscovite for soils in the mixed conifer system
(Table 2; Fig. A3; Fig. A4). Biotite and muscovite co-occurred in the
mixed conifer soils where the parent rock is comprised of two-mica
granite (Table 1), with relative biotite abundances up to 1.4% com-
pared with muscovite contents of 8 to 19%. All mixed conifer soil and
rock powder diffractograms contained the 060 peak near 0.16 nm that
indicates the presence of biotite or trioctahedral mica (Fig. A5). We
observed no variation in mineral weight percentages by landscape po-
sition in the desert soils and minimal change in the mixed conifer soils.

Mineral tau depth profiles for the desert soils revealed additions of
feldspar (Fig. 2a; Fig. A1a; Fig. A2a) and biotite (Fig. 2c) relative to
quartz. Tau values for total feldspar indicated enrichment in the profile,
with gains of 3 to 24% and 2 to 22% in divergent and convergent soils,
respectively (Fig. 2a). Substantial biotite enrichment was recognized for
both landscape positions with the divergent sites exhibiting gains of 45

to 168% and 29 to 235% in convergent positions (Fig. 2c). Surface soils
showed the greatest degree of biotite enrichment in both positions.

The mixed conifer soils presented hillslope scale differences in tau
depth profiles for total feldspar (Fig. 2b; Fig. A1b; Fig. A2b) and mus-
covite (Fig. 2d). Convergent sites demonstrated relatively consistent
depletions of total feldspar in both pedons, except for the saprock,
which exhibited little change from the parent material (Fig. 2b). The
divergent sites showed slight enrichment of total feldspar in the surface
soils and little change from the parent rock with depth. The convergent
positions were also slightly enriched in muscovite with a maximum
enrichment of 24% in the saprock while one subsurface horizon did
exhibit a loss of 3%. Muscovite was slightly enriched throughout both
divergent pedons with gains ranging from a maximum of ~20% in the
surface soils to 3–5% in the subsurface (Fig. 2d).

Fig. 2. Tau values for mineral constituents plotted by depth
that include a) total feldspar in the desert scrub soils, b) total
feldspar in the mixed conifer soils, c) biotite in the desert scrub
soils, and d) muscovite in the mixed conifer soils.
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3.2. Elemental and mineralogical profiles for desert and mixed conifer soils

Desert scrub soils were enriched in Fe + Mg with gains of 90 to
215% for convergent profiles, and 55 to 196% for divergent profiles
(Fig. 3a). Corresponding depth plots for biotite weight percent indicates
that surface soils contain the highest concentrations of biotite that de-
crease with depth in both landscape positions (Fig. 3b). Biotite per-
centages in surface soils also coincide well with an estimated mineral
weight percent of ~8% for biotite in reference dust material from the
desert scrub site (Fig. 3c).

The mixed conifer sites exhibited substantial enrichment in Fe
+ Mg, with gains of ~300% in surface soils of the divergent profiles
and ~70% in the subsurface. We observed gains of 750% to ~95% for
convergent profiles (Fig. 3b). Muscovite weight percentages in the di-
vergent soils ranged from 12% in the near-surface soils to 18% in the
saprock compared to 12 to 19% in convergent sites. (Fig. 3d). The

mineral weight percentages for muscovite in the soils closely align with
those for rock reference material (Fig. 3d) as do the tau values that
show near zero change in muscovite relative to the parent rock
(Fig. 2d).

Losses of Na, Si, and K + Ca occurred in both the desert and mixed
conifer soil profiles. Depletion profiles for the desert soils showed no
differences between landscape positions, with the overarching trend
indicating greater elemental loss in surface soils (Fig. 4a–c). Conversely,
the mixed conifer sites exhibited distinct patterns of depletion by
landscape position for Na (Fig. 4d), Si (Fig. 4e), and K + Ca (Fig. 4f),
with the greatest degree of loss in the convergent profiles.

3.3. Dust fraction estimates and elemental ratios

The accumulation of biotite, Fe + Mg, and total feldspars in the
surface soils of both sites led to a geochemical examination of dust in

Fig. 3. Desert scrub geochemical and mineralogical data in-
cluding a) Fe + Mg tau values versus depth in the desert scrub
soils, b) Fe + Mg tau values versus depth in the mixed conifer
soils, c) biotite mineral weight percent as a function of depth in
the desert scrub soils, and d) muscovite mineral weight percent
as a function of depth in the mixed conifer soils.
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the soil profiles. Dust fraction estimates for the desert scrub system
ranged from 2 to 16% in the divergent positions and 6 to 21% in the
convergent landscapes. Dust fraction inputs to the mixed conifer land-
scapes ranged from 13 to 19% in the divergent sites and 9 to 19% in the
convergent positions (Table 3).

3.4. Secondary mineral assemblage

Clay mineral assemblages were comprised of 1:1 and 2:1 phyllosi-
licates that varied in composition with depth, landscape position, and
ecosystem. Clay minerals in the desert soils included vermiculite,
smectite, hydrated halloysite, dehydrated halloysite and/or kaolinite,
and interlayered halloysite/kaolinite-smectite. The smectite minerals
were present in all desert scrub soils with expansion of 1.0 nm peaks to
1.8 nm following Mg saturation/glycerol solvation (Fig. 5a; Fig. 6a).
The surface horizons of both desert landscape positions contained hy-
drated or partially dehydrated halloysite, with peaks at 1.0 nm, ac-
companied by broadly shaped peaks at 0.7 nm that expanded towards
1.0 nm with formamide solvation, suggesting a dehydrated halloysite

(Churchman et al., 1984; Churchman, 1990) (Figs. 5a, 6a). Confirming
the presence or absence of 1.0 nm halloysite in the convergent location
was challenging due to the presence of a 1.0 nm illite peak that does not
expand with Mg saturation and glycerol solvation. However, the lack of
crystallinity of the 1.0 nm peak in the Mg-glycerol treatment suggests
the presence of 1.0 nm halloysite rather than illite. The hydrated hal-
loysite peaks decreased in intensity with depth while the 0.7 nm peaks
remained similar throughout the profiles. Minor amounts of vermiculite
were also detected at 1.4 nm in the desert scrub horizons.

Soils in the divergent positions of the desert scrub ecosystem con-
tained interlayered halloysite/kaolinite-smectite minerals that were
distinguished by 1) the partial collapse of the species during K+ sa-
turation and K+-550 heat treatments and 2) the presence of a peak in
the 0.750–0.755 nm range that exhibited minimal collapse after K-sa-
turation and K-300 heat treatments (Fig. 5a; Corti et al., 1998). We did
not observe these patterns in the adjacent convergent positions where
full collapse during heat treatment occurred (Fig. 6a).

Clay mineral assemblage of the mixed conifer soils were dominated
by vermiculite, hydroxy-interlayed vermiculite (HIV), illite, and kaolin

Fig. 4. Geochemical depth profiles for the desert scrub site including a) τNa,Zr, b) τSi,Zr, c) τK + Ca,Zr. Geochemical depth profiles for the mixed conifer site that include d) τNa,Zr, e) τSi,Zr,
and f) τK + Ca,Zr.
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peaks (Fig. 5b, Fig. 6b). The conifer divergent saprock contained a small
gibbsite peak (Fig. 5b) and minor smectite peaks were present in con-
vergent and divergent saprock. The sharp 1.0 nm illite peak in the
surface conifer soils decreased in intensity with depth, particularly in
the divergent site.

4. Discussion

4.1. Climate and topographic controls on element and mineral distribution

Climate and topography represent interactive controls on the
weathering of silicate minerals as evidenced by the greatest depletion of
total feldspars in the water-gathering convergent positions of the mixed
conifer site (Fig. 2b). The data indicated a greater degree of mineral
transformation, elemental loss, and desilication in the wetter, more
biologically productive conifer ecosystems (Figs. 2, 4), which aligned
with findings from other climate gradient studies (Dahlgren et al., 1997;
Oh and Richter, 2005; Graham and O'Geen, 2010; Yousefifard et al.,
2012; Khomo et al., 2013).

Element and mineral losses in the mixed conifer ecosystem were
greatest in the convergent landscapes, demonstrating an increase in
downslope mineral weathering similar to prior catena studies (Nettleton
et al., 1968; Hattar et al., 2010; Khomo et al., 2011). The influence of
topography was less evident in the desert system, likely a result of drier
site conditions and the added complexity of dust inputs to the shallow
desert soils. We predict that the additions of feldspar (Fig. 2a) and
biotite (Fig. 3a) to the desert system originate from dust inputs that
alter the geochemical composition of the soils and complicate the as-
sessment of in situ weathering.

4.2. Dust fraction estimates in the SCM

Our findings indicate that dust comprises up to ~20% of the soil
material in the SCM desert and conifer ecosystems (Table 3), which has
important implications for soil geochemistry and nutrient cycling. The
dust fraction ranges for the SCM align with estimates of 10 to 40% in
the San Juan Mountains, Colorado (Lawrence et al., 2011) and 5 to 45%
for soils on cinder cones in northern Arizona (Rasmussen et al., 2017),
but were lower than the 50 to 100% reported for soils in drier regions
(Crouvi et al., 2013; McFadden, 2013). Dust-derived enrichments in silt
are common in low and high elevation landscapes (Wells et al., 1985;
Dahms, 1993; Bockheim and Koerner, 1997; Muhs and Benedict, 2006).
We see evidence for this phenomenon in the mixed conifer field sites,
with higher end member dust estimates corresponding to greater
average pedon silt contents (Table 3; Lybrand and Rasmussen, 2015).
The higher dust estimates for the mixed conifer site may reflect more
dust trapped by densely vegetated forests, where the rough, extensive
surfaces of trees intercept dust inputs, including dust-derived nutrients,
in a process known as canopy trapping (e.g., Lawrence et al., 2011).

4.2.1. Dust-derived minerals as a source of nutrients
The dust-derived minerals in the SCM soils may represent a poten-

tial source of nutrients to the desert and conifer ecosystems. The gains
of total feldspar in the desert soils coincide with elemental depletions of
Na, Si, and Ca + K (Fig. 4a–c), suggesting that the minerals in the dust
underwent transformation either in situ or prior to deposition. Back-
scattered electron images of dust collected from the desert site in-
dicated that the dust did contain fine-grained weathered minerals
(Fig. 7a–d). We expect that these smaller transformed grains prove
more accessible to organisms compared to larger, resistant grains that
originate from the granite bedrock. The dust may also be provide ele-
ments that are inherently low in granite parent material, such as P.
Aciego et al. (2017) identified dust as a critical contributor of P to the
nutrient budget for the montane forests in the Sierra Nevada, with P
concentrations in the dust being 2.5 times greater than P in the actively
eroding granitic bedrock. We also observed that P concentrations were
2 to 3 times higher in dust and surface soil samples from our sites when
compared to abundances in parent rock (Lybrand, 2014). The elemental
and mineralogical constituents of dust signify a valuable source of nu-
trients to ecosystems that requires further examination, especially in
forested landscapes where dust inputs are underrepresented.

4.2.2. Elemental enrichments of Fe and Mg from deposition of dust
The desert scrub and mixed conifer soils exhibited unanticipated

gains in Fe and Mg (Fig. 3a,b) that we associate with dust-derived
minerals including biotite. Biotite grains occur in dust (Fig. 7a–d) and
biotite percentages in the desert soils were more than double those
measured in the parent rock (Fig. 3c). The desert soils showed gains in
Fe and Mg corresponding to biotite mineral weight percentages that
closely matched semi-quantitative estimates of biotite in dust samples
(Fig. 3a,c). Enrichments in Fe and Mg occurred throughout all four
profiles in the mixed conifer site with the greatest additions in the
surface soils (Fig. 3b), which suggest external inputs and/or biocycling.

We predict that the lower abundance of biotite in the mixed conifer
soils results from the transformation of dust-derived biotite grains to
secondary weathering products, such as illite and vermiculite (Fig. 5b;
Fig. 6b). Both illite and vermiculite contain the Fe and Mg that would
contribute to the enrichment of these elements despite low percentages
of biotite in the conifer ecosystem.

Elemental additions of Fe and Mg in both the desert and conifer
ecosystems were most pronounced in convergent positions, particularly
in the conifer system (Fig. 3b). We attribute these gains to dust inputs to
the soil surface that were subsequently redistributed by erosion
(Brantley et al., 2007). Our results support the notion that topography
acts a hillslope-scale control on the redistribution and accumulation of
dust following deposition (Crouvi et al., 2013).

Table 3
Dust fraction estimates (fa) determined for each soil horizon using the Ferrier et al. (2011)
method.

Pedon Top depth (cm) Bottom depth (cm) Dust fraction estimate (fa)

Mixed conifer
Divergent 1 0 4 0.13

4 13 0.13
13 34 0.15
34 57 0.14

Divergent 2 0 6 0.19
6 35 0.14
35 60 0.13

Convergent 1 0 9 0.19
9 28 0.12
28 41 0.12
41 60 0.13
60 75 0.18
75 90 0.16

Convergent 2 0 10 0.10
10 25 0.10
25 44 0.09
44 70 0.10
70 93 0.13
93 110 0.13
110 130 0.15

Desert scrub
Divergent 1 0 3 0.08

3 9 0.16
9 21 0.13

Divergent 2 0 4 0.02
4 11 0.02
11 30 0.00

Convergent 1 0 8 0.08
8 20 0.10
20 35 0.16
35 45 0.06

Convergent 2 0 4 0.16
4 18 0.15
18 38 0.16
38 38 0.21
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Enrichments of Fe and Mg correspond to dust inputs in other
granitic landscapes where proximity to dust sources was a key factor
(Dixon et al., 2012; Khomo et al., 2013). A study of chemical weath-
ering in the San Gabriel Mountains, California found soils on the eastern
side of the mountain range to be enriched in Fe and Mg compared to
western sites (Dixon et al., 2012). The authors postulated that the
eastern sites received higher dust inputs from the Mojave Desert than
the more distant western landscapes (Dixon et al., 2012). Mojave dust
contains notable concentrations of Fe and Mg (Reheis and Kihl, 1995)
and likely had an impact on the geochemistry of the nearby (< 20 km)
soils examined by Dixon et al. (2012).

We speculate that dust deposition occurs throughout the SCM given
the array of regional to local scale dust sources in southern Arizona
(Clements et al., 2013) and the documented impacts of dust on high
elevation sites in the western United States (Muhs and Benedict, 2006).
Dust sources in the southwest include alluvial deposits, playas, barren
agriculture land, post-fire disturbances, and wind-driven disturbance
during monsoon events (Clements et al., 2013; Hahnenberg and Nicoll,
2014), all of which may contribute to the dust measured in the SCM.

Substantial Fe and Mg enrichments have been identified in lower
hillslope positions compared to upslope landscapes (Khomo et al.,
2013). Significant gains in Fe and Mg were observed in a study of arid
catena soils where granitic soils located closest to a basalt dust source
exhibited substantial enrichment in these elements compared to soils
located further away (> 15 km) (Khomo et al., 2013). The greater gains
in Fe and Mg in the downslope landscape position is similar to the SCM
soils where the greatest enrichments occurred in the convergent posi-
tions, likely reflecting contributions from local and upslope dust

deposits. The dust fraction of soil in a downslope landscape position is a
product of local dust inputs to that given geomorphic position, as well
as contributions from upslope soils that were transported downslope
(Crouvi et al., 2013).

4.3. Secondary mineral assemblage across the environmental gradient

4.3.1. Desert soils
The degree of mineral alteration intensified in the cool, wet conifer

soils compared to the desert system, leading to distinct differences in
secondary mineral assemblages. The desert clay minerals included
vermiculite, smectite, hydrated/partially dehydrated halloysite/kaoli-
nite, and interlayered halloysite/kaolinite-smectite (Fig. 5a; Fig. 6a).
We predict that the partial collapse of the halloysite/kaolinite-smectite
minerals in the divergent position compared to full collapse in the
convergent sites reflects a greater degree of mineral transformation in
the wetter, downslope positions. The dominant minerals, smectite and
halloysite, suggest a weathering-limited, silica-rich environment
(Parfitt et al., 1983; Dahlgren et al., 1997; Ziegler et al., 2003; Graham
and O'Geen, 2010). Smectites form through inheritance from parent
materials, 2:1 phyllosilicate mineral transformations, or neoformation
where smectites precipitate from soil solutions (Reid-Soukup and Ulery,
2002). Neoformed smectites precipitate under basic soil conditions
where silica and magnesium concentrations are high (Jackson, 1965;
Weaver et al., 1971). We expect that the smectites identified in the
desert scrub soils were neoformed given conducive soil conditions, yet
the transformation of biotite is also possible.

Halloysite was an unexpected mineral identified in the desert scrub

Fig. 5. X-ray diffractograms of clay fractions for Mg
+ Glycerol, formamide, K-25, and K-550 treatments
in the divergent landscape positions for the a) desert
scrub and b) mixed conifer sites.
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soils (Fig. 5a; Fig. 6a). Halloysite has been identified under different
conditions ranging from humid, tropical climates (Gilkes et al., 1980;
Jeong et al., 2003), to volcanic ash soils (Parfitt et al., 1983; Rasmussen
et al., 2007), to weathered granitic terrain (Robertson and Eggleton,
1991; Taboada and Garcia, 1999), to drier environments where
minimal leaching concentrated silica in soils (Parfitt et al., 1983).
Halloysite was also documented as a metastable product of basalt
weathering in arid soils of Hawai'i (Ziegler et al., 2003) via kinetic
factors, where rapid wet/dry cycles inhibited the thermodynamically
predicted formation of smectite.

Interestingly, smectite and halloysite co-occur in the desert soils,
which we attribute to microscale differences in solution chemistry or
mineral texture that promotes the precipitation of both mineral phases.
Halloysite and kaolinite minerals also differ in chemical and morpho-
logical compositions, and co-exist in soil profiles (Churchman and
Gilkes, 1989; Banfield and Eggleton, 1990; Papoulis et al., 2004); an
observation associated with microtexture controls and the composition
of soil solution (Papoulis et al., 2004). For example, halloysite and
kaolinite co-occurred in granitic saprolite where halloysite formed in
the microfissures of transforming plagioclase and kaolinite from
weathered biotite (Jeong, 2000), supporting the potential for localized
clay precipitation in contrasting microenvironments. We attribute the
complex array of smectite, hydrated and dehydrated halloysite/kaoli-
nite, and interlayered halloysite/kaolinite-smectite to climatic, soil, and
mineral microtextural interactions in the dry desert environment.

The distribution of kaolin mineral phases also changed with soil
depth in the desert scrub soils (Fig. 6a), likely a function of moisture
availability and rapid periods of wetting and drying. An increase in

hydrated halloysite with depth is common in xeric soil moisture re-
gimes where prolonged drying cycles in the summer months may de-
hydrate halloysite in the surface soils (Takahashi et al., 1993). A tran-
sition from kaolinite to dehydrated halloysite was identified when
comparing surface to subsurface soils in lateritic weathering profiles
(Churchman and Gilkes, 1989) and in a study of volcanic soil devel-
opment across sites with xeric soil moisture regimes in California
(Rasmussen et al., 2010). Surprisingly, the desert scrub surface soils in
both landscape positions exhibited the strongest hydrated halloysite
peaks that decreased in intensity and transitioned to dehydrated hal-
loysite and/or kaolinite with depth (Fig. 6a). Episodic, intense mon-
soons may provide the moisture required for the halloysite to remain
hydrated in the shallow surface soils (< 10 cm) during the summer
months.

4.3.2. Mixed conifer soils
The mixed conifer soils exhibited the greatest degree of mineral

transformation in the SCM where clay minerals included vermiculite,
illite, kaolinite, and HIV, with smectite and gibbsite as minor con-
stituents. Greater moisture availability at the conifer sites corresponded
to more intense kaolinite peaks with respect to smectite, a trend sug-
gesting increased desilication. Vermiculite was identified in both di-
vergent and convergent landscape positions (Fig. 5b, Fig. 6b). Vermi-
culite is widely distributed in soils and is a common intermediate
weathering product resulting from the transformation of biotite and
muscovite (Malla, 2002). We observed a sharp 1.0nm illite peak that
decreased in intensity with depth coupled with little to no smectite in
the divergent landscape positions (Fig. 5b), yet smectite and evidence

Fig. 6. X-ray diffractograms of clay fractions for Mg
+ Glycerol, formamide, K-25, and K-550 treatments
in the convergent landscape positions for the a) de-
sert scrub and b) mixed conifer sites.
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for the presence of interstratified minerals was observed in the con-
vergent soils, particularly the shallow saprock at ~40 cm (Fig. 6b). We
attributed the sharp illite peaks in the divergent positions to dust inputs
that became less prevalent with depth whereas the occurrence of
smectite and interstratified minerals in the saprock may result from the
accumulation of soluble weathering products (e.g., Si) in the con-
vergent water-gathering position. Well-expressed smectite peaks were
also noted at the soil- rock interface in a dry oak woodland site in
California where solutes likely accumulated and precipitated smectite
due to contact with a consolidated parent rock horizon (Rasmussen
et al., 2010). Smectite formation has been detected in lower footslope
positions with marked absences in adjacent crest and near-crest posi-
tions (Khomo et al., 2011), an observation attributed to greater con-
centrations of water-soluble Mg and Si transported downslope (Graham
and O'Geen, 2010).

Hydroxy-interlayered vermiculite is a common mineral phase re-
sulting from muscovite weathering where vermiculite is interlayered
with Al (Malla, 2002). The formation of the hydroxyl-Al interlayered
vermiculite often results in an “anti-gibbsite effect,” where Al con-
centrations are lowered in soil solution thereby discouraging gibbsite
precipitation (Jackson, 1963). Surprisingly, HIV and gibbsite co-oc-
curred in the divergent saprock that we associate with differences in
microscale environments (Bhattacharyya et al., 2000).

The gibbsite identified in the mixed conifer divergent saprock was
unexpected, particularly in a climatic regime receiving< 140 cm of
precipitation a year (Vazquez, 1981), and could result from localized
primary mineral transformations. Gibbsite formation has been cate-
gorized as “primary gibbsite” and “secondary gibbsite” where “primary
gibbsite” originates from the initial stages of aluminosilicate weath-
ering of parent rock minerals and “secondary gibbsite” from long-term
kaolinite weathering reactions (Boulange et al., 1975). Gibbsite has
been documented in young, non-tropical environments (Wada and
Aomine, 1966; Reynolds, 1971; Vazquez, 1981) and has been found
crystallized on plagioclase mineral surfaces during the initial stages of

transformation (Tazaki, 1976). The conditions outlined for “primary
gibbsite” formation include well-drained soil environments subjected to
rapid water flow that removes base cations and silica from the weath-
ering system (Vazquez, 1981). “Primary gibbsite” is most common on
hillslopes and is found less frequently in depositional valleys, likely a
result of the redistribution of water and weathering constituents across
a catena. Furthermore, “primary gibbsite” is most abundant in C mi-
neral horizons due to its origin in the weathered parent rock (Vazquez,
1981). We propose that the minor amount of gibbsite detected in our
study originated from the initial stages of granitic saprock weathering
in the well-drained divergent landscape positions. Prior work on the
conifer divergent saprock confirmed microscale depletions of Na and Si
across plagioclase grains and in-situ clay weathering products (Lybrand
and Rasmussen, 2014), evidence for a low-silica environment that may
be conducive to gibbsite precipitation.

5. Summary

The geochemical and mineralogical properties of granitic soils were
examined by landscape position across an environmental gradient in
southern Arizona. Mineral and base cation losses were highest in con-
vergent positions, with greater relative loss in the wetter conifer eco-
systems. Clay mineral assemblage in the warm, dry desert soils was
dominated by halloysite and smectite, reflecting climatic and mineral
microtextural controls on secondary phase formation. Clay minerals in
the conifer soils exhibited a greater degree of transformation, consisting
of vermiculite, illite, kaolinite, and minor amounts of smectite and
gibbsite. Enrichments in minerals (e.g., total feldspar, biotite) and select
elements (e.g., Fe, Mg) suggest that dust contributed to the mineral
and/or elemental composition of soils in all sites, with dust fraction
estimates up to ~20% in the desert scrub and mixed conifer soils.

Our findings indicate that climate, topography, and dust serve as
interactive controls on mineral composition and soil geochemistry in
the Catalina Critical Zone Observatory. We expect that the fine-grained,

Fig. 7. Backscattered electron images of transformed grains in dust samples collected at the desert scrub site. In the images, F denotes feldspar and Q signifies quartz.
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transformed minerals deposited as dust represent a source of nutrients
to ecosystems in the Sky Island region, particularly in the desert en-
vironments where rock-derived minerals have undergone little to no in
situ transformation. The role of dust-derived minerals and associated
nutrients must be addressed when examining soil and critical zone
development in the southwestern U.S.
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Appendix A

Fig. A1. Mobile constituent, oligoclase, in the a) desert scrub and b) mixed conifer sites.
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Fig. A2. Mobile potassium feldspar constituents including a) orthoclase in the desert scrub soils and b) microcline in the mixed conifer soils.
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Fig. A3. X-ray diffraction patterns of soils from the mixed conifer site analyzed as bulk random powder mounts. A depth profile for the divergent position included soils examined at the
following depths: a) 0–6 cm; b) 6–35 cm; and c) 35–60 cm. A depth profile for the convergent position spanned d) 0–10 cm; e) 44–70 cm; and f) 110–130 cm. Letter abbreviations in the
figures include M =mica (muscovite/biotite for mixed conifer field area); Q = quartz; O = oligoclase; K = K-feldspar (microcline for mixed conifer field area); and Z = zincite (internal
standard).
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Fig. A4. X-ray diffraction patterns of soils from the desert scrub site analyzed as bulk random powder mounts. A depth profile for the divergent landscape position included soils examined
at the following depths: a) 0–6 cm; b) 6–35 cm; and c) 35–60 cm. A depth profile for the convergent position spanned d) 0–10 cm; e) 44–70 cm; and f) 110–130 cm. Letter abbreviations in
the figures include M= mica (biotite for desert field area); Q = quartz; O = oligoclase; K = K-feldspar (orthoclase for the desert field area); and Z = zincite (internal standard).

Fig. A5. Example of peaks in the 0.16 nm range that confirm the presence of biotite or trioctahedral mica.
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