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Key Points:

e Intense chemical weathering associated with soil formation in hot-humid climates
generates abundant silt to clay-sized particles from coarse-grained bedrock.

e Pedogenic processes likely do not play a major role in silt generation for loess formation.
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Abstract

The origin and production of silt are key factors in the formation of loess deposits.
Although many processes can potentially lead to silt generation, few are known to produce silt in
the volumes and particle-size modes required to form geologically significant loess deposits.
Here we investigate the hypothesis that pedogenic weathering in tropical and Mediterranean
climates can generate abundant in sifu silt, and therefore contribute significantly to loess
formation throughout geologic time. We utilize granulometric and geochemical data from soils
formed in Puerto Rico (hot-humid) and Southern California (hot-arid) to discern whether the
mud fraction (<62.5 pm) is generated from bedrock (autochthonous) or sourced from eolian
contributions (allochthonous). Our study demonstrates that the Puerto Rico soil contains
abundant (up to 72%) silt- and clay-sized grains compared to the Anza Borrego soil (<6%).
However, the silt fraction of the Puerto Rico soil is at least partially derived from eolian inputs,
and the silt fraction of the Anza Borrego soil is geochemically indistinguishable from
allochthonous dust sources. Furthermore, while intense chemical weathering in a tropical climate
can produce abundant fines, the majority are significantly finer (average mode ~15 pm) than the
modes of most “typical” loess deposits (modes more than 20 — 30 um). In contrast, weathering in
Mediterranean climates produces volumetrically sparse silt. Hence, pedogenic weathering in hot
climates appears to be ineffectual for producing the volume and size distributions of silt-sized
material needed to generate significant loess deposits.

Plain Language Summary

Global sediment movement is important to understand when reconstructing Earth’s past
geography and climate. Windblown silt deposits, known as loess, are particularly useful for
recording paleoclimatic conditions, but the origin of the silt that forms large loess accumulations
remains controversial. In this study, we aim to better understand processes that can generate silt
in large quantities by investigating whether significant silt is formed in place as soils from
underlying bedrock or if the silt observed in soils was delivered from elsewhere. We compare silt
in two different soils, one from a hot-dry climate and one from a hot-wet climate, which provides
additional information about how weathering processes can influence the results. Our findings
demonstrate that soil forming in the hot-wet climate can create abundant silt, but with a grain
size smaller than most loess deposits, whereas soil from hot-dry climates produces minimal silt.
Additionally, both soils show evidence for silt inputs from local and regional dust sources. Our
results suggest that soil formation is not a major process for silt production that contributes to
loess deposits.

1 Introduction

Loess is a significant component of the terrestrial rock record in the Quaternary (e.g.,
Catt, 1988; Smalley, 1995; Assallay et al., 1998; Muhs and Bettis, 2003; Muhs, 2013; Li et al.,
2020) and covers approximately 6% of Earth’s surface today (Li et al., 2020). The largest
deposits are spatially linked to former ice margins and typically found in mid — high latitude
regions (Catt, 1988; Smalley, 1995). Hence, glacial grinding is known to be an especially
efficacious way to generate large quantities of silt (Pye, 1995; Smalley, 1995; Assallay et al.,
1998; Soreghan et al., 2008) in typical loess grain size modes (~20 — 40 pm; e.g., Smalley and
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Krinsley, 1978; Tsoar and Pye, 1987; Assallay et al., 1998; Anderson, 2007). However, smaller
accumulations of loess and loess-like deposits also occur in lower-latitude hot climates— for
example, the Negev loess in Israel— indicating that silt that forms loess deposits can be
produced by processes unrelated to glaciation (e.g., Pye and Tsoar, 1987; Crouvi et al., 2008).
Therefore, eolian saltation and abrasion in desert environments have also been suggested as
processes for silt generation (Smalley and Vita-Finzi, 1968; Tsoar and Pye, 1987; Smith et al.,
2002; Crouvi et al., 2008; Enzel et al., 2010), although experiments using realistic wind
velocities and starting material indicate that saltation abrasion produces insufficient silt to form
loess (e.g., Kuenen, 1960; Swet et al., 2019; Adams and Soreghan, 2020). Furthermore, fluvial
comminution (Wright and Smith, 1993), as well as insolation-, salt-, and frost-weathering (e.g.,
Pye and Sperling, 1983; Wright et al., 1998; Wright, 2001) have also been suggested to generate
silt, but no systematic data exist that illustrate the efficacy of producing large volumes of silt by
these means.

Pedogenic weathering has also been widely suggested as a potential means for silt
production in warm climates (e.g., equatorial, tropical, and Mediterranean) originally by Nahon
and Trompette (1982), and subsequently reiterated by others (e.g., Wright, 2001, 2007). Nahon
and Trompette (1982) argued that chemical weathering in soils can form abundant silt-sized
quartz and feldspar grains and predicted that mature soil profiles that develop on even coarse-
grained, granitoid bedrock can contain between 50 — 75% silt-sized grains. They suggested that
the primary mechanism for creating this silt is the breakdown of crystals in intense combinations
of chemical and physical weathering, resulting in fragmentation due to dissolution along
subplanar microfractures now known as Moss defects (Moss, 1966; Moss and Green, 1975).
Wright (2007) supported this claim that pedogenic weathering can be a key contributor to silt
production through their review of the efficacy of weathering processes to generate fine-grained
material on a variety of parent rocks, as well as analysis of grain-size characteristics in
weathering profiles.

Nahon and Trompette (1982) based their hypothesis on examination of thin sections
illustrating the presence of many fine grains (both quartz and feldspar) with uniform extinction
that appear to have been components of a pre-existing single crystal, indicating the in situ
breakdown of larger crystals. They also cited an increasing abundance of silt- and clay-sized
quartz grains at the tops of weathering profiles, which they attributed to the progressive
dissolution of quartz from the bedrock up-profile (Nahon and Trompette, 1982; Wright, 2001).
Additionally, mature weathering profiles can be greater than 10 meters in thickness, especially in
humid climates, and tropical, equatorial, and Mediterranean soils typically contain ferruginous or
carbonate matrices, which can readily disaggregate to ultimately release the entrained silt.
However, the efficacy of pedogenic weathering for silt production has not been tested rigorously
— experimentally or empirically.

Here, we test the hypothesis of abundant pedogenic generation of silt in warm-climate
soils by assessing the grain size and geochemistry of silt recovered in a hot-wet (tropical)
weathering profile from southeastern Puerto Rico and a hot-dry (Mediterranean) profile from the
Anza Borrego Desert, southwestern United States (U.S.). Our results highlight significant
differences in the potential for in situ silt generation in soils from these varying climates, both in
terms of the volume and particle size modes of produced silt. These results contribute to our
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understanding of the formation of loess deposits through Earth history, and their possible
paleoclimatic significance.

2 Geologic Setting

We focused on two localities, each characterized by granitoid bedrock and hot climates,
but contrasting precipitation: arid-hot Anza Borrego Desert in southern California (southwestern
U.S.) and wet-tropical southeastern Puerto Rico (Caribbean Islands; Fig. 1). Refer to Table 1 for
details regarding climate classification and soil formation variables including bedrock geology
and dust influences. Both study regions are hosted primarily on crystalline granitoid bedrock
characterized by a relatively coarse grain-size (Fig. 2, 3). In addition to potential in situ
formation of silt in the soil profiles, both locations receive either local dust or long range traveled
(LRT) dust (Table 1; references within). We sampled surficial profiles characterized as
“modern,” that likely record time-averaged dynamic climatic conditions of the late Pleistocene.
For example, southern California experienced a wetter climate during interglacials of the
Quaternary (e.g., Reheis et al., 2012), and Puerto Rico was influenced by glacial and interglacial
cycles through changing sea levels which likely affected vegetation and biodiversity (e.g.,
Weigelt et al., 2016).

In southern California, the study area encompasses Indian Gorge within the southern part
of the Anza Borrego Desert (Fig. 1A), where the bedrock geology consists of the Middle
Cretaceous La-Posta tonalite (Fig. 2) overlain by first-cycle Quaternary alluvial sediment (of late
Pleistocene or younger age; Fletcher et al., 2011; Blisniuk et al., 2012). Both the bedrock and
derived alluvial sediment contain majority plagioclase, quartz, biotite, and potassium feldspar
(Clinkenbeard and Walawender, 1989; Joo et al., 2016). Allochthonous eolian material is likely
delivered to the Anza Borrego Desert by seasonal Santa Ana wind events from the Greater
Mojave Desert region (Muhs, 1983; Reheis et al., 1995, 2002; Muhs et al., 2007a; Fig. 1A).
Previous studies document the grain size distribution of Mojave Desert dust as mostly silt (up to
70%) with some clay-sized material (20 — 45%; Reheis et al., 1995)

The Puerto Rico study area lies within the Rio Guayanés watershed of southeastern
Puerto Rico (Fig. 1B). The Rio Guayanés watershed is underlain predominantly by the Late
Cretaceous San Lorenzo granodiorite, as well as first-cycle alluvium (Rogers et al., 1977), both
of which contain plagioclase, quartz, potassium feldspar, hornblende, and chlorite with minor
accessory minerals (Fig. 2; Joo et al., 2018). Dust deposition on the Caribbean Islands is well
established from previous studies (Table 1), with two major sources identified: Saharan and
Sahel desert dust from North Africa and volcanic ash from the Lesser Antilles volcanic arc in the
eastern Caribbean Sea. More than 60 million tons of Saharan dust is deposited annually
(Prospero and Lamb, 2003; Lau and Kim, 2007). African dust from the Saharan and Sahel
deserts contains mostly fine-silt sized quartz (4 — 20 pm) and clay-sized (<4 pm) mica; 30 — 50%
of the dust is <2.5 pm (e.g., Prospero et al.,1970; Glaccum and Prospero, 1980). Volcanoes
within the Lesser Antilles have been active since the Pleistocene (e.g., Frey et al., 2018), with
multiple explosive eruptions recorded in marine sediments west of the arc (e.g., Carey and
Sigurdsson, 1978; Sigurdsson and Carey, 1980; Le Friant et al., 2008). Many of the tephra units
contain plagioclase, augite, hornblende, rhyolite glass, and some quartz, with the largest
phenocrysts ranging in size from 0.5 — 2 mm (e.g., Carey and Sigurdsson, 1980). There is also
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141  considerable silt-sized crystals and glass within the ashfalls, with glass content increasing with
142 decreasing grain size (Carey and Sigurdsson, 1980).
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144 Figure 1. Regional geographic map showing both study localities within southern North

145 America, the average extent of African dust during summer, and the location of the Lesser

146 Antilles volcanic arc. Zoomed-in study areas are shown in A and B with representative wind
147  directions, soil (white star), bedrock (black star), and dust trap (red star)/proxy (grey star)

148 locations. A) Anza Borrego Desert in Southern California and relative directions for Santa Ana
149 wind events from the north/northeast (modified from Mubhs et al., 2007b). Locations for dust
150 traps T57 and T59 are outside the zoomed-in study area (from Reheis and Kihl, 1995). The

151 Indian Gorge ephemeral-stream system (black and black dashed lines) is covered in Quaternary
152 alluvium while the surrounding area and Tierra Blanca Mountains expose Cretaceous tonalite
153 bedrock. Dust trap sample area is highlighted in light gray (modified from Joo et al., 2016). B)
154 Rio Guayanés watershed (black lines) in southeastern Puerto Rico and relative direction of

155  Lesser Antilles Arc and African dust movement from the east, and location of the dust proxy
156  (gray star) in southern Puerto Rico. The eastern extent of the watershed is covered by Quaternary

157 alluvium and the majority of the study area is exposed granodiorite bedrock (modified from Joo
158  etal., 2018).
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Field Locality Variable Anza Borrego Desert Southeastern Puerto Rico
Climate Classification’ Csa - hot-dry summer Meditteranean Af - tropical rainforest
Mean Annual Temperature 23°C
Mean Annual Precipitation > > 132 mm
Bedrock 4 tonalite and first-cycle alluvial ranodiorite
edrock type sediment 9
. i 5 Greater Mojave Desert, local Anza Africa (Saharan and Sahel Deserts),
Potential dust influence Borrego Desert Lesser Antilies volcanism

" Beck et al. (2020)
2 NOAA Climate Normals, 1991-2020, Station Borrego Desert Park
3 NOAA Climate Normals, 1991-2020, Station Guayama 2E

* Rogers et al. (1977); Clinkenbeard and Walawender (1989); Joo et al. (2016, 2018)

® Muhs (1983); Muhs et al. (2007a, 2007b); Reheis et al. (1995, 2002)

Table 1. Summary of climate classifications and soil formation variables for the Anza Borrego

Desert and southeastern Puerto Rico field localities.

Anza Borrego

Figure 2. Hand sample photographs (A, D) and thin section photomicrographs (B, C, E, F). for
the Anza Borrego and Puerto Rico bedrock samples. B) representative photomicrograph
depicting typical crystal size, weathering, and mineralogy of the San Lorenzo granodiorite from
Puerto Rico (XPL); C) photomicrograph from B in PPL E); representative photomicrograph
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depicting typical crystal size, weathering, and mineralogy of the La-Posta tonalite from Anza
Borrego (XPL); F) photomicrograph from E in PPL.

Anza Borrego

Puerto Rico

[

Figure 3. Field photos of soil profiles and dust samples for each study locality. A) Puerto Rico
soil and sub-sample locations; hammer for scale. B) Anza Borrego soil; minimal soil integrity
prevented sub-sample location preservation; trowel for scale. C) Pleistocene beach rock from the
shoreline in Guénica used as a dust proxy for Puerto Rico. The orange, dust-derived sediment
filled in karst-openings in the carbonate; camera lens-cap for scale. D) Example of dust trap
apparatus (~ 1.75 m tall) deployed in the Anza Borrego Desert.

3 Methods
3.1 Sample collection

Soil, bedrock, and dust samples were collected from the Anza Borrego Desert in southern
California in December 2013. Soil, bedrock, and Pleistocene carbonate beach rock (a proxy dust
trap) samples were collected from the Rio Guayanés watershed in southeastern Puerto Rico in
2014 (Fig. 1, 2, 3). Anza Borrego soil samples (N=7, ~20 cm spacing) were collected along the
Indian Gorge in the Tierra Blanca Mountains from a 1.5-m profile formed on first-cycle
proximal alluvial fan sediment atop tonalite bedrock (N=3). Dust traps (a total of 12, patterned
after designs in Reheis and Kihl, 1995 and Reheis, 2003; Fig. 2A) were deployed throughout the
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area, but only one trap was salvageable (N=1). Due to the low volume of dust collected, we
obtained two dust trap samples from Marith Reheis (dust traps T57 and T59; Reheis and Kihl,
1995) to supplement our dataset. Puerto Rico soil samples (N=6, ~50 cm intervals) were
collected from a 2.5-m profile formed on granodiorite bedrock (N=2). Dust traps were deployed
in the Puerto Rico study area (total of 5, using the same model as the Anza Borrego locality) but
did not survive the deployment. Instead, we collected samples of Pleistocene carbonates with
karst-filling mudstones from the southern coast near Guanica as a proxy dust sample (N=1; Fig.
1B).

3.2 Sample pre-treatment and analysis

Representative subsamples of the soil profile were first wet-sieved to assess proportions
of gravel (> 2 mm), sand (63 um — 2 mm), and mud (< 63 pm). A subsample of the muds from
all samples were treated with buffered acetic acid for 24 hours to remove carbonates and 30%
hydrogen peroxide (up to 2 weeks) to remove organic matter. Owing to the high carbonate
content of the Pleistocene beach rock, this sample was processed with 2N HCI for 24 hours to
fully disaggregate the sample prior to hydrogen peroxide treatment. Processed subsamples were
used for laser particle size analysis (LPSA) and whole rock, trace element, rare earth element,
and base metal geochemical analyses. Samples analyzed by the LPSA were run in triplicate to
ensure reproducibility of histograms and reported modes. The small volume recovered from our
Anza Borrego trap precluded LPSA analysis, as all material was used for geochemical analysis;
however, dust traps T57 and T59 (Reheis and Kihl, 1995) were used for LPSA. We further wet
sieved the Puerto Rico mud samples to compare the chemistry of the <20 um mud fraction, the
20 — 63 um fraction, and the total < 63 um fraction. We note that all 3 fractions produced
comparable geochemical compositions (refer to supplemental data); therefore, we elected to only
present data from the total < 63 um fraction for direct comparison with the other sediment
samples.

We used the Wentworth Scale size classification customarily used by sedimentologists
(Wentworth, 1922) to describe grain sizes since we apply our interpretations to the deep-time
rock record; accordingly, we consider the <4 um fraction as clay, and the 4 — 63 pum fraction as
silt. LPSA was completed at the University of Oklahoma using a Malvern Mastersizer 3000,
where soil and dust samples were combined with distilled water and a few drops of dispersant
(sodium hexametaphosphate) and sonicated for 1 minute prior to addition to the LPSA. Crystal
size determinations for the bedrock samples were completed by tracing > 100 random crystals
from thin sections of each sample and importing the traces into the ImageJ software using the
particle size analysis function. Data were reported in area (um?), which was used to calculate the
2D diameter (um) then converted to a 3D measurement using methods described in Johnson
(1994). Geochemical analyses were completed by ALS Global using ICP-AES for whole rock
analyses; fuse bead, acid digestion and ICP-MS for trace element and rare earth element
analysis; and separate four acid digestion for base metal analysis.

4 Results
4.1 Granulometric Data

4.1.1 Anza Borrego
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The Anza Borrego soil profile is predominantly gravel (18.2 —33.1%) and sand (62.1 —
78.8%) with minor (1.2 — 5.6%) mud (Fig. 4; Table 2). Overall, the mud fraction and gravel
fractions both increase toward the top of the profile, with the top 0.5 m containing 4.7 — 5.6%
mud and 27.5 — 33.1% gravel. The mud fractions exhibit coarse-silt modes of 36 — 42 ym
(average ~40 um) that are invariant throughout the profile, with fine-skewed, relatively unimodal
distributions (Fig. 4). The mud fraction is predominantly coarse silt (32.8 — 38.2%) with lesser
amounts of medium (25.3 — 30.1%) and fine silt (14.9 — 18.4%), and minor very-fine silt (6.9 —
8.6%) and clay (6.2 — 8.3% ; Table 2). The average silt content in bulk samples from the Anza
Borrego profile is <5% with only a trace volume of clay-sized material (<0.5%). Dust samples
from T57 and T59 report different modes, but similar silt-fraction distributions (Table 2). Dust
trap T57 yielded a mode of 83.3 pm (very fine sand), and T59 yielded a mode of 32.1 um
(coarse silt; Table 2, Fig. 4). Note, however, that T57 contains abundant biotite, which produces
unreliable laser diffractometry results owing to the platy cleavage.

4.1.2 Puerto Rico

Grain size data in the Puerto Rico soil contrast significantly with those observed in the
Anza Borrego samples, containing minor gravel (0 — 1.5%), with significant sand (28.4 — 55.9%)
and mud (42.6 — 71.6%; Fig. 4, Table 2). Unlike Anza Borrego, where the average grain size
within the mud fraction remains consistent at each depth, the mud fraction of the Puerto Rico soil
samples exhibit modes between 6 — 18 pum that decrease towards the surface of the profile. LPSA
histograms from the Puerto Rico soil profile exhibit relatively unimodal peaks in the deeper
profile, but display finer, bimodal peaks in the uppermost samples (Fig. 4). At 0.1 m, 0.5 m, and
1 m depths, the Puerto Rico soil samples show distinct modes at both ~5 pym and ~18 pum (Fig.
4). The dust proxy sample (siliciclastic fraction of the carbonate rock) is dominated by clay-sized
particles (> 60%), with 14% very fine silt, 13.7% fine silt, and approximately 11% coarse and
medium-silt combined (Table 2). Histograms of the Puerto Rico dust proxy exhibit bimodal
peaks at < 1 um and ~5 pm, with an average reported mode of 4.9 um (Fig. 4).
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Among the Puerto Rico soil samples and dust proxy (beach rock), the soil samples
exhibit the highest fraction of fine silt (25.0 — 29.2%) and clay (21.3 — 31.2%; Table 2) and the
dust proxy contains the highest percentage of clay-sized particles (60.9%; Table 2). The soil

. R, Anza Borrego Granulometric Distribution
Puerto Rico Granulometric Distribution
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samples contain only minor amounts of coarse silt (4.6 — 8.6%) and moderate medium silt (16.7
—21.6%). The soil samples exhibit a silt distribution similar to that of the modern dust analog,
but have significantly less clay-sized particles (up to 40%). When compared to total soil contents

(gravel, sand, and mud fractions), the silt fraction of the Puerto Rico soil ranges from 31 — 50%
(Table 2).

Figure 4. Puerto Rico and Anza Borrego soil and dust granulometric distributions. Gravel
(brown), sand (yellow), and mud (gray) fractions are represented as bar graphs for each
respective soil profile depth out of 100% total soil sample weight. LPSA histograms and average
reported modes of the mud fraction are shown for soil and dust samples.
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LPSA Results (%) Mud distribution in total soil (%)
S bontha | |Gravel% Sand% Mud% | Csit MSit FSit VFSit Clay AG V9% Csit MSit FSit VFSit Clay |Total Sit%

S, DustTrap T57 265 152 113 79 58 83.3
% Dust Trap T59 229 203 141 8.7 79 321

@ Surface | 33.1 62.1 47 328 301 184 75 7.0 35.5 15 14 09 04 03 a1

E 02m| 275 669 5.5 336 281 175 81 78 39.2 19 16 10 04 04 48

04m| 307 637 56 330 274 176 86 83 37.7 19 15 10 05 05 49

06m| 182 788 3.0 374 253 150 73 686 423 11 08 04 02 02 25

0.8m| 300 686 1.4 322 279 184 86 7.9 36.6 05 04 03 01 01 1.2

1.2m| 265 696 3.9 382 272 149 69 62 411 15 11 06 03 02 3.4

1.5m| 284 704 12 338 271 176 83 74 395 04 03 02 01 01 1.0
&3 Dust Proxy 36 75 137 14 609 4.98

e 0im| 02 40.0 59.9 59 104 261 208 278 17.5 35 116 156 125 166 43.2

§ 05m| 00 458 54.1 46 167 250 224 312 6.3 25 90 135 121 169 37.2

im| o0 28.4 716 57 181 257 196 309 13.9 41 130 184 140 221 49.5

15m| 10 51.6 47.4 76 186 261 205 272 14.1 36 88 124 97 129 345

2m| 00 34.1 65.9 62 211 278 195 254 18.1 41 139 183 128 167 49.1

25m| 15 55.8 426 86 216 292 194 213 18.3 37 92 125 83 91 336

Table 2. Summary of granulometric analytical results and total silt content percentages for Anza
Borrego and Puerto Rico localities. Abbreviations: Coarse (C), medium (M), fine (F), very-fine
(VF). Dust samples were not analyzed for gravel, sand, mud distributions.

4.1.3 Bedrock Crystals

Crystal sizes from the Anza Borrego (n=137) and Puerto Rico bedrock (n=204) range
from fine to very-coarse crystals (Table 3). Data are reported for calculated crystal area (um?),
2D diameter (um), and converted 3D diameter (um; Table 3). The diameters are calculated based
on the simplification of a spherical shape, and the converted 3D measurements are thus larger
than the 2D diameters. Accordingly, these data are a semi-quantitative estimate of bedrock
crystal size, but nevertheless demonstrate that both granitoids are coarse-grained; however, the
Anza Borrego bedrock crystals are, on average, 2-times larger than the Puerto Rico bedrock
(Table 3). The average crystal diameter in the Anza Borrego tonalite is 982 um, while the
average crystal diameter in the Puerto Rico granodiorite is 653 um (Table 3).

Diameter (um)*
Area (um*x10°) 2D 3D Corrected**
AB PR AB PR AB PR
Min 18 18 152 151 158 156
Max 19,020 12,177 4,921 3,938 5,095 4,077
Mean 1,044 459 949 630 982 653
Median 480 224 782 534 809 553

*Diameters are calculated with the assumption of spherical crystals
**Conversion from Johnson (1994)
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Table 3. Calculated bedrock crystal sizes from the San Lorenzo granodiorite in Puerto Rico (PR)
and the La Posta tonalite in Anza Borrego (AB).

4.2 Geochemical Data
4.2.1 Major Element Geochemistry

Major element geochemistry from the soils, bedrock, and dust samples reflects
weathering intensity at the Anza Borrego and Puerto Rico localities (refer to supplementary files
for raw data). Major element concentrations were plotted in A-CN-K space using the molar
ratios of Al,03-CaO+Na,O-K,0 following Nesbitt and Young (1984, 1989) to assess weathering
trends (Fig. 5). Since all samples were processed to remove carbonate, compositional values of
CaO are interpreted to represent values of the silicate fractions. However, after geochemical
analysis, an elevated LOI value for the Pleistocene beach rock indicated remnant carbonate
bound CaO. The CaO value used for CIA analysis for the Puerto Rico dust proxy is corrected
following methods of Taylor and McClennan (1985). CIA values were calculated to understand
weathering intensity between each soil compared to potential sources (bedrock and dust) with the
following equation using molecular values (Nesbitt and Young, 1982): [Al,O3/(Al,05; + CaO +
Na,O + K,0)] x 100. We note that these values are used only to understand weathering intensity
of each soil compared to bedrock, not as a comparison of weathering between each location. As
traditionally interpreted, CIA values of 50 — 65 indicate minimal chemical weathering, values of
65 — 85 reflect intermediate chemical weathering, and values >85 indicate extreme chemical
weathering (e.g., Nesbitt and Young, 1982, 1984, 1989); however, these values are also affected
by the composition of the source material.

-

00 ~
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(O PR Dust Proxy
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Figure 5. Ternary plot of Puerto Rico (PR) and Anza Borrego (AB) soil, bedrock, and dust
sample geochemistry in A-CN-K space with Chemical Index of Alteration (CIA) values labeled
on the left. See supplemental files for data references.
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In general, the soil samples from Anza Borrego are slightly more Al-rich than the
associated bedrock but plot close to bedrock on the A-CN-K ternary diagram. Anza Borrego
bedrock samples have CIA values around 50 and the soil samples exhibit CIA values between
~54 — 56, consistent with incipient leaching through chemical weathering relative to the host
bedrock. The Anza Borrego dust trap material exhibits the lowest CIA value at 48, indicating
that the dust delivered to the Anza Borrego desert was likely derived from more mafic sources.

All Puerto Rico samples plot closer to the CN apex compared to the K apex, attributable
to a high fraction of plagioclase in the bedrock (e.g., Joo et al., 2018). Puerto Rico soils are
significantly shifted towards the A apex from the host bedrock in A-CN-K space (Fig. 5). Puerto
Rico bedrock samples also plot within a similar region as both the Anza Borrego bedrock and
soil samples. This indicates that the Puerto Rico soils have experienced significant Ca, Na, and K
leaching via chemical weathering. The Puerto Rico bedrock samples exhibit CIA values around
45, consistent with both the Ca-rich bedrock chemistry and minimal chemical weathering of the
granitoid bedrock. Puerto Rico soil samples exhibit CIA values of ~85 — 98 indicating uniformly
intense chemical weathering compared to the very low values in the bedrock. The Puerto Rico
dust proxy has a CIA of ~95 likely reflecting intense chemical weathering and/or abundant
detrital clay minerals, as indicated by high clay-sized particle content.

4.2.2 Element-Depth Profiles

Elements considered to be relatively immobile in low-temperature and near-surface
environments are commonly utilized in dust and sedimentary rock provenance studies (Cullers et
al., 1979; Bhatia and Crook, 1986; McLennan, 1989; Olivarez et al., 1991; Nakai et al., 1993;
Sun, 2002; Muhs et al., 2007a, 2007b; Reheis et al., 2009). We applied a Tau calculation (Eq. 1;
Brimhall and Dietrich, 1987; Chadwick et al., 1990; Anderson et al., 2002) normalized to Ti and
plotted results on element-depth plots to determine whether immobile elements are enriched or
depleted in soil samples compared to weathered bedrock and fresh bedrock.

Ciw Ci
7, = G Gp g Eq. |
] Cip Ciw
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In equation 1, C represents the concentration (ppm) of immobile (i) and mobile (j)
elements in the weathered (w) and parent (p) material. Weathered material is considered all
samples other than fresh bedrock. We use Ti as the immobile element because 1) it is minimally
mobile in many environments (Bern et al., 2015) and 2) the concentrations of Ti in the soil
samples from both Anza Borrego and Puerto Rico do not indicate signs of illuviation or leaching.
When t = 0, the calculated elemental concentration in the soil matches that of the bedrock;
however, if t > 0, the weathered material is enriched in that element compared to the bedrock
and when 1t < 0, the weathered material is depleted in that element compared to bedrock. For
example, a T of -1 indicates 100% loss of the element. We plotted the elements Nb and Zr
(immobile and common elements used to indicate allochthonous material), Ta and Th
(commonly used in soil provenance, e.g., Muhs et al., 2007a, 2007b) and Fe and Al (typically
highlight redistribution or illuviation; e.g., Chadwick et al., 1990) normalized to Ti in both Anza
Borrego and Puerto Rico localities (Fig. 6).
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Figure 6. Tau plots showing elemental enrichment and/or depletion with depth. All elements are
normalized to Ti for both Anza Borrego and Puerto Rico. Sample depth is labeled on the y-axis
and depletion and enrichment values are labeled on the x-axis.

The element-depth plot for the Anza Borrego soil shows enriched values for Th, Ta, and
Nb, and a slight enrichment of Zr in the soil profile samples compared to the fresh and weathered
bedrock, all of which are indicative of allochthonous additions to the profile (Fig. 6; e.g.,
Brantley et al., 2007). The elemental enrichment values for Th and Ta are on the order of 10-20
times that of the parent material, indicating abundant accumulation of material from external
sources for the mud fraction. Conversely, the Anza Borrego profile is depleted in Fe and Al
compared to the bedrock samples (Fig. 6). Al is minimally depleted in the soil profile with t-
values between -0.1 —-0.2, while Fe is substantially depleted in the soil samples (t-values = ~ -
0.5) indicating almost 50% loss of Fe compared to the bedrock chemical composition. Th has the
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largest range of values within the soil profile with no consistent pattern between the lower and
higher values. Ta, Nb, Fe, Al, and Zr values are consistent between depths within the profile.
Refer to supplemental files for detailed t-values.

Similar to the Anza Borrego profile, the Puerto Rico element-depth plot shows enriched
values for Th, Ta, Nb, and Al, while Fe has an immobile pattern and Zr is almost completely
depleted from the soil samples compared to the bedrock (Fig. 6). Although Zr is typically
considered an immobile element, several studies have shown that the intense chemical
weathering in eastern Puerto Rico causes even Zr to be mobilized (e.g., McKlintock et al., 2015;
Buss et al., 2008, White, 2002) and thus depleted relative to unweathered bedrock. For this
reason, we normalize to Ti for all element-depth plots in this study. In the Puerto Rico profile Fe
t-values in the upper-most samples are slightly enriched and deeper samples contain values that
are slightly depleted; Zr is depleted from the uppermost portion of the profile and becomes
slightly enriched in the deeper samples (Fig. 6). Notably, the highest enrichment values for all
the elements occur at depths of 1.5 m and 2.5 m (Fig. 6).

4.2.3 Rare Earth Element Signatures

Rare earth element (REE; La through Lu) compositional distributions and abundances
can also be used to determine provenance (e.g., Taylor and McLennan, 1995). REEs were
normalized to chondritic meteorite compositions using values from Taylor and McLennan
(1985). Chondrite REE patterns are expected to form smooth REE distributions; therefore,
positive (enriched) and/or negative (depleted) anomalies of Ce and Eu as well as relative
enrichments or depletions in the heavy REEs (HREE; Gd through Lu) and the light REEs
(LREE; La through Sm) can be compared to the crystalline parent rock and dust samples to
determine likely sources. The majority of REEs are contained in the clay and silt fractions, and
sedimentary processes (especially granite weathering) can result in positive Ce anomalies due to
the formation of Ce*" and cerium hydroxides (Nesbitt, 1979; Banfield and Eggleton, 1989;
Taylor and McLennon, 1995) and negative Eu anomalies via plagioclase weathering (Condie et
al., 1995; Compton et al., 2003; Babechuk et al., 2014).

At the Anza Borrego locality, we plotted REE signatures for bedrock samples, dust trap
sediment, and the soil profile (Fig. 7). The Anza Borrego bedrock samples have moderately low
REE abundances with slightly higher LREE abundances than HREE. All three samples show
slight negative Ce anomalies, and two samples show positive Eu anomalies. The Anza Borrego
dust trap sediment has elevated LREE abundance, a negative Eu anomaly, and a flat distribution
of HREE, but total REE abundances are higher than the bedrock samples. The soil samples all
produce a consistent REE pattern that is similar to the dust trap sample, in both REE abundance
and distribution.
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Figure 7 Chondrite-normalized REE composition and patterns of Anza Borrego (AB) and Puerto
Rico (PR) soil, bedrock, dust sediment and dust proxy.

At the Puerto Rico locality, we plotted REE signatures for bedrock samples, the dust
proxy sample, and the soil profile (Fig. 7). The Puerto Rico bedrock samples have relatively flat
REE patterns, with similar abundances between the LREE and HREE. Both samples exhibit
negative Eu anomalies and low total REE values. However, the Puerto Rico soil samples exhibit
variable REE patterns. In general, samples from the deeper intervals contain higher abundances
of both LREE and HREE compared to the upper-most samples; all depths have negative Eu
anomalies and positive Ce anomalies. Deeper samples also resemble patterns similar to the
Puerto Rico dust proxy, however with lower total abundances of REE. Near-surface samples
exhibit strong positive Ce anomalies, which are not observed in either the bedrock or dust proxy
samples.

5 Discussion
5.1 Intensity of Chemical Weathering

Chemical weathering and associated alteration of host material were evaluated using
changes in concentrations of major elements and associated CIA values, ranges of element
mobility represented in the element-depth plots, and REE patterns of the soil and bedrock
samples from both localities. Unsurprisingly, all data indicate that chemical weathering is most
intense in the Puerto Rico soil (Fig. 5, 6, 7). In contrast, the Anza Borrego soil shows minimal
chemical weathering, consistent with low CIA values that are only slightly elevated relative to
the bedrock (Fig. 5). Plagioclase weathering plays an important role at both localities, especially
in initial bedrock weathering, indicated by the complete loss of the positive Eu anomaly in soil
samples in Anza Borrego, despite its presence in the bedrock samples, and an increase in the
intensity of the negative Eu anomaly between bedrock and soil samples in Puerto Rico (Fig. 7;



416
417
418
419
420
421
422
423
424
425
426
427

428
429
430
431
432
433
434
435
436
437
438

439
440
441
442
443
444
445
446
447
448

449
450
451
452
453
454
455
456
457

458

manuscript submitted to replace this text with name of AGU journal

Condie et al., 1995; White et al., 1998; Compton et al., 2003; Buss et al., 2008; Babechuk et al.,
2014; Joo et al., 2016, 2018). The REE observations and patterns from the mud fractions of the
Anza Borrego soil samples show enrichments in the LREE, negative Eu anomalies, and overall
higher abundances of REE compared to the bedrock samples. In Puerto Rico, the REE
observations and patterns from the mud fractions of the soil samples include overall depleted
REE abundance (both LREE and HREE), positive Ce anomalies, and more intense negative Eu
anomalies (Fig. 6). Positive Ce anomalies in the soils, compared to none to slightly negative Ce
anomalies in the Puerto Rico bedrock, are documented in other granitoid soils forming in humid
and tropical climates (e.g., Ghani et al., 2019). The enrichment of Ce in the soil samples is likely
due to the change from Ce’" to Ce*" due to oxidizing conditions, which is more stable and can be
retained by clay minerals which are likely abundant in the Puerto Rico soils indicated by the
grain size and Al-enrichment (Ghani et al., 2019).

Figure 6 shows the variations in depletion and enrichment of typically immobile elements
representing chemical and biological processes at play at each locality. In Anza Borrego, both Al
and Fe are slightly to moderately depleted, which is commonly associated with mineral
weathering by organic (fluvic and humic) acids and/or microbial degradation (e.g., Lundstrom et
al., 2000). Depletion of Al and Fe is a typical observation in podzols, which exhibit leaching of
Fe and Al in the upper soil profile; however, podzols form in cool, humid climates with abundant
vegetation (McKeague et al., 1983)— the opposite of the modern climate in the Anza Borrego
Desert. The Anza Borrego profile exhibits minimal chemical weathering and minimal clay
mineral content, which we would expect to result in an immobile pattern and not a depletion for
these elements. Instead, we posit that this pattern likely records the influence of wetter climates
of the late Pleistocene in this region (e.g., Reheis et al., 2012).

In contrast, the element-depth plots for Puerto Rico indicate leaching and associated
illuviation of nearly all the plotted elements, reiterated by the low total REE abundances in the
soil samples, especially in the shallow depths of the profile, all indicating mobilization of
elements (Fig. 6, 7). The highest enrichment values of relatively immobile elements occur at
depths of 1.5 m and 2.5 m signaling illuviation horizons, even though all depths show
enrichment values for Th, Ta, Nb, and Al. Additionally, Al exhibits higher enrichment values at
0.1 m and 0.5 m depths compared to 1.0 m, which does not occur with other elements, and likely
reflects dust input near the surface of the profile (Fig. 6). Fe appears to represent an immobile
element in this profile, with no clear addition or depletion patterns, which could indicate
bioturbation, or biogeochemical cycling (e.g., White and Buss, 2014).

The variability in chemical weathering and subsequent element mobility between the two
localities is expected given the order-of-magnitude larger mean-annual precipitation and higher
mean-annual temperature in Puerto Rico compared to Anza Borrego. This difference likely
impacts the resulting silt generation in each profile, which partly explains the extremely low
volumes of silt and clay in Anza Borrego and abundance of silt and clay in the Puerto Rico soil.
Additionally, the finer initial crystal size of the Puerto Rico bedrock likely contributes to the
efficacy of chemical (and physical) weathering in creating the abundant mud fraction observed in
these samples. In contrast, it seems unlikely that the silt in Anza Borrego formed from bedrock
weathering— either chemically or physically— as explored further below.

5.2 Evidence for Dust Additions
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The role of soil as a trap for dust is well recognized (e.g., Yaalon and Ganor, 1973;
review by Muhs, 2013); indeed, dust can deliver significant macro- and micronutrients to soil
ecosystems. Dust can contribute significant volumes of fine-grained material to soils depending
on their geographic proximity to potential dust sources, and many studies have documented
additions of long-range-traveled (LRT) dust to soils (e.g., Birkeland, 1999; Kurtz et al., 2001;
Mubhs et al., 2021) including in the Caribbean Islands (e.g., Muhs et al., 2007b; Pett-Ridge, 2009;
Pett-Ridge et al., 2009; McClintock et al., 2015, 2019) and southern California (Muhs et al.,
2007a, 2008; Reheis et al., 2009). Ultimately, soils developed on coarse-grained host rocks can
produce some autochthonous silt via pedogenic weathering but can also contain allochthonous
silt attributable to local dust inputs. These processes are potentially distinguishable by comparing
particle size and geochemical attributes of the soils relative to parent rock and dust sources.

Both study profiles follow expected grain-size distribution patterns: the Anza Borrego
soil is predominately sand, representing a more arenaceous profile common in temperate
climates (e.g., Hall, 1985; 1987), and the Puerto Rico profile is predominately mud, especially
very-fine silt and clay, representing an argillaceous profile more expected in humid climates
(Fig. 4, Table 2). The distribution of grain sizes in each profile largely reflects the significant
contrast in intensity of chemical weathering, as well as differences in eolian inputs. In addition to
the A-CN-K diagram and element-depth plots, we plot elements with low expected mobility, Nd-
Cr-Ta and Th-La-Sc (Taylor and McLennon, 1985; Olivarez et al., 1991; Muhs et al., 2007b,
2021) on ternary diagrams to further investigate the provenance of the mud fraction (cf., Muhs
and Budahn, 2009; Muhs et al., 2007b, 2010, 2021; Reheis et al., 2009). Figure 8 compares data
from this study and potential dust source fields from previous works by Muhs et al. (2007b) and
Reheis (2003).

Cr/10 La
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Figure 8. Cr/10 - Nd - Tax10 and La - Th - Sc ternary diagrams of Anza Borrego and Puerto
Rico samples compared to previously published data of Mojave Desert dust (Reheis, 2003),
Lesser Antilles volcanic system (Turner et al., 1996; Heath et al., 1998; Muhs et al., 2007b), and
African dust (Mubhs et al., 2007b). These diagrams show that the mud-fraction from the Anza
Borrego soil is geochemically indistinguishable from dust sources and the Puerto Rico soil is
largely affected by chemical weathering, making it fall between potential sources.

The Anza Borrego dust trap sediment exhibits bulk geochemistry which likely reflects a
mafic source. The addition of dust to the Anza Borrego profile could influence the geochemical
signature of the soils, potentially shifting to lower CIA values, for example (Fig. 5, 7; discussion
above). The REE signatures of the soil samples from Anza Borrego and the dust trap samples are
comparable and plot similarly to other Greater Mojave Desert dust samples within the region
(Fig. 7; e.g., Reheis et al., 2002). The dust trap sample we analyzed from Reheis and Kihl (1995)
(T59; that was not influenced by mica) reported a mode of 32 pm which aligns with the data
observed in the soil profile and is consistent with other studies. Emery (1960) reported dust from
Santa Ana wind events collected in Los Angeles as having grain-size modes between 30 — 40
um, comparable to the modes of the mud fraction in the Anza Borrego soil (Fig. 9). Additionally,
Reynolds et al., (2006) reported silt contents from dust traps around the Greater Mojave Desert
region as predominantly coarse silt (up to 55%), also aligning with the granulometric results
from the Anza Borrego soil profile. Figure 8§ illustrates that the geochemical signatures from the
mud fractions of the soil samples and the dust trap data plot within the Greater Mojave Desert
dust provenance fields reported by Reheis (2003) and Reheis et al. (2002). Within Nd-Cr-Ta
space, the soil samples cluster near the Nd apex along with the dust trap sample, all of which fall
within the Greater Mojave Desert dust field; similarly, in Th-La-Sc space the soil samples and
dust trap sediment create a distinct cluster near the La apex within the Greater Mojave Desert
dust field. Additionally, the bedrock samples plot in separate clusters closer to the Cr apex in Nd-
Cr-Ta space and towards the Sc apex in Th-La-Sc space. Figure 6 also shows evidence for
allochthonous additions to the Anza Borrego profile with enrichment values upwards of 15 for
Th and well above 1 for Ta and Nb. These data reinforce the interpretation of a predominantly
allochthonous, eolian origin for the mud fraction of the Anza Borrego soil, rather than an in situ
origin by pedogenic weathering of the parent material.

The Puerto Rico dust proxy is predominantly clay with a very-fine mode of 5 pm, which
is also consistent with LRT dust likely from the North African Saharan or Sahel deserts or the
Lesser Antilles volcanic arc system (Fig. 4). Although the only soil depth that aligns
granulometrically with the dust proxy occurs at 0.5-m, the top two meters of the Puerto Rico
profile display bimodal histograms with both ~5 and 18 um modes (Fig. 4). This bimodal
distribution is consistent with the possibility of multiple sources for the fines in this profile — e.g.
autochthonous production of clays by weathering, and allochthonous input of LRT dust. Since
the lower depths are more consistently coarse, we posit that the majority of the coarser mode of
18 um represents the autochthonous silt fraction produced via pedogenic weathering, while the 5
um mode likely represents (at least partially) the LRT dust fraction, as typical grain-sizes of
African dust particles are 2.5 — 5 um (Fig. 9; Li-Jones and Prospero, 1998). Examples from distal
ash falls from Dominica range in grain size from coarse silt (45 pm) to fine silt (14 pm);
however more proximal ashfall would be coarser (Carey and Sigurdsson, 1980). Grain size
decreases with distance from an eruption, so we assume that any dust that reached Puerto Rico
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would be in the coarse silt range (Carey and Sigurdsson; 1980), consistent with the proximity of
the arc.

Total average silt confents per soil
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Figure 9. Average total silt contents in each soil profile (above) and grain size distributions
compared to potential dust sources (below) for the two localities. The annotated histogram-plot
of grain size distributions for the average soil (Puerto Rico in blue, Anza Borrego in orange)
compared to typical loess modes (yellow), typical grain size collected in Santa Ana dust
(orange), reported Lesser Antilles Arc (LAA, gray diagonal lines) grain sizes for distal ash, and
reported LRT African dust (gray) grain sizes. The representative average bedrock crystal size
from thin section observations is shown in purple. The range of typical loess grain size falls
directly between the soil modes, and the bedrock-host crystals are substantially coarser than both
the soil and a typical loess deposit. However, there is a strong overlap in grain size between
Santa Ana dust and the Anza Borrego soil. Similarly, the Puerto Rico soil overlaps with LRT
African dust and LAA distal ash.

Similar to Anza Borrego, Puerto Rico soil samples also exhibit enriched values for
multiple immobile elements including Nb, Ta, Th, and Al indicating external sources for the mud
fraction (Fig. 6). Additions of volcanic and clay minerals from dust sources likely contribute to
the high CIA values in the dust proxy as well as the enrichment of Al in the element-depth plots.
However, unlike the comparable attributes observed between the Anza Borrego dust sediment
and soils, the Puerto Rico dust proxy does not align entirely with the soil samples in Puerto Rico,
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as shown in Figure 8. Interestingly, the dust proxy plots in between the values for the provenance
of African dust, Dominica and St. Lucia volcanics (Mubhs et al., 2007b) on the Th-La-Sc ternary
plot, but plots closer to the St. Vincent volcanics provenance field in the Nd-Cr-Ta ternary plot.
In the Th-La-Sc plot, the soil samples fall near a mixing line between the bedrock samples and
the dust proxy data point, plotting near the volcanic provenance fields, but not overlapping. In
the Nd-Cr-Sc plot, the bedrock and dust proxy samples do not align with the soil samples, but a
few of the soil samples overlap with St. Vincent volcanics and African dust. Overall, the soil
samples produce irregular signatures with regards to dust data fields, but the Th-La-Sc plot
indicates a strong African dust influence, while the Nd-Cr-Ta plot indicates a mix of potential
sources.

In summary, geochemical evidence from both localities are consistent with the influence
of allochthonous dust to the soil profiles, despite the lack of eolian mantles apparent in the A
horizons (the uppermost part of the profile, e.g., Yaalon and Ganor, 1973). The data support an
almost entirely dust-derived silt fraction in Anza Borrego, and a completely homogenized silt
fraction mixed with both parent rock and dust inputs in Puerto Rico, regardless of sample depth.

5.3 Implications for Loess Formation

To examine the efficacy of pedogenic weathering (by physical, chemical, and biological
processes) as a major mechanism for silt generation, we evaluate the results from both profiles
within the context of critical attributes of geologically significant loess deposits. At the broadest
scale, these factors include 1) the grain-size mode of the silt fraction in each soil profile
compared to typical loess modes and 2) the amount of silt contained in the soil compared to the
volume of silt in a loess deposit. Note that we focus not only on the mode and volume of silt-
sized quartz, but on all the silt-sized mineral constituents within the mud fraction of each soil.
Although loess is commonly dominated by quartz silt, most loess deposits contain varying
amounts of quartz, plagioclase, K-feldspar, carbonate minerals, mica, and phyllosilicate clay
minerals including chlorite, illite, kaolinite, and smectite (e.g., Tsoar and Pye, 1987; Mubhs,
2013). The profiles in Puerto Rico and Anza Borrego were evaluated holistically in order to
achieve a broader understanding of the attributes of the extant silt.

Soil particle size distribution hinges to a large degree on grain- or crystal-size within the
parent material. For example, a soil profile forming on loess, or on a siltstone, phyllite, or tuff is
likely silt rich due to the abundant silt available in the host. In contrast, particle size trends within
granitoid-hosted weathering profiles exhibit a predominance of sand with minimal silt and clay
(e.g., Hoskin and Sundeen, 1985; Dixon and Young, 1981; Wang et al., 1981; Taboada and
Garcia, 1999; Wright, 2002a, 2002b), indicating that typical weathering profiles formed from
coarse-grained parent material do not contain significant amounts of autochthonous silt. The
weathering profiles from Anza Borrego and Puerto Rico both formed from granitoid bedrock,
enabling assessment of the efficacy of pedogenic weathering in creating silt from grains typically
coarser than 0.5 mm diameter (Fig. 2; Table 3).

Loess deposits are reported to have “typical” grain size modes of 20 — 40 um (e.g., Tsoar
and Pye, 1987; Assallay et al., 1998; Anderson, 2007), although some authors report modes of up
to 50 um (e.g., Smalley and Krinsley, 1978). Modes vary owing to distance from sources and
predominant wind velocities, among other factors. For example, Chinese loess exhibits a typical
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mode of ~25 um (e.g., Assalley et al., 1998; Lu et al., 2001) although more proximal deposits are
coarser than the distal loess (e.g., Ding et al., 2001), the Peoria loess (midwest U.S.) has an
average mode of ~40 um (Wang et al., 2006), and the Negev loess (Israel) is bimodal, with a
coarse (50 — 60 pm) and fine (<10 um) mode (Crouvi et al., 2008). Regardless, it’s widely agreed
that typical modes fall within the medium and coarse silt range, with very few studies reporting
geologically significant loess or loess-like deposits with modes in the fine silt range (e.g., Pfeifer
et al., 2020).

Medium (16 — 31 pm) and coarse (31 — 62.5 um) silt accounts for about 20% of the
Puerto Rico soil, and <3% of the Anza Borrego soil (Table 2; Fig. 9). Ultimately, neither the
Anza Borrego nor Puerto Rico soils contain a significant volume of silt in the typical loess
ranges discussed above; the Anza Borrego mud-fraction mode (40 um) is relatively coarse, but
constitutes a negligible amount by volume, and the Puerto Rico mud-fraction is skewed finer (5 —
18 um) relative to the typical grain size modes observed in loess deposits throughout geologic
time (Fig. 9). For comparison, Nahon and Trompette (1982) reported quartz and feldspar
fragments between 1 and 20 um diameter in the soils from their original study when proposing
that abundant silt was produced by pedogenic weathering. These diameters are smaller than the
typical loess size modes (typically > 20pum; references above), but similar to the results of the
tropical soil profile from Puerto Rico where the majority of the soil was clay to fine silt.

If soil weathering is an efficacious mechanism to generate the silt that forms loess, it
must produce silt in modes similar to (or larger than) those of typical loess in sufficient volumes
of this material to result in a loess deposit. We can evaluate the efficiency of silt production by
considering the maximum silt contents in each soil profile (e.g., Anza Borrego: 5%; Puerto Rico:
50% of total soil) assuming development of a mature, 10-m profile thickness, and assess the area
needed to source a small (e.g. Negev) or large (e.g. Chinese) loess deposit. The Negev loess, a
relatively small accumulation, covers ~5,500 km? with an average thickness of ~10 meters
(Crouvi et al., 2008; Ben-Israel et al., 2015). The Chinese Loess Plateau (CLP) is the largest
loess accumulation on Earth today, at 640,000 km? with an average mean thickness of ~100
meters (e.g., Zhu et al., 2018).

(area of soil km? X thickness of soil km) X % silt in soil = volume of loess km? Eq.2

Using equation 2, in order to generate sufficient silt to form the Negev loess, a soil
comparable to Puerto Rico would need to cover an area about twice the size of the loess deposit
(~11,000 km?®) and a soil comparable to Anza Borrego would need to cover 20-times the area of
the loess (~110,000 km?). To supply the likes of the Chinese Loess Plateau, a soil with silt
contents similar to Puerto Rico would need to cover 20-times the area of the CLP (about 12.8
million km?; about 2-times the land area of Russia) and a soil similar to the Anza Borrego profile
would need to cover an area 200-times that of the loess plateau (128 million km?; approximately
25% of the Earth’s total land area). These are conservative estimates, since 1) we assume use of
the entire silt fraction and not just the fractions of the typical loess modes and 2) a soil profile
formed in a climate like the Anza Borrego Desert is unlikely to reach a thickness of 10 m.
Additionally, these profiles would need to be reworked to release all of their silt, then undergo
additional transport and sedimentation processes to isolate the silt-size grains, eventually to be
deposited at an accumulation site. For comparison, experimental studies have shown that sand
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saltation as a means for silt generation for desert loess would require a primary dune field 85-
times larger than the accumulated loess deposit (Adams and Soreghan, 2020).

The Anza Borrego profile contains insignificant volumes of silt. Thus, the Anza Borrego
profile cannot be a major source of silt for loess generation, particularly given that geochemical
results indicate that the little silt observed in this soil is likely completely derived from eolian
transport. Conversely, the Puerto Rico soil contains significant silt, enough to be reworked and
deposited to form a major loess deposit. However, the largest mode (18um) is finer than the
lower end of the typical loess mode range proposed in literature (Smalley and Krinsley, 1978;
Tsoar and Pye, 1987; Assallay et al., 1998; Anderson, 2007).

6. Conclusions

Pedogenic weathering in hot (tropical and Mediterranean) climates has been long cited as
an effective means for silt generation to source loess, but this hypothesis has not been tested
rigorously. The efficacy of pedogenic weathering in the production of silt is important for
constraining potential climatic and environmental interpretations of loess deposits, especially in
deep time. Granulometric and geochemical data from soils in tropical hot-humid (Puerto Rico)
and Mediterranean hot-arid (Anza Borrego) localities contrast greatly, despite formation on
similar granitoid-derived bedrock material. The soil profile from Anza Borrego contains
insufficient silt to form a geologically significant loess deposit, and much of the silt that is
present was likely delivered via eolian processes and was not formed in-situ. The Puerto Rico
soil generates autochthonous silt in situ, and also incorporates allochthonous silt and clay from
eolian additions, but the modes tend to be finer than typical loess modes. Intense pedogenic
weathering in wet and hot climates could account for portions of silt distributions throughout
geologic time, and merits further study to quantitatively decipher the source of the silt, as well as
the mineralogy of the silt, and the volume of silt produced within a typical weathering profile.
However, in general, unrealistically large volumes of soil would be needed to generate
significant loess deposits. Future studies must consider the mechanisms needed to release and
rework the grains within these weathering profiles and the geographic locations of modern and
ancient loess in relation to tropically weathered soil profiles.

(All figures and tables should be cited in order. For initial submission, please embed figures, tables, and their
captions within the main text near where they are cited. At revision, figures should be uploaded separately, as we
need separate files for production. Tables and all captions should be moved to the end of the file.)
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