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Abstract
The critical zone evolves from coupled biological, physical, and geochemical processes that we quantify here across varying
climatic and topographic conditions. The specific objective of this work was to examine how climate, landscape position, and
vegetation drive feldspar weathering across the Santa Catalina Mountain Critical Zone Observatory, which exhibits considerable
range in temperature (24 to 10°C), precipitation (25 to 85 cm), and vegetation community composition (desert scrub → mixed
conifer). Granitic soils and parent rock were characterized using a profile development index, quantitative x-ray diffraction, and
electron microprobe analyses. Profile development indices increased linearly with increasing MAP/PET ratios (r2 = 0.48), with
higher degrees of soil development in convergent footslope positions. Bulk soils from the desert scrub sites were enriched in total
feldspar relative to quartz in both landscape positions, ranging from +2 to +24% compared to the mixed conifer soils, which
exhibited maximum total feldspar depletions of -13% in the convergent soils and -3% in the divergent sites. Microscale Na
depletions increased significantly from unaltered to altered feldspar grain sections, with more tightly constrained Na losses in the
mixed conifer grains compared to those from the desert scrub environment. Greater soil development and feldspar transformation
in the conifer soils documented interactive climate and vegetation controls on mineral weathering in bulk soils and at the
microscale. Furthermore, the larger profile development indices in the convergent landscapes demonstrated the importance of
studying hillslope-scale soil development along environmental gradients, where localized increases in mineral transformation
likely results from greater moisture availability and organic inputs in water-gathering landscape positions.
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1. Introduction
The critical zone is the interface between abiotic and biotic constituents that spans from the vegetation
canopy through the groundwater1 and represents an open system shaped by the climate, topography, and vegetation
communities of a given environment2. Mineral transformation is a crucial component to landscape evolution, having
thus been examined across varying climate/vegetation gradients3-7, landscape positions8-10, and scales of study11-13.
Plagioclase feldspars are one of the first minerals to undergo alteration in the mineral weathering environment14 and
have been the focus of laboratory15-16 and field studies17-18.
The objective of this paper was to synthesize pedon to microscale observations of soil development and
feldspar weathering across semiarid sites spanning the Santa Catalina Mountain Critical Zone Observatory (SCMCZO). The Santa Catalina Mountain Critical Zone Observatory is located along an environmental gradient in
southern Arizona where co-varying climate and vegetation community properties have generated distinct changes in
soil development across a relatively short distance (<20 miles)4,19.
2. Study area and methods
Soils and rocks were sampled on north-facing slopes within the SCM-CZO from five climate-vegetation
zones, referred to as desert scrub, desert grasslands/oak woodlands, low pine, mid pine, and mixed conifer (Fig. 1).
Within each climate-vegetation zone, samples were collected from two divergent summit and two convergent
footslope landscape positions to account for topographic controls on mineral transformation (Fig. 2). Divergent
positions shed water, soil materials, and dissolved organic carbon downslope to convergent footslopes where greater
moisture availability generally results in enhanced mineral weathering processes8-9. The degree of soil development
was quantified for all pedons in the study using Harden’s profile development index (PDI)20-21, which is an
empirical method that calculates developmental indices based on morphological differences between a soil horizon
and representative parent material. The desert scrub and mixed conifer sites represent the two climatic end members
of the SCM-CZO environmental gradient and were selected for additional mineralogical and microscale
characterization in this study. Total feldspar and quartz mineral weight percentages of the soils and parent rocks
were determined by quantitative x-ray diffraction and were used as the respective mobile and immobile constituents
in mass transfer calculations. Mineral losses and gains in the bulk soils were calculated using the dimensionless
mass transfer coefficient that accounts for coarse fragments and organic matter content22. Microscale feldspar
transformations were quantified by Na/Al ratios, where Na loss serves as a proxy for plagioclase feldspar
alteration23. Elemental weight percentages determined by electron microprobe analyses were used to calculate the
Na/Al ratios for unaltered, edge, and altered grain sections of feldspars in the desert scrub and mixed conifer sites.
The results represent a cross-scale investigation of feldspar mineral transformation between soil profiles, within bulk
soils, and across mineral grains (Fig. 3).

Figure 1. Photographs of the five field sites examined in the study including a) desert scrub, b) desert grasslands/oak woodlands, c) low pine, d)
mid pine, and e) mixed conifer.
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Figure 2. A photograph demonstrating the
convergent and divergent landscape positions
sampled within each climate-vegetation zone.

Figure 3. A schematic depicting the scales addressed in this study, ranging
from the (a) soil profile, (b) bulk soil samples, and (c) microscale investigations
of mineral grains.

3. Results and Discussion
3.1 Profile development indices
The greatest degree of pedon-scale soil development was observed in the convergent landscape positions of
the pine and conifer sites, as indicated by steeper increases in PDIs for convergent positions compared to more
gradual PDI increases in divergent sites24. For example, PDIs increased from 7.5 in the desert scrub convergent soils
to 17 in the mixed conifer soils compared to an increase from 2.5 to 7.4 for the respective divergent sites. These
findings coincide well with the catena model where the local redistribution of water, soil materials, and nutrients
contribute to greater soil development in convergent footslope positions versus summit and backslope landscape
positions8,25-26. The SCM profile development indices are also similar to other desert ecosystems of the southwest,
where PDIs spanned 2.3 to 34 for Holocene-aged systems21,27. Furthermore, the PDIs calculated for the convergent
and divergent landscape positions in this study exhibited similar trends to other toposequence studies where PDIs
were at least two times greater in footslopes compared to other positions on the hillslope 28-30. The profile
development index was an effective tool for quantifying climate and landscape position controls on soil
development across the SCM-CZO and exhibited similar ranges to other semiarid ecosystems.
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3.2 Feldspar mineral transformations
Feldspar weathering was examined in bulk
soil and microscale grain samples where climate
and landscape position both played a role in mineral
alteration processes. The desert scrub soils were all
enriched in total feldspar mineral weight
percentages relative to quartz with gains from +2 to
+21% in convergent sites and +3 to +24% in
divergent sites31, which resulted in distinct addition
profiles that did not differ by landscape position.
Addition profiles here are indicative of dust input to
the soil surface with subsequent redistribution
within the pedon32. Feldspar additions have been
documented through electron microprobe analyses
of dust collected from dust traps installed at the
desert scrub field site (Fig. 4). The mixed conifer
soils exhibited variable bulk soil feldspar mass Figure 4. Backscattered electron image documenting feldspar and
biotite grains in dust samples collected at the desert scrub site.
transfer coefficients that differed by landscape
position. For example, the feldspar losses were
relatively uniform with depth in the convergent
positions where depletions ranged from -13% to a
slight enrichment of +0.2%. The mixed conifer
divergent soils were generally enriched in total
feldspar with gains of +2 to +10%. However,
feldspar losses of -0.9 to -3% were detected in the
subsurface of the second divergent pedon. The
variation in feldspar mass transfer coefficients for
the mixed conifer soils suggests a combination of
feldspar weathering and dust deposition,
particularly in the divergent summit positions where
dust capture may be more effective than in
downslope convergent sites.
Mineral transformations
were also
examined at the microscale where significant
decreases in Na/Al ratios were measured across
feldspar grains from the desert scrub and mixed
conifer field sites33. Backscattered electron images
document the relative differences in transformation
between the desert scrub and mixed conifer feldspar
grains (Fig. 5a,b). The Na/Al ratios calculated for
feldspars in the desert scrub soils decreased
minimally from unaltered to edge sections, and
exhibited significant decreases in the transition from
center and edge sections to altered materials
(p<0.001). The mixed conifer samples demonstrated
the greatest degree of microscale feldspar alteration
in the study (Fig. 5b). The most pronounced Na
losses occurred between the unaltered and altered
grain sections where Na/Al averages decreased

Figure 5. Plagioclase grains analyzed from the a) desert scrub
and b) mixed conifer field soils. The labels denote how grain
sections were classified across sites33.
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from ~0.6 to ~0.04. The enhanced feldspar transformations in the mixed conifer soils are likely due to a combination
of factors including greater moisture availability23,34 and increased biological weathering processes resulting from
higher rates of primary production and organic acid inputs to the soil environment 35-36.
4. Conclusions
A cross-scale analysis of feldspar mineral transformation connected measures of pedon-scale soil
development to changes in total feldspar and sodium distribution in bulk soils and across feldspar grains. Greater
soil development in the mixed conifer pedons corresponded to increased total feldspar and sodium losses. Desert
scrub soils presented less evidence for feldspar transformation including lower profile development indices, gains in
total feldspar percentages attributed to dust deposition, and less Na chemical depletion at the microscale. Greater
soil development in convergent positions relative to adjacent divergent sites was consistent across all sites, with the
highest degree of total feldspar depletion occurring in the conifer convergent locations. These findings confirm the
interactive role of climate, vegetation, and landscape position in shaping the critical zone, where increased moisture
availability and biological production are likely driving feldspar transformation across various scales of study.
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