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ABSTRACT OF THE DISSERTATION

Soil Genesis, Hydrology, and Biogeochemistry of the White Mountains, Eastern California,
USA

by

Simmi Tomar

Doctor of Philosophy, Graduate Program in Environmental Sciences
University of California, Riverside, September 2024

Dr. Hoori Ajami, Co-Chairperson
Dr. Andrew Gray, Co-Chairperson

The arid White Mountains in eastern California are characterized by a steep tem-

perature and precipitation gradient making them an ideal site to study the integrated

effects of vegetation and climate on soil properties. Soil physical and hydrologic properties

are particularly important in this dry environment because they control infiltration, runoff,

and the distribution of plant available water. In addition, these mountains are constantly

receiving enormous amount of dust from the Owens Lake playa in the adjacent Owens val-

ley. Deposition of dust and incorporation below surface clasts leads to the development of

vesicular horizons which decreases percolation of water in the profile because of the non-

interconnected nature of these separated pores and, often, the presence of platy structure.

Therefore, pedogenic processes like eluviation and illuviation are restricted in the profiles

that form these surface horizons. To study the soil morphology and soil development in arid

mountains, a transect ranging from 2,200 to 4,300 m was established in 2009 in the WMs

on two primary lithologies present in the range—granodiorite and quartzite. Eleven sites
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in total were established and at least 4 soil pits were hand dug to 50 cm at each site and

morphological information recorded. After examining the 4 pedons, a representative pedon

was chosen, excavated further to 1 m, and described and sampled for standard soil physical

and chemical analysis. Pedons were described under shrubs or trees when present to fully

characterize each site. Soil physical and chemical properties including 1:1 pH, NaF pH, EC,

soil organic and inorganic carbon, and particle-size distribution were measured in the lab.

Bulk density was measured in horizons where the compliant cavity method could be used

and was extrapolated to other horizons through the development of a pedotransfer function

for the site. Qualitative soil morphological data collected in the field were integrated and

quantified using a profile development index and a vesicular horizon index. Soil moisture

and temperature sensors were installed at the site between 2013 and 2022 to monitor the

dynamics of soil hydrology along this transect. In addition, geochemical weathering in-

dices were calculated such as the chemical index of alteration, eluvial-illuvial coeffcients,

and strain to compare weathering processes in granodiorite and quartzite soils. This study

sheds light on the response of soil properties and hydrology to predicted climatic changes

in the area and serves as a baseline to measure future regional and global climate change .
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Chapter 1

INTRODUCTION

Drylands occur on all continents and cover about 40% of Earth’s terrestrial surface

(Ramond et al., 2022). They are defined as the regions where annual potential evapotran-

spiration (PET) is greater than annual precipitation (P) (i.e., P/PET ratio—also called the

aridity index—is less than 0.65) (Hulme, 1996). These arid regions, which currently support

about 20% of the world’s population, are increasingly prone to desertification due to a rising

population (Wickens, 1998; McNeely, 2003). Water is the main limiting factor in drylands,

and understanding how rainfall amount and frequency affect ecological processes in these

ecosystems is even more important since these regions are more prone to desertification

with changing precipitation patterns (Collins et al., 2014).

Due to the extremely dry climate and patchy vegetation cover, these ecosystems are

a source of dust and the amount of dust produced from these areas is continually increasing

in the western US (Brahney et al., 2013; Hand et al., 2017). Dust carried from low lying

areas gets deposited on the windward side of mountains and acts as a parent material for soil
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development (Munroe et al., 2024). Several studies have shown the importance of dust in

the soil development of these ecosystems (Litaor, 1987; Muhs & Benedict, 2006; Lawrence et

al., 2013). The long-term deposition of dust on soil surfaces that traps this eolian sediment

forms vesicular (V) horizons which are unique to arid and semi-arid environments (Turk

& Graham, 2011; Lebedeva et al., 2009). Vesicular horizons control the soil hydrology of

these landscapes by greatly restricting the infiltration of water and promoting surface runoff

because of non-interconnected vesicular pores (Anderson et al., 2002). Vesicular horizons

occupy over 156,000 km2 of the western United States and have important hydrological

implications as they can create a positive feedback for desertification in these arid regions

(Turk & Graham, 2011).

Arid and semi-arid ecosystems hold a significant repository of soil inorganic carbon,

contributing approximately 78% and 14% of the global soil inorganic carbon (SIC) pool,

respectively (Lal et al., 2021). With the increase in atmospheric CO2, it is predicted that

the carbon sequestration capacity of these arid and semi-arid ecosystems will increase by

at least 200 Tg due to CO2 fertilization (Guo et al., 2022; Grünzweig et al., 2003; Koch

et al., 2000). Arid ecosystems are fragile and are vulnerable to climate change (Tu et al.,

2023). Yet, the mechanisms and interactions involving soil, dust, climate, hydrology, and

geomorphology that contribute to this substantial C reservoir are not well understood.

The White Mountains (WMs) in eastern California are an ideal site to study arid

mountain ecosystems. This study was established on an elevational transect ranging from

2,200 to 4,300 m. This elevation gradient provides a range of precipitation and tempera-

tures to compare soil development under different climatic conditions. Additionally, these

2



mountains are sinks for dust from Owens lake playa (Reheis & Kihl, 1995; Marchand, 1970);

the WMs receive about 30 g m−2 yr−1 of dust, annually (Reheis, 1997). In addition, at

the first four elevations (i.e., 2,200–3,100 m), the study sites were situated on contrasting

lithologies—granodiorite and quartzite—that exhibit distinct differences in their physical

weathering characteristics (Ross, 1965). Granodiorite weathers into grus, while quartzite

physically breaks down into coarse, angular rock fragments. Consequently, the interaction

of dust with each of these residuum parent materials varies significantly.

Dust influx into weathered granodiorite pedons forms V horizons. In contrast, the

clast-supported matrix under quartzite forms large interstitial macropores that translocate

dust inputs deeper into the profile, discouraging the formation of V horizons. Vesicular

horizons control the hydrology in these water-limited ecosystems by encouraging surface

runoff (Valentin, 1994; Meadows et al., 2008; Graham et al., 2008). This effect on soil

hydrology is especially important since these mountains are home to the oldest living plant

species on Earth—the bristlecone pines (Pinus longaeva) (Bentz et al., 2017). Growing

in the scarce water conditions near the treeline makes this species vulnerable to changing

climate and upward shifts in the mountain range (LaMarche, 1973; Forzieri et al., 2022).

The younger seedlings of these trees are susceptible to a high mortality rate due to a warmer

climate, as soil moisture availability is predicted to decrease with climate change (Smithers

et al., 2021).

The exploratory study, conducted in the WMs, aimed to understand how climate,

dust, vegetation, and parent material interact and control the distribution of soils and soil

properties in arid mountains. The WMs provide an unique opportunity to tackle this goal.
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Chapter 2 is focused on understanding the genesis and distribution of soils in the WMs by

quantifying soil development using soil profile development indices. This chapter also ex-

plores the development and quantification of V horizons under contrasting lithologies of the

WMs in addition to studying the distribution of soil physical and chemical properties. Soil

inorganic C, organic C, and dust stocks are calculated and compared under granodiorite and

quartzite. Chapter 3 compares soil water movement under granodiorite and quartzite and

examines the influence of vegetation and V horizon formation on soil hydrology. This chap-

ter sheds light on the impact of granodiorite and quartzite on the hydrology of these fragile

arid ecosystems. Chapter 4 studies the geochemistry of soils developed under quartzite

and granodiorite by utilizing chemical weathering indices to quantify soil weathering and

eluviation/illuviation in soil profiles. Ultimately, understanding the geochemistry of soils

of the WMs will help us understand landscape evolution and hydrological functioning of

arid mountains, explore the effects of past climatic conditions, and predict the response to

future global change.
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Chapter 2

SOIL DISTRIBUTION AND

DEVELOPMENT IN THE ARID

WHITE MOUNTAINS, CA

Abstract

Arid mountain ecosystems are unique environments characterized by low precipi-

tation, extreme diurnal temperature fluctuations, sparse vegetation, abundant coarse frag-

ments, and eolian dust. These interactions give rise to distinct properties of arid mountain

soils. To understand the complex processes driving soil genesis in these regions, an ele-

vational transect, ranging from 2,200 m to 4,300 m in the White Mountains of eastern

California was examined focusing on two primary lithologies: granodiorite and quartzite.

Soil physical and chemical properties including 1:1 pH, NaF pH, EC, soil organic and in-
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organic carbon, and particle-size distribution were measured in the lab. Bulk density was

measured in horizons where the compliant cavity method could be used and was extrap-

olated to other horizons through the development of a pedotransfer function for the site.

Qualitative soil morphological data collected in the field were integrated and quantified us-

ing a profile development index (PDI) and a vesicular horizon index (VHI). Results indicate

that at lower elevations, increased rainfall facilitates rapid water percolation through soil

macropores, leading to relatively deep translocation of fines. Conversely, higher elevations

receive more precipitation in the form of snowfall, which directs infiltration towards ma-

trix pores resulting in shallower soil development but a matrix that is more influenced by

leaching and chemical weathering. Lithology also influences soil formation due to distinct

weathering pattern differences between granodiorite and quartzite. Granodiorite weathers

to produce grus which ultimately contributes to the development of relatively shallow soils

as dust is retained near the surface, while the more resistant quartzite accumulates rock

fragments with larger institial macropores that promote deeper soil development. The de-

position and subsequent translocation of eolian dust is important in these processes and

significantly modifies soil properties. In granodiorite-dominated sites, eolian deposition of

dust tends to form V horizons which restricts meteoric water infiltration and limits translo-

cation leading to a greater concentration of dust near the surface. In contrast, quartzite

pedons exhibited deeper soil development due to their capacity for translocation of dust via

preferential flow through interstitial macropores. These findings enhance our understanding

of soil genesis in arid mountain environments and highlight the combined impact of climatic

and lithologic factors on soil formation. The use of morphological indices of soil develop-
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ment in combination with standard chemical indicators of weathering allowed differences in

long-term hydrological processes (i.e., preferential flow vs matrix flow) to be distinguished

at this site and may serve as a model for similar studies in the future.

2.1 Introduction

Arid and semi-arid ecosystems cover about a third of the Earth’s surface, with arid

and semi-arid lands covering approximately 12.1 and 17.7% of the world area (Huenneke,

2001; Parsons & Abrahams, 2009). A significant proportion of these areas are occupied by

desert mountains; in the southwestern United States, desert mountains cover around 38%

of desert lands (Clements et al., 1957). Although, in general, arid and semi-arid regions

are a significant repository of soil inorganic carbon (SIC) contributing approximately 78%

and 14% of the global SIC stocks (Lal et al., 2021), arid mountains have the potential to

contribute up to an additional 1,485 Pg significantly increasing the estimate of total SIC

(Hirmas et al., 2011; Harrison & Dorn, 2014). However, the mechanisms and interactions

of soil, dust, climate, hydrology, and geomorphology that are responsible for this massive

pool remain poorly understood.

Dust is frequently transported from basin floors (e.g., playas) and alluvial fans to

arid and semi-arid mountain ranges (Marchand, 1970; J. A. Young & Evans, 1986; Reheis

& Kihl, 1995; Ziyaee et al., 2018). The southern Fry Mountains in the Mojave Desert of

California, for instance, has been reported to have trapped an average of 41 kg m−2 silicate

dust reaching a maximum of 156 kg m−2 on the windward side of the range (Hirmas et al.,

2011). Eolian dust plays a central role in the formation of desert pavements and vesicular
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horizons, both of which are prevalent features in arid regions; approximately 50% of arid

lands in North America are covered with desert pavement (Evenari et al., 1985). Desert

pavement—a layer of gravels and stones tightly packed and embedded in the land surfaces—

forms when dust accumulates beneath and rafts upward a surface layer of rock fragments

(McFadden et al., 1987). The layer of dust accumulating beneath surface rock fragments

often contain vesicular pores formed as air bubbles get trapped by infiltrating water and

deform the plastic silty material around semi-spherical, non-interconnected voids. Soil layers

with these properties are known as vesicular (V) horizons and their genesis is linked to the

formation of desert pavements (McFadden et al., 1998). The presence of desert pavement

promotes the formation of V horizons; these horizons are distinctive morphological features

of arid soils, associated with rough, rocky surfaces that trap eolian dust (Valentin, 1994;

Meadows et al., 2008; Turk & Graham, 2011).

Because the parent material for V horizons is deposited from eolian processes,

these layers are concentrated with silt compared to underlying soil horizons (Cooke, 1970;

Dixon, 1994). The embedding of the surface clasts is an important part of the formation

of V horizons as it seals the surface and prevents the escape of air bubbles formed from

subsequent wetting and drying cycles. The wetting of the surface leads to the entrapment

of air below the wetting front and forms isolated air bubbles that, with subsequent drying,

forms vesicular pores in the matrix. Overtime, this process repeats leading to an elongation

of the vesicular pores and eventual collapse to form platy structure (Turk & Graham, 2011).

Development of vesicular horizons affects the soil hydrology by reducing soil infiltration rates
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due to the presence of unconnected vesicles in the horizon (Valentin, 1994; Turk & Graham,

2011) and promoting surface runoff (Reheis & Kihl, 1995).

In arid mountains, clasts are formed by the physical weathering and/or transport

of bedrock. Eolian dust gets deposited between the clasts and transported deeper into

the profile by infiltrating water (Marchand, 1973; Blair, 1999). In arid mountains of the

Mojave Desert, dust has been reported to translocate to a depth of >1 m between coarse

clasts and into weathered and fractured bedrock (Hirmas et al., 2011). Because eolian

dust is often laden with salts, carbonate, and clay particles (Reheis & Kihl, 1995), the

trapping of dust by arid mountain surfaces facilitates the formation of calcic, petrocalcic,

and argillic horizons in these environments (McFadden & Tinsley, 1985). Precipitation

flushes these salts, carbonates and clay minerals through the interclast macropores and

concentrates them deep in rock fractures. The presence of these horizons in arid mountain

landforms indicates geomorphic stability because these horizons need a long period to form

especially in such water-limited environments (Hirmas et al., 2011). The stability of these

landforms have allowed significant quantities of dust to be incorporated into arid mountain

soils with profound implications on geochemical cycling. For example, in the Catalina

Critical Zone Observatory in Southern Arizona, the dust fraction is estimated to contribute

2% to 21% by mass in desert soils, with the interaction of dust, climate, and topography

significantly influencing the nutrient cycling and geochemical evolution of the soils (Lybrand

& Rasmussen, 2018).

Arid ecosystems of the southwestern US are sensitive to climate change because

most of the plant species live near the edge of their physiological water needs (Munson
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et al., 2011). Therefore, only slight changes in precipitation and temperature may change

species cover, composition, and geographic distribution (Archer & Predick, 2008). Climate

change will affect the plant zones asscociated with arid lands, with treelines moving up

in elevation in response to warmer and drier conditions (LaMarche, 1973; Gaire et al.,

2014). As a response to future climate change, species distributions are expected to shift,

such as big sagebrush (Artemisia tridentata) moving northward and the spread of creosote

bush (Larrea tridentata) in areas currently occupied by big sagebrush (S. L. Shafer et al.,

2001). Due to climate-induced increases in temperature, plant mortality rates are higher

than regeneration rates, which has significant negative ecological impacts such as reduced

carbon sequestration, changes in species composition and diversity, nutrient cycling, and

altered ecohydrological patterns of runoff and erosion (Dale et al., 2001; Allen, 2007).

A large elevational range provides the opportunity for studying future climate

change in arid mountains because it provides an environmental gradient, to observe how

vegetation, soil, and hydrology respond to varying temperatures and precipitation. This

range can serve as a natural laboratory, providing insights into how different ecosystems

may adapt to or be impacted by climate change, making it a valuable tool for understanding

and predicting the effects of global warming on mountainous regions. One mountain range

where the effects of future climate change are likely to be important is the White Mountains

(WMs) of eastern California which span a considerable range in elevation (2,134 to 3,048 m)

and are home to the ancient bristlecone pines (Pinus longaeva) (Schulman, 1958; Wright &

Mooney, 1965). A large amount of dust containing soluble salt, gypsum, and fine soil parti-

cles has been deposited on the WMs with an average rate of approximately 5-10 g m−2 yr−1
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from Owens lake playa (Reheis, 1997). Approximately 30% of the very fine sand and 50% of

the silt content in soils of the WMs are derived from eolian processes (Marchand, 1970). The

dominant lithologies in the WMs are granodiorite (coarse-grained intrusive plutonic rock),

quartzite, and dolomite (Marchand, 1973); the average surface rock cover is estimated to

be 27% on granodiorite, 54% on quartzite, and 77% on dolomite (Wright & Mooney, 1965).

Eolian dust is an important component in the soils formed in these regions; however, its

presence adds to the complexity in understanding soil genesis in these environments since

clay, soluble salts, and carbonate are added to the surface throughout soil development

(McFadden et al., 1987). For instance, in northern Arizona, south-facing slopes of cin-

dercones in the San Francisco volcanic field area have vegetation cover linked with higher

dust trapping potential leading to the formation of argillic horizons; dust accumulation on

the southern slopes increases the water holding capacity and enhances soil physical and

chemical weathering resulting in more developed soils on the south-facing slopes compared

to north facing slopes (Rasmussen et al., 2017). Dust-influenced soils of the WMs, vary-

ing lithology, different vegetation zones across the transect and both snowmelt and rainfall

driven hydrologic cycles offer unique opportunities to study soil development and processes

in arid mountain ecosystems. The overall goal of this project is to understand how the

interactions of climate, dust, vegetation, and parent material control the distribution of

soils and soil properties in the arid WMs and how future climate change might influence

these interactions, altering the water cycle, soil-landscape evolution, and carbon dynamics

in these ecosystems.
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2.2 Methods

2.2.1 Study site

The arid WMs in eastern California lie immediately to the east of the Sierra Nevada

range and extend approximately 60 km in the north-south direction with a width of about

20-25 km; they are separated from the Sierras by the upper Owens valley (Rundel, 2008)

(Fig. 2.1a). The range rises rapidly from the valley floor at 1,220 m to more than 4,300 m

at WM peak—the third highest summit in California (Hall, 1991). The WMs are in the

rain shadow of the Sierras and receive only approximately one-third of the precipitation

received by the west side of the Sierras at the same elevation (Wright & Mooney, 1965).

As moist air from the Pacific is forced upwards on the westward side of the Sierras, it

cools adiabatically resulting in significant precipitation. After summiting the Sierras, the

air is compressed and warmed adiabatically at a steeper rate on the lee side than it cooled

on the windward side resulting in warmer and less humid air on the western side of the

WMs. This strong orographic rain shadow effect is responsible for the arid conditions in

the WMs (North et al., 2009). Mean annual precipitation (MAP) at the lower elevations

ranges from 125–150 mm to 508 mm or higher at the upper elevations (Hall, 1991). Mean

annual precipitation determined for each site from 1981–2010 normals in the PRISM dataset

(PRISM Climate Group, 2014) is shown in Table 2.1. In addition to MAP, the snow water

equivalent (SWE)—a measure of the amount of water contained in the peak snowpack—

was determined using Landsat 5 data between 2000–2016 (Margulis et al., 2016). The mean

peak SWE value was found for each year and averaged for the years 2000-2016 (Table 2.1).
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Figure 2.1: a) Location of the WMs relative to the Sierra Nevada Mountains. b) Locations
of the study sites across the elevational transect. Chalfant Valley shown in panel b is part
of the Owens Valley adjacent to the study area. c) The geologic map of the study area
shows that the sites are primarily located on two lithologies: granodiorite and quartzite.
Additionally, the highest elevation site (WMS) is located on metavolcanic rock. Geologic
units were obtained from (USGS, 2021)

.
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Vegetation in the WMs is broadly divided into the following four major plant zones based

on elevation beginning with desert scrub, pinyon wood-land, subalpine forest, and alpine

tundra (Mooney, 1973). Above 3,500 meters, the alpine zone is characterized by non forested

areas, dominated by broad-leaved herbaceous perennials (53%), graminoid perennials (22%)

and mats and cushions (11%). Woody shrubs and annuals are less common in this area, as

they are more typically found in communities at lower elevations (Rundel, 2008).

2.2.2 Fieldwork and sampling layout

The WMs are characterized by a steep temperature and precipitation gradient.

As such, this range is an ideal site to study the integrated effects of biota, lithology, and

climate on the distribution of arid mountain soils. A transect ranging from 2,200 to 4,300 m

was established in 2009 on three different parent materials present in the range (Fig. 2.1c).

Eleven sites in total were established: six were located on granodiorite (GR2, GR3, GR4,

GR5, WP8, and BAR), four on quartzite (WP4b, WP5, WP6b, and WP7), and one on

metavolcanic parent materials (WMS) (Fig. 2.1 and Table 2.1). These sites fall within three

of the four vegetation zones defined by Mooney (1973) across the WMs (Table 2.1). The soil

sampling design at each of the sites is shown in Fig. 2.2a. At each site, soil morphological

information was recorded from a minimum of 4 hand-dug pits (approximately 30 cm wide

× 40 cm long × 50 cm deep). One of the 4 pits was chosen as a representative soil profile,

excavated further to 1 m, described following Schoeneberger et al. (2012), classified using

US Soil Taxonomy (Soil Survey Staff, 2022), and sampled for standard soil physical and

chemical analysis. In addition, pedons were described under shrubs and trees when present
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Table 2.1: Elevation, lithology, vegetation, mean annual precipitation (MAP), and mean
peak snow water equivalent (SWE) of the sites used in this study. Mean annual precipita-
tion was determined for each site from 1981–2010 normals in the PRISM dataset (PRISM
Climate Group, 2014). Mean peak SWE was determined using Landsat 5 data between
2000–2016 (Margulis et al., 2016)

.

Elevation MAP SWE
Site (m) Lithology Vegetation (mm) (mm)

GR2 2,200 Granodiorite Pinyon-woodland 232 34
WP4b 2,200 Quartzite Pinyon-woodland 232 34
GR3 2,500 Granodiorite Pinyon-woodland 282 58
WP5 2,500 Quartzite Pinyon-woodland 282 58
GR4 2,800 Granodiorite Pinyon-woodland 367 103

WP6b 2,800 Quartzite Pinyon-woodland 367 103
GR5 3,100 Granodiorite Sub-alpine 397 100
WP7 3,100 Quartzite Sub-alpine 397 100
WP8 3,700 Granodiorite Alpine 557 254
BAR 4,000 Granodiorite Alpine 557 –
WMS 4,300 Metavolcanic Alpine 584 357

I1, S1

I2, S2

I4, S4I3, S3
15 m 15 m

10 m

10 m

(a)

Shrub Interspace

(b)

Figure 2.2: a) Soil sampling design at each site. A reference center point was chosen and
used to locate four endpoints: Interspace and shrub sites upslope (I1, S1) and downslope
(I2, S2) were 10 m from the center; interspace and shrub sites along the contour were 15 m
to the left (I3, S3) and right (I4, S4) of the center point. Soils were sampled under shrub,
interspace, and tree (if present) at each site. b) Photo showing the shrub and interspace
distribution at the GR5 site.
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to fully characterize each site (Fig. 2.2b). Due to time and logistical constraints, bulk

density (BD) was sampled with the plaster cast method (Frisbie et al., 2014) in triplicate

on 47 horizons across the study site. This method is a good alternative for measuring soil

bulk density in situations where conventional methods like clod or core sampling are not

feasible, such as in loose or rocky soil. Horizontal shelves were carved into the soil profile

at each horizon, cardboard rings were inserted from the top down on these shelves, soil

material was excavated within and below the rings, and dental plaster was used to fill the

resulting cavity.

2.2.3 Laboratory analyses of soil properties

Soil material sampled for bulk density was dried in the laboratory at 105◦C and

weighed. Volumes of the plaster casts were determined via water displacement and used to

calculate dry bulk density of the sample following Frisbie et al. (2014). The bulk density

sample was sieved to separate the fine-earth (<2 mm) from the coarse (>2 mm) fraction and

the resulting values used to calculate the fine-earth bulk density (ρfe) following Grossman

& Reinsch (2002).

Bulk soil samples collected from the field were sieved to separate fine-earth from

coarse particles. The mass of each of these two fractions were recorded and combined with

the volume fraction of coarse gravel, cobbles, and stones estimated using percentage charts

in the field to calculate a total coarse volume fraction (fcf) in the soil as:

fcf =
mcρs
msρp

(1 − fgcs) + fgcs (2.1)
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where mc is the mass of coarse particles in the bulk sample, ms is the combined masses

of the fine-earth and coarse fractions in the sample, ρs is the dry bulk density of the

sample determined from the plaster cast compliant cavity method, ρp is the particle density

(assumed to be 2.65 g cm−3), and fgcs is the combined field-estimated volume fraction of

coarse gravel, cobbles, and stones.

Bulk samples were analyzed for particle-size distribution (PSD) using the integral

suspension pressure (ISP) method following Durner et al. (2017). The ISP method quasi-

continuously records the pressure of a settling, dispersed soil suspension with a pressure

transducer (PARIO, METER Group, Pullman, WA) at a fixed depth below the height of

the suspension. Samples were pretreated to remove soil organic matter with 30% H2O2

following Gee & Or (2002). Samples that effervesced when tested with 1 N HCl were

pretreated to remove soil carbonates using 1 M NaOAc buffered at pH 5 (Gee & Or, 2002).

Pretreated samples were rinsed with deionized water using a filtration aparatus to remove

residual pretreatment reagents and dispersed in 5 g L−1 (NaPO3)6 prior to analysis.

In order to account for slight variations in temperature during the procedure, the

particle diameter (dp) associated with the ith measurement time (ti) recorded by the PARIO

was calculated using the Stoke’s law:

dp(ti) =

 18ηiL

(ρp − ρsoli)g

[
18ηi−1L

(ρp − ρsoli−1
)gd2pi−1

+ ti − ti−1

]−1


1
2

(2.2)

where L is the depth of the pressure transducer below the height of the suspension, g is the

acceleration due to gravity, and η and ρsol are the dynamic viscosity and density of the solu-

tion, respectively, calculated using the temperature at the ith and ith-1 time measurement
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and concentration of the dispersant following Durner et al. (2017). The mass fraction of the

particles corresponding to the diameters of each time interval (fi) was calculated following

Durner et al. (2017) as:

fi =
CpiV

mp
(2.3)

where Cpi is the concentration of particles with effective particle diameters between dp(ti−1)

and dp(ti), V is the total suspension volume, and mp is the total dry mass of particles in

the suspension. In Eq. 2.3, Cp is determined as:

Cp =
∆P(

1 − ρsol
ρp

)
gL

(2.4)

where ∆P is the difference in consecutive pressure measurements. After recording settling

suspension pressures for 24 h following mixing, samples were sieved for sand. The sand

fraction of each sample was dried, separated by sieving into very fine (50-100 µm), fine

(100-250 µm), medium (250-500 µm), coarse (500-1000 µm), and very coarse (1000-2000

µm) sand, and the masses recorded. The mass fraction of particles with dpi diameters

determined with the PARIO were replaced with the sieved mass fractions of sand. To

preserve mass balance, the total sand concentration (Cpsand) was used to define a scale

factor (fs) as:

fs =
Cp0 − Cpsand

Cpsilt+clay

(2.5)

where Cp0 is the total concentration of particles per volume in the sedimentation cylinder

and Cpsilt+clay
is the sum of the Cpi values for particles smaller than sand to adjust their

total concentration such that
∑

Cpi = Cp0 .

23



Soil pH and electrical conductivity (EC) were determined on 1:1 extracts of each

sample following Soil Survey Laboratory Staff (2022). To qualitatively assess the amount

of amorphous soil material in each sample, pH was also determined 2 min after mixing 1 g

of soil with 50 mL of 1 N NaF initially adjusted to a pH of 7.5-7.8 (Soil Survey Laboratory

Staff, 2022). Total carbon (TC) was measured on an elemental analyzer (Flash EA1112, CE

Elantech, Inc., Lakewood, NJ). Samples that reacted with 1 N HCl were analyzed for soil

inorganic carbon (SIC) by coulometric titration (CM5017, UIC Inc., Joliet, IL) following

Engleman et al. (1985). Soil organic carbon (SOC) was determined as the difference between

TC and SIC.

2.2.4 Data analyses

Calculation of morphological indices

Profile development (PDI) and vesicular horizon indices (VHI) were used to quan-

tify soil and vesicular horizon development from profile descriptions. Profile development

indices have been used to quantify pedogenic development in soils based on field mea-

sured soil properties since their introduction by Bilzi & Ciolkosz (1977) and Harden (1982).

Six properties were used in the PDI calculations including particle-size, calcium carbonate

equivalent (CCE), soil color (i.e., in the CIELAB color space), clay films, pedogenic car-

bonate morphology, and silica development stages as these soil properties are relevant to

pedogenic processes in arid mountains. For each horizon, PDI scores were assigned follow-

ing the approach proposed by Koop et al. (2020). Properties were compared to the same

properties in layers directly above or below the horizon being scored. Property scores were
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converted to a standardized point system, ranging from 0 to 1 to ensure equal weighting

when combined with scores for different properties. To calculate the PDI for a soil profile,

scores for each soil horizon were weighted by horizon thickness and divided by the total

pedon depth. Although based on the same logic, the PDI in this work differed slightly from

Koop et al. (2020) as follows.

First, V horizons and transitional or mixed horizons such as AV or A/V were

defined as eluvial horizons since clay accumulation was only observed in the subsurface

horizons. In addition, Koop et al. (2020) compared soil color of darkened surface horizons

due to organic matter accumulation with lighter and redder subsurface horizons. Since

the V, AV or A/V horizons occur at or near the surface but were generally lighter than B

horizons, they were assigned ‘NA’ for the respective horizon development index (HDI) to

avoid penalizing the V horizons for not developing darker color. Second, two additional soil

properties were added (i.e., pedogenic carbonate morphology and silica development stage).

For the pedogenic carbonate morphology, we followed the criteria outlined by Schoeneberger

et al. (2012) to assign carbonate stages for coarse fragment matrices. These stages were then

normalized by dividing them by 6 (representing the maximum possible stage of pedogenic

carbonate development) resulting in values scaled between 0 and 1 for each horizon. Silica

development stages were assigned based on criteria indicating the presence of cementation

due to opaline silica or the recording of a subordinate ‘q’ designation within the horizon.

Horizons meeting these criteria were assigned a value of 1, while those that did not were

given a value of 0.
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Morphological descriptions of vesicular pore size and quantity were given numeric

values following the scoring system proposed by Turk & Graham (2011). However, unlike

Turk & Graham (2011), the VHI in this work was calculated using the normalized score

without multiplying by the thickness of the V horizons. This was done to isolate and

assess the developmental character of the V horizons without reference to the thickness. In

cases where multiple V horizons were recorded (e.g., V1 and V2), we calculated the VHI

separately and took the average of the relevant horizons to get a single VHI for the pedon.

Extrapolating bulk density measurements

We developed a pedotransfer funcion (PTF) to extrapolate bulk density to horizons

not sampled with the compliant cavity plaster cast method. A backward selection, Akaike

information criterion (AIC)-based stepwise linear model (Venables & Ripley, 2002) was fit

to the measured fine-earth bulk density data using the volume fractions of coarse gravel and

cobbles estimated in the field, percent sand, horizon midpoint depth and their interation

terms. Gravel and cobble volume fraction data were square root- and log-transformed,

respectively, after histograms were visually inspected for normality. Model fit was assessed

using the coefficient of determination (R2) and root mean square error (RMSE) from a leave-

one-out cross validation (LOOCV) (Hastie et al., 2009). The resulting PTF was applied

across the study sites to obtain fine-earth bulk density for each horizon not measured with

the plaster cast method.
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Particle-size distribution

To assess the origin of different soil particle sizes (e.g., residuum vs eolian), high-

resolution PSD data from the ISP method were fit with a double Weibull cumulative dis-

tribution function of the form:

F (dp) = 1 − w exp

[
−
(
dp
λ1

)k1
]

+ (w − 1) exp

[
−
(
dp
λ2

)k2
]

(2.6)

where F (dp) is the cumulative particle-size mass fraction, the subscripts 1 and 2 refer to

the fine and coarse domains, respectively, of the bimodal distribution, λ and k are the scale

and shape parameters of the distribution, respectively, for each domain (treated as fitting

parameters), and w is the weighting coefficient with values between 0 and 1 that represents

the contribution of the first domain to the cumulative PSD. To assess the appropriateness

of fitting Eq. 2.6 to the PSD data, we additionally fit a unimodal Weibull distribution to

the F (dp) data from each sample and compared the difference in the AIC of the two models

following Burnham & Anderson (2004). Values of this difference criterion greater than 4

supported the use of Eq. 2.6 (Burnham & Anderson, 2004) and confirmed bimodality of the

PSD.

The quantity of eolian material in each sample was assessed as the weighted cu-

mulative distribution function of the fine particle-size domain:

fem = w

{
1 − exp

[
−
(
dp
λ1

)k1
]}

(2.7)
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where fem is the mass fraction of the sample likely attributable to eolian (i.e., dust) de-

position and vertical translocation. A similar PSD-based approach was used by Hirmas &

Graham (2011) to characterize dust contributions in the fine-earth fraction of arid moun-

tain soils in the Mojave Desert. Dust stocks (Cem) of each pedon were calculated using the

mass fraction of dust in the fine-earth sample, the fine-earth bulk density, and the volume

fraction of coarse fragments in the soil as:

Cem =

h∑
i=1

femiρfei(1 − fcfi)Ti (2.8)

where Ti is the thickness of the ith horizon in the profile. To compare pedons with different

lower depths across the WMs, Eq. 2.8 was calculated for h number of horizons in the profile

above 50 cm; if a horizon extended above and below 50 cm, it was truncated at 50 cm in the

calculation. The resulting values represent dust stocks in the upper 50 cm of each pedon in

units of kg m−2. In addition, the geometric mean particle diameter (GMD) of each PSD was

calculated to assess lithologic differences in residuum contribution to the fine-earth fraction

of each soil.

Soil carbon stocks

Total inorganic (fsic) and organic carbon (fsoc) mass fractions were converted into

carbon concentrations on a volume basis by multiplying the respective carbon fraction with

fine-earth bulk density, volume fraction of fine earth (1 − fcf), and horizon thickness. As

with dust (Eq. 2.8), volume fractions of soil carbon were summed to 50 cm to calculate

stocks of SIC or SOC in the upper 50 cm of each pedon in units of kg m−2.
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Statistical analyses

Linear models were fit to soil pedon data aggregated by elevation, lithology, and/or

vegetation. Coefficients of determination were used to evaluate the fraction of the variabil-

ity in the response variables explained by the predictor variables. Full model and slope

comparisons were conducted for fits to different subsets of the data following the methods

described by Neter & Wasserman (1974) and Edwards (1976), respectively. All graphical

plotting of the data and statistical analyses were conducted using R version 4.4.0 (R Core

Team, 2024).

2.3 Results

2.3.1 Soil classification

Six soil taxonomic subgroups were identified in this study and exhibited distinct

patterns across different elevations, lithologies, and vegetation (Table 2.2). The most com-

monly occurring subgroups at lower elevations are Typic Haplocambids and Typic Hap-

largids, with Typic Haplocryids and Typic Haplorthels being the only subgroups at 4,000

and 4,300 m, respectively. Most of the soil types identified were more common at granodi-

orite sites with the exception of Typic Haplocambids, which were more commonly found

under quartzite (47.2%) than granodiorite (11.5%). Although Bt horizons under quartzite

were thicker and more abundant than granodiorite, they did not meet the criteria for argillic

horizons. A higher frequency of calcic and argillic horizons were observed under granodiorite

compared to quartzite. Soils were classified as Typic Haplargids at 63.5% of granodiorite
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Table 2.2: Frequency distribution (%) of soil types across elevation, lithology and vege-
tation classified to the subgroup level of US Soil Taxonomy. Soil types included Typic
Haplocambids (THD), Typic Haplocalcids (THC), Typic Haplargids (THA), Typic Calcia-
rgids (TCA), Typic Haplocryids (THY), and Typic Haplorthels (THL).

Environment THD THC THA TCA THY THL

Elevation (m)
2,200 6.3 31.3 37.5 25.0 0 0
2,500 10.0 0 75.0 15.0 0 0
2,800 54.2 0 45.8 0 0 0
3,100 31.3 0 68.8 0 0 0
3,700 25 0 75.0 0 0 0
4,000 0 0 0 0 100.0 0
4,300 0 0 0 0 0 100.0

Lithology
Granodiorite 11.5 7.7 63.5 9.6 7.7 0
Quartzite 47.2 2.8 44.4 5.6 0 0
Metavolcanic 0 0 0 0 0 100

Vegetation
Interspace 20.5 2.3 50.0 9.1 9.1 9.1
Shrub 25.0 11.1 55.6 8.3 0 0
Tree 41.7 0 58.3 0 0 0

site compared to 44.4% under quartzite. Additionally, Typic Halplargids were the most

common subgroup in all three vegetation types. Typic Haplocryids and Typic Haplorthels

only occurred under interspaces. Soils under trees in the study were classified exclusively

into Typic Haplocambids and Typic Haplargids subgroups.

2.3.2 Soil morphological indices

Profile development indices significantly declined (H0 : β1 = 0; P < 0.01) from

the low to high elevation explaining approximately 63% of the variation in PDI aggre-

gated across lithology-vegetation combinations (Fig. 2.3a). Both granodiorite (R2 = 0.43;

H0 : β1,g = 0; P < 0.05) and quartzite pedons (R2 = 0.77; H0 : β1,q = 0; P < 0.01) showed

significant declines in morphological development with increasing elevation (Fig. 2.3b) with
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Figure 2.3: Profile development index (PDI) averaged across the 4 replicates of each
lithology-vegetation combination showing (a) the overall negative linear trend and (b) the
linear trends for granodiorite (purple) and quartzite (orange) separately. The green circle
in the plot represents the interspace metavolcanic site (WMS).
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Figure 2.4: Elevational trends in vesicular horizon index (VHI) averaged across the 4 repli-
cates of each lithology-vegetation cover combination. V horizons were not observed in the
sites above 3,100 m. Points in purple represent granodiorite and points in orange represent
quartzite.

the slope steeper for quartzite than granodiorite although not significantly so (H0 : β1,g =

β1,q; P = 0.14). Indeed, no significant differences were found when comparing the overall

negative trend in PDI (i.e., Fig. 2.3a) to the trends with elevation observed when aggre-

gating the data by lithology or vegetation cover suggesting that elevation-induced changes

in precipitation and temperature are likely controlling the morphological development of

soils across the range although vegetation and, especially, lithology may be modifying these

trends more locally.

Vesicular horizon indices showed a moderately significant decline with increasing

elevation (R2 = 0.25; H0 : β1 = 0; P = 0.07) although this trend was partly driven by

an anomalously high value observed for quartzite at 2,200 m (Fig. 2.4). V horizons were

observed in 17 pedons under granodiorite and in 8 pedons under quartzite, out of a total

of 40 and 36 pedons, respectively. At elevations where V horizons occurred on quartzite

32



Table 2.3: Coefficients, standard error (SE), and P -values for the stepwise linear model
(PTF) fit (with R2=0.42 and P=0.02) to the measured fine-earth bulk density data. Gravel
and cobble volume fraction data were square root and log transformed, respectively. The
sand fraction is the weight percentage of the fine-earth fraction. Depth is the midpoint of
a given horizon.

Variable Coefficient SE P -value

Intercept 1.67 0.510 <0.01
Gravel -0.101 0.0651 0.13
Cobbles 0.278 0.493 0.58
Sand -0.00858 0.00624 0.18
Depth -0.0183 0.0138 0.19
Gravel × sand 0.00163 0.000820 0.06
Cobbles × sand -0.00437 0.00697 0.53
Gravel × depth -0.00157 0.00101 0.13
Cobbles × depth 0.0242 0.0150 0.12
Sand × depth 0.000384 0.000182 <0.01
Cobbles × sand × depth -0.000299 0.000196 0.14

(i.e., 2,200, 2,800, and 3,100 m), average VHIs were consistently larger than for V horizons

that occurred on granodiorite (Fig. 2.4). Above 3,100 m, V horizons were not observed at

the study site. Compared to shrub vegetation, pedons in interspace areas were consistently

more likely to have V horizons and, except for the 2,500 m elevation, had more strongly

expressed vesicular morphology (Fig. 2.4).

2.3.3 Soil physical and chemical properties

The coefficients of the linear model for the fine-earth bulk density are shown in

Table 2.3. Ignoring the intercept, the most significant terms in the final stepwise model

were the interactions between sand and depth and between gravel and sand followed by

cobbles and depth, gravel and depth, and cobbles, sand, and depth. While the relationship

between sand and bulk density is well established (Hillel, 1998), the gravel and cobble

results indicate that the coarse fraction is also an important determinant of fine-earth bulk
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Figure 2.5: Plot showing observed fine-earth bulk density against the fine-earth bulk density
predicted using the PTF model developed in this study. The solid black line represents the
1:1 line, where the predicted values are equal to actual values.

density in the WMs. The model was cross-validated using the LOOCV method (Hastie et

al., 2009) which resulted in a mean squared error for the cross-validation (MSEcv) of 0.031

g cm−3 (Fig. 2.5). Figure 2.5 shows the linear relationship between observed and predicted

fine-earth bulk density. The intercept and slope were not significantly different than 0 and

1, respectively (P = 0.02), indicating that model was unbaised over the range of fine-earth

bulk densities observed in the WMs and that differences between observed and predicted

values is only due to unexplained variance (Piñeiro et al., 2008).

Figure 2.6 plots GMD as a function of depth for individual horizons across the

study. A clear separation in the geometric mean size of fine-earth particles is evident

between quartzite and granodiorite. The majority of granodiorite samples (66.84%) showed

average particle diameters between 100 and 300 µm while most of the quartzite samples

(65.81%) were less than 100 µm. Quartzite samples showed slightly coarser textures in
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Figure 2.6: Depth trends in the geometric mean particle diameter (GMD) showing results
of each horizon measured in this study excluding two samples that were sampled below 100
cm.

the upper 5-10 cm of the profiles on average compared to below that depth. In contrast,

granodiorite samples showed no obvious trend with depth in the GMD data. Metavolcanic

samples from the WMS site showed a similar distribution to the granodiorite sites of lower

elevations.

Dust stocks varied from 3.1–60.8 kg m−2 across the transect (Fig. 2.7). Gran-

odiorite pedons had more dust in the 50 cm depth (20.04 kg m−2) compared to quartzite

(8.22 kg m−2). Interspace pedons had higher amounts of dust (20.02 kg m−2) than shrub

pedons (11.15 kg m−2). Granodiorite pedons had more SOC (2.45 kg m−2) and SIC

(0.85 kg m−2) in the 50 cm depth compared to quartzite (1.90 kg m−2 SOC; 0.02 kg m−2

SIC). Soil organic carbon stocks increased with elevation until 3,100 m likely due to the

decrease in vegetation above that elevation (Fig. 2.8a). That is, there is only one shrub site
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Figure 2.7: This plot illustrates the relationship between elevation (m) and average dust
stock (kg m−2) in the upper 50 cm of soil across different lithologies (Granodiorite and
Quartzite). The black linear trend line is for the general data, which shows that dust stock
remains relatively same across all the elevations. Dust stock for granodiorite is higher than
quartzite at every elevation.

at 3,700 m and above that elevation, only interspace sites. Soil inorganic carbon decreases

with elevation probably due to the increase in MAP above that elevation translocating SIC

deeper into the profile (Fig. 2.8b).

Soil pH was highest at the lowest elevations and decreased up the transect (Fig. 2.9a),

likely reflecting the increase in MAP at higher elevations. Electrical conductivity ranged be-

tween 0 and 0.4 dS m−1 and followed a similar inverse pattern with elevation (Fig. 2.9b). We

observed slightly higher EC values under shrub compared to interspace areas. The highest

values of NaF pH (>9)—which indicate the presence of amorphous material (e.g., volcanic

ash)—were observed only at the lowest elevation (2,200 m) although a clear decreasing

trend up the transect similar to the 1:1 pH and EC data is evident in Fig. 2.9c.
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Figure 2.8: Elevational trends in average (a) SOC and (b) SIC stocks in the upper 50 cm
of soils in this study. The line shown in (a) is a second order polynomial fit to all the data;
the line shown in (b) is a linear model fit to just the granodiorite data (purple).
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Figure 2.9: Elevational trends in (a) 1:1 pH, (b) EC, and (c) NaF pH

2.4 Discussion

2.4.1 Vesicular horizon formation

Lithologically-controlled surface roughness influences the dust influx into fractures

of rocks or in gaps between rocks at the land surface. In the WMs, granodiorite sepa-

rates into fine gravels and grus via physical weathering (Wright & Mooney, 1965) whereas

quartzite outcrops are broken down into large, sharp, angular rock fragments. This dif-

ference in physical weathering patterns between the granodiorite and quartzite results in

a larger volume fraction of sands and gravels that occur between the larger clasts in soils

developed in granodiorite compared to quartzite. Soils developed in quartzite, in con-

trast, contain minimally weathered angular fragments that create large interstitial pores
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Figure 2.10: Proposed model for the effects of quartzite and granodiorite on the development
of V horizons in the WMs. (a) Quartzite increases the water flow to deeper depths; more
dust gets translocated deeper restricting embedding and V horizon formation. (b) Smaller
grus under granodiorite favors the accumulation of eolian fines near the surface which retards
the flow of water through the creation of smaller and more tortuous flow paths preventing
deep translocation of water and dust and encourages the surface embedding of rocks and V
horizon formation.

between quartzite clasts. These pores are not filled with the finer weathering products of

the quartzite as in the case of granodiorite and thus remain relatively open for the move-

ment of water and dust. The small grus and fine-earth material derived from weathering in

the granodiorite lithology provides a matrix between the surface clasts within which dust

can be incorporated and concentrated near the surface as illustrated in Fig. 2.10. That is,

the larger volume fraction of weathered material between rock fragments creates conditions

by which the dust has less pore space to fill in compared to quartzite. In addition, the

residuum-derived material infilling the spaces between rocks in granodiorite creates greater

pore tortuosity compared to quartzite that retards the movement of water and further

encourages the concentration of eolian sediment near the surface. The increased concentra-
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tion of dust near the surface means that the surface rocks at granodiorite sites have greater

potential for embedding.

This is important because V horizon formation is positively correlated to the em-

bedding of surface rocks—a condition necessary to maintain a continuous surface seal and

prevent the escape of trapped air during infiltration thus allowing the formation of vesicular

pores (Valentin, 1994). The larger interstitial pores due to the angular and largely unweath-

ered quartzite increases the macroporosity of these sites allowing for greater infiltration of

water and deeper penetration of dust into these soils. The increased movement of dust

deeper into the profile further lowers the potential for concentrating dust at the surface

of quartzite pedons which also lowers the potential for embedding of surface clasts. The

differences between granodiorite and quartzite to create sealed surfaces via likely explains

the higher occurrence of V horizons under granodiorite.

Vesicular horizons are less likely to form under vegetation in arid environments

due to the potential disruption caused by roots or burrowing animals, which can destroy the

surface embedding (D. S. Shafer et al., 2007). Consequently, V horizons are more prone to

develop in interspace (i.e., non-canopy) areas (Evenari et al., 1974). In the case of granodi-

orite, however, V horizons were present not only in interspace sites, where expected, but also

under vegetation including shrubs and trees. There are at least two possible explanations

for this finding in the WMs. The first is that the development of V horizons and establish-

ment of vegetation in the WMs is coeval. For example, the vegetation likely promotes the

deposition of eolian material (Langford, 2000) in these areas which may encourage surface

rock embedding and V horizon formation under granodiorite. The second possibility is that
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the development of V horizons precedes the establishment of the vegetation and that the V

horizons under the vegetative canopy represent a largely relict feature. Lower infiltration

rates common under desert pavement and V horizons (Graham et al., 2008), may allow

runoff to be concentrated toward slightly lower lying local areas within these larger sloping

landforms. In general, vesicular horizons encourage runoff because of the air-filled vesicular

porosity and the development of platy structure in well-developed vesicular horizons which

increases tortuosity and restricts infiltration (Blackburn, 1975; M. H. Young et al., 2004).

These adjacent lower lying areas may be preferential sites for the growth of vegetation that

encroaches into already formed V horizons (Brown & Dunkerley, 1996). It is currently

unclear which of these mechanisms are responsible for the occurrence of V horizons under

vegetation formed in granodiorite pedons or if both contribute to this phenomenon.

2.4.2 Climatic, lithologic, and vegetation controls on soil water flux

The climate and lithology in the WMs appears to have a dominant control on

the flux of soil water. Differences in the rock fragments and their weathering products be-

tween the two contrasting lithologies create differences in the effective amount of moisture

and depth to which infiltrating meteoric water reaches in these soils. As discussed above,

granodiorite and quartzite weathers differently resulting in larger interstitial macropores

under the quartzite compared to smaller macropores in the grus weathered from granodi-

orite. Infiltrating water reaches deeper in quartzite soils because of these larger interstitial

macropores. Granodiorite soils tend to form V horizons at higher frequencies due to the

concentration of dust near the surface of these pedons. These V horizons reduce the infil-

tration rate of the soil and promote surface runoff. As a result, less of the rainfall reaching
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the surface infiltrates into granodiorite soils. Indeed, this was confirmed by observations

from a separate infiltration study at the 2,500 m elevation granodiorite (GR3) and quartzite

(WP5) sites where a hand-pump sprayer was used to apply 6 cm of water at a rate of ap-

proximately 1.12 cm hr−1 in the interspace at both sites. We observed that the granodiorite

site began to generate runoff at 13 min into the start of the experiment compared to 52

min for quartzite. This difference is noteworthy especially considering that the granodi-

orite site was more gently sloping (29%) than the quartzite site (40%). Across the WM

transect, elevations above 3,100 m receive on average over 80% of their precipitation in the

form of snow compared to 15-25% at lower elevation sites (Powell & Klieforth, 1991). The

consequence of having the majority of the precipitation falling in the form of snow at these

higher elevations is a temporal lag in the infiltration of meteoric water (Bayard et al., 2005).

That is, the snow acts as a type of capacitor that stores the majority of the snow water

above the soil surface and keeps it from infiltrating until the air temperature rises above

freezing with the rate at which water moves into the soil dependent, in part, on the rate of

snowmelt. Depending on the temperature and amount of snowfall in a given year at these

higher elevations, surface soil layers can become frozen. When this happens, water within

macropores of the soil will freeze before water in the smaller matrix pores restricting water

flow to shallow layers and increasing the potential for runoff (Iwata, 2011). This restriction

in soil water penetration, may explain the shallow depths of soil profiles observed at the

higher elevations.

In contrast, at lower elevations, the majority of the precipitation is in the form

of rainfall which encourages the preferential movement of water and translocation of soil
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material deep into the profile. This results in deeper water flux into these soils leading

to deeper soil profiles and is evident in the decreasing elevational trend in PDI up the

transect where soil profile development appears to be governed by the greater amount of

snow received at these sites (Table 2.1). At higher elevations, the predominance of snow

significantly impacts soil water movement, directing infiltration toward matrix pores that

result in the development of shallower soils. In addition, the decrease in soil temperature

up the transect results in more frequent occurrences of frozen soil at higher elevations and

several studies have shown that soil frost impedes the water movement (Li et al., 2024;

Nagare et al., 2012). Since the water does not travel as fast in frozen soil, the translocation

of material is restricted to shallower depths, resulting in lower PDI for higher elevation soils.

Given that the PDI largely reflects the effects of translocation of soil materials (Koop et

al., 2020), it appears that translocation is governed by SWE and soil temperature.

The EC and 1:1 pH elevational gradient results (Fig. 2.9) add further evidence of

the effects of increased snowfall on the genesis of soils in the WMs. Despite the narrow

range of values, EC was negatively associated with elevation indicating that salts were less

concentrated and, thus, flushed deeper through the matrix into the profiles at the higher

elevations. Similarly, 1:1 pH was negatively associated with elevation and likely reflects

the effect of water movement through the matrix removing carbonate from the otherwise

calcareous dust incorporated into the soils. This is also shown in the NaF pH data (Fig. 2.9c)

where less amorphous material is left in the fine-earth fraction of the soil at higher elevations.

Assuming similar inputs of volcanic ash at all the sites (i.e., the sites are relatively closely

situated, have similar aspects and slopes, and are positioned on the same windward side of
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the range), the negative association of NaF pH with elevation indicates a greater amount

of chemical weathering within the matrix. Thus, in comparison to the PDI data, which

indicated greater soil development at lower elevations, the soil chemical data suggest greater

weathering at higher elevations. This seeming contradiction may indicate that the increase

in the proportion of MAP falling as snow at higher elevations drives a greater proportion of

soil moisture into the matrix and with longer residence times compared to lower elevations

where convective rainfall dominates the movement of water into macropores bypassing the

matrix. This would result in soils with greater chemical weathering signatures at higher

elevations (e.g., pH and EC data) and soils with greater evidence of translocation at lower

elevations (e.g., Bt horizon thickness and PDI data) as was found in this study.

Quartzite PDIs showed a steeper elevational gradient compared to granodiorite

(Fig. 2.3b) indicating that soil development in quartzite in the WMs may be more sensi-

tive to the partitioning of precipitation into rainfall vs snowfall. That is, as more of the

precipitation falls as snow under quartzite, the resulting decrease in penetration depth of in-

filtrating water especially above 2,800 m may explain the rapid decline in soil development.

The coarse angular rock fragments in quartzite soils results in larger interstitial macropores

between rock fragments which increase the saturated hydraulic conductivity of the soil and

the amount of water transported to deeper horizons. For example, a study conducted by

Hlaváčiková et al. (2019) in stony soils of mountain catchments showed a positive relation

between macropore flow and stoniness of the soil; macropores with diameters greater than

0.75 mm increased with increasing stoniness. Macropores, in general, are well known to have

a large effect on soil water flux. For example, Watson & Luxmoore (1986) reported that soil
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macropores constituted ∼1% of total soil volume in their study but contributed to 70% of

the water flow. When soils under quartzite and granodiorite lithology are exposed to similar

rainfall conditions, soils derived from quartzitic lithology are likely to have a greater poten-

tial for preferential flow (PF) compared to soils under granodiorite because of the presence

of these macropores. In addition, the larger interstitial macropores of the quartzite soils

may be more sensitive to freezing conditions compared to granodiorite since (for the reasons

explained above) water in macropores tends to freeze before water in smaller matrix pores

restricting PF, the percolation depth of water, and the potential for translocation of soil

material. The greater frequency of V horizons in granodiorite soils, which tends to restrict

macropore flow, likely exacerbates the difference in water flow between graniodiorite and

quartzite pedons where matrix-dominated flow is favored in the former and PF through

macropores in the latter.

Vegetation appeared to have a relatively minor impact on soil water flux in our

study. Even the presence of roots under shrubs and trees (where present) did not signif-

icantly impact PDI, pH, or EC. Instead, the impact of vegetation was outweighed by the

influence of climate and lithology which appear to be the dominant drivers of water flux in

these soils. This may be because the roots are exploiting existing macropores within these

rocky soils instead of forming new root channels that would otherwise impact soil water

movement.

2.4.3 Soil formation in the WMs

Climate is the primary factor controlling soil formation in the White Mountains.

Across the elevational gradient, the amount of snowfall compared to rainfall an elevation
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receives appears to determine the type of flow—matrix vs macropore—which ultimately

influences soil development. At lower elevations, precipitation occurs mainly as rainfall.

This allows preferential movement of water through soil macropores and facilitates the

translocation of soil material to deeper depths. In contrast, higher elevations receive a major

proportion of precipitation as snow. The higher viscosity of water at low temperatures

slows its movement through soil pores (Sharma & Kumar, 2023). The amount of water

infiltrating is determined from the rate at which the snow melts allowing water to move into

the matrix instead of more conductive macropores. This matrix flux slows water movement

and restricts the translocation of soil material resulting in shallower soil development (as

determined from the largely translocational index—PDI) at higher elevations.

At a given elevation, soil development in the WMs is controlled by varying degrees

of dust deposition which is determined by lithology-controlled land surface characteristics.

Surface roughness is high in quartzite soils because quartzite weathering forms large, angular

rock fragments encouraging the accumulation of more dust. Dust travels through the large

interstitial pores between the quartzite fragments and gets deposited in the deeper layers

whereas for granodiorite, dust accumulates within the surface and embeds the surface rocks.

As described above, this leads to the formation of vesicular horizons under the granodiorite

and restricts the translocation of clays and carbonates to deeper horizons. The presence of

large interstitial pores between quartzite fragments allows the water to flow preferentially

through these large-sized macropores in quartzite allowing translocation of soil carbon,

clay and carbonates to be stored deeper in soils developed in quartzite compared to soils

developed in granodiorite. The large interstitial pores in the soils derived from quartzite
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tend to restrict the embedding of surface rocks and thus the formation of vesicular horizons.

This promotes deeper infiltration of soil water and helps explain why soils developed on

quartzite in the WMs showed greater evidence of translocation of clays and carbonates in

the profile (i.e., Bt and Bk horizons) than under granodiorite. Indeed, soils with vesicular

horizons have been observed to be thin with low SOC content (Goossens & Buck, 2009)

and experience limited leaching, leading to the accumulation of carbonate at shallow depths

(McFadden et al., 1992). The likely greater occurence of matrix flow in granodiorite soils

favors the formation of argillic and calcic horizons giving rise to the more abundant Typic

Haplargids, Typic Calciargids, and Typic Calcids observed in the granodiorite pedons of this

study. Thus, translocation of clays and carbonates are restricted in granodiorite soils that

form V horizons compared to quartzite that allows deeper translocation of these materials

through the interstitial macropores.

Figure 2.6 shows a difference in source materials between the granodiorite and

the quartzite pedons. The granodiorite contributes some residuum to the eolian sediment

through weathering, which leads to coarser particle sizes in the soil. Specifically, weathering

of granodiorite releases mineral particles that mix with the incoming dust, creating a het-

erogeneous mixture with a broader range of particle sizes. In contrast, the quartzite pedons

do not weather significantly and contribute little to the fine-earth fraction. Consequently,

the soil particles in quartzite pedons are finer and closely resemble the particle size distribu-

tion of the dust alone. The minimal weathering of quartzite means that the dust particles

remain relatively unaffected by coarser residuum in these pedons and thus maintain a finer

particle-size distribution. Any dust that does undergo weathering in the quartzite pedons
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only becomes finer, further differentiating the particle size distribution from that of gran-

odiorite pedons. This indicates that in quartzite pedons, the soil particles in the fine-earth

fraction are derived almost entirely from dust deposition, with no significant input from

in-situ weathering. In contrast, granodiorite pedons have a dual source of particles: dust

deposition and residuum that contribute to the soil composition.

Dust stocks in the upper 50 cm of the soil were higher in granodiorite compared

to quartzite reflecting the potential for granodiorite soils to concentrate dust near the sur-

face. This finding corresponds with the greater occurrence of V horizons in these pedons

and supports the hypothesis that diffusive flow through the matrix is more prevalent in

granodiorite soils compared to quartzite.

2.5 Conclusions

Soil genesis in the arid White Mountains is primarily governed by climatic condi-

tions, with temperature and precipitation gradients across the elevational transect playing

a crucial role in determining soil water movement. At lower elevations, increased rainfall

facilitates rapid water percolation through soil macropores, leading to the formation of

soils driven by relatively deep translocation. Conversely, at higher elevations, the predom-

inance of snowfall significantly impacts soil water movement, directing infiltration toward

matrix pores that result in the development of shallower soils. In addition to climatic in-

fluences, lithology exerts a substantial control over soil formation processes. Granodiorite,

due to its higher susceptibility to weathering compared to quartzite, breaks down into grus.

In contrast, quartzite, being more resistant to weathering, results in the accumulation of
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Figure 2.11: This figure illustrates the key factors influencing soil formation along the ele-
vational transect of the White Mountains. Climate, particularly precipitation and temper-
ature, is the primary factor affecting soil development. At lower elevations, higher rainfall
moves soil materials to deeper layers, while at higher elevations, more snowfall slows soil
water movement, resulting in shallower soils. Additionally, the different types of litholo-
gies at each elevation weather differently. Granodiorite weathers more easily than quartzite.
Dust interacts differently with these rocks: on granodiorite, it forms a V horizon by combin-
ing with finer, weathered material, which restricts water movement and leads to shallower
soils. In contrast, on quartzite, dust moves to deeper layers through larger pores, promoting
deeper soil development.

49



larger rock fragments within the soil matrix. The addition of eolian dust further modifies

soil properties in these lithologically distinct environments. Within granodiorite-dominated

sites, the deposition of dust leads to the development of V horizons, which restricts the deep

infiltration of meteoric water. This results in limited translocation and relatively shallow

soil development. On the other hand, quartzite-dominated sites, exposed to similar dust

influx, exhibit deeper soil development due to deep translocation of dust via interstitial

macropores. These findings contribute to a more comprehensive understanding of soil gen-

esis in arid mountain environments, providing valuable insights for future studies on soil

hydrology and landscape evolution in similar settings.
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Chapter 3

SOIL HYDROLOGY OF THE

WHITE MOUNTAINS, CA

Abstract

The soil hydrology of arid and semi-arid mountains is not well understood despite

the potential for these areas to contribute significantly to water resources in the lower ly-

ing desert areas. The White Mountains (WMs), located in the rain shadow of the Sierra

Nevada, provide a unique opportunity to study the soil hydrology of these systems, partic-

ularly in understanding the effects of lithology, vegetation, and eolian dust on soil water

movement. This study focuses on the distinct hydrological characteristics of the soils de-

veloped on two primary lithologies in the WMs: granodiorite and quartzite. Climate data

were obtained from weather stations installed approximately every 300 m along the transect.

Soil moisture and temperature sensors were installed at two depths within the dominant

61



vegetation present at each site along the transect which have been recording data since

2013. In 2022, new higher-frequency soil sensors were installed to replace the lower tempo-

ral resolution sensors. Analyses of the soil moisture data tended to support the hypotheses

generated in Chapter 2 from an examination of the soil morphological and chemical data

from the same sites. Granodiorite—prone to weathering more than quartzite—decomposes

into grus, leading to a soil matrix that supports slower, diffusive water movement. In con-

trast, quartzite, being inert, forms angular rock fragments that facilitate rapid preferential

flow (PF) through interstitial macropores. The diffusive movement of water results in con-

sistent sensor detection and uniform distribution. In contrast, quartzite promotes water

flow through macropores, resulting in deeper but more spatially variable movement, with

some water bypassing sensors.

3.1 Introduction

Arid and semi-arid lands cover about one third of the Earth’s land surface (Huen-

neke, 2001). Within these regions, arid and semi-arid mountains play a critical role in

hydrology, contributing to 50-90% of discharge (Messerli et al., 2004). Understanding the

hydrology of arid mountain ecosystems is crucial for managing water resources sustainably,

especially in light of increasing water scarcity as these ecosystems are vulnerable to long-

term shifts in precipitation and increases in temperature due to climate change (Arenson

et al., 2022). These shifts will significantly impact the demand, availability, and quality of

water with potentially significant impacts to the ecosystems within these arid environments

(Beniston, 2003).
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Arid ecosystems have unique flora and fauna that are adapted to these water scarce

environments. Understanding the hydrology of these mountains helps in understanding

and conserving these ecosystems and the biodiversity they support. Arid ecosystems of the

southwestern US are sensitive to climate change because most of the plant species live near

the edge of their physiological water needs. Therefore, only slight changes in precipita-

tion and temperature may change species cover, composition, and geographic distribution

(Archer & Predick, 2008). Climate change will affect the plant zones asscociated with

arid lands, with treelines moving up in elevation in response to warmer and drier condi-

tions (LaMarche, 1973; Gaire et al., 2014). As a response to future climate change, species

distributions are expected to shift, such as big sagebrush (Artemisia tridentata) moving

northward and the creosote bush (Larrea tridentata) spread in areas currently occupied by

big sagebrush (Shafer et al., 2001). Due to climate-induced increases in temperatures, plant

mortality rates are higher than regeneration rates, which has significant negative ecological

impacts such as reduced carbon sequestration, changes in species composition and diver-

sity, nutrient cycling, and altered ecohydrological patterns of runoff and erosion (Dale et

al., 2001; Allen, 2007).

The White Mountains (WMs), lying immediately to the east of the Sierra Nevada

range, presents a unique opportunity to study the soil hydrology of arid ecosystems. These

mountains lie in the rain shadow of the Sierra Nevadas and receive only approximately one-

third of the precipitation received by the western (windward) side of the Sierra Nevadas

at the same elevation (Wright & Mooney, 1965). In addition to the extremely dry cli-

mate, these mountains are characterized by a steep temperature and precipitation gradient,

63



with contrasting lithologies over a range of elevations providing an opportunity to study

the hydrology of soils formed on different lithologies across an elevational transect. These

mountains also receive a large amount of eolian dust from Owens lake playa with an av-

erage rate of approximately 5-10 g m−2 yr−1 (Reheis, 1997). The two primary lithologies

at the WMs—granodiorite and quartzite—weather very differently and the way eolian dust

interacts with each of these parent materials affects soil development and hydrology. Gra-

nodiorite is more prone to weathering than quartzite and decomposes into grus, whereas

quartzite, being largely inert in this dry environment, presents as angular, coarse rock

fragments (Chapter 2). The accumulation of large amounts of dust within both of these

parent materials, but especially quartzite, results in a clast-supported matrix with very low

fine-earth (< 2 mm) bulk density (Chapter 2). Morphological and chemical evidence from

soils developed in these two lithologies suggest that quartzite has a greater propensity for

rapid interstitial macropore preferential flow while granodiorite favors slower diffusive flux

of water through the soil matrix (Chapter 2).

The overall objective of this study was to test these hypotheses presented in Chap-

ter 2. Specifically, we sought to: 1) understand how granodiorite and quartzite, with their

distinct weathering products, impact the movement of soil water; 2) examine the impact of

vegetation on soil hydraulic properties; and 3) explore the role of vesicular horizon formation

on soil hydrology. This study aims to shed light on the hydrology of arid mountain envi-

ronments and, ultimately, improve predictions of climate change impacts on these fragile

ecosystems.
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3.2 Methods

To study the soil hydrology of the WMs, four elevations—2,200, 2,500, 2,800, and

3,100 m—were chosen. At each elevation, sites were chosen within mapped granodiorite and

quartzite geologic units (USGS, 2021). Thus, 8 sites in total were studied: 4 on granodiorite

and 4 on quartzite. In increasing order of elevation, the names of the granodiorite sites

were GR2, GR3, GR4, and GR5, and the name of the quartzite sites were WP4b, WP5,

WP6b, and WP7. Beginning in 2013, moisture (S-SMD-M005, Onset, Bourne, MA) and

temperature (HOBO U-23, Onset, Bourne, MA) sensors were installed at the 2,200 m

elevation sites at two depths—10 and 50 cm—within the two dominant vegetative covers

(shrub and interspace) present at GR2 and WP4b. Sensors were installed at other sites in

later years following the installation schedule shown in Table 3.1 and data were collected at a

12-hour frequency. In June 2022, the sensors installed between 2013 and 2020 were replaced

by new moisture and temperature sensors (CS655, Campbell Scientific, Logan, UT) at 10

and 50 cm under interspace, shrub, and tree (if present) at all sites with the exception of

the interspace pedon at GR3 which was a new installation (Table 3.1). These sensors were

coupled to a datalogger connected to a cellular modem (CR300-CELL, Campbell Scientific,

Logan, UT) that allowed real-time monitoring and retrieval of soil data; sensor data were

recorded every 10 min after installation.

Seven weather stations installed by the Scripps Institute of Oceanography along

the transect have been recording atmospheric data since 2006 every minute (Table 3.2).

Although the weather stations were collecting data since 2006, retrieving these data required
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Table 3.1: Soil sensor data within the study area of the White Mountains from 2013-2023.
The GR2-5 sites are on granodiorite; WP4b-7 sites are on quartzite. In 2022, sensors were
replaced at all locations at the lower four elevations (i.e., 2,200, 2,500, 2,800, 3,100 m)
with a cellular datalogger to allow real-time monitoring and collection of soil moisture and
temperature data.

Site Vegetation Depth(cm) ’13 ’14 ’15 ’16 ’17 ’18 ’19 ’20 ’21 ’22 ’23

GR2 Interspace 10 B B B M B B B B B B B
(2,200 m) 50 B B B M B B B B B B B

Shrub 10 B B B B B B B B B B B
50 B B B B B B B B B B B

WP4b Interspace 10 B B B B B B B B B B B
(2,200 m) 50 B B B B B B B B B B B

Shrub 10 B B B B B B B B B B B
50 B B B B B B B B B B B

GR3 Interspace 10 B B
(2,500 m) 50 B B

Shrub 10 T T T T T T T T T B B
50 T T T T T T T T T B B

Tree 10 T T T T T T T T T B B
50 T T T T T T T T T B B

WP5 Interspace 10 T T T T T T T T T B B
(2,500 m) 50 T T T T T T T T B B

Shrub 10 T T T T T T T T T B B
50 T T T T T T T T T B B

GR4 Interspace 10 T T B B T T B B
(2,800 m) 50 T T B B T T B B

Shrub 10 T T B B T T B B
50 T T B B T T B B

Tree 10 T T T T T T B B
50 T T B B T T B B

WP6b Interspace 10 T T T T T B B B B B B
(2,800 m) 50 T T T T T B B B B B B

Shrub 10 T T T T T B B B B B B
50 T T T T T B B B M B B

Tree 10 T T T T T T T T T B B
50 T T T T T B B B B B B

GR5 Interspace 10 B B B B B B
(3,100 m) 50 B B B B B B

Shrub 10 B B B B B B
50 B B B B B B

WP7 Interspace 10 B B T T B B
(3,100 m) 50 T T T T T B B T T B B

Shrub 10 B B T T B B
50 T T T T T B B T T B B

B, Both temperature and moisture sensors; T, Temperature sensors only; M, Moisture sensors only
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Table 3.2: Weather stations at the White Mountains measuring soil temperature, soil mois-
ture, barometric pressure, air temperature, relative humidity, cumulative precipitation, solar
radiation, wind speed, and maximum gust.

Weather station Elevation (m) Latitude (◦) Longitude (◦)

Fish Slough 1289 37.4792 -118.4030
Sore Thumb 1578 37.5108 -118.3248
Over the Hill 1855 37.5156 -118.3167
Piute Creek Overlook 2133 37.5107 -118.3304
Glider Port 2476 37.5211 -118.2950
Beer Can 2768 37.5290 -118.2843
Valley View 3125 37.5292 -118.2628

physical access to the dataloggers. Because, at the time of analysis of this dissertation, these

data were last collected on 30 Nov 2022 before the start of the winter months that receive

most of the precipitation, the high-frequency soil moisture time series recorded from the

sensors installed in 2022 were analyzed independently of the weather station data. To

study the movement of water in soils under different lithologies and vegetation types, a

controlled irrigation experiment was conducted in July 2023. At 2,500 m elevation, both

shrub and interspace areas at the granodiorite (GR3) and quartzite (WP5) sites that had

installed moisture and temperature sensors were irrigated using a hand-pump sprayer with

an adjustable wand (N-80 2-Gallon Garden Sprayer, Tarbor Tools, Kibbutz Beit Rimon,

Israel). A total of 76 L of water was applied evenly over a plot measuring 2.1 x 0.6 m for

each vegetation type. The rate of water application for GR3 and WP5 was 0.41 L min−1

and 0.53 L min−1, respectively. During irrigation, water was applied a few centimeters

above the sensors to ensure that even if there was lateral flow, it would be captured by the

sensors. Soil moisture sensor data generated from this experiment were used to understand

soil water movement under different lithologies and vegetation types.
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Weather station data at a frequency of 1 minute were analyzed to extract infor-

mation about the average duration and intensity of precipitation events within the interval

between Jan 2007 and Dec 2021. Individual events within each year were identified as

observed increases in cumulative precipitation being separated by at least 24 hours. The

duration and total quantity of water for each event was averaged for each year and the

mean annual data computed.

To compare the movement of water under granodiorite and quartzite for each site,

pore water velocity between the 10 cm and 50 cm sensors was calculated as follows. Plotted

soil moisture data were inspected and peaks were visually identified in the record. Peaks

that were identified in the 10-cm record were associated with peaks in the 50-cm record if

they occurred within 48 hours of the 10-cm peak. Pore water velocity was calculated as the

distance between the sensors (40 cm) divided by the lag time between associated peaks. To

ensure comparability between the two lithologies, these data were then filtered to include

only calculated velocity values where both the granodiorite and quartzite sites at a given

elevation were associated with the same precipitation event (i.e., the two lithologies needed

to contain 10-cm peaks separated by less than 1 day). The velocity data were then square

root-transformed, and the average was calculated for each site.

Fine-earth saturated hydraulic conductivity (Ksatfe) was predicted from ROSETTA

(Zhang & Schaap, 2017) using sand, silt, clay, and fine-earth bulk density as predictors. The

Ksatfe was converted to saturated hydraulic conductivity on whole soil basis (Ksatws) as fol-

lows:

Ksatws = Ksatfe ·
ϕws

ϕfe
(3.1)
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where ϕws is whole soil porosity and ϕfe is fine-earth porosity. The effective saturated

hydraulic conductivity Keff was calculated for each pedon for the upper 50 cm using the

following equation:

Keff =

N∑
j=1

Lj

N∑
j=1

Lj

Kj

(3.2)

where L is the thickness of each horizon and N the number of horizons in each pedon.

Using the procedure to identify peaks described above for the pore water veloc-

ity calculation, the number of soil moisture peaks observed for 10 cm and 50 cm from

2013–2020 was recorded. In addition, monthly comparisons were made between specific

combinations of the two lithologies and two vegetation types (i.e., interspace and shrub)

at each depth using the sensors installed in 2022 as follows. For each month between June

2022 and December 2023, the number of days with a peak in the soil moisture time series

was recorded for each depth within each lithology and vegetation type separately. The

number of days with identified peaks was divided by the number of days in that month to

calculate the probability for a day in that month to contain a peak soil moisture event. The

difference between these monthly probabilities were computed for each comparison (e.g.,

10-cm granodiorite interspace vs 10-cm quartzite interspace). The number of positive and

negative monthly probability differences were counted, recorded, and subtracted to obtain

a value that represented the number of months that favored one side of the comparison.

For example, if the 10-cm soil moisture records at the 2,200 m interspace areas were com-

pared between granodiorite and quartzite and a value of −2 was computed, this would be
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Figure 3.1: Mean annual data summarized from the weather stations in Table 3.2 showing
(a) the average length of time of individual precipitation events and (b) the average pre-
cipitation magnitude per event. Only data between Jan 2007 and Dec 2021 were used for
this analysis. The shaded region shows the range in elevations of the sites along the White
Mountain elevational transect (WMET) used in this study. The four stations within or near
the WMET were used to fit the linear trends shown in (a) and (b).

interpreted to mean that there were 2 months where the monthly probability for quartzite

was higher than for granodiorite.

3.3 Results and Discussion

The relationship between elevation and precipitation is evident in the general de-

crease in both mean annual event duration and precipitation magnitude with increasing

elevation (Fig. 3.1). Although there was an increase in the number of events, the weather

station data showed a greater propensity for shorter and lower magnitude events up the

transect. However, this trend was not significant (P > 0.5 for both linear models shown in

Fig. 3.1) owing to the anomalously low values observed at the Glider Port station.
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The two dominant rock types and the soils they produce have a critical role in

controlling how precipitation is stored and transported. For example, lithology controls

land surface roughness in the WMs where quartzite weathers to coarse rock fragments and

granodiorite weathers to finer gravels and coarse sand (i.e., grus). As a result, interstitial

macropores are larger between quartzite fragments. It has been shown that the presence

of coarse fragments can increase resistance to soil compaction and can lower the fine-earth

bulk density while increasing macroporosity (Ravina & Magier, 1984). The macropores

in quartzite soils can potentially act as preferential flow paths that transport water to

deeper horizons. A study conducted by Hlaváčiková et al. (2019) in stony soils of moun-

tain catchments showed a positive relation between macropore flow and stoniness of the

soil; macropores with diameters greater than 0.75 mm increased with increasing stoniness.

Macropores are well known to have an effect on soil water flux. For example, Watson &

Luxmoore (1986) reported that soil macropores constituted ∼1% of the total soil volume

in their study but contributed to 70% of the water flow.

When the granodiorite and quartzite at 2,500 m were irrigated in 2023 with the

same amount of water, there was minimal to no runoff under quartzite interspace (WP5)

during the irrigation experiment in contrast to granodiorite interspace (GR3) where greater

runoff, in the form of a larger wetted area, was observed (Fig. 3.2). Additionally, despite

the granodiorite interspace site being irrigated at a slower rate (0.41 L min−1 compared

to 0.53 L min−1) and on a gentler slope (29% compared to 40%) than quartzite, surface

runoff was initiated more quickly (13 min) after the start of the irrigation for granodiorite

compared to quartzite interspace (53 min). The runoff at granodiorite under shrub started
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Figure 3.2: Photos showing the irrigation plots at the (a) granodiorite (GR3) and (b)
quartzite (WP5) sites at ∼2,500 m. Both sites received the same irrigation rate, but runoff
began in the granodiorite interspace after 13 minutes, whereas it took 52 minutes for runoff
to occur in the quartzite interspace. No runoff was observed under the quartzite shrub,
while a small amount was seen under the granodiorite shrub (wetted area below the shrub
in panel a).

after 43 min whereas no runoff was noticed under shrub at WP5. The delayed onset of

surface runoff under quartzite, which was four times slower than under granodiorite, is

likely due to the propensity of quartzite soils in the WMs to generate preferential flow that

would allow for a greater infiltration capacity.

A potential consequence of preferential flow at WP5 during the infiltration exper-

iment is an increase in the spatial variability of the wetting front as water is channeled into

distinct pathways occupying a minor portion of the soil volume especially at depth. In that

case, the probability that the water intersects the measuring volume of the soil moisture

sensor and that it does it for long enough to be detected even with the high-frequency (i.e.,

10 min) setting, is relatively low. Indeed, the phenomenon of source-responsive flow where

deeper soil sensors detect a rise in soil moisture before shallower sensors (if the shallower
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sensors detect it at all) has been proposed as a positive diagnostic for preferential flow

(Nimmo & Mitchell, 2013).

Figure 3.3 shows that for both shrub and interspace areas at WP5, soil moisture

was detected at 10 cm after the addition of water but not at 50 cm. This may indicate a

source-responsive behaviour where preferential flow occurs near or below 10 cm and, thus,

either spatially and/or temporally bypasses the sensor measurements at 50 cm. However,

neither 50-cm sensor in the interspace or shrub areas of GR3 showed an associated peak with

the irrigation event (Figure 3.3c,d). In the case, of GR3 shrub (Figure 3.3c), this is likely

because of vegetation-induced source-responsive flow that bypasses even the 10-cm sensor.

The reason this did not happen for the WP5 shrub site may be due to the greater number

of shrubs at that site compared to GR3. That is, the irrigated plot at WP5 had shrubs that

were spread more evenly compared to the plot at GR3 despite the shrub canopy covering

approximately the same percentage of the plot at both sites. The fewer shrubs responsible

for covering the plot surface at GR3 may have induced stem flow during irrigation, spatially

isolating the flow away from the 10-cm sensor. We note that the steep peak and rapid decline

in the moisture response at 10 cm under the WP5 shrub plot (Figure 3.3a) also indicates an

effect of vegetation at this site although apparently not sufficient to avoid the 10-cm sensor

in that case. For the GR3 interspace plot (Figure 3.3d), the non-response at 50 cm could

indicate source-responsive flow similar to quartzite. However, a more likely interpretation

is that the presence of a thick, well-develop V horizon at this site may have absorbed and

retained the irrigation water near the surface instead of allowing it to mover deeper into

the profile. In addition, this site more quickly induced greater amounts of runoff compared
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Figure 3.3: Soil moisture sensor data for two sites: WP5 (quartzite) and GR3 (granodiorite).
For both sites, the red line represents moisture at a 10-cm depth and the blue line represents
moisture at 50 cm. Panels (a) and (b) show data for WP5 in the shrub and interspace areas,
respectively. Panels (c) and (d) show data for GR3 in the shrub and interspace areas,
respectively. The dotted line inside the plot indicates when irrigation water was added to
the plots.
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to WP5 which also likely contributed to a lack of sufficient infiltrating water to reach the

50-cm sensor.

In general, the presence of V horizons decrease infiltration rate and encourages

surface runoff. As described above, the presence of these horizons may partly explain

why the deeper soil moisture sensor did not record any signal under grandiorite interspace

(Fig. 3.3). Vesicular horizons are a unique feature in arid and semi-arid ecosystems and

form under rough surfaces that can trap eolian dust (Meadows et al., 2008; Turk & Graham,

2011). These horizons are characterized by the presence of non-interconnected spherical

and subspherical pores known as vesicles. In the case of well-developed V horizons, these

vesicles merge laterally to form platy structure (Anderson et al., 2002). As a result, V

horizons negatively affect soil infiltration rate because air-filled vesicular porosity and the

development of platy structure (especially in well-developed vesicular horizons) increase

tortuosity, slowing the flux of water (Blackburn, 1975; Graham et al., 2008).

The difference in the number of months that contain a higher soil moisture peak

event probability for each sensor depth comparing granodiorite and quartzite for the same

vegetation type and shrub and interspace for the same lithology is shown in Table 3.3. As

discussed earlier, the diffusive movement of water under granodiorite helps to form even

wetting front that is more easily captured by the top soil moisture sensors. In quartzite

soils, water appears to travel through interstitial macropores that are spatially heterogenous

making it more likely that water movement is not captured by the 10-cm soil moisture

sensors. Rock fragments control the spatiotemporal patterns of soil water (Huang et al.,

2023). Thus, the presence of non-porous quartzite rocks throughout the soil increases the
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Comparison Sensor 2,200 m 2,500 m 2,800 m 3,100 m
depth (cm)

gr (I) - qz (I) 10 -2 +3 +4 +4
gr (S) - qz (S) 10 +2 -2 0 +4
gr (I) - gr (S) 10 -1 +6 +11 +4
qz (I) - qz (S) 10 +5 0 +6 +7
gr (I) - qz (I) 50 -1 -2 +1 -1
gr (S) - qz (S) 50 +1 -2 +2 0
gr (I) - gr (S) 50 +1 +1 +3 +1
qz (I) - qz (S) 50 +2 -2 +6 +1

Table 3.3: Differences in the number of months containing a higher probability for a soil
moisture peak event for a given comparison. These values were calculated by subtracting
the monthly probability for each lithology and vegetation type, sensor depth, and elevation,
counting the occurrences of the positive and negative values from data collected between
Jun 2022 and Dec 2023, and taking the difference between those counts. Positive values in
this table represent the number of months with peak event probabilities that were greater
for the left vs right side of the comparison; negative values, in contrast, favor the right side
of the comparison. Zero values indicate that there were no differences between the number
of months that favored the left or right side of the comparison. The gr and qz abbreviations
indicate granodiorite and quartzite, respectively; I and S represent interspace and shrub,
respectively.

spatial variability of macropores and, therefore, potential preferential flow paths. However,

quartzite seems to capture more precipitation events at 50 cm than granodiorite at the two

lowest elevations as seen by the greater number of negative values in Table 3.3 for those

sites. This supports the idea that soil water movement in quartzite is determined by the

spatial distribution of rock fragments that sometimes creates the water flow paths at the

rock-soil interface near the bottom sensor especially when the precipitation is dominated by

rainfall as opposed to snowfall. This is also shown by Liu et al. (2022) where preferential

flow paths can develop deeply via the soil-rock interface. In granodiorite soils, it may be

relatively harder for the diffused wetting front to develop a sufficient head to commonly

reach the 50-cm sensor. When comparing the water movement under vegetation types

for each lithology (Table 3.3), more events were recorded under interspace than shrub for
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both granodiorite and quartzite by both top and bottom sensors. Big mountain sagebrush

(Artemisia tridentata) is the most common shrub in these mountains (de Ven et al., 2007)

with extensively developed lateral root systems along with a taproot system to help them

scavenge for water in this dry environment (Richards & Caldwell, 1987). The maximum

lateral spread of 100 cm was recorded at 40 cm depth for Big sagebrush with the taproot

extending to about 225 cm (Reynolds & Fraley, 1989). The weight of small roots in the

upper 30 cm of soil has been reported to comprise 50-60% of total weight, while another

25-30% of the small roots were located in the soil between 30 cm and 61 cm (Sturges, 1977).

It is likely that the lateral root system of the shrubs is scavenging this water as soon as

there is any precipitation in this dry environment and not letting it pass to the bottom

sensors. The vegetation may also be inducing preferential flow through interception and

stem flow, thus, bypassing the 50 cm sensor if not uptaken by plants. The combination of

these processes results in a lower probability of detecting peak soil moisture events at 50

cm under shrubs.

These observations are supported by long-term soil moisture data recorded at

2,200, 2,800, and 3,100 m (Table. 3.4), where moisture sensors under granodiorite recorded

greater numbers of soil moisture peaks at both top and bottom sensors than quartzite

with the exception of the 10-cm water content in granodiorite and quartzite shrub sites

at 2,800 m. There are more peaks under granodiorite than quartzite despite the greater

volume of macropores under quartzite than granodiorite. As discussed above, the clast-

supported matrix in quartzite soils form interstitial macropores that can act as preferential

flow pathways. These water channels conduct a large amount of water to deeper horizons
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Site Elevation (m) Lithology Vegetation 10 cm 50 cm

GR2 2,200 Granodiorite Interspace 57 17
WP4b 2,200 Quartzite Interspace 40 17
GR4 2,800 Granodiorite Interspace 16 9

WP6b 2,800 Quartzite Interspace 13 4
GR4 2,800 Granodiorite Shrub 13 7

WP6b 2,800 Quartzite Shrub 13 4
GR5 3,100 Granodiorite Interspace 12 6
WP7 3,100 Quartzite Interspace 10 3
GR5 3,100 Granodiorite Shrub 12 11
WP7 3,100 Quartzite Shrub 6 5

Table 3.4: Number of peaks observed in the soil moisture records at 10 and 50 cm at sites
with installed soil water content sensors over the duration shown in Table 3.1.

but form a very small volume of the whole soil. Because of this water movement through

these macropores may remain undetected by soil moisture probes (Nimmo & Mitchell, 2013).

Assuming that contrasting lithologies at the same elevation receive approximately the same

amount of precipitation across the elevational transect from 2,200 to 3,100 m, it appears

that water is bypassing the soil moisture sensors and not being recorded. The comparison of

vegetation types, shows that fewer number of peaks were observed under shrubs compared

to interspaces. The presence of root systems under shrubs increases the volume of soil

macropores (van Noordwijk et al., 1993) and improves hydrological connectivity between

macropores (Cannavo & Michel, 2013). These macropores formed by complex root networks

act as a water channels that likely diverts the water away from the sensors.

Pore water velocities between 10 and 50 cm are consistently higher under granodi-

orite compared to quartzite across all elevations (Fig. 3.4). Since water likely flows faster

and often preferentially under quartzite, bypassing the soil moisture sensors, it must flow

slowly enough to be diffused in the soil matrix and, thus, captured by the bottom sensor for
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Figure 3.4: Plot of pore water velocity at each approximate elevation for granodiorite and
quartzite pedons. Pore water velocity is calculated from the peaks in soil moisture at 10
and 50 cm. The whiskers represent 1 standard deviation calculated from the installed soil
moisture sensor profiles at each site (interspace, shrub, and tree—if present).

the soil moisture to be recorded. Therefore, this analysis indicates that water moved slowly

under quartzite compared to granodiorite. The aggregated Keff for quartzite is also lower

than granodiorite because of the finer soil material under quartzite (Fig. 3.5). The presence

of rock fragments influence the soil physical properties such as porosity and bulk density

thereby also controlling soil water movement (Huang et al., 2023; Parajuli et al., 2017;

Smets et al., 2011). The presence of rock fragments decreases pore connectivity because of

an increase in pore tortuosity (Hlaváčiková et al., 2019). The result of low pore connec-

tivity may be responsible for the decrease in saturated hydraulic conductivity for quartzite

compared to granodiorite (Fig. 3.5). Studies have shown that non-porous rocks reduce the

hydraulic conductivity of soils by reducing the cross-sectional flow area within the fine soil

fraction that is available for the movement of soil water (Poesen, 1986; Novák & Kňava,
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Figure 3.5: Aggregated effective Ksat for pedons under granodiorite and quartzite at each
elevation. Error bars represent 1 standard deviation above the mean value.

2011; Hlaváčiková et al., 2015). Additionally, finer soil texture is associated with lower satu-

rated hydraulic conductivity (Hillel, 1998). The soil under quartzite is primarily composed

of eolian inputs, whereas the soil under granodiorite consists of dust and coarser in situ

weathered material. Consequently, the finer texture of the soil under quartzite contributes

to its lower saturated hydraulic conductivity compared to the soil under granodiorite.

The positive relationship observed between pore water velocity and Keff highlights

the controlling role of permeability in facilitating water movement (Fig. 3.6). As saturated

hydraulic conductivity increases water flows more rapidly through the pore spaces. In

rocky soils, the positive relationship between pore water velocity and saturated hydraulic

conductivity reflects the unique hydrological behavior of these environments. Rocky soils,

often characterized by large fractures, coarse textures, and macropores, exhibit high Ksat

values, which allow water to move quickly through the subsurface (Shen et al., 2019; Yang

80



Figure 3.6: Pore water velocity vs effective saturated hydraulic conductivity, aggregated for
each lithology and site across the elevational transect.

et al., 2023). This positive relationship between pore water velocity and Ksat in rocky soils

also highlights the challenges of accurately measuring soil moisture in such environments.

Due to the preferential flow paths created by fractures, water may bypass traditional soil

moisture sensors, resulting in underestimation of water content since the presence of rocks

increases the soil water heterogeneity (Li et al., 2014; Zhao et al., 2020).

The spatial variability in water distribution, especially in rocky terrain, compli-

cates the assessment of water retention and movement in such landscapes (Wiekenkamp et

al., 2016). When taken together, the different lines of evidence used in this study reveal dis-

tinct water movement patterns between soils under quartzite and granodiorite in response

to varying precipitation intensities. Under low-intensity rainfall, soils derived from quartzite

show gradual water infiltration, ensuring moisture is moved into the fine-earth matrix and

recorded at both shallow and deeper sensor levels. This matrix has a lower Ksat than the

granodiorite soils and results in a relatively low pore water velocity (Fig. 3.7a). In contrast,
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Figure 3.7: Conceptual diagram illustrating water movement in soil under granodiorite
and quartzite during periods of high and low precipitation. The sensors are placed at two
depths: 10 cm (top) and 50 cm (bottom). Green boxes indicate when the soil moisture
sensor recorded water content, while red boxes show when water moved through the soil
but was not detected by the sensor. (a) Under quartzite, the fine-earth soil particles are
finer than the fine-earth fraction of the granodiorite, with a low fine-earth bulk density.
During low-intensity precipitation, water is absorbed into the soil fine-earth matrix and
moves slowly through the profile. This gradual movement allows the water to be recorded
by both the top and bottom moisture sensors. (b) & (d) In soils under granodiorite, the
presence of grus within the fine-earth eolian matrix increases the Ksat and allows water
to move through the soil matrix even under high-intensity precipitation. This creates a
wetting front that is consistently detected by both the top and bottom moisture sensors.
(c) Under high-intensity precipitation, water flows more quickly through larger interstitial
macropores in the soil under quartzite as the lower Ksat of the grus-free fine-earth matrix
prevents infiltration and channels the water to preferential flow pathways in the form of
interstitial macropores. This rapid movement bypasses both the top and bottom sensors,
leading to undetected water flow at those depths.

82



granodiorite soils have a fine-earth Ksat, allowing water to be more consistently transmit-

ted through the soil matrix, whether under low precipitation, resulting in moisture being

detected throughout the soil column (Fig. 3.7b). During periods of high-intensity rainfall,

however, quartzite soils experience rapid water movement through macropores, bypassing

the lower or even the upper sensor due to preferential flow that dominates under these con-

ditions and prevents detection by conventional sensors (Fig. 3.7c). Thus, granodiorite soils,

even under high rainfall, maintain their ability to transmit and detect water flux through the

profile. This suggests that the higher saturated hydraulic conductivity enables the wetting

front to consistently reach both moisture sensors, demonstrating a more stable infiltration

pattern compared to quartzite (Fig. 3.7d) and explains the apparent slower movement of

water in quartzite soils; that is, the detection of water flux is biased toward slower pore

water velocities in the case of quartzite.

3.4 Conclusions

This study highlights the importance of lithology in controlling soil water move-

ment, with granodiorite and quartzite exhibiting distinct soil hydrological characteristics.

The hydrology of the WMs is controlled by a combination of factors such as lithology,

vegetation, eolian dust modifiying the soil morphological properties (e.g., formation of V

horizons, which is unique to arid and semi-arid environments). Efforts to use soil moisture

data to understand the soil hydrology of the WMs were limited in capturing the spatial

variability of water flux. Even though quartzite has an apparent high volume of macrop-

orosity and the soil morphology shows that the translocation of dust and formation of Bt
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horizons via deeper preferential flow paths are greater in quartzite soils, sensors were not

able to capture it because preferential flow paths are spatially variable (Wiekenkamp et al.,

2016). The presence of rocks increases soil water heterogeneity and a large quantity of water

is channeled underground at these rock-soil interface. A dye tracer experiment conducted

in a semi-arid environment of West Bank Mountains showed that preferential flow paths

along the rock-soil interface have a greater potential for groundwater recharge than water

percolating through the soil matrix (Sohrt et al., 2014). The preferential flow paths under

quartzite have a greater potential for groundwater recharge. In future, geophysical methods

can be used or more sensors installed to better capture the spatial and temporal variability

of soil water movement within these arid mountain soils.
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Chapter 4

SOIL WEATHERING AND

GEOCHEMISTRY OF THE

WHITE MOUNTAINS,

CALIFORNIA

Abstract

This study investigates the role of dust in soil formation and geochemistry in

the White Mountains (WMs). Soil development in this range is influenced by both in situ

weathering and continuous dust input resulting in unique properties for two of the dominant

parent materials in the WMs: granodiorite and quartzite. Granodiorite weathers into finer

particles (i.e., grus) compared to quartzite, leading to increased chemical weathering with
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increasing precipitation at higher elevations in the range. Conversely, coarser fragments of

quartzite undergo comparatively little weathering and breakdown. Soils in these areas form

primarily within deposits of eolian sediment and show minimal changes in weathering of

the fine-earth matrix along the elevational transect. We examined the chemical index of

alteration which indicated that granodiorite soils exhibit consistently increasing weathering

throughout up the transect from 2,200 to 3,100 m, whereas quartzite soils show minimal

weathering changes along that same transect. Additionally, observed differences in the

translocation of Ca and K in these soils is likely explained by the greater solubility of Ca in

the calcareous dust and differences in water flow between the two lithologies. Granodiorite

pedons tend to form V horizons which diffuse infiltrating water and restrict deep percolation

by concentrating water through the grus-infused fine-earth matrix. In contrast, water flow

in quartzite is likely directed toward interstitial macropores that act as preferential path-

ways for the transmission of water, dust, and solutes deeper in the profile. The increased

proportion of MAP as snowfall received at the highest elevations resulted in carbonate ac-

cumulation at shallower depths likely due to slower moving water controlled by snow melt

in comparison to lower elevations. Strain calculations using zirconium and titanium indi-

cate the accumulation of eolian inputs and soil dilation. The consistently positive strain

values suggest significant dust incorporation into the soil, with deeper translocation shown

in quartzite profiles supporting the hypothesized mechanism of greater preferential flow in

quartzite due to the angular unweathered clasts. This research enhances our understanding

of the complex mechanisms of soil formation in arid mountain environments, which is crucial

for predicting how these landscapes will respond to climate change and human activities.

92



4.1 Introduction

Arid ecosystems, characterized by their unique climatic conditions and ecological

significance, play a pivotal role in global biodiversity, hydrological cycles, and climate reg-

ulation (Laity, 2009). Arid environments often have high diurnal temperature variations,

leading to rapid heating and cooling of rocks (Routson et al., 1977). This thermal stress

can promote physical and chemical weathering, releasing nutrients into the soil (McFadden

et al., 2005). The interactions between geological substrates and climatic factors shape

the landscape of arid regions by influencing geochemical weathering, erosion, and sediment

transport and, thus, affecting landform evolution and soil formation (Muhs et al., 2001).

Studying these biogeochemical processes in arid ecosystems is crucial for understanding

their resilience to environmental changes and for developing strategies for sustainable land

management and conservation in these fragile environments (Ramond et al., 2022). The

geochemical signatures in arid ecosystems serve as indicators of past and present climatic

conditions (Maslov et al., 2003). For example, they can help in reconstructing historical

climate patterns (Muhs et al., 2001), informing predictions about future climate scenar-

ios (Zhao et al., 2021), and assessing the resilience and adaptability of arid landscapes to

environmental stressors (Turner & Gardner, 2015).

Among these arid landscapes, arid mountain regions offer a particularly complex

setting for studying these processes. The unique combination of elevation, temperature

fluctuations, and geological substrates in mountain environments creates distinctive geo-

chemical signatures that can provide deeper insights into past climatic variations. The arid

White Mountains (WMs) in eastern California provides an ideal environment, where the
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interplay of extreme aridity and high elevation creates a distinctive ecological setting. This

research focuses on the WMs not only for their inherent scientific interest but also for their

broader implications in understanding arid mountain systems hydrology worldwide. The

WMs are uniquely important for several reasons. First, these mountains receive a consider-

able amount of dust from Owens lake playa at an average rate of 5-10 g m−2 yr −1 (Reheis,

1997), which can profoundly affect soil geochemistry and, consequently, the local flora and

fauna (Marchand, 1973). This dust deposition plays a crucial role in delivering nutrients

to these otherwise nutrient-poor landscapes, yet its impacts on soil geochemical processes

are not fully understood (Muhs et al., 2001). Secondly, the WMs provide lithological di-

versity to study the effects of different parent materials on soil formation and weathering.

Additionally, it offers a unique opportunity to examine the interaction between dust and

different lithologies, exploring their effects on soil weathering and properties (Marchand,

1970). Despite their importance, there remain significant gaps in our understanding of the

WMs. The current literature lacks comprehensive studies on the interaction between the

lithological diversity, dust deposition, and the resulting geochemical characteristics of the

soils in this range. Moreover, there is a lack of understanding regarding how the input of

dust on different lithologies influence their weathering processes and soil formation in arid

mountain ecosystems. These gaps limit our ability to predict how such environments will re-

spond to environmental changes, including climate change, and constrain our understanding

of their role in the broader Earth system.

This study aims to bridge these gaps by providing a detailed examination of the

soil geochemistry and chemical weathering in the WMs. We use chemical weathering indices
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to characterize the weathering profiles of the soils and summarize the major element oxide

chemistry of each sample into a single value (Price & Velbel, 2003). This chapter constructs

a detailed geochemical framework that reflects the soil-environmental interactions within

this mountain range. Understanding the geochemistry of soil is crucial for exploring the

stories of past climatic conditions, biogeochemical cycles, and landscape evolution (Gall,

1994; Lybrand & Rasmussen, 2018). Weathering indices, in particular, offer a quantifiable

measure of the extent and nature of weathering processes, providing insights into the rates of

soil formation, mineral transformation, and the subsequent implications for nutrient cycling

and ecosystem health (Nesbitt & Young, 1982; Maynard, 1992; Bäumler & Zech, 2000).

This chapter will shed light on the underexplored aspects of the geochemical dynamics in

the WMs and also offer broader implications for the study of arid mountain ecosystems

worldwide, thereby advancing our understanding of their role in Earth’s interconnected

environmental systems.

4.2 Methods

The WMs are located in eastern California, near the border with Nevada. They

are known for their unique geological features, steep elevational range, and physiographic

position in the rain shadow of the Sierra Nevadas. Soils were sampled across the elevational

transect ranging from 2,200 m to 3,100 m representing a range of mean annual precipitation

(MAP) between 232 mm at the lowest elevations and 397 mm at the highest elevation sites

(Chapter 2). Eight sites were selected on contrasting lithologies (i.e., granodiorite and

quartzite) at an elevational increment of 300 m. Sites GR2 and WP4b were at ∼2,200 m,
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Elements Detection limits (ppm)

Mg < 3000
K, Ca, Ti < 25
Mn, Fe, Zr < 5

Al, Si < 400
P < 50

Table 4.1: Detection limits of the elements analyzed using pXRF.

GR3 and WP5 at ∼2,500 m, GR4 and WP6b at ∼2,800 m, and GR5 and WP7 at ∼3,100 m.

At each site, soil samples were collected from two vegetation types: shrub and interspace.

Within each vegetation type, four pits (30 cm wide × 40 cm long × 50 cm deep) were

excavated in both the north-south and east-west directions, positioned 10 and 15 m away

from the center point, respectively. A representative pit was chosen, and sampled up to a

depth of 1 m. Soils were described and horizon depths determined following Schoeneberger

et al. (2012). Fine-earth samples were collected, ball-milled, and subsequently scanned with

a portable X-ray fluorescence (pXRF) spectrometer (Vanta, Olympus, Waltham, MA, USA)

containing a large area silicon drift detector and 8-50 kV rhodium X-ray tube. The pXRF

was used to scan samples to determine the concentrations of Mg, Al, K, Ca, Ti, Si, Mn, Fe,

P, and Zr. Detection limits of these elements are presented in Table 4.1.

The GeoChem mode was selected during scanning following Weindorf & Chakraborty

(2020); this mode has two beams of different energies (10 and 40 kV) for quantitative iden-

tification of elements covering a large part of the periodic table that maximizes the signal to

noise ratio. Scans were run for 120 seconds on each beam. Polyethylene pXRF cups and 4

μm polypropylene film were used to contain the sample during scanning. For each batch of

samples, the pXRF was calibrated using an alloy coin provided by the manufacturer (316,
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Olympus, Waltham, MA, USA). After scanning every 20 samples, two National Institutes of

Standards and Technology (NIST) certified standards were also scanned. These standards

were 2710a (Montana I soil) and 2711a (Montana II soil). Certified values of the elements

of these two standards were compared with pXRF values and used to calculate correction

factors (CF s) as the ratio of the certified value of the element present in the standard to

the pXRF value of the same element:

CF =
CiCV

CiXRF

(4.1)

where CiCV is the certified value of Fe (e.g., 2711a) and CiXRF is the pXRF value of Fe

determined on the same standard sample. The average CF s from the two standards were

multiplied by their respective pXRF elemental values determined from each sample to obtain

the final corrected pXRF values (Chakraborty et al., 2019).

These elements were then converted into their oxide equivalents and used to cal-

culate the eluvial-illuvial coefficient (EIC) using the equation of Muir & Logan (1982):

EICh =

 Sh
Xh

Sp

Xp

− 1

 · 100 (4.2)

where S represents the element oxide of interest, X is the stable element oxide, h refers to

the horizon of interest, and p refers to the parent material within which the soil formed.

Individual ratios were taken for K2O, and CaO with TiO2 for each pedon. The EICs for the

parent material (i.e., C horizons) were assigned values of zero. Chemical index of alteration

(CIA) (Nesbitt & Young, 1982) was modified to exclude Na2O because Na was too light to
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be analyzed by pXRF; CIA was calculated as follows.

CIA =
Al2O3

Al2O3 + CaO + K2O
· 100 (4.3)

where the oxides of each element are given in percent.

Strain of each weathered horizon (ϵi,w) was calculated following Brimhall et al.

(1992):

ϵi,w =
ρpCi,p

ρwCi,w
− 1 (4.4)

where ρp is the fine-earth bulk density for the C horizon assumed to represent the parent

material within which the soil formed, Ci,p is the concentration of a selected immobile

element (i.e., Zr, and Si) in the parent material given in percent, ρw is the fine-earth bulk

density of the weathered horizon of interest, and Ci,w is the concentration of a selected

immobile element (i.e., Zr, and Si) in the weathered horizon. The ρp for each site was

calculated by taking the mean of the fine-earth bulk densities of all C horizons at each

respective site. For the GR4 site, there were no C horizons described; thus, the mean of

ρp for GR3 and GR5 (i.e., one elevation above and below the GR4 site, respectively) was

used instead. The strains for C horizons were assigned zero values since the numerator and

denominator in the Eq. 4.4 would be equivalent, yielding zeros for parent material. The

EIC, CIA, and ϵ values were calculated for each pedon and then aggregated for each site and

vegetation type. To facilitate comparison between sites, the final EIC, CIA, and ϵ values

for the aggregated pedons were recalculated on a regular 5 cm interval using a weighted
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Figure 4.1: Average chemical index of alteration (CIA) for granodiorite and quartzite across
the elevational transect calculated using (a) all A, V, and B horizons, (b) just surface (A
and V) horizons, and (c) just subsurface (B) horizons.

average. Data analyses and visualizations were conducted in R version 4.4.0 (R Core Team,

2024).

4.3 Results

Figure 4.1a shows the weathering of granodiorite and quartzite across the eleva-

tional transect. Greater CIA values indicate a greater extent of chemical weathering with

values at or below 50% indicating fresh, unweathered material. The fine-earth material

of granodiorite was increasingly weathered along the transect with increasing precipita-

tion whereas quartzite remained relatively constant across transect. No difference was
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observed in the elevational trends in surface (Fig. 4.1b) and subsurface (Fig. 4.1c) horizons

for quartzite as seen from slopes not significantly different from zero in Fig. 4.1. However,

under granodiorite, surface and subsurface horizons both show increased weathering with

increasing precipitation up the transect (P < 0.01).

The strain calculations for Zr (Fig. 4.2) and Si (Fig. 4.3) follow similar trends for

each site. All strain values are positive for both granodiorite and quartzite indicating a

dilation likely from the addition of dust into these profiles. The strain depth trend generally

decreases in granodiorite indicating lower amounts of eolian material are translocated to

deeper depths (e.g., below 30 cm at 2,200 and 2,500 m). In contrast, quartzite trends were

constant or even increasing with depth for the lowest two elevations and decrease with

depth only after 60 cm at the highest elevations. The deeper relatively high strain values

under quartzite compared to granodiorite may indicate greater quantities of translocated

dust under quartzite than granodiorite.

The positive EIC values show gains while negative values indicate loss of the

element oxide relative to the parent material. The EIC calculated for CaO2 shows a roughly

increasing trend for both interspace and shrub granodiorite pedons at 2,200 m and interspace

pedons in granodiorite at 2,500 m (Fig. 4.4). Pedons in granodiorite at 2,800 m and quartzite

at 2,200–2,800 m show negative or near zero Ca EIC values without obvious depth trends

with the exception of shrub pedons in quartzite at 2,200 m which increased to positive

values below 40 cm. Both interspace and shrub pedons of granodiorite and quartzite at

3,100 m showed similar depth trends in Ca EIC where values were positive near the surface

and decreased toward zero with depth. In contrast, the EIC calculated for K2O showed
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Figure 4.2: Strain values calculated using Zr as the immobile element plotted against depth
for different lithologies and vegetation types at each elevation. Strain represents volume
changes during weathering. Positive Zr strain shows dilations likely caused by the addition
and incorporation of dust.

101



Figure 4.3: Strain values calculated using Si as the immobile element plotted against depth
for different lithologies and vegetation types at each elevation. Positive Si strain show trends
similar to Fig. 4.2.
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Figure 4.4: Eluvial-illuvial coefficient (EIC) calculated for CaO2 using TiO2 as the stable
element. Positive values reflect a gain and negative values a loss relative to 100%.

similar decreasing trends at all sites where the values were positive near the surface and

decreased to zero or just below for both interspace and shrub pedons (Fig. 4.5).
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Figure 4.5: K2O-EIC values calculated using TiO2 as the stable element for the pedons in
this study.
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4.4 Discussion

Soil development in the WMs is a complex process involving the potential in situ

weathering of residuum parent materials and the addition of eolian fines from the lower-lying

adjacent Owens valley (Reheis, 1997; Marchand, 1973). The soil forms within these eolian

fines which significantly shapes the properties of soils within these mountains (McAuliffe

et al., 2018; Loba et al., 2020). Chemical weathering indices for granodiorite and quartzite

in the WMs provides evidence for this dual parent material system in the case of granodi-

orite and loess so for quartzite pedons. The physically-weathered quartzite rock fragments

remain angular and sharp within the profile and indicate little chemical weathering or con-

tribution to the fine-earth soil matrix. However, the granodiorite weathers into grus and

provides fresh, coarse (i.e., sandy) material to the fine-earth matrix. Morphological ev-

idence (Chapter 2) suggests that dust deposition on quartzite-dominated lithologies gets

translocates through the large interstitial macropores formed by the coarse angular clasts.

However, in granodiorite, dust is concentrated near the surface due to smaller interstitial

pores via grus infilling between clasts. Since the contribution from granodiorite residuum is

fresh material and thus susceptible to chemical weathering, the CIA increases as the precip-

itation increases with elevation (Fig. 4.1a). With increasing elevation, a greater portion of

the precipitation falls as snow, which melts and infiltrates the soil matrix relatively slowly,

promoting chemical weathering of the fine-earth material over time. In contrast, at lower

elevations, precipitation typically falls as rain which tends to move more quickly through

the soil with a greater propensity for macropore preferential flow reducing the residence

time of water and the interaction between water and fine-earth minerals resulting in limited
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weathering (DeWalle & Rango, 2008; Hammond et al., 2019). This propensity for prefer-

ential flow is more pronounced in quartzite than granodiorite partly because the increased

contribution of grus to the fine-earth matrix increases its conductivity allowing more of the

meteoric water to move as diffusive flow through the matrix. Since a greater proportion of

the fine-earth material in quartzite is sourced directly from eolian fines that have already

weathered ex situ before being transported up the mountian range, the fine-earth matrix

shows little change in CIA with incrasing elevation (Fig. 4.1).

Dust arising from Owens valley contains calcium carbonate with the average con-

tent ranging from 8-31% and an average flux of 0.7–6.6 g m−2 yr−1 (Reheis & Kihl, 1995).

The EIC for Ca (Fig. 4.4) is mostly negative at the lower elevations because Ca is leached

down the profile at the lower elevation. However, at the highest elevation, the coefficient be-

comes slightly positive due to the slower movement of water through the soil matrix, leading

to Ca accumulation at shallower depths. At lower elevations, since most of the precipitation

is in the form of rainfall, the water moves faster via the larger interstitial macropores (Hui

et al., 2015). This faster movement of water in combination with the greater solubility of

CaCO3 in comparison to K-bearing silicates is likely to be responsible for the leaching of

Ca from the upper horizons and deposition within deeper horizons in comparison to K2O.

In addition, K2O shows gain at the surface of all the sites likely because dust has K-felspar

as the second largest abundant dust component in the WMs Marchand (1970). K-felspar is

known to be very resistant to weathering, so it is likely that it is accumulated by dust faster

than it is weathered and leached from the soil profile (Blum, 1994; White et al., 2001).
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The calculated strain values for the immobile elements Zr and Ti are all positive

indicating dilation (Figs. 4.2 and 4.3). Dust is an exogenous source of fine particles that,

when deposited, contribute to soil dilation by increasing the soil volume (Bern et al., 2015).

In general, the strain values are higher for the upper horizons and decrease with depth.

Granodiorite strain values decline more quickly with depth compared to quartzite. This

difference indicates greater translocation of dust in quartzite than granodiorite. Granodi-

orite pedons tend to form vesicular horizons that diffuse infiltrating water and impede the

translocation of dust deep in the profile. In contrast, interstitial macropores under quartzite

encourage preferential flow and the comparatively deeper translocation of dust.

4.5 Conclusions

Dust contributes significantly to the pedogenesis of WM soils. This research reveals

that soil development in this region is a complex interplay of in situ weathering and con-

tinuous dust input. This dual contribution shapes the unique properties of the soil formed

under granodiorite and quartzite lithologies. Granodiorite weathering into finer particles

leads to increased chemical weathering with elevation and precipitation. Conversely, coarse

fragments of quartzite encourage the translocation of eolian fines, with minimal changes in

weathering despite varying precipitation levels likely due the tendency for quartzite soils to

direct infiltrating water toward preferential flow paths bypassing the matrix and because

the fine-earth matrix is composed almost entirely of previously weathered eolian material.

The contrasting physical and chemical weathering processes in these lithologies emphasize

the critical role of dust in soil profile development in arid mountain soils. This research
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enhances our understanding of the complex mechanisms of soil formation in arid mountain

environments.
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Chapter 5

CONCLUSIONS

This dissertation provides a detailed exploration of soil genesis, hydrology, and

geochemistry in arid mountain ecosystems, focusing on the White Mountains (WMs) of

eastern California. Set within the context of an elevational transect, this work offers new

insights into how climate, parent material, and dust deposition interact to shape soils of

arid mountains. The key findings of this research contribute to a growing understanding

of soil development in regions where water is a critical limiting factor, especially as these

regions face increasing pressure from climate change.

Results from Chapter 2 demonstrate that both climate and lithology play vital

roles in soil development. At lower elevations, more frequent rainfall promotes deeper

translocation of water and, thus, deeper soil profiles. In contrast, snowfall dominates at

higher elevations, directing water flow into matrix pores and resulting in the development

of shallower soils. The contrasting weathering characteristics of granodiorite and quartzite

also contributed to differential soil formation. The higher susceptibility to weathering of
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granodiorite resulted in the formation of grus and encouraged development of vesicular (V)

horizons, whereas the resistance to weathering of coarser quartzite rock fragments main-

tained large interstitial macropores promoting the translocation of dust and development of

comparatively deeper soils. These findings highlight the importance of understanding how

dominant residuum parent materials interact with eolian sedimentation and precipitation

characteristics to influence soil profile development. In particular, the ubiquitous deposi-

tion of dust modifies the physical and chemical properties of soils across lithological types,

especially through the formation of V horizons.

The hydrological study of the WMs in Chapter 3 revealed significant differences in

water infiltration and retention between the two contrasting lithologies. Granodiorite soils,

with their propensity to form V horizons, restricts deep infiltration and promotes surface

runoff, particularly in areas with limited vegetation cover. This suggests that V horizons

create a positive feedback loop, limiting the amount of water that percolates into deeper soil

layers and thereby increasing the challenges of water scarcity in these fragile ecosystems. On

the other hand, coarser quartzite fragments facilitate deeper water movement, resulting in

more efficient translocation of dust and water into the soil profile. The findings of Chapter 3

have broader implications for understanding water-limited ecosystems, as they suggest that

lithology-induced differences in water infiltration could play a significant role in determining

the distribution and survival of plant species. The bristlecone pines (Pinus longaeva), the

oldest living tree species, which rely on scarce water resources, are especially vulnerable to

shifts in soil hydrology driven by climate change. Future research should investigate how

115



lithological variations might buffer or exacerbate these vulnerabilities, particularly in the

context of increasing aridity.

Results from Chapter 4 confirms the role of dust in shaping the chemical compo-

sition of soils, with significant differences observed between soils formed under granodiorite

and quartzite. Granodiorite soils exhibited increased chemical weathering with elevation

and precipitation, likely due to the finer particles produced by weathering processes and the

influence of dust inputs. Quartzite soils, however, showed minimal changes in weathering

patterns, likely due to preferential water flow paths that bypass the soil matrix. The accu-

mulation of eolian dust in both lithologies emphasizes the importance of external material

inputs to the pedogenesis of arid mountain soils. These findings enhance our understanding

of the complex mechanisms that drive soil formation in arid regions. The research suggests

that dust influx, combined with lithological and climatic controls, plays an important role

in the long-term evolution of these landscapes.

The work presented in this dissertation contributes to our understanding of how

arid mountain soils develop over time, particularly, in response to lithological and climatic

variability. These findings have several broader implications. The results of this study

provide valuable insights into the hydrological and geochemical processes that control soil

formation in arid regions. Understanding these processes is crucial for developing effective

soil conservation strategies in dryland ecosystems, especially as climate change threatens

to increase desertification and alter precipitation patterns. By linking soil hydrology to the

survival of keystone species like the bristlecone pine, this research emphasizes the critical role

that soils play in sustaining ecosystems under extreme environmental conditions. Moreover,
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the study suggests that eolian dust inputs could influence carbon storage capacity in arid

soils, which has important implications for global carbon dynamics in the face of increasing

atmospheric CO2.

Further work is needed to investigate the long-term effects of climate change on

soil-water interactions, especially in these high-elevation ecosystems where snowpack dy-

namics are crucial. Additionally, the role of dust in altering both physical and chemical

weathering processes in different lithologies deserves further exploration, particularly as

dust deposition rates could increase in response to land use changes.
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Appendix A

Weather Station Locations and

Soil Sensor Information
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Table A.1: Weather stations at the White Mountains measures soil temperature, soil mois-
ture, barometric pressure, air temperature, relative humidity, cumulative precipitation, so-
lar radiation, wind speed, and maximum gust. In addition to the other parameters, the
Barcroft station measures snow depth, rainfall, and photosynthetically active radiation.

Weather station Elevation (m) Latitude (◦) Longitude (◦)

Fish Slough 1289 37.4792 -118.4030
Sore Thumb 1578 37.5108 -118.3248
Over the Hill 1855 37.5156 -118.3167
Piute Creek Overlook 2133 37.5107 -118.3304
Glider Port 2476 37.5211 -118.2950
Beer Can 2768 37.5290 -118.2843
Valley View 3125 37.5292 -118.2628
Barcroft 3783 37.5830 -118.2372
WM Summit Station 4342 37.6341 -118.25583
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Table A.2: Soil sensor data within the study area of the White Mountains from 2013-2023.
The GR2-5 sites are on granodiorite; WP4b-7, WP8, and BAR sites are on quartzite. In
2022, sensors were replaced at all locations at the lower four elevations (i.e., 2,200, 2,500,
2,800, 3,100 m) with a cellular datalogger to allow real-time monitoring and collection of
soil moisture and temperature data.

Site Vegetation Depth(cm) ’13 ’14 ’15 ’16 ’17 ’18 ’19 ’20 ’21 ’22 ’23

GR2 Interspace 10 B B B M B B B B B B B
(2,200 m) 50 B B B M B B B B B B B

Shrub 10 B B B B B B B B B B B
50 B B B B B B B B B B B

WP4b Interspace 10 B B B B B B B B B B B
(2,200 m) 50 B B B B B B B B B B B

Shrub 10 B B B B B B B B B B B
50 B B B B B B B B B B B

GR3 Interspace 10 B B
(2,500 m) 50 B B

Shrub 10 T T T T T T T T T B B
50 T T T T T T T T T B B

Tree 10 T T T T T T T T T B B
50 T T T T T T T T T B B

WP5 Interspace 10 T T T T T T T T T B B
(2,500 m) 50 T T T T T T T T B B

Shrub 10 T T T T T T T T T B B
50 T T T T T T T T T B B

GR4 Interspace 10 T T B B T T B B
(2,800 m) 50 T T B B T T B B

Shrub 10 T T B B T T B B
50 T T B B T T B B

Tree 10 T T T T T T B B
50 T T B B T T B B

WP6b Interspace 10 T T T T T B B B B B B
(2,800 m) 50 T T T T T B B B B B B

Shrub 10 T T T T T B B B B B B
50 T T T T T B B B M B B

Tree 10 T T T T T T T T T B B
50 T T T T T B B B B B B

GR5 Interspace 10 B B B B B B
(3,100 m) 50 B B B B B B

Shrub 10 B B B B B B
50 B B B B B B

WP7 Interspace 10 B B T T B B
(3,100 m) 50 T T T T T B B T T B B

Shrub 10 B B T T B B
50 T T T T T B B T T B B

WP8 Interspace 10
(3,700 m) 50 T T T T T T T T T

Shrub 10
50 T T T T T T T T T

BAR Interspace 10 T B B B B B B B B
(4,000 m) 30 M M M M M M M M M

50 B B B B B B B B B
75 M M M M M M M M M

WMS Interspace 10 T T T T T T T
(4,300 m) 50 T T T T T T T

B, Both temperature and moisture sensors; T, Temperature sensors only; M, Moisture sensors only
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Appendix B

Calculated Strain and EIC
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Figure B.1: Strain values calculated using Ti as the immobile element plotted against depth
for different lithologies and vegetation types at each elevation.
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Figure B.2: Strain values calculated using Al as the immobile element plotted against depth
for different lithologies and vegetation types at each elevation.
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Figure B.3: Strain values calculated using Fe as the immobile element plotted against depth
for different lithologies and vegetation types at each elevation.
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Figure B.4: Eluvial-illuvial coefficient (EIC) calculated for MgO using TiO2 as the stable
element. Positive values reflect a gain and negative values a loss relative to 100%.
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Figure B.5: Eluvial-illuvial coefficient (EIC) calculated for MnO2 using TiO2 as the stable
element. Positive values reflect a gain and negative values a loss relative to 100%.
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Figure B.6: Eluvial-illuvial coefficient (EIC) calculated for Al2O3 using TiO2 as the stable
element. Positive values reflect a gain and negative values a loss relative to 100%.
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Figure B.7: Eluvial-illuvial coefficient (EIC) calculated for Fe2O3 using TiO2 as the stable
element. Positive values reflect a gain and negative values a loss relative to 100%.
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