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ABSTRACT 
 
 Global sediment movement and production are important to understand when 
reconstructing Earth’s past geography and climate. Loess—terrestrial sedimentary deposits 
composed of predominantly eolian-transported silt—record the most complete records of 
climate in the nonmarine realm and some of the largest concentrations of dust in Earth’s 
geologic record. The goals of this dissertation are to 1) test hypotheses related to the on-going 
debate surrounding the generation of abundant fine-grained material that accumulates as loess 
deposits, and 2) identify and characterize the sediment transport mechanisms and depositional 
environments of a massive and structureless sedimentary sequence in Tanzania, which is herein 
interpreted as a record of Neoproterozoic loess. This abstract aims to illustrate the connections 
and relationships between the three chapters submitted as part of this dissertation. Each chapter 
is formatted for publication in various peer-reviewed scientific journals, including the Journal 
of Geophysical Research (American Geophysical Union) and the Journal of African Earth 
Sciences (Elsevier). 

Many processes have been proposed to be efficacious mechanisms in the production of 
silt. These include glacial grinding, eolian saltation, fluvial comminution, and many types of 
weathering such as insolation-, salt-, frost- and pedogenic weathering. While processes such as 
glacial grinding and eolian saltation have been extensively studied to illustrate their efficacy 
for generating silt, pedogenic weathering has not been tested rigorously, either by experimental 
or empirical studies. Chapter I aims to test this hypothesized mechanism for silt generation by 
comparing granulometric data and major, trace, and rare earth element geochemistry of two 
modern soils from varying climates (hot-arid and hot-humid), in order to discern whether the 
silt fraction formed in situ (autochthonous) or was sourced from eolian processes 
(allochthonous). Granulometric results indicate that the hot-humid soil (located in southeastern 
Puerto Rico) contains abundant (>70%) silt- and clay-sized grains (average mode ~15 µm), 
while the hot-dry soil (located in southern California) contains very minimal silt-sized material 
(<6%; average mode ~40µm); additionally, geochemical results indicate the Puerto Rico silt- 
and clay-fraction is at least partially derived from eolian inputs (e.g., African dust, Lesser 
Antilles volcanic ash) and the Anza Borrego silt-fraction is indistinguishable from local and 
regional dust sources (e.g., Greater Mojave Desert dust). Therefore, the results from Chapter I 
suggest pedogenic weathering is not a significant factor in silt production for geologically 
significant loess deposits, as the Puerto Rico soil contains significant silt in a grain-size 
fraction finer than typical loess, and the Anza Borrego soils contains essentially no in situ silt. 

Chapters II and III of this dissertation concentrate on describing, analyzing, and 
interpreting the provenance, sediment transport mechanisms, and depositional environment of 
the Neoproterozoic Manyovu redbeds in western Tanzania, which we interpret as a partial 
record of loess. The Manyovu redbeds are a unique, and understudied, sedimentary deposit that 
records extreme tectonic and climatic shifts in Earth history, such as supercontinent assembly 
as well as major climatic shifts including the enigmatic Snowball Earth events. First, we 
utilized U-Pb detrital zircon geochronology and modal composition trends to better constrain 
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the age and source of sediment preserved in the Manyovu strata (Chapter II). U-Pb detrital 
zircon ages indicate maximum depositional ages (MDAs) as young as 613.6 ± 1.2 Ma, which is 
almost 200 Ma younger than the previously dated, underlying lavas. Additionally, detrital 
zircon age spectra and modal compositions indicate the sediment for the Manyovu redbeds was 
both locally and regionally sourced, and the mid-Manyovu strata likely record the initiation of 
Pan-African Orogenesis in the Mozambique Belt of Eastern Africa. 

After determining the new age constraints and provenance for the Manyovu redbeds, 
we utilized field observations, particle-size analysis, and supplementary geochemical data to 
better constrain the depositional environment (Chapter III). Previous work had described the 
Manyovu redbeds as thick, massive, monotonous, red sandstone, and interpreted the deposits as 
shallow marine rocks. We logged a 285-m section, where we found no evidence for water-laid 
deposition of these units. The strata lacked sedimentary structures, channelization, and erosive 
contacts; instead, a significant fraction of the Manyovu redbeds studied is internally massive, 
fine-grained (silt – fine sand), and exhibits blocky fracture patterns, concretion horizons, and 
microfabrics indicative of pedogenesis. Based on these observations, we reinterpret the 
Manyovu redbeds as recording deposition in a continental, eolian-dominated setting. Together, 
Chapters II and III redefine the Manyovu redbeds as at least late Cryogenian to Ediacaran in 
age, consisting of mostly loess and pedogenically altered loess that may record periglacial 
deposition, yielding broad implications for Neoproterozoic paleoclimate and Pan-African 
Orogenesis in East Africa. 
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CHAPTER I 
 
 
 

ASSESSING SILT GENERATION AND ORIGINS IN GRANITOID-HOSTED SOILS: 
IMPLICATIONS FOR LOESS FORMATION 
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ASSESSING SILT GENERATION AND ORIGINS IN GRANITOID-HOSTED SOILS: 
IMPLICATIONS FOR LOESS FORMATION 

 
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 situ 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 μm) 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 µm) than the modes of most “typical” loess deposits (modes more than 20 
– 30 µm). 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 form in place during soil formation 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. 
 
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 
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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 μm; e.g., Smalley and 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 exceed 10 m 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 



 
4 

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 understanding of the 
formation of loess deposits through Earth history, and their possible paleoclimatic significance.  

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 documented 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 μm) and clay-sized (<4 μm) mica; 30 – 50% of the dust is <2.5 μm (e.g., Prospero et 
al.,1970; Glaccum and Prospero, 1980). Volcanoes within the Lesser Antilles have been active 
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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 considerable silt-sized crystals and glass within the ashfalls, with 
glass content increasing with decreasing grain size (Carey and Sigurdsson, 1980). 

METHODS 

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 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 Guánica as a proxy dust sample (N=1; Fig. 1B). 

Sample pre-treatment and analysis 

Representative subsamples of the soil profile were first wet-sieved to assess proportions of 
gravel (> 2 mm), sand (63 μm – 2 mm), and mud (< 63 μm). 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 HCl 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 μm mud fraction, the 20 – 63 μm 
fraction, and the total < 63 μm 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 μm fraction for direct comparison with the other sediment samples.  
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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 μm fraction as clay, and the 4 – 63 μm 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 (µm2), which was used to calculate the 
2D diameter (µm) 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. 

RESULTS  

Granulometric data 

Anza Borrego 

 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 μm 
(average ~40 μm) 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 µm (very fine sand), and T59 yielded a mode of 32.1 µm 
(coarse silt; Table 2, Fig. 4). Note, however, that T57 contains abundant biotite, which produces 
unreliable laser diffractometry results owing to the platy cleavage. 

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 exhibits modes between 6 – 18 μm that decrease towards the surface of the profile. 
LPSA histograms from the Puerto Rico soil profile exhibit relatively unimodal peaks in the 
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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 μm and ~18 μm 
(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 μm and ~5 μm, with an average reported mode of 4.9 μm (Fig. 4).  

 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 
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). 

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 (µm2), 
2D diameter (µm), and converted 3D diameter (µm; 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 µm, while the 
average crystal diameter in the Puerto Rico granodiorite is 653 µm (Table 3). 

Geochemical Data 

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 Al2O3-CaO+Na2O-K2O 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 
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following equation using molecular values (Nesbitt and Young, 1982): [Al2O3/(Al2O3 + CaO + 
Na2O + K2O)] 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.  

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. 

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.  

𝜏!,# =	
$!,#
$!,$

	 $%,$
$%,#

− 1     Eq. 1 

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 
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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 τ = 0, the calculated elemental concentration in the soil matches that of the bedrock; 
however, if τ > 0, the weathered material is enriched in that element compared to the bedrock 
and when τ < 0, the weathered material is depleted in that element compared to bedrock. For 
example, a τ 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). 

 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 τ-
values between -0.1 – -0.2, while Fe is substantially depleted in the soil samples (τ-values = ~ -
0.5) indicating almost 50% loss of Fe compared to the bedrock chemical composition. Th has the 
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 τ-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 
τ-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). 

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 
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(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 Ce4+ 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. 

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. 

DISCUSSION 

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 
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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; 
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 Ce3+ to Ce4+ attributable 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., Lundström 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 
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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. 

Evidence for Dust Additions 

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; 
Muhs 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). 

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 µm which aligns with the data 
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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 
μm, 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 μm, 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 μm 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 μm represents the autochthonous silt fraction produced via pedogenic weathering, while the 5 
μm mode likely represents (at least partially) the LRT dust fraction, as typical grain-sizes of 
African dust particles are 2.5 – 5 μm (Fig. 9; Li-Jones and Prospero, 1998). Examples from distal 
ash falls from Dominica range in grain size from coarse silt (45 μm) to fine silt (14 μm); 
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 
would be in the coarse silt range (Carey and Sigurdsson; 1980), consistent with the proximity of 
the arc.  

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 (Muhs 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. 

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; Muhs, 
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, 
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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 μm (e.g., Tsoar 
and Pye, 1987; Assallay et al., 1998; Anderson, 2007), although some authors report modes of up 
to 50 μm (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 
mode of ~25 μm (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 μm (Wang et al., 2006), and the Negev loess (Israel) is bimodal, with a 
coarse (50 – 60 μm) and fine (<10 μm) 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 µm) and coarse (31 – 62.5 µm) 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 μm) is relatively coarse, but 
constitutes a negligible amount by volume, and the Puerto Rico mud-fraction is skewed finer (5 – 
18 μm) relative to the typical grain size modes observed in loess deposits (Fig. 9). For 
comparison, Nahon and Trompette (1982) reported quartz and feldspar fragments between 1 and 
20 μm 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 > 20μm; 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 
to produce 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 km2 with an average thickness of ~10 m (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 km2 with an average mean thickness of ~100 m (e.g., Zhu et al., 2018).  

(𝒂𝒓𝒆𝒂	𝒐𝒇	𝒔𝒐𝒊𝒍	𝒌𝒎𝟐 × 𝒕𝒉𝒊𝒄𝒌𝒏𝒆𝒔𝒔	𝒐𝒇	𝒔𝒐𝒊𝒍	𝒌𝒎) ×%	𝒔𝒊𝒍𝒕	𝒊𝒏	𝒔𝒐𝒊𝒍 = 𝒗𝒐𝒍𝒖𝒎𝒆	𝒐𝒇	𝒍𝒐𝒆𝒔𝒔	𝒌𝒎𝟑		 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 km2) and a soil comparable to Anza Borrego would need to cover 20-times the area of 
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the loess (~110,000 km2). 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 km2; 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 km2; 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 
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 (18 μm) 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). 

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. 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 
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rework the grains within these weathering profiles and the geographic locations of modern and 
ancient loess in relation to tropically weathered soil profiles. 
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FIGURES AND TABLES 
 

 

Figure 1. Regional geographic map showing both study localities within southern North America, 
the average extent of African dust during summer, and the location of the Lesser Antilles volcanic 
arc. Zoomed-in study areas are shown in A and B with representative wind directions, soil (white 
star), bedrock (black star), and dust trap (red star)/proxy (grey star) locations. A) Anza Borrego 
Desert in Southern California and relative directions for Santa Ana wind events from the 
north/northeast (modified from Muhs et al., 2007b). Locations for dust traps T57 and T59 are 
outside the zoomed-in study area (from Reheis and Kihl, 1995). The Indian Gorge ephemeral-
stream system (black and black dashed lines) is covered in Quaternary alluvium while the 
surrounding area and Tierra Blanca Mountains expose Cretaceous tonalite bedrock. Dust trap 
sample area is highlighted in light gray (modified from Joo et al., 2016). B) Rio Guayanés 
watershed (black lines) in southeastern Puerto Rico and relative direction of Lesser Antilles Arc 
and African dust movement from the east, and location of the dust proxy (gray star) in southern 
Puerto Rico. The eastern extent of the watershed is covered by Quaternary alluvium and the 
majority of the study area is exposed granodiorite bedrock (modified from Joo et al., 2018). 
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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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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 Guánica 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. 
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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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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. 

 
 

 

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.  
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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. 
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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 (Muhs 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. 
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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. 
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Table 1. Summary of climate classifications and soil formation variables for the Anza Borrego 
Desert and southeastern Puerto Rico field localities. 

 

 

 

 

 

 

Field Locality Variable Anza Borrego Desert Southeastern Puerto Rico

Climate Classification 1 Csa - hot-dry summer Meditteranean Af - tropical rainforest

Mean Annual Temperature 2, 3 23˚C 27˚C 

Mean Annual Precipitation 2, 3 132 mm 1382 mm 

Bedrock type 4 tonalite and first-cycle alluvial 
sediment granodiorite

Potential dust influence 5 Greater Mojave Desert, local Anza 
Borrego Desert

Africa (Saharan and Sahel Deserts), 
Lesser Antillies volcanism

1 Beck et al. (2020)
2 NOAA Climate Normals, 1991-2020, Station Borrego Desert Park
3 NOAA Climate Normals, 1991-2020, Station Guayama 2E
4 Rogers et al. (1977); Clinkenbeard and Walawender (1989); Joo et al. (2016, 2018)
5 Muhs (1983); Muhs et al. (2007a, 2007b); Reheis et al. (1995, 2002)
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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. 

 

 

Table 3. Calculated bedrock crystal sizes from the San Lorenzo granodiorite in Puerto Rico (PR) 
and the La Posta tonalite in Anza Borrego (AB). 
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MAXIMUM DEPOSITIONAL AGES AND PROVENANCE ANALYSIS OF THE 
NEOPROTEROZOIC MANYOVU REDBEDS, TANZANIA: IMPLICATIONS FOR PAN 

AFRICAN OROGENESIS  
 
 

ABSTRACT 

 The Manyovu redbeds are an up to ~400–600 m succession of fine-grained siliciclastic 
strata in northwestern Tanzania and are part of the Neoproterozoic Bukoban Supergroup. 
Previous authors estimated the age of the Manyovu redbeds to be Neoproterozoic or older based 
on K-Ar dates of underlying volcanic rocks (~800 Ma); however, no other age-constraints exist 
for these Neoproterozoic units. U-Pb detrital zircon results from six stratigraphic intervals, 
including both sandstone and siltstone samples, of the Manyovu units indicate maximum 
depositional ages as young as 613.6 ± 1.2 Ma, almost 200 Ma younger than the underlying 
volcanics, with major detrital contributions from Pan-African Orogenesis, indicating these units 
are syn-tectonic accumulations associated with the assembly of Greater Gondwana/Pannotia. 
Detrital zircon spectra and modal compositions reveal that the sediments that formed these strata 
were sourced from a range of terranes, including continental blocks (i.e., Tanzania Craton), 
magmatic arcs (i.e., Mozambique Belt and Arabian-Nubian Shield), and recycled orogens (e.g., 
Ubendian-Usagaran Belts). Together, these data indicate that the Manyovu redbeds may have 
formed following the Marinoan Snowball Earth event (~635Ma) and record the initiation of 
collision along the Mozambique Belt during the formation of Greater Gondwana and Pan-
African orogenesis. 

INTRODUCTION 

The Neoproterozoic (1000 – 541 Ma) was an extraordinary time in Earth history, well 
known as an era of supercontinent deconstruction and assembly (e.g., Frimmel et al., 2002; Stern 
et al., 2008), extreme climatic shifts and the enigmatic Snowball Earth events (Hoffman et al., 
1998; Hoffman and Schrag, 2002; Hoffman et al., 2017), as well as the lead-up to the 
evolutionary explosion of the Phanerozoic biosphere (Knoll, 2003; Tziperman et al., 2011; 
Kennedy, 2013). Despite its seemingly otherworldly extremes, disentangling the 
interconnections among climatic, tectonic, and biospheric events during this time shed light on 
the workings of the Earth System writ large. But we need to access the record, and only ~16% of 
Earth’s continental area is known to be Neoproterozoic in age (Goodwin, 1991; Stern et al., 
2008). Additionally, sedimentary successions provide critical data for deciphering Earth’s 
paleoclimatic and tectonic histories, but many Neoproterozoic exposures are either volcanically 
sourced, or metamorphosed. A global dearth of well-dated sedimentary successions for the 
Neoproterozoic impedes efforts to develop a better understanding of this intriguing interval. 

Africa has the largest area of Neoproterozoic rock exposed at the surface (50% of the 
continent; Goodwin, 1991; Stern et al., 2008), including volcanic and sedimentary successions 
within paleo-orogenic belts and associated basins. Many of these rock units have undergone 
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relatively recent uplift and exposure associated with the East African Rift (EAR) during the 
Cenozoic. The EAR system began in the Early Miocene (22 – 25 Ma; e.g., Roberts et al., 2012; 
Macgregor, 2015) and comprises half-graben basins with normal-fault blocks exposing 
Neoproterozoic volcanic and sedimentary rocks throughout eastern Africa, some of which 
remain minimally metamorphosed. Lake Tanganyika is an EAR lake that borders western 
Tanzania and eastern Democratic Republic of the Congo (DRC) in East Africa (Fig. 1A), and 
exposures of the Bukoban Supergroup occur along the lake’s eastern margin (Fig. 1B, Fig. 2).  

The Neoproterozoic Manyovu redbeds (Fig. 2, 3), part of the Bukoban Supergroup, crop 
out in one of the uplifted fault blocks and have been described previously as a monotonous 
succession of red, micaceous, fine-grained sandstone, shale, and conglomerate, and interpreted as 
shallow marine deposits (Halligan, 1962; Piper, 1972). However, these units lack accurate age 
constraints, with previous dating reliant primarily on poorly resolved K-Ar dates of underlying 
volcanic rocks of the Gagwe Amygdaloidal Lavas (~800 – 830 Ma, Fig. 3; Cahen and Snelling, 
1974; Deblond et al., 2001) and paleomagnetic studies of the Bukoban Supergroup (Piper, 1972), 
but no previous studies focus on these strata. 

Here we present new U-Pb detrital zircon ages, sandstone modal compositions, and  grain 
size analyses from the Manyovu redbeds along northeastern Lake Tanganyika. We report the 
first maximum depositional ages for the Manyovu redbeds and utilize U-Pb detrital zircon ages 
from both sandstone and siltstone units to explore temporal provenance shifts. This study 
provides a means for broadening our understanding of the Neoproterozoic world by making 
initial connections between the climate and tectonics of this time period. 

GEOLOGIC BACKGROUND  

Paleogeography and Paleoclimate 

 The Bukoban System (here referred to as deposited in the Bukoban Basin) is part of a 
series of Neoproterozoic basins that evolved during both the break-up of the supercontinent 
Rodinia (~830 Ma) as continental rift-related and extensional basins, and during the assembly of 
Pannotia (Greater Gondwana; ~630 Ma) as collision-related peripheral foreland basins (e.g., 
Frimmel et al., 2002; Stern et al., 2008). These basins commonly occur along the margins of 
Archean cratons throughout central and southern Africa as well as the eastern coast of South 
America (Frimmel, 2000; Hanson, 2003). Most basins contain both sedimentary and volcanic 
deposits, which record episodes of active uplift, subsidence, and volcanism.  

During Cryogenian – Ediacaran time, the major tectonic events are lumped into the Pan-
African Orogens. Two main types of orogenic belts make up the Pan-African system as 
identified by Kröner and Stern (2005). The first is juvenile (mantle-derived) Neoproterozoic 
supracrustal and magmatic assemblages including the Arabian-Nubian Shield, Lufilian Arc, 
West Congo Belt, and most orogenic belts of west Africa from this time. These belts likely 
represent the closing of the newly created oceanic margins formed after the break-up of Rodinia 
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(e.g., the Mozambique Ocean). The second type of orogenic belt is more enigmatic and contains 
high-grade metamorphic complexes of unspecified origin(s), but mostly older Proterozoic and 
Archean continental crust. Examples include the Mozambique Belt in East Africa and 
Madagascar, as well as the Zambezi Belt in southeastern Africa.  

During the break-up of Rodinia (beginning of the Cryogenian), much of the global 
volcanism consisted of continental flood basalts and subaerial rift-related igneous activity. Most 
new arcs were subaqueous during this time. In contrast, arc-related volcanism predominated 
toward the end of the Cryogenian, especially in the Arabian-Nubian Shield and East African 
Orogen (e.g., Stern et al., 2006, 2008). U-Pb dates from early Paleozoic strata within East Africa 
show a predominance of ages between 600 – 650 Ma (Avigad et al. 2003; Kolodner et al. 2006), 
supporting likely active volcanism across the Cryogenian – Ediacaran boundary in this area. 
Large amounts of arc- and collision-related (e.g., newly formed subduction zones) volcanism 
accompanied the assembly of Pannotia around the end of Cryogenian, commonly on continental 
crust, promoting explosive volcanic eruptions (Stern et al., 2008).  

Climate shifts and extremes accompanied both intervals of major continent 
reconstruction. The Tonian coincided with multiple glacial events including the Bitter Springs 
(~800 – 815 Ma; still poorly constrained and debated, e.g., Maloof et al., 2006; Stern et al., 
2008), Mahd (780 – 800 Ma; Stern et al., 2011; Swanson-Hysell et al., 2015), and Kaigas (~750 
Ma; Hoffmann et al., 2006) events. The Bitter Springs is hypothesized as a glacial event owing 
solely to a seemingly global negative carbon isotope excursion (e.g., Halverson et al., 2010), 
whereas dated tillites support a glacial interpretation for both the Mahd (Stern et al., 2011) and 
Kaigas event deposits (~740 Ma; Frimmel et al., 1996); however, neither episode has been 
defined globally. The oldest hypothesized Snowball Earth event is the Sturtian (~710 Ma, e.g., 
Hoffman and Li, 2009), but glacial deposits thought to record the Sturtian Snowball Earth exhibit 
ages ranging throughout the Cryogenian from 645 – 724 Ma (e.g., Lund et al. 2003; Kendall et 
al. 2006; Hoffman and Li, 2009; Rooney et al., 2015). Accordingly, the nature of the Sturtian as 
either a single or multiple glacial event(s) remains debated (e.g., Hoffman and Li, 2009). Finally, 
marking the end of the Cryogenian and beginning of the Ediacaran, the Marinoan event is the 
oldest and only documented Snowball Earth event that has withstood multiple tests over the 
years. Marinoan glacial deposits are the most widespread, with global correlations of syn-glacial 
cap carbonates and well-constrained ages that overlap within error of ~635 Ma (e.g., Schmidt 
and Williams, 1995; Kennedy et al., 1998; Hoffman et al., 1998; Hoffmann et al., 2004), making 
this extreme climatic event coeval with the apex of Greater Gondwana (Pannotia) assembly.  

Uha Group Stratigraphy 

Early Proterozoic metamorphic rocks, and the Neoproterozoic Bukoban Supergroup (Fig. 
1B, 2) form the Tanzanian border of Lake Tanganyika. The Bukoban Supergroup spans much of 
the Neoproterozoic and comprises volcanics as well as carbonate and siliciclastic deposits, some 
affected by low-grade metamorphism. These units likely accumulated in a subsiding basin 
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created by extension during Rodinia rifting, but the region remained a topographic low into the 
Pan-African orogenic events of Greater Gondwanan amalgamation. The Uha Group (estimated to 
span the Cryogenian – Ediacaran) consists of the (oldest to youngest) Gagwe Amygdaloidal 
Lavas, Ilagala Dolomitic Limestone, and the Manyovu redbeds, with disconformities separating 
each unit (Fig. 2; Halligan, 1962). The Gagwe Amygdaloidal Lavas form 600 m of tholeiitic 
flood basalts encompassing an indistinguishable number of eruptions (e.g., Halligan, 1962; Piper, 
1972), dated to 822 ± 30 Ma using (recalculated) K-Ar methods (Briden et al., 1971; Deblond et 
al., 2001). Accordingly, these likely record magmatism associated with the break-up of Rodinia. 
The Illagala Dolomitic Limestones comprise ~150 m of dolomitic limestone with chert, a basal 
conglomerate, and calcareous sand sheets (Halligan, 1962).  

 Minimal previous work exists on the Manyovu redbeds. Halligan (1959) and Henderson 
(1961) studied the southern-most extent of the Manyovu exposures along the Karurumpeta Ridge 
south of Kigoma, Tanzania. Halligan (1962) provided the most detailed description of the 
Manyovu, noting that the best exposures occur in both the south (Karurumpeta Ridge) and north 
of Kigoma into Burundi. Halligan (1962) described the southern exposure of the Manyovu as 
having a thin, laterally discontinuous basal conglomerate. A basal conglomerate persists in most 
localities, but thins northward. In areas with no conglomerate, a fine-grained orthoquartzite or 
light-colored sandstone marks the base of the unit. In both the north and south, the rest of the unit 
consists of 400 – 600 m of monotonous, fine-grained, micaceous, red sandstone and siltstone 
(Halligan, 1962; Piper, 1972), although Halligan (1962) noted flaggy bedding and hackly 
fracturing predominantly in the northern exposures.  

 In the study area, a white to pink, well-sorted, fine-grained and massive sandstone marks 
the base of the Manyovu unit (Fig. 3B). Tabular, 30 – 40 cm thick beds occur locally throughout 
this basal facies. Much of the section consists of a massive siltstone/mudstone (locally up to 50 
m of unbedded, continuous section), displaying an irregular fracture pattern (here defined as 
“blocky”) also described by Halligan (1962) (Fig. 3C, 3D). Commonly this facies intercalates 
with thin (~10 – 50 cm), tabular, relatively resistant sand sheets (Fig. 3F, 3G). No ripple cross-
lamination, cross-stratification, or erosive contacts occur throughout the unit; however, small-
scale horizontal laminations are rarely observed, as well as horizons with large (~15 cm 
diameter) clusters of concretions (Bonar et al., in review). 

METHODS 

We identified ~300 m of continuous section of the Manyovu redbeds west of Mkalinzi, 
Tanzania (Fig. 1), exposed along an uplifted fault block associated with the EARS ~30 km north 
of Kigoma (Fig. 2, 3A). We logged the section (Fig. 2) and collected samples for U-Pb detrital 
zircon geochronology to constrain maximum depositional ages and provenance (N=6), thin 
section analysis (N=29) and subsequent point counting for supplemental provenance 
interpretations (N=13). Each detrital zircon sample was also prepped for particle-size analysis 
(N=6). 
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Detrital zircon geochronology 

We analyzed six stratigraphic intervals from the Manyovu redbeds for detrital zircon 
geochronology, including both very fine to fine sandstone (N=3; Fig. 3B, 3F, 3G) and siltstone 
samples (N=3; Fig. 3C, 3D, 3E). Samples were processed to isolate zircon grains following 
methods described by Gehrels (2011). Prior to zircon analysis, grains were polished and imaged 
using a Hitachi 3400N scanning electron microscope (SEM) and a Gatan cathodoluminescence 
(CL2) detector system for backscatter electron (BSE) images to select zircons and conduct grain 
morphology analysis. U-Pb geochronology was conducted using laser-ablation multicollector 
inductively coupled mass spectrometry (LA-MC-ICPMS) at the Arizona LaserChron Center 
(Gehrels et al., 2006; Gehrels and Pecha, 2014). The analyses involve ablation of zircon with a 
Photon Machines Analyte G2 excimer laser using a spot with a diameter of 30 µm and ablation 
depth of ~15 µm. For detailed methods for U-Pb detrital zircon geochronologic methods and 
processing, refer to Gehrels et al. (2006) and Gehrels (2011).  

Upon completion of data processing, we imported the data into detritalPy (Sharman et al., 
2018), a python-based coding program, to aid in interpretation and visualization of detrital zircon 
data. To represent the relative probability distributions of data for provenance analysis, we use 
kernel density estimations (KDE), where a selected bandwidth (manually set at 15 Myr) captures 
the standard deviation of each Gaussian (Vermeesch, 2012). For calculating maximum 
depositional ages (MDA), detritalPy uses three metrics from Dickinson and Gehrels (2009): the 
youngest single grain (YSG), the youngest cluster of 2 or more ages with overlapping 1σ 
uncertainties (YC1σ(2+)), and the youngest cluster of 3 or more ages with overlapping 2σ 
uncertainties (YC2σ(3+)). We report all three MDA calculations for reference and discussion. 
For more details on MDA calculations, refer to Sharman et al. (2018). 

Point counting and thin section analysis 

A total of 29 samples were prepared for petrographic analysis and subsequent point 
counting to determine sandstone modal compositions. Thin sections were stained for both 
plagioclase (P) and potassium feldspar (K). All thin sections were analyzed for general grain 
size, shape, and sorting, grain textures, and micro-sedimentary structures, as well as mineral 
composition to aid in depositional and sediment transport interpretations. Photomicrographs 
were taken to illustrate modal frameworks, changes in grain size and sorting, and microfabrics.  

Out of the 29 thin sections, only 13 were used for point counting owing to grain size 
limitations. For each thin section used for modal compositional trends, a total of 400 grains were 
counted using the Gazzi-Dickinson method (e.g., Dickinson et al., 1983; Ingersoll et al., 1984). 
Table 1 lists parameters for point counting. Recalculated modal percentages of point-count data 
were then plotted as ternary plots (Q-F-L and Qm-F-Lt). Ternary plots were created using TRI-
PLOT in excel (Graham and Midgley, 2000). 

Particle-size Analysis 
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We conducted particle-size analysis (N=6) on each of the intervals used for detrital zircon 
geochronology to quantify overall grain size. Most intervals are remarkably friable and easily 
disaggregated manually. For more lithified samples, a ceramic mortar and pestle were used to 
crush samples to pea-sized granules to increase surface area for chemical treatment; the granules 
were then rinsed with distilled water to remove any artificially generated particles <250 µm. 
Samples were then submerged in 2N HCl for 24 hours for carbonate removal and combusted at 
500 ºC for ~15 hours to remove organic matter. Finally, samples were treated with citrate-
bicarbonate-dithionite (CBD; Sur et al., 2010; Rea and Janecek, 1981) to remove iron oxides. 
Fully disaggregated samples were measured using a Malvern Mastersizer 3000 Laser Particle 
Size Analyzer (LPSA), after the addition of a few drops of sodium hexametaphosphate as a 
liquid dispersant, and sonication for ~two minutes.  

RESULTS 

Detrital Zircon Age Spectra 

 U-Pb detrital zircon ages from the Manyovu redbeds consisted of 1537 concordant to 
slightly discordant Archean – Neoproterozoic age zircons (see Supp. Files). Overall, strata yield 
U-Pb age distributions dominated by Neoproterozoic grains (28 – 54%) and Paleoproterozoic 
grains (19 – 37%), with moderate occurrences of Mesoproterozoic grains (15 – 27%), and minor 
Archean-age grains (1 – 13%) (Fig. 4). Age populations within the Neoproterozoic Era are 
predominantly Tonian (16 – 35%) and Cryogenian (11 – 27%) with minor amounts of grains 
with Ediacaran ages (0 – 8%) which are the youngest grains in the units. The general trend is an 
increasing abundance of Neoproterozoic grains up-section (Fig. 4); however, the middle of the 
section has the most Ediacaran-age grains. 

Maximum Depositional Ages  

 The youngest age populations within a detrital zircon spectrum provide an estimate of the 
depositional age of a sample, known as the maximum depositional age (MDA; Fedo et al., 2003; 
Dickinson and Gehreals, 2009). MDAs are reported as YSG, YC1σ(2+), and YC2σ(3+). YSG 
will always report the least conservative MDA estimate, while YC2σ(3+) will always report the 
most conservative MDA estimate (Fig. 5). The two detrital zircon samples from the bottom of 
the section report the oldest YC2σ(3+) ages, with MDAs of 657.6 ± 1.7 Ma and 663.8 ± 2.0 Ma, 
followed by (in stratigraphic order) 613.6 ± 1.2 Ma, 616.9 ± 2.1 Ma, 640.7 ± 1.4 Ma, and 621.2 ± 
3.1 Ma (Fig. 5). These ages fall within both the Cryogenian and Ediacaran periods. However, not 
all of the MDA calculations fall in chronological order stratigraphically, as the youngest reported 
MDAs (for all three calculations) fall within the middle of the Manyovu redbeds section 
(MANY-7 and MANY-8). Additionally, the youngest YSG-ages reported occur in the finest-
grained samples: MANY-1silt (mode: 36.5 µm), MANY-7 (mode: 52.8 µm), and MANY-8 
(mode: 47.6 µm), and the youngest YSG occurs in MANY-1silt (559.4 ± 4.2 Ma), even though 
the conservative MDA estimate for this sample is the oldest at 663.8 ± 2.0 Ma (Table 2). 
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Sandstone Modal Compositions 

 Compositional data were obtained from 13 sandstone and siltstone thin sections (5,200 
grain counts) collected from throughout the studied section of the Manyovu redbeds (Fig. 6). 
Overall, the modal composition of the Manyovu units comprises predominantly quartz (47 – 
85%), with variable feldspar (10 – 39%) consisting of mostly plagioclase (6 – 31%) with minor 
potassium feldspar (1 – 13%), and lithic fragments (6 – 19%) (See Supp. Files for raw data). 
Lithic fragments (out of 100%) are predominantly lithic volcanic (63 - 97%) with variable lithic 
metamorphic (0 – 17%) or sedimentary fragments (0 – 30%). Mica makes up the majority of 
accessory phases (up to 14%). Up-section trends include an overall decrease in Q abundance and 
corresponding increase in F abundance. 

 Using Q-F-L percentages, most samples plot in the lithic arkose field of Folk (1968), but 
others plot as arkose, feldspathic litharenite, or subarkose (Fig. 7). Using the ternary provenance 
provinces from Dickinson et al. (1983), Q-F-L percentages plot in the recycled orogen field, 
except one sample that barely plots in transitional continental (Fig. 7). Plots using the Qm-F-Lt 
percentages are more scattered, with most samples plotting around the transitional continental, 
mixed, and quartzose recycled provenance fields (Fig. 7). 

Particle size analysis 

 Disaggregated samples from the six intervals of Manyovu redbeds contain grain-size 
modes of coarse silt (N=3), very-fine sand (N=2), and fine sand (N=1; Wentworth, 1922). The 
basal sand exhibits the coarsest mode (210 µm), and its silty counterpart exhibits the finest mode 
(36.5 µm; Table 2). The samples with the finest grain-size modes (MANY-1silt, MANY-7, and 
MANY-8) also report the youngest YSG ages for MDA (Fig. 5).  

DISCUSSION 

Provenance Interpretation 

The detrital zircon and sandstone modal composition data reported here provide the first 
constraints on provenance for the Manyovu redbeds. Overall, KDEs of the detrital zircon ages 
display primary peaks within the Late Neoproterozoic (637 – 701 Ma) and the Paleoproterozoic 
(~1880 Ma and 1980 Ma) (Fig. 8). Secondary age peaks occur mostly within the 
Mesoproterozoic around ~990 Ma and ~1050 Ma, with other secondary peaks at ~780 Ma, and 
within the Archean (2626 – 2709 Ma). Modal compositions of the Manyovu are variable, and fall 
within all three major tectonic provinces defined by Dickinson and Suczek (1979): continental 
block, recycled orogen, and magmatic arc. Fine sand samples tend to exhibit the largest 
variability for modal compositions, while coarse silt trends toward continental block fields, and 
the very-fine sand trends towards magmatic arc fields with the most lithic fragments (grain sizes 
based on thin section analysis; Fig 6).  

Archean cratons (>2500 Ma) 
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Southern and Central Africa contain multiple Archean cratons including the Congo, 
Tanzania, Zimbabwe, and Angola-Kasai cratons (Fig. 8). Zircons >2500 Ma make up between 5 
– 16% of the interpreted detrital zircon spectra, with MANY-1 (both the sand-sized sample and 
silt-sized sample) containing the most grains within this age-range (Fig. 9). The Tanzania craton 
is likely a source for Archean-age zircons in the Manyovu redbeds, considering its proximal 
location and variety of reported ages between ~2645 – 2850 Ma (Borg and Krogh, 1999; Kabete 
et al., 2012). While the peaks in the reported detrital zircon spectra are slightly younger than this 
range (e.g., 2626 Ma and 2634 Ma), particularly at the bottom of the section, they are within 
error for these reported ages. Additionally, modal composition results indicate at least partial 
derivation of sediments from continental block sources (transitional continental and basement 
uplift; Fig. 7) with a few samples falling along the provenance field line between cratonic and 
recycled orogen sources. 

2050 – 1800 Ma orogens 

The Ubendian and Usagaran belts surround the Tanzania craton on the southern and 
western margins, and typically contain rock assemblages with ages between 1800 – 2050 Ma 
(Fig. 8). Detrital zircons between 1800 – 2050 Ma contribute between 15 – 28% of the grains 
analyzed from the Manyovu (Fig. 9). Peaks within this age range are usually around 1880 and 
1980 Ma in all samples, however the older peak (1980 Ma) becomes more predominant up-
section (Fig. 9). The Ubendian and Usagaran belts were part of a series of Paleoproterozoic 
accretionary events and contain supracrustal assemblages that record sedimentary and volcanic 
successions that have undergone greenschist, amphibolite, and granulite metamorphic conditions 
(Priem et al., 1979; Gabert, 1984; Mruma, 1989; Hanson, 2003; Boniface and Tsujimori, 2021). 
Nd-isotope signatures support both juvenile mantle and Archean crustal sources for intruding 
granitoid plutons (Maboko and Nakamura, 1996). Therefore, modal compositions of sediment 
from the Ubendian and Usagaran belts would likely plot in the transitional continental and 
recycled orogen provenance fields, which are the most-represented compositions of the Manyovu 
redbeds regardless of estimated sample grain size (Fig. 7). 

 Throughout the Usagaran Belt, age dates from the supracrustal rock assemblages range 
from c. 1890 – 1920 Ma (Maboko and Nakamura, 1996) and granitoids yield ages between 
~1750 – 2000 Ma (e.g., Wendt et al., 1972; Priem et al., 1979). The eastern extent of the 
Usagaran belt was reworked during Pan African Orogenesis, specifically during the assembly of 
the Mozambique Belt. The Ubendian Belt is the western extent of the orogen (Priem et al., 1979; 
Gabert, 1984; Boniface and Tsujimori, 2021 and references within), and is most proximal to the 
Bukoban Basin (Fig. 8). Late – post-orogenic calc-alkaline granites and granodiorites are located 
between the Ubendian Belt and Tanzanian Craton, and these intrusive granites are widespread 
and have Rb-Sr whole-rock dates of 1869 ± 20 Ma to 1816 ± 11 Ma (e.g., Brewer et al. 1979; 
Schandelmeier, 1983). Additional ages of various granitoids exposed along the eastern margin of 
Lake Tanganyika range in age from 1864 ± 32 Ma to 1723 ± 41 Ma (Lenoir et al., 1994).  In 
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summary, many of the rocks incorporated in the formation of the Ubendian and Usagaran Belts 
overlap with the Paleoproterozoic ages observed in the Manyovu samples. 

1350 – 900 Ma orogens 

Mesoproterozoic magmatism and orogenesis (formation of Rodinia) are represented by 
the Kibaran and Irumide belts both north and south of the study area (Fig. 8). These belts include 
metamorphic assemblages and granitic plutons with ages ranging from 900 – 1350 Ma (Hanson, 
2003 and references within). Detrital zircons within the 900 – 1350 Ma age-range contribute 26 – 
40% of the observed ages in the spectra (Fig. 9). The bottom of the section exhibits unimodal 
peaks in this age range (~995 Ma), but samples in the middle of the section change to a bimodal 
distribution in this range with both ~980 and ~1045 Ma peaks; however, the top of the section 
becomes again unimodal with a 978 Ma peak (Fig. 9). Modal compositions from detritus sourced 
from these terranes would likely fall in both continental block and recycled orogen fields.  

The Kibaran Belt, just northwest of the Bukoban Supergroup deposits, contains 
predominantly bimodal intrusions with ages of both c. 1380 Ma and c. 1370 Ma (Tack et al., 
2010), which are not ages represented in the detrital zircon spectra. However, minor 
emplacements of A-type granitoids of ~1250 – 1275 Ma occur throughout the orogen, and 
leucogranites that occur along the entire belt are dated to ~960 – 1006 Ma (Cahen & Ledent 
1979; Ikingura et al., 1992; Tack et al., 2010) which are ages that occur in the detrital zircon 
results throughout the section. The Irumide belt is separated from the Kibaran Belt to the north 
and is less well-dated than its counterpart. Pre- and syn-tectonic plutons are dated as ~1350 – 
1420 Ma (Cahen et al., 1984; Daly, 1986), and some A-type granites yield ages ranging from 
~1080 – 1130 Ma (Ring et al., 1999). Additionally, post-tectonic plutons yield dates between 
~900 – 1020 Ma (Daly, 1986; De Waele et al., 2006, 2009). Overall, the Kibaran and Irumide 
belts record active tectonism between ~1350 – 1200 Ma, but also contain post-orogenic plutons 
with younger ages (~1050 – 900 Ma). 

Given the predominance of ~1350 – 1200 Ma ages within the Irumide and Kibaran belts, 
and the lack of these age ranges in the detrital zircon spectra in the Manyovu, we interpret these 
terranes as a minor contributor to the Manyovu redbeds. While the Mesoproterozoic orogenic 
belts contain some post-tectonic plutons in the 900 – 1000 Ma age range (well-represented in the 
detrital zircon spectra), these populations would likely be accompanied by a 1200 – 1350 Ma 
peak if the Irumide and Kibaran Belts provided a primary source of detritus. Only one sample— 
MANY-1silt— contains a small population of grains with a peak at 1243 Ma (Fig. 9). 

850 – 500 Ma orogenic belts 

The Neoproterozoic terranes of eastern and southcentral Africa are known as the Pan-
African terranes, which formed between ~ 870 – 500 Ma (e.g., Kröner and Stern, 2004 and 
references within). Three major segments of the Pan-African orogen occur: 1) East African 
Orogen (EAO; Stern, 1994; Kusky et al., 2003), which comprises the Mozambique Belt and 
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Arabian-Nubian Shield, 2) the Damara Belt, Lufilian Arc, and Zambezi Belt known as the 
transcontinental orogen, and 3) the western-most margin along west Africa consisting of the 
West Congo, Kaoko, Gariep, and Saldania Belts (e.g., Trompette, 1994). Given the distal 
location of the third segment, we focus on the first two for provenance interpretations of the 
Manyovu (Fig. 8; Hanson, 2003 and references within). Detrital zircon within the Pan-African 
orogenic timeframe compose 17 – 41% of the spectra in the Manyovu redbeds section (Fig. 9). In 
the 500 – 850 Ma age-range, peaks predominantly occur around ~680 – 700 Ma, with secondary 
peaks between 747 – 780 Ma (Fig. 9).  

Within the transcontinental orogen, the Lufilian Arc mostly comprises the Katanga 
Supergroup, which is a thick, sedimentary (clastic and carbonate strata, including evaporites) and 
volcanic sequence that was deposited in the early Neoproterozoic (Jackson et al., 2003; Master et 
al., 2005; Cailteux and De Putter, 2019). The Katanga Supergroup contains volcanic successions 
with ages ranging from 765 – 735 Ma (e.g., Kampunzu et al., 1998); however metamorphic 
assemblages are dated to ~500 – 650 Ma (e.g., Richards et al. 1988). Detrital zircon results from 
the Katanga strata support a predominant provenance signature from Ubendian-Usagaran 
terranes with Paleoproterozoic ages (~1830 – 2080 Ma; Master et al., 2005). Sediment sourced 
from the Lufilian Arc would likely have a predominantly recycled orogen modal composition, 
which is strongly represented in the Manyovu samples (Fig. 7). Differentiating between primary 
sourcing of the Ubendian-Usaragan Belts and secondary recycling of the Lufilian Arc strata 
remains unclear; however, both likely contribute to the Paleoproterozoic grains in the Manyovu. 
The Zambezi Belt contains mostly amphibolite- and gneiss-facies with ages between 850 – 870 
Ma (Hansen, 2003; Kröner and Stern, 2004). There are also additional granitoids with ages of 
~1100 Ma, and other metamorphic assemblages ~520 – 540 Ma (e.g., Vinyu et al., 1999; 
Goscombe et al., 2000), which were likely deformed post-Manyovu deposition based on current 
MDAs. Ages within the Zambezi Belt are not well-represented in the Manyovu detrital zircon 
spectra. 

The Arabian-Nubian Shield contains some of the oldest Neoproterozoic ages within the 
EAO that range from ~870 – 667 Ma (Johnson and Woldehaimanot, 2003; Kröner and Stern, 
2004), and comprises mostly juvenile, Neoproterozoic crust. On the other hand, in the EAO to 
the south, the Mozambique Belt contains a broad range of rock-types and ages, mostly due to its 
reworking of older Paleoproterozoic and Mesoproterozoic crust (e.g., the eastern extent of the 
Usagaran Belt and the Irumide Belt) and the presence of accreted terranes (Grantham et al., 
2003; Kröner and Stern, 2004). A range of ages occur within this older crust, including ~1000 – 
1100 Ma intrusive, granitoid gneisses along Tanzania and Malawi, (Costa et al., 1994; Kröner et 
al., 1997, 2001) and slightly younger ages between 930 – 950 Ma (Barr et al., 1978; Kokonyangi 
et al., 2001). Within the northern section of the Mozambique Belt, there are no reported ages for 
terrane older than ~1100 Ma (e.g., Grantham et al., 2003). The Mozambique Belt also contains 
minor amounts of juvenile crust with younger ages, including mafic, intrusive igneous 
complexes age-dated c. 609 – 841 Ma (Coolen et al., 1982; Möller et al., 2000; Kröner et al., 
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2001; Muhongo et al., 2001). Meert (2003) reported radiometric ages for the Mozambique Belt 
with a dominant occurrence of ages between ~600 – 650 Ma.  

Additionally, both the Arabian-Nubian Shield and Mozambique Belt record evidence for 
syn-orogenic magmatism. The Arabian-Nubian Shield experienced long-lived volcanism 
recorded by granitoid plutons and sedimentary-volcanic successions in associated basins. 
Volcanic rocks in the northern segment have been dated between 630 – 590 Ma (e.g., Be’eri-
Shlevin et al., 2011). Other phases of magmatism and volcanism have been dated ~605 – 690 Ma 
(e.g., Johnson et al., 2011). The Mozambique Belt also consists of many magmatic arcs and 
island arcs associated with accreted terranes (e.g., Grantham et al., 2003; Stern et al., 2008); 
therefore, detritus sourced from these provinces would likely produce modal compositions that 
would verge between recycled orogens and magmatic arcs. In the Qm-F-Lt ternary diagram, four 
samples fall along the boundaries of both mixed and dissected arc provenance fields (Fig. 7), and 
lithic volcanic fragments make up between 62 – 98% of counted lithics in point count results 
(Supp Files).  

Based on these age constraints and the various provenance types preserved in the Pan-
African orogens, the EAO and transcontinental orogen were likely predominant sediment sources 
for the Manyovu redbeds. Intermittent Lufilian Arc and Arabian-Nubian Shield magmatism 
could be the sources for the 700 – 800 Ma peaks observed throughout the section. Additionally, 
given the abundant reworking of older terranes in the Mozambique Belt, this terrane likely 
contributed to the ~950 – 1050 Ma peaks as well as the younger, 600 – 700 Ma peaks in the 
spectra (Fig. 9). Overall, the most parsimonious interpretation for the provenance of the 
Manyovu redbeds calls upon local sourcing. No differences in provenance exist between the 
finer-grained, siltstone samples relative to the coarser-grained, sandstone samples, and the 
detrital zircon spectra do not record an unroofing record of older Neoproterozoic deposits of the 
Bukoban Supergroup or equivalent strata. However, the middle of the section gains an additional 
source represented by the bimodal peak in the 1350 – 900 Ma terrane age range, accompanied by 
a ~750 – 780 Ma peak (Fig. 9). In the lower-most two samples and the upper-most sample, there 
is a ~990 Ma age peak, but the middle three samples also have a prominent ~1050 Ma age peak 
(Fig. 9), indicating the possible initiation of orogenesis along the Mozambique Belt in the Late 
Neoproterozoic, explored in the next section. 

Age Constraints for the Manyovu redbeds 

MDAs represent the maximum age of a sedimentary unit; however, depending on the 
depositional setting, these ages can be used as a proxy for the true depositional age (TDA) as 
long as data are interpreted in ways that are stratigraphically coherent and tectonically relevent. 
Additionally, most MDAs used as TDA estimates are supplimented with other age constraints, 
such as biostratigrahic studies or volcanic ash geochronology, which are not available for the 
Manyovu redbeds. In order for the youngest grains in a detrital zircon spectra to be used to 
interpret MDA or TDA, these grains should be 1) contemporaneous or near-contomporeaneous 
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with deposition, 2) sufficiently abundant, 3) within acceptable age concordance definitions (e.g., 
Sharman and Malkowski, 2020). Based on the above discussion on provenance interpretations 
for the Manoyvu redbeds, the detrital zircon spectra clearly display evidence for 
contemporaneous deposition of sediment during Manyovu deposition represented by the 
sediment additions from the EAO and Mozambique Belt during the late Neoproterozoic. Pan 
African Orogeneis began around 650 Ma, and continued throughout Africa leading up to the 
Cambrian (e.g., Master et al., 2005; Zhou et al., 2019; Nelson et al., 2020). Therefore, it is likely 
that there would be syn-depositional contributions of volcanically-sourced zircons during 
Manyovu deposition. Additionally, in almost all samples, the youngest ages generate the primary 
peak within the detrital zircon spectra, indicating primary contributions and abundant sediment 
supply from contemporaneous sources during deposition. Finally, all ages are analyzed and 
processed for adequate concordance (Supp. Files). 

 Therefore, it is likely that the MDAs reported for the Manyovu are potentail proxies for a 
TDA. However, there are a few inconsistencies within the detrital zircon data. First, MDAs 
reported in the Manoyvu do not follow stratigraphic order (Fig. 5); therefore, we interpret all 
units stratigraphically above MANY-7 (MDA of 613.6 ± 1.2 Ma) to be at least 614 Ma or 
younger, even though some reported MDAs are as old as 640.7 ± 1.4 Ma. Second, two units 
include YSGs with ages almost 50 My younger than other reported MDAs: 559.4 ± 4.2 Ma in 
MANY-1silt and 598.5 ± 2.7 Ma in MANY-7. Considering the persistence of volcaism in the 
time interval of interest, we would expect abundant grains in these age ranges if they were truly 
representative of a depositional age for the Manyovu. While both of these ages are concordant, 
these ages are not statistically relevant, and likely represent either sample contamination, 
measurement error, or concealed lead loss (e.g., Anderson et al., 2019; Sharman and Malkowski, 
2020). For these reasons we do not utilize YSG analyses as estimations for TDA in the Manyovu 
units, and interpret a most conservative MDA estimate for the Manyovu as approximately 614 
Ma; however a TDA for the Manyovu is likely slightly younger. 

Implications for orogenesis and sediment transport 

Sedimentary successions associated with mountain building record evidence for 
orogenesis, and exhumation, and thus provide insight to sedimentation rates and patterns. Owing 
to the predominance of Neoproterozoic ages in the Manyovu detrital zircon spectra, these units 
likley accumulated during active magmatism associated with the EAO. The youngest 
Neoproterozoic peaks range between 637 – 698 Ma, which overlaps with initial closing of the 
Mozambique ocean and assembly of Greater Gondwana (e.g., Grantham et al., 2003). The 
MDAs fall on the younger side of these peaks, but overlap with Pan-African orogenesis. While 
no clear unroofing sequence occurs in the detrital zircon signatures for the Manyovu study 
section, there is evidence for 1) contributions from the Lufilian Arc and its sedimentary cover, 
and 2) synorogenic sediment contributions from the Mozambique Belt. 
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Our analysis hinges on the interpretation that zircons that produce MDAs derive from 
active volcanic sources, but note that the youngest MDAs occur within the middle—rather than 
top—of the section. The Manyovu interval contains increasing numbers of lithic fragments 
(mostly volcanic; up to 19% of total counts) and feldspar grains (up to 39%) and fewer quartz 
grains progressively up section, indicating more detrital contributions from magmatic arc sources 
throughout deposition. The young zircons recovered from the middle of the Manyovu section 
correlate to the appearance of peaks in the Mesoproterozoic age range (~1050 Ma; Fig. 9). As 
noted above, the Mozambique Belt contains multiple reworked terranes, and rocks with ages 
between ~1009 – 1094 Ma are common (Costa et al., 1994; Kröner et al.,1997, 2001). These 
ages are similar to those in the Irumide Belt, which implies that the Mozambique Belt reworked 
terranes of the Irumide orogen during orogenesis, and that during the middle of Manyovu 
deposition the Mozambique Belt was likely active and exhuming rocks of the Irumide Belt into 
the basin. This timing also correlates with the youngest maximum depositional ages in the 
succession (613.6 ± 1.2 Ma and 616.9 ± 2.1 Ma), coeval with the initiation of orogenesis of the 
Mozambique Belt in Mozambique and Malawi. In Mozambique, metamorphic facies and 
thrusting yield dates of ~615 – 586 Ma (e.g., Kröner et al., 1997) and plutonism in Malawi 
exhibits a broad age range from ~711 – 555 Ma (Hanson, 2003 and references within). 
Therefore, the youngest MDAs likely reflect initiation of orogenesis, exhumation, and active 
volcanism within the Mozambique belt mid-Manyovu deposition. 

The c. 1975 Ma peak observed in the Manyovu data is ambiguous. Considering the 
persistence (including apparent increasing abundance) throughout the section and relatively 
consistent age, it appears to record exhumation of an older terrane during Pan-African 
orogenesis. This could reflect reworking of the Usagaran Belt by the Mozambique Belt in the 
Cryogenian – Ediacaran. High grade gneisses, granitoids, and metasediments of the Usagaran 
along the Mozambique Belt have been dated to ~2020 – 1820 Ma (e.g., Fritz et al., 2013; 
Boniface and Tsujimori, 2021). However, few assemblages exposed today within the 
Mozambique Belt contain this age-range. Alternatively, the ~1975 Ma peak could record second-
order recycling of the Katanga Supergroup within the Lufilian Arc, as these reportedly contain 
zircon ages of ~1800 – 2050 Ma (Master et al., 2005). A recycling explanation, however would 
require associated uplift and exhumation of the Lufilian Arc sedimentary strata during this time, 
which is unclear with current data. Additionally, questions remain regarding the sediment 
transport mechanisms for the Manyovu and interpreting the possibility of sources from both 
modern-day southwest and eastern Africa. 

During the Neoproterozoic, Lake Tanganyika and Tanzania were ~15° south of the 
equator (Fig. 10), situating the study area within the southeasterly trade winds, assuming zonal 
circulation. These winds would cross directly over the mountains associated with the 
Mozambique Belt, Arabian-Nubian Shield, and the Lufilian Arc (Fig. 9, 11) and—depending on 
elevations, likely produce an orographic effect resulting in dry winds (similar to modern-day 
Chinook winds of the North American cordillera). Interestingly, most of the interpreted source 
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areas are located east/southeast (in modern coordinates) of the Bukoban Supergroup basin (e.g., 
Tanzania craton, Usagaran Belt, and Pan-African orogens). This orientation would also explain 
the sparsity of provenance signatures from local source terranes to the modern-day north of 
Tanzania (e.g., Kibaran Belt). Given the combination of paleoclimate and paleogeography of this 
time, there is potential for abundant production of fine-grained material along the EAO which is 
the predominant interpreted source for the Manyovu units. 

CONCLUSIONS 

 This study provides the first isotopic age constraints for the Manyovu redbeds of 
Tanzania and indicates that these units likely accumulated in the latest Cryogenian and/or early 
Ediacaran of the late Neoproterozoic—nearly 200 My younger than previously estimated. 
Maximum depositional ages indicate syn-tectonic deposition of these strata associated with Pan-
African orogenic events that formed the Arabian-Nubian Shield, Mozambique Belt, and Lufilian 
Arc. Furthermore, the exceptional preservation and unmetamorphosed state of these sedimentary 
units implies that they archive relatively pristine paleoenvironmental data for this fascinating 
interval of Earth history.  
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FIGURES AND TABLES 
 

 
 

Figure 1. Regional geographic and geologic maps of the study area. A) General geographic map showing 
the location of Tanzania in Africa enlarged to illustrate the northeastern shore of Lake Tanganyika. 
Kigoma and Mkigo are labeled as reference points, and the red star marks the study area. Red box 
highlights area represented in B. B) Geologic map of the local area around the study site (white star). 
Most units are bounded by unconformities and the area is mostly Archean – Neoproterozoic rocks with 
modern alluvium and lake deposits southeast of Kigoma. Geologic map is modified from Kasanzu and 
Manya (2020). 
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Figure 2. Stratigraphic column showing the Uha Group within the Neoproterozoic Bukoban Supergroup 
modified from Halligan (1962), Cahen and Snelling (1974), and Deblond et al. (2001). The pink color 
indicates the interval of interest expanded to show a generalized measured section for the study area 
including sample locations and facies thicknesses and variations. Labeled sample names correspond to 
detrital zircon samples. 
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Figure 3. Field photos of the Manyovu redbeds from study area west of Mkalinzi, Tanzania. A) Overview 
of the study area where the section was logged. We followed the visible trail down the side of the exposed 
fault block. B) Representative photo of the basal sandstone facies and DZ sample MANY-1sand. C & D) 
Representative photos of the siltstone/mudstone facies with blocky fracture patterns (C) and DZ samples 
MANY-1silt (C) and MANY-7 (D). E) Field photo of DZ sample MANY-8. F) Field photo of DZ sample 
MANY-12 and example of a more resistant bed of silt-size grains without the blocky fracture pattern. G) 
Field photo of DZ sample MANY-15 and an example of a thicker sand sheet within the section. Hammer 
for scale in all photos. 
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Figure 4. Bar graphs showing the distribution (out of 100% of each sample) of ages in each detrital 
zircon spectrum. Overall, Neoproterozoic grains increase in abundance up-section, with the most 
abundant Ediacaran (youngest time-period observed) grains in the middle of the section (MANY-7). 
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Figure 5. Maximum depositional ages reported for each sample as YSG, YC1σ(2+), and YC2σ(3+); see 
methods text for explanations. Age (Ma) is on the y-axis and x-axis is number of grains represented. 
Color bars highlight age and associated uncertainties (1-sigma) for each group of calculations (yellow = 
YSG, brown = YC1σ(2+), green = YC2σ(3+)). The vertical bars represent the reported age for each grain 
(white line), with 1-sigma uncertainty (black bar) and 2-sigma uncertainty (gray bar). Plot generated in 
detritalPy (Sharman et al., 2018). 
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Figure 6. Photomicrographs (XPL) illustrating the grain composition, shape, and sorting within the 
Manyovu section. A) Mudstone with clay and silt-sized grains; B) Silt – sand sized grains floating in a 
clay, iron-oxide matrix. Grains are mostly quartz, feldspar, mica, and some lithic fragments; all are 
angular to sub-angular. C) very fine sand-sized, rounded – sub-rounded and moderately sorted quartz, 
pristine feldspars (k-spar, plagioclase), and lithics. D) Fine sand-sized quartz and k-feldspar with lithic 
volcanics. Sample was stained for potassium feldspar. 
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Figure 7. Ternary diagrams showing modal compositions and interpreted source provinces (from 
Dickinson et al., 1983 and Ingersoll et al., 1984). Point count samples are represented by their grain-size 
to determine possible correlations. The fine-sand samples have the broadest compositions and possible 
source provinces, while the coarse silt samples trend between continental block and magmatic arc, and 
very-fine sand samples represent mostly recycled orogens. 
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Figure 8. Map of Precambrian source terranes and basement provinces in Tanzania and surrounding areas 
in south-central and east Africa. The country border of Tanzania is indicated with a heavier line weight; 
dashed lines denote other country boundaries. The red star designates the study area in the Bukoban 
Group basin. Colors are representative of generalized ages for each terrane; refer to discussion text for 
details. Map modified and created using data and maps from Hanson (2003), Fritz et al. (2013), and de 
Wit et al. (2015). Colors coordinate with source age-ranges in Figure 10. 
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Figure 9. Interpreted detrital zircon spectra with normalized kernel density estimates (KDEs) and grain 
count histograms. Age (Ma) is on the x-axis and the y-axis represents the number of grains represented in 
the histogram plots. Significant peaks in the KDEs are labeled for each sample. Pie graphs are a visual 
representation of the distributions (out of 100%) of each generalized terrane age-range, colors from Fig. 
9; black is unrepresented ages in source terranes. Pan-African (orange) orogenic belts represent most 
primary peaks, while 1.35 – 1.0 Ga (light teal) and 2.05 – 1.8 Ga orogens (tan) represent secondary peaks. 
Colors correlate to Figure 9. Plot made in detritalPy (Sharman et al (2018). 
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Figure 10. Paleogeographic maps from time-slices 630 Ma (early Ediacaran) and 600 Ma (Mid-
Ediacaran) with hypothesized sediment transport mechanisms for the Manyovu redbeds. Maps are 
Mollweide projections from Scotese (2021). Each map zooms in to the regional study area (red star). Red 
and white arrows represent interpreted zonal Tradewinds that likely carried sediment from the active 
highs of the Pan-African orogenies into an intracratonic foreland of modern-day Africa. Blue dashed 
arrows represent potential highland-streams or rivers that possibly carried sediment to be deflated and 
redeposited in the basin. 
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Table 1. Point count parameters for determining modal compositional trends. From Dickinson et al. 
(1983). 

 

 

Table 2. Summary table with each DZ sample and location in the logged section, reported grain-size 
mode and associated grain size category (Wentworth, 1922), and most conservative MDA estimate. 
MDAs fall within the Cryogenian-Ediacaran boundary, both do not decrease with younger samples or 
correlate to various grain-size modes. 
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LOESS AND PALEOSOLS RECORDED IN THE NEOPROTEROZOIC MANYOVU 
REDBEDS OF WESTERN TANZANIA 

 
ABSTRACT 

 The Neoproterozoic Manyovu redbeds are exposed along uplifted, normal fault blocks 
that bound Lake Tanganyika in northwestern Tanzania. These units have been described as thick 
(up to 400-600 m), red, monotonous, micaceous, fine-grained sandstone and have received 
minimal study. We logged an ~285-m continuous exposure of this formation west of Mkalinzi, 
Tanzania and observed massive siltstone with blocky fracturing interbedded with tabular, very 
fine to fine-grained sandstone overlying a structureless basal sandstone. Results of particle-size 
analysis indicate that much of the section comprises medium – coarse siltstone (~65%) and the 
other ~35% of the section consists of very-fine to fine sandstone with grain-size modes <210 
µm, with no sedimentary structures, channelization, or erosive contacts consistent with marine, 
fluvial, lacustrine, or deltaic deposition. Blocky fracturing throughout the siltstone, together with 
micromorphological features indicative of clay translocation and clay movement record soil-
formation mechanisms. Based on these observations, we interpret the Manyovu redbeds to record 
deposition in an eolian-dominated setting, subject to relatively common pedogenesis. The thick 
intervals of structureless siltstone are most consistent with an interpretation as paleo-loess, 
whereas the structureless sandstone likely records eolian sand-sheet deposition. The substantial 
volume of silt represented by the thick and laterally persistent siltstone facies, together with its 
mineralogic immaturity and Neoproterozoic age, suggest a possible periglacial origin. Loess has 
been only rarely documented for the Precambrian, and the Manyovu redbeds records, by far, the 
most voluminous loess in the Precambrian record.  

INTRODUCTION 

The Neoproterozoic (541 – 1000 Ma) records a time of global rearrangement of tectonic 
plates, including rifting of the supercontinent Rodinia ( ~830 Ma) and the subsequent assembly 
of Greater Gondwana (~630 Ma; e.g., Li et al., 2008; Stern et al., 2008). In addition to major 
tectonic events spanning this interval, the Neoproterozoic is known for extreme climatic change 
during the Cryogenian (720 – 635 Ma) and Ediacaran (635 – 541 Ma) time periods. The 
Cryogenian records at least two “icehouse” episodes: the Sturtian (~725 – 645 Ma) and 
Marinoan (~650 – 635 Ma) events (e.g., Hoffman et al., 1998; Hoffman and Schrag, 2002; 
Halverson et al., 2005; 2020). Many studies have suggested the Marinoan glacial event was 
pervasive, with glacial deposits located world-wide (e.g., Hoffman et al., 2002, 2017; Stern et al., 
2008; Hofmann et al., 2015; Prave et al., 2016), with the end of the Marinoan glaciation marking 
the start of the Ediacaran period (~635 Ma). The Ediacaran is known for multiple glacial periods, 
but the most well-studied is the Gaskiers (~580 Ma) which has also been documented globally 
on at least eight paleocontinents (e.g., Hoffman and Li, 2009). However, studies have 
documented inferred periglacial deposits within this time range, especially in paleotropical 
regions (e.g., Edwards 1979; Retallack, 2011, 2023; Benn et al., 2015; Retallack et al., 2015, 
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2021; Liu et al., 2020), indicating the existence of unglaciated areas and times, especially at the 
end of the Cryogenian into the Ediacaran.  

Here, we provide the first detailed documentation of the Manyovu redbeds— the 
youngest sedimentary unit within the Neoproterozoic Uha Group, exposed along the eastern 
margin of Lake Tanganyika in western Tanzania, which was located just south of the equator 
during the formation of Pannotia (Fig. 1, 2, 3). Previous studies of the unit were entirely 
reconnaissance in nature as research focused on broad descriptions and paleomagnetism of 
Precambrian units in Tanzania (e.g., Halligan, 1962; Piper 1972; Cahen and Snelling, 1974). 
These studies described the Manyovu redbeds as monotonous, massive, fine-grained and 
micaceous red sandstone and siltstone, locally with “current bedding” and ripple marks 
(Halligan, 1962; Piper, 1972). No detailed depositional interpretations exist, other than an 
assertion by Halligan (1962) of a marine origin, and a single sentence in Piper (1972) noting the 
presence of channel fills, ripple marks, and mud cracks to suggest “rapidly deposited, shallow-
water rocks” (Piper, 1972 p. 114). Critically, new age constraints on the Manyovu redbeds 
indicate maximum depositional ages (MDA) for the mid – upper strata as 613.6 ± 2.0 Ma (Bonar 
et al., in review), indicating these deposits likely accumulated between the Marinoan Snowball 
event (~635 Ma) and the Gaskiers event (~580 Ma) in the Ediacaran. Accordingly, these strata 
present an opportunity to further constrain paleoenvironments in this region during a critical time 
of severe climate change in Earth history. The goal of this study is to interpret the depositional 
setting of the Manyovu redbeds and assess the climatic significance of the inferred transport and 
depositional processes in a neo-tropical setting during this period of profound climatic and 
paleogeographic change.  

GEOLOGIC SETTING 

 The study area is located approximately 5° south of the equator within northwestern 
Tanzania, just south of the border with Burundi on the northeastern margin of Lake Tanganyika 
(Fig. 1). Lake Tanganyika borders western Tanzania and eastern Democratic Republic of the 
Congo (DRC) in East Africa and is part of a multisegmented rift basin within the Western 
Branch of the East African Rift System (EARS; Rosendahl et al., 1986; Sander and Rosendahl, 
1989). EARS deformation began in the Early Miocene (ca. 22 – 25 Ma; e.g., Roberts et al., 2012; 
Macgregor, 2015), and the Manyovu redbeds crop out in the footwall block of one of the fault 
segments that border Lake Tanganyika.  

 During the Neoproterozoic, Tanzania was located between 15 – 30° south of the equator 
(Fig. 3; e.g., Li et al., 2008, 2013; Scotese, 2021). The early-mid Neoproterozoic marked the 
formation and subsequent break-up of the supercontinent Rodinia, which resulted in widespread 
rift-related tectonism and volcanism throughout the Cryogenian period (e.g., Frimmel et al., 
2002; Stern et al., 2008). The late Neoproterozoic marked the re-assembly of continental 
fragments to form Pannotia/Greater Gondwana, resulting in Pan African Orogenesis and the East 
African Orogen which extends from northeastern Africa to west-central Africa (e.g., Stern et al., 
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2008; Scotese, 2009). The formation of Pannotia involved a series of collisions that began 
around 750 Ma (e.g., Stern, 1994) and Pan-African orogenesis peaked between ~610 – 640 Ma 
(Fig. 2; e.g., Meert, 2003). Peak orogenesis also coincided with the hypothesized Marinoan 
Snowball Earth, estimated to extend over ~16 My, lasting from ~651 – 635 Ma, and marking the 
end of the Cryogenian period (e.g., Zhou et al., 2019; Nelson et al., 2020). Prior to the 
Cryogenian, multiple glacial episodes occurred, the first being the Bitter Springs glacial event, 
which is poorly constrained and remains debated, but is hypothesized to have occurred between 
~800 – 815 Ma (Fig. 2; Stern et al., 2011; Swanson-Hysell et al., 2015). Following the Bitter 
Springs, the Mahd (780 – 800 Ma; Stern et al., 2011; Swanson-Hysell et al., 2015), and Kaigas 
(~750 Ma; Hoffmann et al., 2006) events occurred as separate, non-global glacial episodes. The 
Sturtian was the first event within the Cryogenian, and while it is identified globally, the timing 
of glacial events indicates multiple episodes (e.g., Hoffman and Lo, 2009). Finally, the Ediacaran 
Gaskiers glaciation (~580 Ma) has also been hypothesized to have been global like other 
Snowball Earth events, considering paleomagnetic data from known deposits suggest 
paleolatitudes within 30° of the paleoequator (e.g., Pisarevsky et al., 2011; Pu et al., 2016), but 
data are limited.  

The Manyovu redbeds are part of the Uha Group within the Neoproterozoic Bukoban 
Supergroup in western Tanzania (Fig. 2). The Uha Group consists of three formations: the 
Gagwe Amygdaloidal Lavas (~ 820 Ma; Briden et al., 1971; Deblond et al., 2001), followed by 
the Ilagala Dolomitic Limestone (undated; e.g., Halligan, 1962), and finally the Manyovu 
redbeds, all bounded by unconformities of uncertain durations. New data indicate that the 
Manyovu redbeds are of Neoproterozoic age, with an oldest reported MDA of 663.8 ± 2.0 Ma in 
the lower-most strata, and a youngest depositional age of 613.6 ± 1.2 Ma (Bonar et al., in 
review). These dates imply that the Manyovu redbeds began accumulating either in the late 
Cryogenian and continued into the Edicaran, or that the Manyovu redbeds are completely 
Ediacaran in age. Multiple studies on the Gagwe Amygdaloidal Lavas report paleolatitude 
estimates (29º S – 12º S; Piper et al., 1972; Meert et al., 1995). With the exception of the 
volcanics, the Uha Group has not been studied in terms of depositional environments or 
processes.  

METHODS 

Field Analysis 

 Generally, dense vegetation obscures the Manyovu redbeds, and has precluded detailed 
study of these units. We reconnoitered the region and chose a location west of Mkalinzi, 
Tanzania, where heavy foot-traffic by local villagers created a path, albeit laterally restricted, 
which reveals a continuous exposure of the Manyovu redbeds in a manner that is perpendicular 
to dip and easily accessible. The beds exhibit an average strike of 10° N and dips range between 
28° – 32° E. This exposure enabled us to log and describe at cm- to meter-scale resolution a total 
of 285 m of continuous section to provide the first detailed facies descriptions for the Manyovu 
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redbeds (Fig. 4). Samples were collected from ~20 intervals for thin section petrography, 
geochemistry, particle-size, and provenance analyses (Bonar et al., in review), but the total rock 
volume allowable for export was highly regulated, which exerted significant restrictions on 
sampling. Halligan (1962) estimated a total thickness of up to 900 m for the Manyovu redbeds, 
but more recent work estimated thicknesses at 400 – 600 m (Deblond et al., 2001), based 
primarily on map projections, including a basal conglomeratic interval missing in our study 
region. However, in our section, the base of Manyovu was obscured under valley alluvium and 
so the total thickness of the Manyovu in this location could be in the range of these previous 
estimates.  

Particle-size Analysis 

 Particle-size analysis (N=17) was conducted on samples from throughout the logged 
section. A majority of the Manyovu interval is remarkably friable and easily disaggregated by 
hand. For more-lithified intervals, a ceramic mortar and pestle was used to crush samples to pea-
sized granules (>250 µm) in order to increase surface area for chemical disaggregation 
techniques (following Sur et al., 2010). After sieving the granules with distilled water to remove 
any fines generated during crushing, samples were submerged in 2N HCl for 24 hours to remove 
carbonate minerals and cement, and combusted at 500 ºC for ~15 hours to remove any organic 
material. Then, samples were treated with citrate-bicarbonate-dithionite (CBD; Rea and Janecek, 
1981) to remove iron oxides. All samples were prepped as smear slides and analyzed under a 
microscope to ensure full disaggregation. Fully disaggregated samples were then sonicated for 
two minutes with a few drops of sodium hexametaphosphate as a dispersant, immediately prior 
to analysis using a Malvern Mastersizer 3000 Laser Particle Size Analyzer at the University of 
Oklahoma. We report particle-size distributions (PSDs) and grain size modes for each interval. 

RESULTS 

Sedimentologic data and interpretations 

Basal Sandstone Facies 

Description: The basal sandstone facies forms the first ~70 m of the study section (Fig. 
4). This facies is typically light pink to white and occurs in tabular beds that range in thickness 
from ~20 – 40 cm (Fig. 5). The pink sandstone is less resistant than the white sandstone units, 
and bedding contacts are nonerosive to gradual. This unit is surprisingly friable, susceptible to 
disaggregation by hand. The basal sandstone is internally structureless, with no observed 
grading, laminations, cross-stratification, or ripple marks. In thin section, samples are grain 
supported, with moderately- to well-rounded grains (Fig. 6). Particle-size analysis reveal modes 
between 159 – 209 µm (fine sand; Wentworth, 1922) and PSDs are unimodal and generally 
narrow indicating these samples are well-sorted (Fig. 7). Point counts indicate framework modal 
compositions of predominantly quartz (76%), with subordinate feldspar (13%), and lithic 
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fragments (11%), the latter consisting of mostly volcanic lithics with very minor and rare 
occurrences of metamorphic and sedimentary lithics.  

Interpretation: The massive and structureless basal sandstone facies is challenging to 
interpret given its significant (>70 m) thickness of uniform sandstone, absence of diagnostic 
structures, limited lateral exposure, and uniformly fine modes (159-209 µm). Given this, we 
propose multiple working hypotheses for the interpretation of this unit.  

This interval could form part of a braided fluvial system, similar to those described by 
Martin and Turner (1998). Massive and structureless sand bodies in braided fluvial systems 
result from deposition of highly concentrated sediment/water mixtures associated with hyper-
concentrated flooding, and suspension of sandy material (Martin and Turner, 1998; Marren et al., 
2002). Hyper-concentrated flows are indicative of extreme flooding with high discharge 
conditions, and while such high-energy system can produce large volumes of sediment with poor 
imbrication and structureless character, they also can also produce deposits that show reserve 
grading, horizontal stratification, and “floating” grains (e.g., Marren et al., 2002), although this 
depends upon the available sediment caliber. However, massive and structureless sands in 
braided river systems are typically laterally and vertically associated with cross-stratified sands, 
basal erosion surfaces and channeling, and/or other features indicative of fluvial deposition (e.g., 
Jones and Rust, 1983; Khalaf, 2012), which do not occur in the study interval or correlative 
exposures. 

The second hypothesis holds that this facies accumulated in an eolian environment, 
consistent with its uniformly fine grain size and occurrence of rounded sand grains. Deposition 
in an eolian sand system classically entails development of diagnostic structures such as large-
scale (dune slip-face) cross-stratification, and characteristic small-scale structures such as wind-
ripple (translatent), grain-flow and grain-fall stratification (e.g. Hunter, 1977), none of which are 
observed in this facies. However, massive sandstones similar to those observed in our study area 
do occur within eolian systems (e.g., Simpson et al., 2002; Parrish and Falcon-Lang, 2007) as 
mass flow, interdune deposits. The mass flow deposits typically result from extreme precipitation 
events, and/or seismic activity that disrupts the integrity of dunes and sand sheets, and results in 
deposition of internally massive, uniformly fine-grained sand (e.g., Loope et al., 1999; Simpson 
et al., 2002; Parish and Falcon-Lang, 2007). However, mass flows in eolian systems are 
consistently associated with other eolian-dune sedimentary structures, as described above, which 
we do not observe at the scale of our outcrops.  

An alternative take on the eolian-based hypothesis entails deposition in a large, desert 
basin such as modern-day Devin Island, Canada (e.g., Lewis et al., 2002). Sparse vegetation in 
arid settings promotes deflation of fines for down-wind concentration in isolated basins, trapped 
by microbial mats common in modern cold and arid continental environments (e.g., Sohm et al., 
2020), and which result in accumulation of structureless or poorly structured sediment. Such 



 
71 

mats were prevalent during the Neoproterozoic (e.g., Lan and Chen, 2013), although no obvious 
evidence appears in the study strata. 

Massive Red Siltstone Facies 

Description: The massive red to red-brown siltstone facies accounts for the predominant 
fraction of the study section, approximately 65% (180-m) in total. This facies crops out primarily 
as thick (up to 50 continuous meters lacking perceptible bedding), massive, internally 
structureless units (Fig. 5). The siltstone facies commonly displays a blocky fracture pattern, 
with rare occurrences of unfractured, bulbous, thin (~3-30 cm) beds (Fig. 5). Additional 
occurrences of bedding are rare, but are developed in a few horizons as thin, tabular beds (Fig. 
5), between 5 – 30-cm thick. This facies persists laterally, as we located a correlative section ~15 
km north of the study area with continuous exposure and comparable attributes – massive 
siltstone with blocky fractures, and no channelization (see supp. Files for additional field 
photos).  

In thin section, samples are consistently fine albeit poorly sorted with angular – sub-
angular grains (Fig. 6). Particle-size analysis indicates modes of 20 – 53 µm (medium – coarse 
silt; Wentworth, 1922), and PSDs are generally unimodal, but with broad peaks that include both 
coarse (~200 µm) and very fine (<1 µm) components (Fig. 7). The distributions are fine-skewed 
with a moderate contribution of grains between 1 – 10 µm, confirming the predominantly poor 
sorting. Elongated, needle-like (sizes are comparable to other grains within this facies with the 
largest dimension as ~50 µm, and aspect ratios are ~1:9) white to gray detrital grains occur 
sporadically (Fig. 6); their morphology together with reported EDS mapping (Supp. Files) 
indicate these are likely evaporite pseudomorphs replaced by silica. In general, larger grains are 
supported within a fine-grained matrix typically composed of iron-rich clay minerals, which 
mimics a porphyroskelic fabric (cf. Retallack, 2008); however, the proportion of clay matrix 
(both grain-size and mineralogy) varies throughout the facies (Fig. 6). There are also instances of 
grains coated by bright clays, termed skelsepic plasmic fabrics (Fig. 6; Retallack, 2008). Modal 
compositions are predominantly quartz (57%) with significant feldspar (23%), and subordinate 
lithic fragments (11%; predominantly volcanic with rare occurrences of metamorphic and 
sedimentary lithics), but this facies contains much more mica than the sandstone facies (up to 
14%). 

Interpretation: The structureless, uniformly fine-grained and positively (fine-) skewed 
character of the siltstone unit is most consistent with an interpretation as (lithified) loess (e.g., 
Catt, 1988; Johnson, 1989; Pye, 1995; Assallay et al., 1998; Soreghan et al., 2008; Sweet et al., 
2013; Muhs, 2013, 2018; Foster et al., 2014; Pfeifer et al., 2020). Loess consists of deposits of 
eolian silt, and typically exhibits particle-size modes ranging between ~20 – 50 µm (e.g., Catt, 
1988; Smalley, 1995; Assallay et al., 1998; Muhs, 2013), although modal particle size 
distributions vary because loess fines with transport distance (e.g., Pye, 1987; Muhs and Bettis, 
2003; Porter, 2001; Muhs, 2013, 2018). The massive, structureless character precludes sediment 
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delivery by channelized flow (e.g. fluvial or deltaic systems), or subaqueous deposition, but is 
consistent with fallout from atmospheric suspension. Furthermore, the occurrence (documented 
below) of pedogenic features throughout this facies establishes a subaerial environment of 
deposition, and is common in loess accumulations (see review by Muhs, 2013). These 
observations and interpretations are consistent with other loess deposits, including modern loess 
(Catt, 1988; Smalley, 1995; Assallay et al., 1998; Muhs and Bettis, 2003; Muhs, 2013; Li et al., 
2020), as well as examples from the late Paleozoic (e.g., Johnson, 1989; Soreghan et al., 2008; 
Pfeifer et al., 2020), and the rare examples published of Neoproterozoic loess (Edwards, 1979; 
Retallack, 2011, 2022). The tabular, thin interbeds compose only a small percentage of the 
siltstone unit (<15%) and other than the range of grain sizes from both silt to fine sand (53 – 199 
µm), show no differences from the rest of the facies. We interpret these beds to represent 
changes in water availability, likely as sand-water flows or intermittent water-pooling. Sand-
water flows can have various origins (e.g., melt-water run-off and high precipitation events), 
various grain to water ratios, and can range in size from cm- to meter-scale and are common in 
eolian-dominated environments with sparse vegetation (Sweeney and Loope, 2001; Hugenholtz 
et al., 2007). 

The silica pseudomorphs of inferred gypsum are interpreted to have a detrital origin. The 
pseudomorphs tend to occur as individual grains dispersed throughout the massive siltstone 
facies, rather than in concentrated horizons. Whereas similar gypsum occurrences in other redbed 
successions are interpreted as lacustrine deposits (e.g., Valero Garcés and Aguilar, 1992), the 
dispersed distribution of individual grains in the Manyovu succession suggests a detrital origin, 
likely sourced from the Katanga Supergroup of the Lufilian Arc west of the study area. Within 
the Katanga Supergroup, the Roan Group (ca. 1050 – 950 Ma; Cahen et al., 1984), contains 
evaporites, including silica pseudomorphs of both gypsum and anhydrite crystals (Jackson et al., 
2003), and the provenance of the Manyovu redbeds reflects both local and regional sources, with 
transport distances of <50 – 350 km (Bonar et al., in review). These distances are well within the 
range of transport of silt-sized dust (e.g., Betzer et al., 1988; Ratmeyer et al., 1999; Stuut et al., 
2005; Muhs, 2013).  

Pedogenesis within the Massive Red Siltstone Facies 

 Description: Blocky fracturing (Fig 5) occurs throughout the massive siltstone facies, 
which also contain micromorphologic attributes that include bright clay matrices, which are 
either highly oriented clay minerals that exhibit a high birefringence under crossed nicols 
throughout the thin section (Fig. 6; sepic plasmic fabric; Brewer, 1976), or where the highly 
birefringent clays are more isolated, “wispy,” and randomly oriented (Fig. 6; argillasepic fabric; 
Retallack, 2008). Concretions of up to ~15-cm diameter occur confined to a few horizons, and 
tend to occur above thick, continuous sections of this facies, capping the exposures with the 
blocky fracturing of the siltstone facies (Fig. 4, 5). These concretions are internally massive with 
no concentric layers and display no obvious changes in mineralogy compared to the overall 
siltstone facies, but do contain more clay-rich matrix with larger grains more dispersed (Fig. 6). 
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 Interpretation: Several of the macro- and (especially) micromorphological features 
observed indicate clay translocation and other processes most consistent with pedogenesis, albeit 
in the absence of rooting or animal activity, given the stratal age. For example, randomly 
oriented cracks that produce an angular blocky fracture pattern reflect formation of soil 
aggregates (soil structure) related to processes such as wetting and drying or freezing and 
thawing at the surface (e.g., Mack et al., 1993; Retallack, 2008; French and Shur; 2010). Soil 
aggregates can be angular – subangular and range in size from a few centimeters to ~20 cm. 
Pedogenesis can form by “upbuilding” in loess successions, where paleosol formation competes 
constantly with dust accumulation as the landscape continues to aggrade, which can cause 
pedogenesis to pervade the entire loess succession (e.g. Johnson and Watson-Stenger, 1987; 
Almond and Tonkin, 1999). The random orientations of the fracture patterns, together with the 
occurrence limited to the loess facies eliminates a tectonic explanation for these fractures.  

The identified microfabrics are indicative of soil-forming processes. Bright clay fabrics 
(e.g., sepic plasmic fabric) obscure original sedimentary textures as a soil develops due to 
processes such as clay washing into cracks, internal stresses, and surface weathering of soil peds 
(Brewer, 1976; Fitzpatrick, 1984; Retallack, 2008). The grains coated in bright clays (skelsepic 
plasmic fabric) can be indicative of pedogenesis as well, but can also be indicative of rip-up 
clasts or even thin-section preparation (e.g., Retallack, 2008). The bright clay fabric is most 
distinguishable in the clay concretions (Fig. 6), which also contain the highest percentages of 
clay-rich matrix; but other thin sections from the siltstone facies show lenses of high-
birefringence clay implying pedogenic processes throughout this facies.  

The amalgamated concretions are the most enigmatic observation within the Manyovu 
redbeds, with no modern and ancient analogs currently identified. Other than the concretion-style 
structure at outcrop scale, little textural or compositional differences occur between the 
concretions and the siltstone facies. Similar features including micritic nodules of up to 12-cm 
diameter occur within the Ediacaran Nuccaleena Formation in South Australia, interpreted to 
record pedogenesis (Retallack, 2011). These nodules do not have concentric layering and contain 
quartz and other silicate minerals within a micritic matrix, which are considered typical 
replacement fabrics of caliche nodules (Retallack, 1997, 2011), common in aridisols (e.g., Mack 
et al., 1993). Given the location of the concretion horizons within the section, they likely record 
Precambrian soil formation. 

DISCUSSION   

Recognition of Neoproterozoic Loess 

 The persistent themes within the study section are: 1) the overall lack of macroscopic 
sedimentary structures, bedding, and bedding contact features such as erosive or channel 
features; 2) the mineralogically immature and ubiquitous fine-grained nature of the sediment, 3) 
the predominance of blocky fracturing within the siltstone unit, and 4) associated occurrences of 
micromorphological features consistent with pedogenesis. Taken together, these attributes are 
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most consistent with eolian transport for much of the sediment, and a continental setting 
conducive at times to pedogenesis. Therefore, we favor an eolian interpretation for the Manyovu 
redbeds, with the siltstone facies interpreted as Neoproterozoic loess.   

 Documentation of loess(ite) in the Precambrian is surprisingly rare. Edwards (1979) 
interpreted siltstone within the Smalfjord Formation of Norway and Svalbard (likely early 
Ediacaran age but with poor age constraints; Arnaud and Eyles, 2002; Arnaud, 2008) to be loess 
or loessite, based on observations of the predominance of angular, coarse silt that lacks 
stratification and sedimentary structures, and its association with inferred glacial deposits. The 
grain size and shape distributions, as well as the sorting from the Smalfjord Formation are 
comparable to the siltstone facies within the Manyovu redbeds. Additionally, the Smalfjord 
Formation has variable thicknesses as well as facies (e.g., Arnaud, 2008), but the fine-grained 
facies tends to make up a very small fraction (<10%) of the unit (e.g., Arnaud, 2008; Rice et al., 
2011), likely only a few 10s of meters. Retallack (2011) re-interpreted cap-carbonates of the 
Nuccaleena Formation of South Australia (early Ediacaran in age; Knoll et al., 2006) as 
calcareous loess with evidence of pedogenesis, using criteria similar to that employed by 
Edwards (1979), such as the occurrence of angular, moderately sorted, coarse and siliciclastic 
silt, again consistent with the PSDs observed within the Manyovu siltstone. Retallack (2022) also 
discussed a new interpretation for a cap carbonate in California (Ediacaran Radcliff Member of 
the Noonday Formation) as a paleosol-loess sequence, with evidence for loess based on the high 
amounts of siliciclastic silt within the unit (up to 66%). The Nuccaleena Formation (<70 m thick; 
Plummer, 1978; Rose et al., 2010) and the Radcliff Member of the Noonday Formation (only 
~50 m thick; Retallack, 2022) are also substantially thinner than the siltstone unit observed in the 
Manyovu. Accordingly, the siltstone facies of the Manyovu redbeds appears to record the 
thickest loess deposit yet documented in Earth’s Precambrian record.  

Redbed deposition spanning the Cryogenian – Ediacaran has been recognized as a global 
phenomenon (Kuang et al., 2022), which could be evidence for deposits similar and correlative 
to the Manyovu redbeds. Kuang and others (2022) noted that occurrences of Precambrian red 
siltstone are commonly interpreted as recording marine deposition; however, many regional 
redbeds (within Africa) remain understudied or have vague depositional interpretations, and 
exhibit attributes analogous to those of the Manyovu siltstone facies (Table 1). For example, the 
Cryogenian – Ediacaran Nguba and Kundelungu Groups (Katanga Supergroup) exposed in parts 
of northeastern Zambia and southeastern DRC contain similar attributes to the Manyovu and 
have been interpreted to represent similar basin histories. In Zambia, both groups contain basal 
conglomeratic units interpreted as diamictite, followed by carbonate units and upper siliciclastic 
units comprising shale, siltstone, and sandstone (Caiteux and Putter, 2019). In the DRC, the 
Katete Formation (middle Nguba Fm) comprises massive, irregularly layered siltstone, up to 230 
m thick (Batumike et al., 2007), and the Monwezi member, which overlies the Katate at multiple 
localities, is described as massive siltstone, up to 500 m thick (Batumike et al., 2007). More 
distally in West Africa, the Nudas and Urusis Formations (Ediacaran Schwarzrand Subgroup) in 
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the Nama Basin of southwestern Namibia include siltstone with interbedded, massive, well-
sorted sandstone, locally exhibiting  wave ripples and desiccation cracks (Saylor et al., 1995; 
Blanco et al., 2011). None of these strata are currently interpreted as loess or paleosols, or even 
eolian in general (Table 1), but resemble the previous descriptions of the Manyovu redbeds prior 
to our reanalysis. Moreover, many of these units have not been dated precisely or studied in 
detail to better understand their depositional or paleoclimatic significance.  

Paleoclimatic Significance  

 The occurrence of voluminous loess and pedogenically modified loess in the Manyovu 
redbeds has significant implications for interpretations of late Neoproterozoic climate. The 
formation of loess deposits implies a ready source of voluminous silt, a dust-emission area with 
conditions favorable for deflation, and subsequent eolian transport of fine sediment (e.g., Pye, 
1995; Muhs, 2013). Abundant loess occurs on today’s Earth commonly associated with 
Quaternary periglacial regions, as glacial grinding is an efficacious means to create large 
quantities of silt (e.g., Pye, 1995; Smalley, 1990, 1995; Wright et al., 1998; Assallay et al., 1998; 
Muhs and Bettis, 2003; Soreghan et al., 2008; Muhs, 2013, 2018; Smalley et al., 2019); such silt 
is commonly entrained in fluvial systems draining glaciated regions, before being deflated from 
dried floodplains and concentrated downwind. Relatively small accumulations of loess also 
occur today in warm-desert environments, unassociated with glacial processes (e.g., Pye and 
Tsoar, 1987; Liu et al., 1994; Porter, 2001; Crouvi et al., 2008), and a few paleo-loess deposits 
have been interpreted from non-icehouse intervals of Earth history (see Soreghan et al., 2022), 
but are commonly clay- and/or carbonate-rich. The large volume and mineralogical immaturity 
of the Manyovu siltstone facies is most consistent with silt generation via predominantly 
physical-weathering processes, e.g., glacial grinding and frost-weathering, which would indicate 
a potential correlation between the Manyovu sediments, and glacial periods of the latest 
Neoproterozoic. 

 Current work defines the end of the Marinoan Snowball Earth to fall ~635 Ma, based 
mostly on correlated radiometric ages from ash deposits bounding cap-carbonate and successions 
of glacial deposits (e.g., Kennedy, 1996; Knoll et al., 2006; Hoffman et al., 2017; Zhou et al., 
2019; Nelson et al., 2020). Reported global cap-carbonate ages are all within error of this ~635 
Ma age (Table 2). The interpreted loess by Retallack (2011, 2022) and loessite by Edwards 
(1979) are interpreted as coeval with the end or part of the Marinoan Snowball Earth (e.g., 635 
Ma), given that the units discussed by Retallack (2011, 2022) are age-constrained by correlative 
cap-carbonate sequences, and the Smalfjord Formation discussed by Edwards contains interbeds 
of tillite and diamictite, yielding broad implications for the Snowball Earth hypothesis given 
their periglacial origins, indicating at least some nonglaciaited area during this time. The mid-
Ediacaran Gaskiers glaciation is far less constrained in terms of age, but the tuffs that bracket 
diamictites in Newfoundland report U-Pb ages between 580.90 ± 0.40 Ma and 579.24 ± 0.17 Ma 
(Pu et al., 2016); however, no loess deposits have been documented within this time range. Age 
constraints for the Manyovu strata are currently reported as MDAs from detrital zircon spectra, 
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and the siltstone in the Manyovu interval exhibits MDAs as young as 613.6 ± 1.2 Ma (Bonar et 
al., in review)— indicating the siltstone facies of the Manyovu is at least ~614 Ma. Utilizing 
MDAs as depositional age-constraints can be laborious, as these ages are typically older than the 
true depositional age of the sedimentary unit; therefore, it is possible that the Manyovu siltstone 
is even younger than the reported age of 613.6 ± 1.2 Ma (see Bonar et al., in review for MDA 
interpretation details). 

 A depositional age of ~614 Ma (assuming the youngest reported MDA reflects true 
depositional age) would place Manyovu siltstone deposition within a time between major 
glaciations: younger than the Marinoan (635 Ma) event, and older than the Gaskiers (580 Ma) 
event. While much work has recognized paleo-loess associated with icehouse climates, there are 
examples of ancient loess from non-glaciated times, mostly from the Triassic (e.g., Chan, 1999; 
Horn and Schultz, 2018; Wilkins et al., 2018; Zhu et al., 2020). Many of these interpreted loess 
deposits exhibit similar attributes to the Manyovu: lack of macro-sedimentary structures, silt 
grain-size modes and distributions, and evidence for pedogenesis. However, loess and paleo-
loess in modern and ancient non-glacial systems tend to contain substantial clay (~20-55%), in 
contrast to the quartzo-feldspathic, mineralogically immature composition of the Manyovu, 
which appears to be more indicative of periglacial loess (e.g., Soreghan et al., 2022). Therefore, 
it is also possible that the MDAs are much older than the true depositional age, and the Manyovu 
siltstone records loess deposition associated with periglacial environments during the Gaskiers 
glaciation around 580 Ma. Regardless, a stronger stratigraphic framework is needed to determine 
the validity of these working hypothesis, which would have large implications for the climatic 
context of loess deposition in the Neoproterozoic. 

CONCLUSIONS 

The Manyovu redbeds record the most extensive accumulation of Neoproterozoic loess 
yet documented. Our results highlight observations and new data that are consistent with 
sediment origins from glacial and periglacial environments; therefore, the ultimate depositional 
timing of the Manyovu redbeds could shed light on the extreme paleoclimatic conditions and 
fluctuations recorded in the Neoproterozoic. Additionally, the age-equivalent and 
sedimentologically similar units highlighted in this study could represent extensive dust 
deposition, fundamentally changing current paleogeographic reconstructions during this time. 
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FIGURES AND TABLES 

 

 

Figure 1. Geologic map showing the northeastern shore of Lake Tanganyika and Northwestern Tanzania 
just south of Burundi. Study area is marked by the white star. Map modified from Kasanzu and Manya 
(2020). 
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Figure 2. Generalized stratigraphic column showing the relationship among formations in the 
Neoproterozoic Bukoban Supergroup, Neoproterozoic glaciations, and major tectonic events. 
Stratigraphic column is modified from Halligan (1962), Cahen and Snelling (1974), and Deblond 
et al. (2001). Glacial and tectonic events modified from Stern et al. (2008). 
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Figure 3. Paleogeographic map depicting continental distributions around 600 Ma (Mid-
Ediacaran), representing the end of Manyovu redbed deposition. The study area (marked by the 
red star) is within 30º S of the paleoequator. Map projection modified from Scotese (2021). 
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Figure 4. Stratigraphic measured section of the Manyovu redbeds in Mkalinzi, Tanzania. Grain 
size is represented on the x-axis and cumulative thickness on the y-axis. The tan bar to the right 
of the columns reports grain size modes for each of the different stratigraphic horizons. 
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Figure 5. Representative field photos from each facies described within the study area. A) 
Example of pink sandstone from the basal sandstone facies; field notebook for scale. B) Example 
of the white sandstone from the basal sandstone facies showing internally structureless character; 
hammer for scale. C) Photo of the siltstone facies with bulbous bedding; hammer for scale. D) 
Amalgamated clay concretion horizon with concretions in-place; pencil for scale. E) Blocky 
fracturing from the siltstone facies; hammer for scale. I) Example of the siltstone facies without 
blocky fractures, instead as bulbous beds; scale noted. 
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Figure 6. Thin section images (XPL) of diagnostic micromorphologic characteristics, all scales 
are noted in each image. A) Example of the interbedded siltstone facies. White arrows are 
highlighting grains with clay-coatings (skelsepic plasmic fabric) and red arrows are highlighting 
evaporite pseudomorphs. B) Example of sandy interbedded facies showing larger, well-rounded 
grains floating within a finer-grained matrix. C) Example of the massive siltstone facies. Black 
arrows are highlighting evaporite pseudomorph grains, and bright clays create wispy alignments 
(a type of sepic plasmic fabric). D) Example of siltstone unit, with lower percentage of clay-rich 
matrix. E) Example of a thin section from a clay concretion. Black arrows are indicating 
evaporite pseudomorph grains, and note the higher percent of bright clay matrix (porphyroskelic 
fabric). F) Example of the basal sandstone facies. Black arrows highlight pristine potassium and 
plagioclase feldspar grains, and red arrows indicate some clay coated grains. 
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Figure 7. Histograms produced by the LPSA showing grain size distributions for samples from 
each facies. The silt and sand (63 µm) boundary is highlighted with silt modes highlighted in 
orange and sand modes highlighted in green. 
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Table 1. Regionally correlative units (in age and lithologic attributes) to the Manyovu redbeds in 
Africa. 
 

 

 

 

 

Table 2. Summary of geochronologic data for Marinoan cap-carbonates. 

 

 

 

 

 

 

 

 

 

 

 

Unit Supergroup/Subgroup Age Location Current interpretation Citations

Nguba & 
Kundelungu Groups Katanga Supergroup Cryogenian - 

Ediacaran Lufilian arc / Zambia basal glacial deposits into 
shallow marine (?) Cailteux and Putter, 2019

Katete Fm shallow marine 
transgressive sequence Batumike et al., 2007

Monwezi Fm shallow marine 
transgressive sequence Batumike et al., 2007

Nudas & Urusis Fm Schwarzrand Subgroup Ediacaran Nama Basin / 
Southwestern Namibia carbonate ramp deposits Saylor et al., 1995; Blanco 

et al., 2011
Cerro da Angélica 
Fm Bom Jardim Group Ediacaran Camaquã Basin / 

Southern Brazil alluvial fan - deltaic deposits Janikian et al., 2003, 
2005, 2008, 2012

Bunkeya Subgroup Cryogenian - 
Ediacaran

Democratic Republic of 
the Congo

Cap-carbonate 
bearing unit Location Reported age Dating Method Reference

Nantuo Fm China 636.3 ± 4.9 Ma U-Pb age from basal tuff Zhang et al., 2008

Mirassol d’Oeste Fm Brazil 633 ± 25 Ma
Pb-Pb age isochron age 
from dolostone

Babinski et al., 2006; 
Alvarenga et al., 2011

Ghaub Fm Namibia 635 ± 0.5 Ma 
U-Pb age from interbedded 
ash

Hoffmann et al., 2004

Doushantuo Fm China 635 ± 0.6 Ma 
U-Pb age from interbedded 
tuff

Condon et al., 2005
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SUPPLEMENTAL MATERIALS 
CHAPTER I 

 

All samples used in Chapter I and locations. 

 
 

Anza Borrego Samples Location
Soil

IGNF-13-SOIL-1 N 32˚51.238' W 116˚17.282'
IGNF-13-SOIL-2 N 32˚51.238' W 116˚17.282'
IGNF-13-SOIL-3 N 32˚51.238' W 116˚17.282'
IGNF-13-SOIL-4 N 32˚51.238' W 116˚17.282'
IGNF-13-SOIL-5 N 32˚51.238' W 116˚17.282'
IGNF-13-SOIL-6 N 32˚51.238' W 116˚17.282'
IGNF-13-SOIL-7 N 32˚51.238' W 116˚17.282'

Bedrock
IGNF-13-BDRK-1B 32 51.238 N 116 17.282 W
IGNF-13-FBDRK-1 32 51.214 N 116 17.314 W
IGNF-13-WBDRK 32 51.214 N 116 17.314 W

Dust Sample
T59 N 33° 7' 48" W 116° 31' 48"
T57 N 33° 0'  W 116° 8' 24"

ABD dust sample (s) N 32˚51.176' W 116˚17.242'
N 32˚51.486' W 116˚16.395'
N 32˚51.566' W 116˚15.215'
N 32˚50.519' W 116˚16.383'
N 32˚52.441' W 116˚13.129'
N 32˚52.441' W 116˚13.129'
N 32˚52.261' W 116˚14.084'
N 32˚51.958' W 116˚14.559'
N 32˚50.907' W 116˚15.367'
N 32˚ 52.434' W 116˚12.066'
N 32˚ 52.434' W 116˚12.066'
N 32˚51.176' W 116˚17.242'

Puerto Rico Samples
Soil

RG-14-SOIL-1 N 18˚04.876' W 065˚59.050' 
RG-14-SOIL-2 N 18˚04.876' W 065˚59.050' 
RG-14-SOIL-3 N 18˚04.876' W 065˚59.050' 
RG-14-SOIL-4 N 18˚04.876' W 065˚59.050' 
RG-14-SOIL-5 N 18˚04.876' W 065˚59.050' 
RG-14-SOIL-6 N 18˚04.876' W 065˚59.050' 

Bedrock
RB-14-BDRK-#2A N 18˚03.076' W 065˚55.797'
RG-14-BDRK-13 N 18˚03.696' W 065˚55.418'

Dust Proxy
PR-PliBR 17.954971° -66.852811°
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Raw Geochemistry 
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Tau Values 
 

Sample  Tau values (noramlized to Ti) 
Th Ta Nb Zr Fe Al 

Anza Borrego 
Surface 16.33 5.82 0.84 0.00 -0.49 -0.17 

0.2 m 17.51 5.72 0.93 0.26 -0.53 -0.20 
0.4 m 14.60 5.35 0.97 -0.03 -0.50 -0.14 
0.6 m 14.47 5.25 0.85 0.11 -0.53 -0.13 
0.8 m 17.02 5.35 0.88 0.19 -0.54 -0.10 
1.2 m 14.62 5.15 0.84 -0.09 -0.52 -0.15 
1.5 m 20.11 5.56 0.81 0.38 -0.50 -0.09 

WBDRK 0.67 1.78 0.58 0.46 -0.33 0.23 
FBDRK 0.00 0.00 0.00 0.00 0.00 0.00 

Puerto Rico 
0.1 m 0.41 0.53 1.00 -0.75 -0.05 0.58 
0.5 m 0.45 0.35 1.15 -0.76 -0.14 0.40 
1.0 m 0.70 0.92 1.62 -0.68 -0.06 0.18 
1.5 m 4.24 1.37 2.01 -0.51 -0.10 0.87 
2.0 m 0.51 0.59 1.26 -0.71 -0.19 0.26 
2.5 m 6.67 2.33 2.62 -0.36 -0.03 1.64 

FBDRK 0.00 0.00 0.00 0.00 0.00 0.00 
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CIA Values 
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AB Bedrock Traces 

 
Puerto Rico Bedrock Traces 
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SUPPLEMENTAL MATERIALS 
Chapter II 

 
Metadata for samples in Chapters II and III 

Sample Latitude Longitude stike and dip 
Thickness 
(m) 

21-MANY-
topsands     
21-MANY-15 -4.608768 29.709954  6 
21-MANY-14   18 N / 30 E 18 
21-MANY-13 -4.609134 29.7096  6 
21-MANY-12 -4.689412 29.709163  43.5 
21-MANY-11   11 N/32 E 1.5 
21-MANY-10    13.5 
21-MANY-9    12 
21-MANY-8 -4.60991 29.708661  16.5 
21-MANY-7    14.25 
21-MANY-6   11 N / 32 E 12 
21-MANY-5silt -4.60989 29.707932  6 

     
    10.5 
21-MANY-3silt -4.609822 29.7077 6 N / 26 E 10.5 
21-MANY-2silt -4.609788 29.707547  13.5 
21-MANY-1silt -4.609827 29.707238 9 N / 31 E 16.5 

 -4.609929 29.706975  12 

 -4.610138 29.706798 354 N / 28 E 16.5 
21-MANY-2White -4.610409 29.706694 332 NW /  31 E 33 
21-MANY-1White -4.610906 29.705868  22.5 

   TOTAL 284.25 
 
 
Raw point count data 

 
 

Sample Qm Qp chert Q P K F Ls Lm Lv L Lt AccessoryTotal
21-MANY-topsand 263 16 0 279 54 36 90 3 2 22 27 43 4 400
21-MANY-15 203 13 0 216 98 38 136 0 8 40 48 61 0 400
21-MANY-8 178 9 0 187 124 30 154 3 0 42 45 54 14 400
21-MANY-6i 271 17 2 290 54 26 80 8 5 22 35 54 1 404

21-MANY-6F 240 8 0 248 75 12 87 7 1 49 57 65 8 400
21-MANY-5sand 238 15 253 80 37 117 5 1 17 23 38 7 400
21-MANY-4 255 5 0 260 58 38 96 2 5 33 40 45 4 400
21-MANY-3.1 243 13 1 257 37 16 53 3 2 41 46 60 45 400
21-MANY-3 223 7 0 230 34 33 67 1 0 36 37 44 53 387
21-MANY-2white 300 25 0 325 43 1 44 1 2 28 31 56 0 400
21-MANY-2.1white 293 44 0 337 37 2 39 7 2 15 24 68 0 400
21-MANY-1white 199 77 4 280 23 49 72 1 0 37 38 119 1 400
21-MANY-1.1white 253 14 0 267 48 9 57 4 5 66 75 89 1 400
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Raw Data for Detrital Zircon Geochronology 
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SUPPLEMENTAL MATERIALS 
Chapter III 

 
Metadata for samples in Chapters II and III 

Sample Latitude Longitude strike and dip 
Thickness 
(m) 

21-MANY-
topsands     
21-MANY-15 -4.608768 29.709954  6 
21-MANY-14   18 N / 30 E 18 
21-MANY-13 -4.609134 29.7096  6 
21-MANY-12 -4.689412 29.709163  43.5 
21-MANY-11   11 N/32 E 1.5 
21-MANY-10    13.5 
21-MANY-9    12 
21-MANY-8 -4.60991 29.708661  16.5 
21-MANY-7    14.25 
21-MANY-6   11 N / 32 E 12 
21-MANY-5silt -4.60989 29.707932  6 

     
    10.5 
21-MANY-3silt -4.609822 29.7077 6 N / 26 E 10.5 
21-MANY-2silt -4.609788 29.707547  13.5 
21-MANY-1silt -4.609827 29.707238 9 N / 31 E 16.5 

 -4.609929 29.706975  12 

 -4.610138 29.706798 354 N / 28 E 16.5 
21-MANY-2White -4.610409 29.706694 332 NW /  31 E 33 
21-MANY-1White -4.610906 29.705868  22.5 

   TOTAL 284.25 
 
 
Raw point count data 
 

 

Sample Qm Qp chert Q P K F Ls Lm Lv L Lt AccessoryTotal
21-MANY-topsand 263 16 0 279 54 36 90 3 2 22 27 43 4 400
21-MANY-15 203 13 0 216 98 38 136 0 8 40 48 61 0 400
21-MANY-8 178 9 0 187 124 30 154 3 0 42 45 54 14 400
21-MANY-6i 271 17 2 290 54 26 80 8 5 22 35 54 1 404

21-MANY-6F 240 8 0 248 75 12 87 7 1 49 57 65 8 400
21-MANY-5sand 238 15 253 80 37 117 5 1 17 23 38 7 400
21-MANY-4 255 5 0 260 58 38 96 2 5 33 40 45 4 400
21-MANY-3.1 243 13 1 257 37 16 53 3 2 41 46 60 45 400
21-MANY-3 223 7 0 230 34 33 67 1 0 36 37 44 53 387
21-MANY-2white 300 25 0 325 43 1 44 1 2 28 31 56 0 400
21-MANY-2.1white 293 44 0 337 37 2 39 7 2 15 24 68 0 400
21-MANY-1white 199 77 4 280 23 49 72 1 0 37 38 119 1 400
21-MANY-1.1white 253 14 0 267 48 9 57 4 5 66 75 89 1 400
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Supp. Figure 1. Field Photos from Mkigo showing 1) extensive, internally massive siltstone and 
2) concretion horizons. 
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Supp. Figure 2. SEM images and EDS mapping results from all four facies. EDS mapping did 
not identify sulfur (indicative of evaporite minerals) in any of the facies within the Manyovu. 

 
 


