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Abstract 

 The evolution and distribution of mammals have been influenced throughout earth 

history by tectonic processes that produce regions with varied topography and environmental 

gradients. Biological responses to these factors are recorded in the fossil record, but the same 

processes that generate suitable life habitats affect the fossil productivity of depositional 

environments, confounding interpretations. The goal of this dissertation is to investigate fossil 

assemblages of terrestrial mammals and determine whether faunal change is influenced by 

tectonic history. This work has focused on the fossil and geohistorical record of a continental 

basin at the western edge of the Basin and Range, USA. 

 The Miocene Dove Spring Formation (12.5–8.5 Ma) has a rich vertebrate fossil record 

and 1800 m of sediments that hold evidence for three major tectonic episodes. Two phases of 

extension and a period of shearing are documented through structural and sedimentological 

evidence. I compiled data from museum specimens, topographic maps, and field notes from the 

past 60 years. Using this foundation, I integrated field work, geographic information system 

analysis, and stable isotope analyses to investigate the interactions between tectonic processes 

and changes in the species richness and faunal composition of mammal assemblages. 

 I updated radiometric decay constants and incorporated a recent tephrochronological 

correlation to revise the geochronology of the Dove Spring Formation and provide context for 

the spatial and stratigraphic distribution of fossil localities. I conducted a diversification analysis 

for large mammals to estimate residence times and account for the incomplete nature of fossil 

preservation. Originations were prevalent early in the sequence, during an extensional tectonic 
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episode. Extinction became the dominant process later, coinciding with the onset of shear 

tectonic movement. Significant changes in faunal composition correlated with these tectonic 

episodes. With a connection between tectonics and faunal change established, I conducted 

additional investigations to determine whether apparent faunal change was driven by the 

productivity of different lithofacies or was the result of ecological change. 

 I sampled tooth enamel from three ungulate families (Antilocapridae, Camelidae, and 

Equidae) for stable isotopes of carbon and oxygen to describe their dietary ecology. The δ13C 

values indicate that the plant resources consumed by these ungulates remained relatively stable 

through the formation despite changes in the tectonic setting. The δ18O record exhibits a similar 

trend to a regional signal, suggesting that conditions in the basin became gradually more arid 

over time, with little correlation with the tectonic history. The Dove Spring Formation represents 

an environment that persisted for four million years and has no close modern analogue. Changes 

in dietary ecology were not the primary drivers of faunal change. 

 I documented lithofacies associations and inferred depositional environments at two 

scales. At the basin-scale, large channels are associated with episodes of extension, while 

floodplains developed during the shear episode. I detected variability across the landscape at the 

locality scale, recognizing two types of channels, three types of floodplains, pond deposits, and 

crevasse splays. Changes in depositional environments over time correlate well with the basin’s 

tectonic history, and the shear episode exhibited the highest fossil productivity. However, the 

area of these environments was not a strong predictor of fossil productivity. The presence of 

chronically rare taxa, such as carnivores during poorly-sampled intervals indicates that not all 

faunal change can be attributed to sampling. Investigations of regional patterns are necessary to 

further our understanding of this phenomenon.  



1 

 

Chapter 1 

Introduction 

 Landscape evolution and climate have high level effects on terrestrial ecosystems. 

Tectonically driven changes in topography influence the distribution and connectivity of basin 

habitats, while also affecting the regional and local climates experienced by organisms. The 

generation of topographically complex landscapes throughout geologic time has had measurable 

effects on species diversity and its preservation within the fossil record (Badgley et al., 2017). 

The goal of my dissertation is to investigate potential correlations between mammalian faunal 

change and periods of tectonic activity by leveraging the rich fossil record and robust 

geochronology of the Miocene Dove Spring Formation. To accomplish this goal, I employed a 

suite of methods including analysis of faunal change and diversity dynamics, stable isotope 

paleoecology, and facies analysis in relation to episodes of tectonic history. My results provide 

new insight into the complex and often subtle relationships between tectonic processes and the 

faunal history of a terrestrial basin.  

 The Miocene is notable for significant environmental change that affected terrestrial 

ecosystems from the global to local scales. The Middle Miocene Climatic Optimum (MMCO; 

16.9-14.7 Ma) was a period of high global temperatures and increasing diversity of terrestrial 

mammals in North America (Janis et al., 2000; Zachos et al., 2001; Steinthorsdottir et al., 2021). 

This species-rich interval was followed by the Middle Miocene Climatic Transition (MMCT; 

14.7-13.8 Ma), an interval of global cooling that continues today (Steinthorsdottir et al., 2021). 
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Global climate is modulated at the regional and local scales by elevation and topographic relief 

driven by tectonic processes such as extension and subsidence (Chamberlain et al., 2012). 

 The Basin and Range province of western North America underwent significant 

extension leading to the collapse of major topographic highlands during the Miocene, generating 

regions with complex topography that significantly influenced the distribution of species 

(McQuarrie and Wernicke, 2005; Bahadori et al., 2018). 

 Tectonically driven changes in topography generate climatic and vegetation gradients, 

open or close corridors to dispersal, and alter habitat space (Körner, 2000; Coblentz and Riitters, 

2004; Badgley, 2010). By altering habitat gradients, topographic changes allow for the expansion 

or contraction of geographic ranges, leading to changes in species richness and faunal 

composition (Barnosky and Kraatz, 2007; Kent-Corson et al., 2013). Habitats for terrestrial 

mammals may be connected or interrupted by topographic barriers that develop as the result of 

tectonic processes, which may lead to the evolution or extinction of species. This last scenario 

relies on data from the fossil record and investigations of faunal changes that coincide with or 

closely follow the onset of major tectonic episodes. These principles form the basis for my 

investigations of faunal change within a terrestrial basin.  

 Topographically complex regions today host higher species diversity than adjacent 

lowlands due to the generation of barriers and environmental gradients of climate and vegetation 

(Badgley et al., 2017). This pattern is seen at the regional scale between the Basin and Range 

Province when compared to the Great Plains region (Badgley and Finarelli, 2013). Mammals 

respond to changes in climate and vegetation structure with geographic-range shifts, changes in 

dietary ecology, body size, and locomotion (Janis, 1993; Davies et al., 2009; Stromberg et al., 

2013). 
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 The El Paso Basin of the northwestern Mojave region in southern California records 

evidence for several well-constrained tectonic episodes. The basin is bounded on two sides by 

faults and exhibits evidence for both extensional and shear movement (Figure 1.1). Three distinct 

tectonics episodes are relevant to the Miocene history of faunal change in this location (Loomis 

and Burbank, 1988). Extension that began between 17.0 and 15.0 Ma contributed to area growth 

in the basin until it was interrupted around 10.3 Ma by a period of basin rotation and translation 

along the Garlock Fault to the south. Extension resumed between 9.5 and 9.0 Ma, indicating a 

new period of basin growth. 

 The Dove Spring Formation is the middle to late Miocene component of sedimentary fill 

within the El Paso Basin and contains a rich fossil record. A sequence of 1800 meters of alluvial 

and lacustrine sediments was deposited between 12.5 and 8.5 Ma, and has yielded over 7,200 

vertebrate fossils from more than 750 localities (Whistler et al., 2009). The formation’s tectonic 

history and fossil record have been studied since the early 1900s by geologists and 

paleontologists, yielding detailed records of stratigraphy and fossil-mammal assemblages 

(Merriam, 1919; Dibblee, 1952; Loomis and Burbank, 1988; Whistler et al., 2009). Over 100 

mammalian species are present in the Dove Spring Formation, and large mammals represent the 

majority of fossil specimens recovered. Four orders and 15 families of large mammals contain 59 

taxa identified to the genus level and 20 are further identified to the species level (Whistler et al., 

2009). A series of 18 radiometrically dated ash layers, tephrochronologic correlation, and 

magnetostratigraphy provide age control on fossil localities. The extensive body of work 

conducted in the formation makes possible investigations into the timing of tectonically driven 

landscape changes and patterns of species diversity, faunal composition, and dietary ecology. 
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 In Chapter 2, I present a geochronological framework that establishes the timing of faunal 

change in the Dove Spring Formation. I first revised the stratigraphy and geochronology to 

establish a robust chronostratigraphic framework. This involved fieldwork to measure new 

stratigraphic sections and recalculating published radiometric dates using updated decay 

constants. I calculated sediment accumulation rates to track changes in accommodation space. I 

determined the stratigraphic placement of fossil localities within the context of the 

magnetostratigraphic record, older and newly measured stratigraphic sections, and ash beds with 

known radiometric dates. For my analysis of faunal change, I focused on large mammals because 

they are the most abundant component of the fossil assemblages in terms of both specimens 

recovered and species richness. Large-mammal fossils are also collected in a different way than 

small mammals, resulting in different taphonomic biases for each size group. I generated a new 

biochronology of the estimated residence time for large mammals using 80% confidence 

intervals based on the observed fossil record and the average temporal gap between species 

occurrences (Marshall, 1990, 2010). I used this biochronology to evaluate change in faunal 

composition and assessed per-capita rates of origination, extinction, and diversification using 

methods of Foote (2000). 

 My findings revealed insight into the patterns of faunal change in the Dove Spring 

Formation as they relate to its tectonic history. Two phases of faunal change occur through the 

sequence: early extension is associated with originations, species accumulation and long 

residence times; basin rotation and translation are associated with a shift towards extinction or 

extirpation as the dominant process of faunal change. The presence of chronically rare taxa such 

as carnivores during intervals with low fossil productivity provides compelling evidence for the 
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authenticity of the signals of faunal change within the formation, despite indications of a strong 

sampling effect.  

 Two hypotheses arose from my findings in Chapter 2: either that actual faunal change is 

linked to the basin’s tectonic history through ecological changes, or that apparent faunal change 

is the result of variations in the fossil productivity of sedimentary facies. There are additional 

possibilities, such as geographic-range shifts caused by the opening or closing of dispersal 

corridors, but these require regional data and are beyond the scope of this investigation. In the 

first scenario, the expectation would be to observe significant changes in dietary ecology that 

relate to changes in vegetation coinciding with episodes of tectonic activity. In the second 

scenario, changes in fossil productivity would occur without significant ecological change, and 

community composition would remain relatively stable throughout the sequence. These 

hypotheses formed the basis for my subsequent chapters. 

 In Chapter 3, I address the hypothesis that tectonic episodes contributed to environmental 

change in the Dove Spring Formation by investigating the dietary paleoecology of selected 

mammals using stable isotopes of carbon and oxygen. My goal was to determine whether 

significant change in herbivore diets occurred, and if present, whether it was related to the 

tectonic and climatic history of the El Paso Basin. I sampled tooth enamel from three ungulate 

families (Antilocapridae, Camelidae, and Equidae) for stable isotope analysis of carbon and 

oxygen. The ratio of carbon-13 to carbon-12 (δ13C ) is used to determine the carbon pathway of 

vegetation consumed by herbivores, and is in turn a reliable indicator of the composition of plant 

assemblages at the time of fossil deposition (Cerling and Harris, 1999). Oxygen-18 is an 

indicator of temperature and moisture availability that is affected by a variety of factors, 

including elevation, distance from the coast, temperature, and latitude (Dansgaard, 1964; Kohn, 
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1996). Due to the El Paso Basin’s low-elevation, midlatitude location less than 200 km from the 

Pacific coast, the primary control on δ18O in the formation was probably the amount of 

precipitation. In addition to stable isotope analysis, I measured the hypsodonty index for the 

three ungulate families. This index is a measure of molar crown height compared to tooth width, 

which is informative of the ability of herbivores to consume abrasive material (Janis et al., 2000; 

Jardine et al., 2012). Higher hypsodonty indices have been traditionally interpreted to be a signal 

of open habitats where dust and grit wear down dentition (Madden, 2014). 

 I found that there while were minor variations in the δ13C signature of large mammals, 

there were no significant changes in their dietary ecology through the Dove Spring Formation. 

Instead, the formation contains evidence for an ecosystem with vegetation assemblages that 

remained relatively stable for four million years. The combination of relatively depleted δ13C 

values with assemblages of large mammals that no longer exist today indicates that the 

environments of the Dove Spring Formation do not have exact modern analogues in terms of 

vegetation that supports such diverse communities of large mammals. δ18O values in the Dove 

Spring Formation did not vary significantly throughout its history, indicating that the amount of 

precipitation remained relatively constant. While slight variations in both δ13C and δ18O change 

from one tectonic episode to the next, changes in vegetation, temperature, and precipitation 

characteristics were not sufficient enough to be the main drivers of faunal change. In the absence 

of significant changes in dietary ecology, I rejected the hypothesis that faunal change was 

primarily a response to tectonically driven changes in vegetation. 

 In Chapter 4, I test the hypothesis that faunal change in the Dove Spring Formation is 

primarily related to fossil productivity that varies with changes over time in depositional 

environments. Heterogeneity across the landscape is driven in part by tectonic and climatic 
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processes that affect the transport of sediments, as well as autocyclic processes that influence the 

migration of channels across the floodbasin (Bridge, 2003). The depositional environments 

associated with evolving landscapes vary in their ability to preserve fossil remains of vertebrates 

due to differences in energy level, water availability, and sediment supply (Behrensmeyer, 1988; 

Holland, 2016). Low-energy environments, such as floodplains, have a relatively high likelihood 

to preserve fossils, while high-energy environments, such as active river channels, point bars, 

and avulsion deposits may be less likely to preserve fossils due to reworking of sediments and 

erosion (Bridge, 2003; Holland, 2016). Depositional environments can be inferred based on 

facies characteristics, which are patterns of lithology, sedimentary structures, and stratigraphic 

relationships that form under specific hydrological and sedimentological conditions (Reading, 

1986; Behrensmeyer, 1987). My goals were to 1) determine the spatial and temporal extent of 

major facies associations; 2) evaluate facies changes in relation to the tectonic history of the El 

Paso Basin; 3) describe the dominant depositional environments of highly productive localities 

within the Dove Spring Formation; and 4) compare the history of faunal change to the 

configuration of facies associations. 

 To address these research topics, I measured stratigraphic sections to characterize 

lithological facies. Meter-scale sections allowed me to recognize macrofacies associations that 

occur in broad patterns throughout the entire formation while decimeter-scale sections revealed 

the depositional environments of fossil assemblages and variation across the landscape and 

allowed for comparison of fossil productivity between environments. The frequency and spatial 

extent of facies associations at both scales varied with the basin’s tectonic history, leading to a 

series of inferred depositional environments with differences in fossil productivity. 
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 Changes in the areal extent of macrofacies associations only partially influenced fossil 

productivity throughout the sequence. Channel and channel-margin macrofacies associations 

exhibit the greatest differences in fossil productivity in response to tectonically-driven changes in 

area. As the areal exposure of channel deposits decreased during basin rotation and translation 

near 10.3 Ma, channel margin deposits increased in area accompanied by a moderate increase in 

fossil localities. Conversely, localities per area containing large mammals were highest during 

the initial phase of extension, and dropped by approximately half with the onset of basin rotation. 

While floodplain deposits increased in area through the whole sequence, the highest numbers of 

localities per area are found during the shearing tectonic episode. 

 During a period of tectonic extension early in the sequence, large channels were common 

and species accumulation was the dominant process of faunal change. Around 10.3 Ma, 

extinction became the dominant process, coinciding with the increased prevalence of floodplain 

deposits and the onset of basin rotation and translation. Around 9.5 Ma, local extension resumed 

and generated more heterogeneous depositional environments that preserved more species 

despite a trend of extinction. While most fossil localities are found within fine-grained sediments 

in floodplain sequences, stream channels tend to aggregate specimens from more species. Rare 

taxa and singletons are most commonly recovered from floodplain deposits, indicating that 

floodplains have the potential to deliver a more complete view of species richness. My findings 

indicate that at least some of the faunal change captured in the fossil record is the result of 

changes in fossil productivity due to the evolution of the landscape. However, the presence of 

numerous rare taxa from facies associations that do not typically preserve a high number of 

specimens suggests that faunal changes are not solely the result of changes in depositional 

environment. 
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 In Chapter 5, I synthesize the results of my studies into the faunal, paleoecological, and 

depositional history of the Dove Spring Formation. This section is organized into the context of 

the three major tectonic episodes that drove landscape evolution during the middle to late 

Miocene. The integration of these datasets builds upon a century of previous research and 

advances our understanding of the influence of tectonically driven environmental gradients on 

patterns of faunal change and paleoecology. By combining geological and paleontological 

information, I investigated the connections between the physical environment, local climate, 

vegetation, and the history of mammals within a terrestrial basin. 

 While the fossil record is incomplete by nature, thorough investigation of faunal patterns 

and stratigraphy reveal insight into factors that contribute to preservational and ecological 

processes. This work contributes new perspectives on how the dynamic tectonic setting of the El 

Paso Basin influenced the rich fossil record of the Dove Spring Formation. Extensional and 

shearing processes altered the distribution of life habitats and environments where mammal 

remains were likely to be preserved. However, changes in the area of dominant depositional 

environments were not strong predictors of fossil productivity or species richness. These results 

suggest that processes other than sampling controlled the observed patterns of faunal change. 

The Dove Spring Formation is also an example of post-MMCO environmental stability within a 

terrestrial basin. Despite tectonically-driven changes in the dominant depositional environment 

and water availability, mammalian communities did not significantly alter their dietary ecology.  

 These results indicate that other processes must have contributed to faunal change in the 

Dove Spring Formation. Topographic changes may have led to the expansion of dispersal 

corridors that allowed large mammals to travel throughout the region, with some populations 

remaining in the basin. Global or regional climate change may have driven mammals into the 
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basin due to its moderate local climate and abundant vegetation resources. Further investigations 

of these factors will require regional data to place the observed faunal patterns into context with 

the greater Basin and Range. This dissertation advances our understanding of local processes and 

provides context for future studies of the relationship between faunal change and landscape 

history.  
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Figure 1.1: Location map of the El Paso Basin, illustrating fault boundaries. 
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Chapter 2 

Mammalian Faunal Change of the Miocene Dove Spring Formation, Mojave Region, in 

Relation to Tectonic History 

Abstract 

 Tectonic processes drive the evolution of basins through local and regional changes in 

topographic relief, which has a long-term effect on mammalian richness and distribution. 

Mammals respond to the resulting changes in landscape and climate through evolution, 

geographic-range shifts, and by altering their community composition. Studies of these responses 

rely on the timing of faunal change in relation to changes in topography and climate (Badgley, 

2010). Here we evaluate the relationship between tectonic episodes and the diversification 

history of fossil mammals in the Miocene Dove Spring Formation (12.5-8.5 Ma) of southern 

California. This formation contains a rich fossil record of mammals and other vertebrates as well 

as structural and sedimentological evidence for tectonic episodes of basin extension, rotation, 

and translation. We used several methods to compare the fossil record to the tectonic history of 

the formation. We updated the geochronology of the stratigraphic sequence to incorporate 

current radiometric dating standards and measured additional stratigraphic sections to refine the 

temporal resolution of the fossil localities to 500-kyr (or shorter) intervals. We compiled 

observed stratigraphic ranges of large mammals (>1 kg), number of fossil localities, and number 

of catalogued specimens in 500-kyr intervals. Observed species richness over time follows the 

same trend as the number of localities and specimens, suggesting a strong sampling influence. To 

acknowledge incomplete fossil preservation, we determined 80% confidence intervals for the 
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observed stratigraphic ranges of taxa. These estimates of stratigraphic ranges were used to 

conduct per-capita diversification analysis and a likelihood approach to changes in faunal 

composition from one time interval to the next. We found that significant changes in faunal 

composition occurred in three intervals (11.0, 10.0, and 9.5 Ma). The lower portion of the 

formation is characterized by high origination rates and long residence times until the initiation 

of basin rotation and westward translation at 10.5 Ma. The upper portion has high per-capita 

extinction rates that increase in magnitude with a period of basin extension and subsidence near 

9.5 Ma. The greatest magnitude of change in faunal composition occurred during basin rotation 

and translation that interrupted a long-running extensional period. Sampling had only a moderate 

effect on these patterns, suggesting that tectonics played a key role in the diversity of mammals 

by shaping the landscapes that they inhabited. 

 

Introduction 

 Global changes in climate and regional tectonic episodes that altered elevation and 

topographic relief led to increased seasonality of temperature and precipitation, which 

contributed to the emergence and spread of novel biomes throughout western North America 

during the Middle to Late Miocene (Wing, 1998; Jacobs et al., 1999; Kohn and Fremd, 2008; 

Chamberlain et al., 2014; Steinthorsdottir et al., 2021). Mammals responded to the appearance of 

new types of vegetation with significant changes in feeding strategies, body size, and 

locomotion, forming faunal assemblages that have no modern analogues (Janis, 1993; Webb and 

Opdyke, 1995; Janis et al., 2000; Finarelli and Badgley, 2010; Samuels and Hopkins, 2017). 
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 Local and regional tectonic processes have a direct influence on climatic gradients and 

resultant vegetation patterns relevant to animals, which may influence their evolution, 

distribution, and community composition (Beatley, 1975; Janis, 1993; Kohn and Fremd, 2008). 

When examined in conjunction with tectonic history, the fossil record can reveal the response of 

mammalian communities to these environmental influences. If faunal changes (such as changes 

in species richness, faunal composition, or rates of diversification) coincide with or closely 

follow tectonic episodes, it suggests a link between tectonically-driven landscape changes and 

terrestrial mammals. Ecological factors such as the changes in vegetation resources, competition 

and predation pressure, or character displacement may all be related to changes in topography 

that contribute to the development of habitat gradients or the expansion of dispersal corridors 

Brown and Nicoletto, 1991; Janis, 2004; Maguire and Stigall, 2008). If such changes occur in the 

absence of tectonic activity, other processes such as global or regional climate change are more 

likely to be the driving factors. 

 Here we focus on the Middle to Late Miocene Dove Spring Formation (12.5-8.5 Ma), 

located in the El Paso Basin of the northwestern Mojave Region in southern California, USA 

(Figure 2.1). We investigated the links between tectonic history and mammalian species richness 

through geologic time with three goals: 1) To refine the stratigraphy and geochronology to serve 

as a temporal framework for evaluating faunal change in relation to tectonic episodes; 2) to 

identify changes in species richness and composition based on estimated residence time of large 

mammals; 3) to assess per-capita origination and extinction rates in relation to the timing of 

tectonic episodes. Our work is part of a broader effort to examine changes in landscape, climate, 

vegetation and mammalian diversity that are associated with tectonic processes occurring 
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throughout western North America (Finarelli and Badgley, 2010; Badgley and Finarelli, 2013; 

Badgley et al., 2017; Loughney and Badgley, 2020). 

Paleontological Background 

The Dove Spring Formation is located in the El Paso Basin of southern California 

(35.373° N, 117.991° W). This formation spans Clarendonian (12.5-10.3 Ma) to early 

Hemphillian (10.3-8.5 Ma) North American Land Mammal Ages, intervals of geologic time 

characterized in part by decreasing species richness of ungulate taxa (Woodburne, 1987; Janis et 

al., 2000; Woodburne, 2004). The Dove Spring Formation has been well studied in terms of 

vertebrate paleontology, lithostratigraphy, tephrochronology, and tectonic setting (Merriam, 

1919; Dibblee, 1967; Loomis and Burbank, 1988; Whistler and Burbank, 1992; Perkins et al., 

1998; Wang and Barnes, 2008). Over 7,200 vertebrate fossils have been collected and catalogued 

from more than 750 localities by workers associated with the Natural History Museum of Los 

Angeles County (NHM) for over a century, leading to a well-documented sequence of 

mammalian assemblages (Tedford et al., 2004; Whistler et al., 2009). The NHM database 

recognizes over 100 mammalian species from the Dove Spring Formation, 70 of which are large-

mammal lineages (>1 kg in estimated adult body weight) (Whistler et al., 2009). Four orders 

(Artiodactyla, Carnivora, Perissodactyla, and Proboscidea) and 15 families of large mammals are 

recognized in the Dove Spring Formation, with 59 taxa identified to the genus level and 20 

further identified to the species level. (Here we refer to the taxonomic order “Artiodactyla” due 

to its priority over “Cetartiodactyla” as a monophyletic group that includes the last common 

ancestors of all even-toed ungulates in this study; Asher and Helgen, 2010; Prothero et al., 2021). 

Ungulates are well represented in the Dove Spring Formation. Artiodactyl families 

include Antilocapridae (pronghorns), Camelidae (camels), Merycoidodontidae (oreodonts), and 
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Tayassuidae (peccaries) (Whistler and Burbank, 1992; Whistler et al., 2009). Antilocaprids are 

represented by six genera and are the most commonly occurring artiodactyls in terms of 

specimens and localities. Camelids are represented by three genera and numerous specimens. 

Two merycoidodontid genera are present. Two species of tayassuid are present, though rare. 

Perissodactyls in the formation belong to the Equidae (horses) and Rhinocerotidae (rhinos), with 

equids represented by numerous specimens from 14 species, while rhinocerotids are rare and 

limited to one genus. Seven proboscidean species in five genera are present, all of which are rare. 

Borophagine canids (bone-crushing dogs) are the most common carnivores with 13 species 

recognized in the formation (Wang and Barnes, 2008; Tedford and Wang, 2009). Eight species 

of Felidae are present but their fossils are considerably rarer than those of the Canidae (Whistler 

et al., 2009; Tseng et al., 2010). Four mustelid species are present (Whistler and Burbank, 1992; 

Whistler et al., 2009). Tedford (1965) divided the fossil record of the Dove Spring Formation 

into three superposed faunal assemblages that were later revised with new age interpretations by 

Whistler et al (2009). 

We used the fossil record of large mammals to evaluate potential causes of faunal 

change, particularly tectonic changes in the basin and regional climate. Changes in per-capita 

rates of origination and extinction can be detected by analyzing taxonomic richness through a 

stratigraphic sequence. Using statistical estimates of residence times of lineages, we generated a 

record of estimated richness and faunal composition that provides a more realistic chronology of 

faunal history compared to the observed fossil record. We focus on the large mammals of the 

Dove Spring Formation because they are the most abundant group among the fossil assemblages 

in terms of specimens recovered and species richness. 

Geologic Background 



20 

 

 The Dove Spring Formation consists of 1,800 meters of fluvial and lacustrine sediments 

and ashes deposited between 12.5 and 8.5 Ma (Figure 2.2) (Whistler and Burbank, 1992; 

Whistler et al., 2009). The sequence mostly consists of sandstones and mudstones interbedded 

with at least 18 laterally extensive ash units (Loomis and Burbank, 1988; Whistler and Burbank, 

1992; Perkins et al., 1998). Dating methods include magnetostratigraphy, tephrochronologic 

correlation, and radiometric dating (U-Pb, K/Ar, Ar/Ar, and fission-track dating) and provide a 

temporal resolution of about 500 thousand years to most fossil localities (Evernden et al., 1964; 

Tedford, 1965; Cox and Diggles, 1986; Loomis and Burbank, 1988; Whistler and Burbank, 

1992; Perkins et al., 1998; Perkins and Nash, 2002; Smith et al., 2002; Lourens et al., 2004; 

Tedford et al., 2004; Bonnichsen et al., 2007; Whistler et al., 2009; Table 2). The lower half of 

the sequence contains two thick basalt flows, one of which has an Ar/Ar radiometric age of 10.5 

± 0.25 Ma (Loomis and Burbank, 1988; Whistler and Burbank, 1992). 

Analysis of faunal and environmental changes requires a well-resolved chronology. The 

current chronological framework for the Dove Spring Formation is the culmination of decades of 

work integrating lithostratigraphy, magnetostratigraphy, biostratigraphy, and tephrochronology 

of the sequence. Improvements to radiometric methods necessitate occasional revisions to age 

estimates to ensure accuracy and consistency (Begemann et al., 2001; Renne et al., 2010; Carter 

et al., 2020; Schaen et al., 2020). Ages for many fossil localities are based on the 

tephrochronology of associated ash layers (Whistler et al. 2009, 2013). In order to further refine 

the stratigraphic resolution and age estimates of fossil localities, we measured 19 new 

stratigraphic sections and updated magnetostratigraphic correlations to the 2012 edition of the 

geomagnetic time scale (Whistler and Burbank, 1992; Hilgen et al., 2012). We updated 18 
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published radiometric dates for the sequence using current decay-constant standards (Begemann 

et al., 2001; Renne et al., 2010; Carter et al., 2020). 

The El Paso Basin is located within a large fault zone that separates the western Basin 

and Range from the Sierra Nevada Mountains. The Walker Lane Belt and the Eastern California 

Shear Zone are right-lateral, strike-slip fault zones separated by the left-lateral Garlock fault 

(Loomis and Burbank, 1988; Faulds and Henry, 2008; Andrew et al., 2014; Dixon and Xie, 

2018). These fault zones accommodate boundary motion between the Pacific and North 

American tectonic plates (Guest et al. 2007).  The fault geometry within the El Paso Basin 

displays characteristics of both extensional and shear movement. Loomis and Burbank (1988) 

recognized four episodes of structural development in the basin. Tectonic processes occur over 

the course of thousands of years, so we allow for uncertainty of up to 0.25 Myr in estimates of 

their timing. During episode 1, the underlying Paleocene Goler Formation was tilted between the 

late Paleocene and early Miocene. Episode 2 is a period of north-south extension that began 

during the deposition of the underlying Cudahy Camp Formation (>18-15 Ma). A series of east-

west trending dikes within the Cudahy Camp Formation is associated with the northwest 

movement of an extensive area of bedrock known as the Sierra Nevada-Great Valley crustal 

block that began between 17 and 15 Ma (McQuarrie and Wernicke, 2005; Camp et al., 2015). 

This long episode of extension continued to increase the basin area and created accommodation 

space for sediment accumulation during the first 2.5 Myr of the Dove Spring Formation. Episode 

3 began ~10.5 Ma with counterclockwise rotation of the basin, allowing for westward translation 

of the entire basin along the Garlock fault up to 64 km closer to the Sierra Nevada. In episode 4, 

west-northwest tilting and related extension deformed strata as young as 9.0 Ma, increasing 

subsidence and basin relief relative to the Sierra Nevada Mountains.  
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As the extension taking place during episode 2 progressed during the early deposition of 

the Dove Spring Formation, increasing accommodation space allowed for the development of 

mature southeast-to-northwest drainage networks that transported sediments from the El Paso 

Mountains into the basin. Lacustrine sediments are present in the northern part of the basin 

underneath the basalts, and lakes are common features in extensional settings (Gawthorpe and 

Leeder, 2000). The isotopic signal of a rain shadow east of the Sierra Nevada Mountains 

documented since 16.0 Ma in several locations throughout the Great Basin indicates that there 

was significant relief between the southern Sierra Nevada and the northwestern Mojave region 

during the early deposition of the Dove Spring Formation (Loomis and Burbank, 1988; Poage 

and Chamberlain, 2002; Crowley et al., 2008; Whistler et al., 2009). This rain shadow began to 

weaken during episode 2 as regional extension lowered the paleoelevation of the southern Sierra 

Nevada (Poage and Chamberlain, 2002; Lechler et al., 2013). In addition, pollen and diatom 

records from the contemporaneous marine Monterey Formation indicate that the regional climate 

during tectonic episode 2 was becoming cooler and drier since at least 15 Ma (Flower and 

Kennett, 1993; Heusser et al., 2022). 

The rotation and translation of episode 3 coincided with growth of accommodation space 

throughout the central Basin and Range (Andrew et al., 2014; Loughney et al., 2021). Movement 

along the Garlock fault during this interval is partially constrained by volcanism in the Summit 

Range east of the El Paso Basin, with lithological and geochemical correlations that suggest 

close proximity to the Lava Mountains until approximately 10.3 Ma (Figure 1; Smith et al., 

2002; Andrew et al., 2014). The initiation of movement on this segment of the Garlock fault 

accommodates slip between the Walker Lane belt to the north and the Eastern California Shear 

Zone to the south. Fault movement is correlated with changes in sediment accumulation rate and 
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an age of 10.5 Ma allows for uncertainty in estimating the timing of its initiation (Mitchell and 

Reading, 1978; Loomis and Burbank, 1988; Burbank and Anderson, 2012). The tectonic 

activities of episode 3 locally interrupted the steady growth of accommodation space within the 

basin and may have cut off existing drainage channels (Loomis and Burbank, 1988; Gawthorpe 

and Leeder, 2000). The regional cooling and drying trends observed within the Monterey 

Formation that began during episode 2 continued into tectonic episode 3 (Flower and Kennett, 

1993; Heusser et al., 2022). 

Episode 4 represents a new period of east-west extension in the El Paso Basin that began 

between 9.5 Ma and 9.0 Ma based on cut strata and progressively less rotation observed in beds 

younger than 10.0 Ma (Loomis and Burbank, 1988). Concurrent regional extension was 

associated with southward migration of the Rivera triple junction as the San Andreas transform 

boundary between the Pacific and North American plates shifted towards the current Gulf of 

California (Dickinson, 2002; McQuarrie and Wernicke, 2005; Bahadori et al., 2018). Dove 

Spring sediments from episode 4 are increasingly coarse with distinctive clast composition that 

indicates the Sierra Nevada Mountains to the west as a new sediment source by 9.0 Ma (Loomis 

& Burbank, 1988; Figure 2). Paleocurrent studies by Loomis & Burbank (1988) demonstrated a 

shift to a northwest-to-southeast drainage pattern, and the coarser sediments suggest the presence 

of higher-energy stream channels than during the extension of episode 2. Mean annual 

precipitation in the region began to increase after 8.9 Ma throughout the region based on 

macrofossil and pollen records from several nearby basins that indicate the expansion of water-

reliant pine forests (Axelrod, 1977; Heusser et al., 2022). Regional extension during episode 4 

may have further weakened the rain shadow effect from the southern Sierra Nevada, although 
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there is debate regarding the precise timing of changes to its paleoelevation (Poage and 

Chamberlain, 2002; Lechler et al., 2013). 

Data and Methods 

Our motivation for this study is to determine relationships between mammalian species 

richness, faunal composition, and the changes in tectonic and climatic history of the basin. To 

investigate the potential link between tectonic episodes and fossil preservation, we used a 

composite stratigraphic column to calculate average sediment accumulation rates throughout the 

Dove Spring Formation. Variations in sediment accumulation rate are indicators of changes in 

topography or subsidence that influence the preservation potential of sediments (Rust and 

Koster, 1984; Paola et al., 1992; Finarelli and Badgley, 2010; Loughney et al., 2021). In 

terrestrial basins, this rate is controlled by changes in accommodation space driven largely by 

fault movement resulting in subsidence or changes in relief (Leeder, 1993; Holland, 2016). We 

utilized data for the stratigraphic thickness of each magnetic polarity interval and the thickness 

between dated ash deposits to calculate sediment accumulation rates. We omitted the pair of 

thick basalt flows near the middle of the section from our calculations because these volcanic 

units are not part of the normal mode of deposition. 

 We assigned fossil localities to 0.5-Myr time bins and developed a biochronology based 

on fossil occurrences within these intervals. This interval length captures variation in species 

richness and fossil productivity with regards to tectonic episodes while allowing for uncertainty 

in the stratigraphic placement of localities and specimens. We placed fossil localities into 

accurate geographic and stratigraphic context by reviewing a series of 24 aerial photographs, 15 

field notebooks, seven topographic maps, and three geologic maps produced by David Whistler 
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of the NHM during his extensive work on the Dove Spring Formation. GPS technology did not 

exist at the original time of collection for many of these localities, so Whistler and colleagues 

used topographic and geologic maps in conjunction with USGS aerial photographs to document 

localities on the ground. We georeferenced these maps using the North American Datum of 1983 

(NAD 83) as a spatial reference to place localities in Google Earth and ESRI ArcGIS. We 

measured 19 new stratigraphic sections in the field and used stratigraphic marker units to 

correlate them to the stratigraphy of Whistler and Burbank (1992), Whistler et al. (2009), and 

Whistler et al. (2013) to refine the stratigraphic placement of fossil localities throughout the 

sequence. 

The NHM vertebrate paleontology database contains over 7,200 specimens recovered 

from the Dove Spring Formation. The majority (6,747) of these specimens are fossil mammals, 

with the remainder consisting of reptiles, amphibians, birds, and fish. We compiled a faunal list 

of large mammal specimens identified to the species, genus, or family level for a total of 61 taxa 

that span the 4 million years of stratigraphic record. In some cases, specimens are identified to 

the genus or family level but cannot be assigned to a single species. These specimens still 

provide valuable occurrence data so we established criteria for their inclusion in our analyses. 

When a genus is represented by a single species, specimens identified to the genus level may 

represent a different species, so we treated them as separate species lineages. When a genus is 

represented by multiple species, unassigned specimens could belong to any of those species, so 

we omitted these from further analysis. Family level designations were only included as species 

lineages when their estimated residence times did not span the entire formation. 

The true residence time of any fossil taxon is under-represented by observed specimens 

due to incomplete preservation. To account for the uncertainty in observed stratigraphic ranges, 
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we used the method of Marshall (1990) to calculate 80% confidence intervals based on the 

number of time intervals containing each taxon. We selected this confidence level as a 

compromise between the sampling density for large mammal specimens in the formation (n = 

3,648) and a moderate level of confidence. This method assumes a constant probability of 

recovering a fossil from within a taxon’s true stratigraphic range. We calculated the unbiased 

point estimates of first and last occurrences of each large mammal lineage by adding the average 

gap size between fossil horizons to the observed first and last occurrences in 0.5 Myr time bins. 

Most of our analyses are based on the estimated residence times (Figure 3). Confidence intervals 

and point estimates were not calculated for singletons, as these estimates require multiple 

horizons. Species recovered from few localities separated by multiple time bins may display >1 

Myr range extensions that place their first and last occurrences well outside the formation. We 

omitted five family-level taxa that had >1 Myr gaps between their observed and estimated first 

appearances because such poorly constrained residence times do not illuminate patterns of faunal 

change; their omission did not meaningfully affect such patterns (Table 1). 

Following Marshall (1990, 2010), the formula for calculating a stratigraphic range 

extension using an 80% confidence interval is: 

rc = R[(1 – C)-1/(H – 1) – 1],   (1) 

where: 

rc = projected stratigraphic range extension, 

R = observed stratigraphic range, (Observed First Occurrence datum – Observed Last 

Occurrence datum), 

H = number of time intervals with occurrence of taxon. 

The average gap size between fossil occurrences is given in the following equation: 



27 

 

runbiased = R / (H – 1),   (2) 

where: 

runbiased = average gap size between fossil occurrences, 

R = observed stratigraphic range, (Observed First Occurrence datum – Observed Last 

Occurrence datum), 

H = number of time intervals with occurrence of taxon. 

 

To evaluate change in faunal composition, we used a multinomial likelihood method to 

compare change between adjacent 0.5-Myr time intervals. Equation 3 is the log-likelihood (LnL) 

of the multinomial distribution. For each time interval of interest (i) and its preceding interval, 

we calculated the proportion of species in each family from the total assemblage and the 

likelihood of that proportion.   

The equation to calculate the log-likelihood of the multinomial distribution is: 

LnL(i) = Σiajln(pj),   (3) 

where: 

aj = count of species in family j, 

pj = proportion of total species in interval i assigned to family j. 

 We compared the maximum likelihood of faunal proportions for each time interval to the 

maximum likelihood estimate based on the preceding interval, by subtracting the latter from the 

former, to evaluate the difference in log-likelihood values (delta LnL). The results are used to 

evaluate changes in faunal composition between subsequent time intervals; the magnitude of 

delta LnL is higher with increasingly divergent proportions between intervals. A delta LnL value 

of 2.0 is the standard threshold for significant change in maximum-likelihood estimates 

(Edwards, 1992; Badgley and Finarelli, 2013).  

Variations in sampling frequency and preservation contribute to uncertainty in rates of 

origination and extinction in the fauna, which are based on first and last occurrences of lineages. 
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We used Foote’s (2000) estimate of preservation rate to evaluate changes in the quality of the 

fossil record for comparison with rates of origination and extinction. This estimate of 

preservation rate relies on the difference between the number of range-through taxa and the 

number observed within a time interval. We calculated preservation rate r(i) for each 0.5 Myr 

interval of the fossil record using Foote’s (2000) equation: 

r(i) = –ln(1 – Nbt,samp(i) / Nbt(i) ),  (4) 

 

where 

Nbt,samp = number of species present before, during, and after interval (i), 

Nbt = equal to Nbt,samp plus range-through taxa. 

We compared changes in species richness based on observed and estimated residence 

times and determined the observed and estimated number of “originations” and “extinctions” that 

occurred within each time interval. Here, “originations” refer to first appearances and may 

include endemic speciation events or immigrations, while “extinctions” refer to last appearances 

including actual extinctions or emigration of species. The majority of species are found 

elsewhere in the Basin and Range or Great Plains regions before their first appearance in the 

Dove Spring Formation (Tedford et al., 2004; Pagnac, 2009; Whistler et al., 2009; Priego-Vargas 

et al., 2016). 

We used the per-capita approach to diversification of Foote (2000). This approach 

recognizes four categories of occurrences: species confined within a single time interval 

(singletons), bottom-boundary crossers (Nb) with a last occurrence during the focal interval, top 

boundary-crossers (Nt) with a first appearance in the focal interval, and taxa that range-through 

the focal interval and cross both the bottom and top boundaries (Nbt). We calculated the standing 

richness and per-capita rates of origination p(i) and extinction q(i) for each interval as follows. 



29 

 

p(i) = –ln(Nbt(i)/Nt(i)),  (4) 

q(i) = –ln(Nbt(i)/NbL(i)),  (5) 

where: 

Nbt(i) = range-through taxa, 

Nt(i) = top boundary-crossers, 

Nb(i) = bottom boundary-crossers. 

We determined rates of diversification from the per-capita origination and extinction 

rates to evaluate the per-capita rate of change in species richness for each interval. 

Diversification rate d(i) is the net change in species richness, expressed as the absolute difference 

between per-capita rates of extinction and origination (Equation 6; Foote, 2000; Badgley and 

Finarelli, 2013; Domingo et al., 2014). Diversification rate d(i) is expressed as: 

d(i) = ((Nt(i) – Nb(i)) / Nbt(i),   (6) 

where: 

Nbt(i) = range-through taxa, 

Nt(i) = top boundary-crossers, 

Nb(i) = bottom boundary-crossers. 

To evaluate the significance of the diversification metrics, we generated 1,000 bootstrap 

replicates of the estimated temporal durations for each taxon. Each bootstrapped dataset was 

generated using a random pull of 44 taxa with replacement based on estimated first and last 

occurrences. For each time interval, we determined confidence intervals of origination rate, 

extinction rate, and diversification rate as two standard deviations of the mean of the bootstrap 

distribution. Values of each metric are considered significantly positive or negative when the 

confidence intervals on the bootstrap distribution do not include zero (Foote, 2000). 
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To determine whether poorly sampled time intervals originally exhibited similar species 

richness to well-sampled intervals, we conducted sample-based rarefaction analysis using the 

observed fossils recovered from each time interval. This method randomly resamples the 

reference dataset and generates a rarefaction curve based on the average number of species found 

among time intervals (Chao and Jost, 2012; Colwell et al., 2012; Chao et al., 2014). Rarefaction 

curves utilize the documented number of specimens for each species to generate the expected 

number of species in an assemblage for a given number of specimens (Chao and Jost, 2012; 

Chao et al., 2014). 

Results 

 In this section, we first present the stratigraphic and geochronologic framework of the 

Dove Spring Formation. We then describe the biochronology of large-mammals and patterns of 

change in faunal composition. Finally, we compare the patterns of origination and extinction 

based on estimated residence times to the tectonic history of the El Paso Basin. 

 

Stratigraphic and Geochronologic Framework 

 Our new stratigraphic sections provide context for the spatial distribution of fossil 

localities and their stratigraphic placement within the updated chronology of the Dove Spring 

Formation, with a stratigraphic resolution of approximately 25 to 50 meters and a temporal 

resolution of 500 kyr. The chronostratigraphy for most of the sequence is well-resolved based on 

radiometric ash dates using current decay constants and correlation to the geomagnetic timescale. 

Based on a new tephrochronologic correlation to the marine Monterey Formation from Knott et 

al. (2022; Table 2), we revised the age of the top of the sequence to 8.5 Ma and adjusted species’ 
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temporal ranges accordingly. The majority of revised ash dates fall within their original 

uncertainty estimates (± 0.03 Myr; Table 2.2). 

 We recorded lithological variation in the lower 600 m of the formation, adding 

information to a sparsely documented section of the stratigraphic sequence (Figure 2.2). We also 

correlated dated ash layers to additional outcrops throughout the basin. The lithological and 

geochronological changes that are most relevant to our study occur in the upper half of the Dove 

Spring Formation due to their association with boundaries between tectonic episodes. Sediments 

in the upper half of the sequence begin at 900 m in the section W92B (Figure 2) with a thick 

interval of fine- to medium-grained sandstones interbedded with mudstones extending upward to 

1,400 m (~10.5 to 9.0 Ma; Figure 2.2). Sandstones then coarsen significantly and include an 

increasing proportion of granitic clasts above 1,400 m (9.0 Ma), which signifies a change in 

source area from the El Paso Mountains to the Sierra Nevada Range (Loomis and Burbank, 

1988). 

 The average sediment accumulation rate for the entire Dove Spring Formation is 383 

m/Myr. The rate varies between 100 and 650 m/Myr over time spans of 0.3 Myr to 0.5 Myr for 

the first two million years of deposition as a series of sandstones and silty sandstones sourced 

from the El Paso Mountains were deposited in the basin (4B). A moderate peak of 650 m/Myr 

occurs at 11.8 Ma, driven in part by deposition of tuff breccia associated with regional 

volcanism, and conglomerates and sandstones from the El Paso Mountains. A moderate peak of 

893 m/Myr occurs at 10.3 Ma following at least 1 million years of very slow accumulation of 

similar sediments. Basin rotation and translation began 0.3 Myr after this peak and coincided 

with another long period of slow accumulation. Basin extension resumed by 9.5 Ma, shortly 
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before coarse, granitic clasts from the Sierra Nevada were deposited during a final peak of 1,300 

m/Myr at 8.9 Ma. 

 

Biochronology and Faunal Composition 

Fossils recovered from the Dove Spring Formation are the basis for initial interpretations 

of changes in species richness and the quality of the fossil record (Figures 3 & 4). The number of 

large-mammal specimens per interval closely follows the number of localities per interval (r = 

0.97, p < 0.05). Two exceptions occur prior to 11.5 Ma (Figure 4A).  From 12.5 to 12.0 Ma, the 

number of specimens increases only slightly despite an increase from 10 to 70 localities, and 

more specimens are recovered from fewer localities by 11.5 Ma. The interval between 10.5 and 

9.5 Ma contains the greatest number of localities and specimens, peaking at 9.5 Ma. A 

significant dip in both localities and specimens occurs at 9.0 Ma, before rising again at 8.5 Ma. 

The observed species richness of large mammals per time interval generally follows the same 

pattern as the number of localities (r = 0.92, p < 0.05) and specimens (r = 0.82, p < 0.05). A 

steady increase from 16 species at the base of the section reaches 51 species by 10.0 Ma. Species 

richness then declines until 9.0 Ma. The plateau in species richness at 10.0 Ma is concurrent with 

the highest number of localities and specimens, suggesting a strong sampling effect on species 

richness. Preservation rate is moderate throughout most of the sequence until a sharp decrease at 

9.0 Ma. Sample-based rarefaction showed that time intervals 12.0 Ma and 11.5 Ma have 

rarefaction curves that level off at lower values of species richness compared to later intervals, 

indicating that the relationships between specimens and species changed at 11.0 Ma (Figure 2.8). 
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Our analyses of species richness and diversification for large mammals are based on 

estimated residence times (Figure 2.3). Twenty species occur within the first 0.5 Myr of 

deposition in the Dove Spring Formation. Equids, rhinocerotids, and mammutids are present at 

the base of the section and maintain their species richness throughout the sequence, with equids 

consistently having the highest number of species of all taxa (Figure 6A). Antilocaprids, 

camelids, and merycoidodontids are present at the base of the section, gain species by 11.0 Ma, 

and maintain higher richness until 9.0 Ma. Gomphotherids and amebelodontids appear at the 

base of the section but are rare until 10.5 Ma, when the amebelodontids gain three additional 

species that persist until 9.5 Ma. Two species of tayassuid appear at 12.0 Ma and persist until 9.0 

Ma. At least two species of canids are present throughout the sequence and their species richness 

increases to a peak of eight at 10.0 Ma. Felids also occur throughout the sequence, with a peak of 

three species by 9.5 Ma. A single species of nimravid appears at 11.0 Ma and the family has a 

peak of three species at 9.5 Ma. A single species of mustelid appears at 11.5 Ma and is joined by 

two additional species at 11.0 Ma that persist through the end of the sequence. 

Significant changes in faunal composition, according to the change in log likelihoods 

(Delta LnL), occurred in three time intervals (Figure 2.6). Change at 11.0 Ma was driven by the 

appearance of two additional species each of Canidae, Merycoidodontidae, and Mustelidae. 

Change at 10.0 Ma was the result of three additional species each of Amebelodontidae and 

Canidae. The largest influx of new species began at 10.5 Ma, with 14 species (two singletons) 

appearing at 10.5 Ma and seven (all singletons) at 10.0 Ma. Following this interval, the only 

additional species to appear are three carnivores and one antilocaprid, all occurring as singletons. 

The interval with the greatest magnitude of change in faunal composition was 9.5 Ma, when 

Amebelodontidae and Canidae declined by three and six species, respectively, and the species 
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richness of Nimravidae increases from one to three. Castoridae, Mustelidae, Nimravidae, 

Felidae, Equidae, Protoceratidae, and Tayassuidae all declined in species richness following this 

interval. 

 

Diversification 

 Per-capita origination and extinction rates depict the proportion of species appearing or 

disappearing from the sequence, standardized by range-through taxa (Figure 7). Per-capita 

origination rates are moderate and positive at the base of the sequence and begin to decline after 

11.0 Ma (Figure 7B). The per-capita extinction rate is low early in the sequence and displays a 

gradual increase from 10.0 Ma through the top of the sequence (Figure 7B). Per-capita 

origination rates are significant at 12.0 Ma, 11.5 Ma, and 11.0 Ma (Figure 7B). Significant per-

capita extinction rates occur at 10.5 Ma and in the three youngest intervals between 9.5 Ma and 

8.5 Ma. We found statistically non-significant correlations (p > 0.05) between preservation rate 

and per-capita origination rate (r = 0.67), per-capita extinction rate (r = 0.53), and species 

richness (r = 0.27).  

 The per-capita diversification rate is positive but non-significant from the base of the 

sequence until it becomes significantly positive at 11.0 Ma as a result of high origination and low 

extinction rates (Figure 7C). The diversification rate becomes negative after this interval, 

reflecting higher extinction rates through the top of the section. Significant negative per-capita 

diversification rates occur at 9.5 Ma and continue through the end of the sequence (Figures 7C & 

7D). 
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 Two extended time intervals showed significant diversification rates that coincide with 

episodes of tectonic extension: Gradual and significant origination was the dominant trend in the 

lower half of the formation (12.5-10.5 Ma), coinciding with extension that began in the middle 

Miocene and continued during the deposition of the Dove Spring Formation. The last million-

year interval of the section (9.5-8.5 Ma) exhibited significant extinction rates that coincide with 

basin rotation and translation. 

 

Discussion 

 We used estimated residence times to determine the number and per-capita rates of 

origination and extinction in order to test whether changes in species richness and faunal 

composition could have been influenced by changes in tectonic history. The three major stages 

of landscape evolution recorded in the Dove Spring Formation each correspond with a different 

phase of faunal change. North-south extension that began in the middle Miocene was the 

dominant tectonic process early in the formation’s history (12.5-10.5 Ma). During this phase of 

extension, the basin increased in accommodation space and grew in area (Loomis and Burbank, 

1988; Gawthorpe and Leeder, 2000). The deposition of fine-grained fluvial and lacustrine 

sediments suggest that drainage channels had relatively gentle slopes and for a time fed a lake in 

the northern part of the basin (Gawthorpe and Leeder, 2000). The lowest sediment accumulation 

rates occur at 11.0 Ma, indicating slow changes in accommodation space or continued basin 

growth. The first significant peak in per-capita origination also occurs at 11.0 Ma, suggesting 

that extension opened corridors for an influx of species from outside the basin. Positive 

origination and diversification rates are often correlated with area (Kisel et al., 2011). Greater 
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area supports larger population sizes and also promotes increased habitat diversity, with the 

potential to generate environmental gradients that allow for a higher number of species to 

coexist. Here, the gradual accumulation of species prior to 10.0 Ma is likely driven by the long-

term generation of additional habitat space as the basin grew in area. 

Rotation and translation of the El Paso Basin along the Garlock fault began at 10.5 Ma, 

interrupting the long episode of basin growth. The basin’s geometry and relationships to its 

sediment sources in the El Paso Mountains were altered, triggering changes to drainage patterns 

and likely the availability of water and vegetation resources. Origination rates became non-

significant during this stage of the basin’s evolution. While environmental conditions during this 

episode were conducive to preservation, yielding the highest species richness within the 

sequence, extinction had already become the dominant pattern of faunal change by 10.5 Ma as 

origination rates fell (Figures 4, 7). The greatest change in faunal composition coincides with the 

highest preservation rate at 9.5 Ma and is driven by apparent species loss across multiple 

families. Preservation rate declined to its lowest rate during this tectonic episode. 

East-west extension beginning near 9.5 Ma increased the distance between the basin and 

its original sediment source area. This episode represents a new stage of basin extension that 

generated the coarser sediments with a source in the Sierra Nevada. The resulting depositional 

environments were less likely to preserve fossils as indicated by the low preservation rate (Figure 

4B). These higher-energy environments may have disrupted pre-existing vegetation and sources 

of fresh water. Per-capita extinction rates increased through the top of the section, although a 

contemporaneous and steep decline in sample size may be partially responsible for this trend. 

Intervals of significant negative diversification rates coincide with the apparent disappearance of 

many species from the basin’s fossil record. 
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While the strong relationship between species richness and the productivity of the fossil 

record (Figure 4A) suggests a sampling effect, there is also evidence for genuine change in 

richness and composition. Significant origination rates that are coupled with rare species from 

few localities indicate the likelihood that faunal changes in the lower half of the formation are 

not the result of sampling alone (Figures 4B, 6 & 7B). For example, carnivores represent only 

four percent of all taxa within the formation, but canids and mustelids are the main drivers of 

significant faunal change at 11.0 Ma. Three of the four time intervals in the lower part of the 

sequence exhibit significant origination and low extinction rates, indicating that new species 

appeared without displacing resident species (Figures 6 & 7). The upper half of the formation is 

dominated by high extinction rates and a greater magnitude of faunal change. Significant change 

in composition occurs from 10.0 Ma to 9.5 Ma and species richness of large mammals reaches its 

highest value (47 species) at 9.5 Ma (Figure 4A). Subsequent apparent loss in species richness is 

due to sharply declining preservation rates in the sequence and many of the disappearing species 

likely persisted through this interval based on estimated residence times. Carnivores and new 

singletons continue to appear after 9.5 Ma, despite a low preservation rate and a sharp decrease 

in the number of localities. 

An important point to consider is whether the patterns of faunal change in the formation 

represent real processes or result from fluctuations in sampling. If fossil productivity were the 

primary control on the record of faunal change, we would expect strong correlations between 

preservation, sampling, and processes of faunal change. However, we calculated non-significant 

relationships throughout the sequence between preservation and all other variables. The number 

of range-through taxa that persist through multiple time intervals is consistently high and the 

average residence time for large-mammal species was 2.5 Myr. The appearance of chronically 
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rare taxa in intervals with low preservation potential and few localities is contrary to the 

expectations of poor sampling (we would expect the common species to persist). While 

preservation is always a factor when examining the fossil record, our results indicate that the 

patterns of faunal change within the Dove Spring Formation are not entirely tied to the quality of 

the fossil record. Additional data about the history of depositional environments are needed in 

order to evaluate the influence of preservation on the species richness and composition of large-

mammal assemblages. Changes in the dominant lithologies from coarse-grained breccia and 

sandstones in the lower part of the sequence, to fine- to medium-grained silty sandstones in the 

middle, to coarse conglomerates in the upper part track changes in the preservation potential of 

the basin. 

Ecological factors that may have affected species richness include competition, predation, 

or character displacement (Brown and Nicoletto, 1991; Janis, 2004). Tectonic processes may 

have also contributed to the generation of dispersal corridors, allowing species to move freely in 

and out of the basin (Maguire and Stigall, 2008). Much of the potential evidence for these 

contributing factors requires a dataset of faunal patterns at the regional scale. However, it is 

possible to utilize facies analysis and environmental data from local assemblages to investigate 

potential ecological causes for faunal change, such as changes in vegetation resources, 

precipitation amount, and paleotemperature. 

This additional information in combination with this analysis of taxonomic richness and 

the timing of tectonic episodes will enable us to test two hypotheses regarding the correlations 

between the physical environment and changes in the mammalian faunas of the basin. One 

hypothesis is that tectonic influences on basin topography contributed to significant change in 

the environments present within the Dove Spring Formation. An independent record of change in 
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climate or vegetation would provide evidence for testing this hypothesis. Under this scenario, we 

would expect to observe significant variation in ecological diversity within the mammalian fauna 

that coincides with the timing of tectonically-driven changes in depositional setting and climate. 

Mammalian body size is correlated with ecological characteristics such as diet, population 

density and growth rate, home range size, and behavioral adaptations (Damuth and MacFadden, 

1990; Eisenberg, 1990; Janis et al., 2002). Variations in the predominant body size of mammals 

that coincide with the basin’s tectonic history would support this hypothesis by indicating a 

change in one or more characters was related to habitat-level changes. The stable isotopic ratios 

of carbon in herbivore teeth also document the composition of vegetation (Quade et al., 1992; 

Koch et al., 1994; Cerling et al., 1997). Significant change in isotopic values that correlate with 

tectonic episodes would support this second hypothesis. 

 An alternative hypothesis is that the tectonic episodes altered the preservation potential of 

sediments and depositional environments. In this scenario, changes in fossil productivity would 

occur in the absence of significant ecological change; mammal species would not exhibit marked 

changes in feeding ecology or body size, and the community composition would change little 

through the section, regardless of depositional environment. Changes in depositional 

environments can be identified through facies analysis and correlated with the timing of tectonic 

activity to evaluate whether changes in preservation affect the fossil record of the Dove Spring 

Formation. 
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Conclusion 

 Study sites like the El Paso Basin are part of a growing record of basins that are 

providing insight into the interactions between changing topography and mammalian evolution 

(Badgley and Finarelli, 2013; Badgley et al., 2017; Loughney and Badgley, 2017; Smiley et al., 

2017). The Dove Spring Formation is a record of mammalian faunas preserved in the sediments 

of a basin that developed during the end of the Middle Miocene Climatic Transition. We 

reviewed its geochronology using updated decay constants and newly measured stratigraphic 

sections to place fossil localities within a temporal and stratigraphic framework for the present 

analysis and to support additional paleoecological research.  

 We identified two phases of significant change in taxonomic richness: high species 

accumulation and long residence times early in the section, and steady species loss in the later 

portion. These changes track fossil productivity but there is also evidence that some of this 

pattern is genuine. The sequence includes three major tectonic episodes that altered the basin’s 

geometry and topography. Basin extension in the lower part of the section is associated with an 

increase in basin area, high per-capita origination rates, and a minor but significant change in 

faunal composition. At 10.5 Ma, the basin underwent a period of rotation and translation away 

from the El Paso Mountains, disrupting existing drainages and likely affecting connectivity to the 

surrounding region. High numbers of specimens, localities, and species richness accompany the 

highest magnitude of change in faunal composition at 10.0 Ma, when per-capita extinction rate 

became the dominant form of faunal change. Extinction rates continued to increase at 9.0 Ma as 

basin extension resumed and coarse sediments from the Sierra Nevada became prevalent. New 

drainage networks began to form and changed the preservation potential of sediments or 
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generated new environmental settings, either way leading to the apparent or actual disappearance 

of most species from the El Paso Basin’s fossil record.  

 Time intervals early in the sequence contain faunas with lower species richness that are 

not simply the result of low sampling. The presence of multiple time intervals with significant 

per-capita extinction rates and appearances of rare taxa indicates that some aspects of faunal 

change are authentic despite a strong sampling effect later in the sequence. Distinct episodes of 

tectonic history coincide with the timing of changes in faunal patterns, suggesting a link between 

tectonic processes and the basin’s mammalian community. The timeline of tectonic and faunal 

changes in this study provides the framework for further testing of the nature of this link through 

studies of preservation potential, depositional environments, and vegetation history. 
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Figure 2.1: Map of study location, centered on the El Paso Basin. The basin’s southern boundary 

is the Garlock fault and the western boundary is the frontal fault of the Sierra Nevada Range. 
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Figure 2.2: Stratigraphy of the Dove Spring Formation with updated correlations based on 

recalibrated radiometric dates. Top of sequence is based on new tephrochronologic correlation 

by Knott et al. (2022). Columns labelled W92 are modified from Whistler et al. (1992). Magnetic 

polarity stratigraphy from Whistler et al. (2009). Magnetic polarity time scale is modified from 

Hilgen et al. (2012). Lateral distance between first and last columns is approximately 8 km. 
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Figure 2.3: Temporal distribution of large mammals from the Dove Spring Formation. Stratigraphic occurrences of fossil taxa are 

denoted by black points. Thick vertical lines represent observed residence time with thin vertical lines indicating 80% confidence 

intervals. Unbiased point estimates of first and last occurrences are indicated by horizontal tick marks. Tectonic intervals of basin 

rotation and extension occur near 10.5 Ma and 9.5 Ma, respectively. Numbers correspond to taxon names listed in Appendix 1. 



52 

 

 

Figure 2.4: Patterns of fossil productivity and sediment accumulation in the Dove Spring 

Formation. A) Large mammal (>1 kg) fossil specimens, number of localities, and species 

richness based on raw observed occurrence data, excluding range-through taxa. Data for 0.5-

million-year time bins are represented by points in the middle of each interval. Specimens 

recovered from the base of the section are represented by points at 12.5 Ma. B) Sediment 

accumulation rate (SAR) for the El Paso Basin. We removed a pair of basalt flows from our 

calculations to more accurately represent the basin’s mode of sediment accumulation. As a 

result, rates were lower near 11.0 Ma and a moderate peak is no longer present. Tectonic 

episodes that began during the sequence are marked with grey zones to indicate uncertainty in 

the timing of their initiation.  
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Figure 2.5: Standing richness of the Dove Spring Formation, excluding singletons due to their 

high dependence on preservation, resulting in a maximum species richness of 40, that is lower 

than the raw count (47). These plots incorporate range-through taxa and provide a better estimate 

of actual richness than the raw occurrence counts in Figure 4A. Both the observed and estimated 

fossil records follow a unimodal pattern. 

  



54 

 

 

Figure 2.6: Taxonomic composition of large mammals in the Dove Spring Formation through 

time, including singletons. A) Stacked-richness of family-level species richness. B) Change in 

log-likelihood ratios (Delta LnL) of large-mammal assemblage composition. Values of 2.0 or 

greater indicate significant change in faunal composition for a given time interval compared to 

the previous interval. The 11.0 Ma peak is driven by two additional species each of Canidae, 

Merycoidodontidae and Mustelidae. The peak at 9.5 Ma is the result of a significant rise in 

nimravid species and sharp declines in canids and amebelodontid species. 
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Figure 2.7: Diversification of large mammals based on estimated residence times. A) 

Originations (first appearances) and extinctions (last appearances) based on bottom- and top-

boundary crossing taxa. B) Per-capita origination and extinction rates. C) Per-capita 

diversification rate. Tectonic episodes of basin rotation followed by extension are marked with 

grey zones to indicate uncertainty in the timing of their initiation. Confidence intervals are based 

on 1,000 bootstrap replicates of the dataset and are considered significant when they do not 

intersect zero (marked with a grey line). 
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Figure 2.8: Sample-based rarefaction curves for 0.5-Myr time intervals within the Dove Spring 

Formation. Based on rarefaction curves that level off at much lower values of species richness, 

intervals 12.0 Ma and 11.5 Ma represent distinct faunas with lower species richness than 

intervals 11.0 Ma and younger, regardless of increased sampling. We used PAST: 

Paleontological Statistics version 4.09 for the rarefaction analysis. 
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Table 2.1: Large mammals of the Dove Spring Formation with observed and estimated first and 

last occurrences. Unassigned family-level designations marked with an asterisk were excluded 

from our diversification analyses because they span the entire formation and do not contribute 

meaningful information. Fossil horizons represent the number of half-million-year time bins 

from which any particular taxon has been recovered. 

 

Group Species Obs. 
First 
Occ. 

Obs. 
Last 
Occ. 

Est. 
First 
Occ. 

Est. 
Last 
Occ. 

No. of 
Fossil 
Horizons 

Artiodactyla 
 

     
Antilocapridae Unassigned* 12.5 8.5   9 
Antilocapridae Cosoryx sp. 12.3 8.7 12.8 8.2 8 
Antilocapridae Ilingoceros sp. 8.5 8.5   1 
Antilocapridae Merycodus sp. 10.4 9.5 11.3 8.6 2 
Antilocapridae Paracosoryx furlongi 12.5 10.5 13.0 10.0 5 
Antilocapridae Paracosoryx sp. 12.0 11.0 13.0 10.5 4 
Antilocapridae Plioceros sp. 10.5 8.8 10.9 8.4 5 
Antilocapridae Sphenophalos sp. 10.9 8.5 11.5 7.9 5   

     

Camelidae Unassigned* 12.5 8.5   9 
Camelidae Megatylopus sp. 10.2 9.4 10.6 9.0 3 
Camelidae Paracamelus sp. 10.5 9.5 11.0 9.0 3 
Camelidae Procamelus sp. 11.0 9.8 11.4 9.4 4   

     

Merycoidontidae Unassigned* 12.5 8.5   8 
Merycoidontidae Ticholeptus major 10.6 10.4 10.8 10.2 2 
Merycoidontidae Ustatochoerus 

californicus 
10.6 9.5 11.2 9.0 3 

Merycoidontidae Ustatochoerus sp. 12.5 8.7 13.3 7.9 6   
     

Protoceratidae Leptoreodon sp. 9.8 9.8   1   
     

Tayassuidae Unassigned 10.9 10.1 11.7 9.3 2 
Tayassuidae Prosthennops sp. 11.1 10.0 12.2 8.9 2 
Tayassuidae Tayassu sp. 9.9 9.9   1   

     

Perissodactyla 
 

     

Equidae Unassigned* 12.5 8.5   9 
Equidae Cormohipparion 

occidentale 
11.9 9.5 12.5 8.9 5 

Equidae Cormohipparion sp. 11.9 9.5 12.5 8.9 5 
Equidae Hipparion forcei 11.7 8.5 12.2 8.0 7 
Equidae Hipparion tehonense 11.0 9.9 11.6 9.4 3 
Equidae Hipparion sp. 12.3 8.5 13.1 7.7 6 
Equidae Hypohippus sp. 10.5 10.4 10.6 10.3 2 
Equidae Megahippus sp. 12.5 12.4 12.6 12.3 2 
Equidae Nannippus sp. 10.5 10.5   1 
Equidae Neohipparion sp. 11.7 10.1 12.2 9.6 4 
Equidae Pliohippus leardi 11.0 8.5 11.6 7.9 5 
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Equidae Pliohippus tantalus 12.4 9.5 13.0 8.9 6 
Equidae Pliohippus tehonensis 10.5 9.5 11.5 8.5 2 
Equidae Pliohippus sp. 12.4 8.0 13.5 6.9 5   

     

Rhinocerotidae Unassigned 11.9 8.5 12.8 7.7 6 
Rhinocerotidae Aphelops sp. 11.9 9.9 12.9 8.9 3   

     

Proboscidea 
 

     

Amebelodontidae Amebelodon burnhami 10.4 10.4   1 
Amebelodontidae Amebelodon sp. 11.0 10.5 11.5 10.0 2 
Amebelodontidae Platybelodon sp. 10.4 10.4   1 
Amebelodontidae Serbelodon burnhami 10.4 10.4   1 
Amebelodontidae Serbelodon sp. 10.2 8.8 10.9 8.1 3   

     

Gomphotheriidae Unassigned* 12.5 8.5   9 
Gomphotheriidae Gomphotherium sp. 12.3 8.5 12.8 8.0 8   

     

Mammutidae Mammut sp. 11.0 8.6 11.8 7.8 4   
     

Carnivora 
 

     

Amphicyonidae Ischyrocyon sp. 12 9.3 13.4 8.0 3   
     

Canidae Unassigned 12.0 8.8 12.6 8.2 6 
Canidae 
(Borophaginae) 

Aelurodon aphobus 
10.4 10.4   1 

Canidae 
(Borophaginae) 

Aelurodon sp. 
10.4 10.4   1 

Canidae 
(Borophaginae) 

Tomarctus sp. 
11.0 9.6 12.4 8.2 2 

  
     

Canidae Carpocyon webbi 8.8 8.8   1 
Canidae Epicyon haydeni 10.5 9.7 10.9 9.3 3 
Canidae Epicyon saevus 12.0 8.8 12.8 8.0 5 
Canidae Epicyon sp. 10.3 9.6 11.0 8.9 2 
Canidae Leotpcyon matthewi 11.0 11.0   1 
Canidae Leptocyon sp. 11.3 8.8 12.6 7.6 3 
Canidae Metalopex macconneli 9.7 8.5 10.9 7.3 2 
Canidae Osteoborus diabloensis 10.4 10.1   1 
Canidae Osteoborus sp. 9.7 8.8 10.6 7.9 2 
Canidae Vulpes sp. 8.3 8.3   1   

     

Felidae Unassigned 12.4 8.6 13.2 7.8 6 
Felidae Ischyrosmilus sp. 10.2 8.8 11.6 7.4 2 
Felidae Pseudaelurus sp. 9.8 9.5   1   

     

Mustelidae Unassigned 10.4 8.5 11.0 7.9 4 
Mustelidae Martes sp. 10.5 8.5 11.5 7.5 3 
Mustelidae Martinogale sp. 9.9 8.5 11.3 7.1 2 
Mustelidae Mustela sp. 9.9 9.9   1   

     

Nimravidae Barbourofelis osborni 9.5 9.5   1 
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Nimravidae Barbourofelis whitfordi 9.7 9.7   1 
Nimravidae Barbourofelis sp. 10.4 9.5 11.3 8.6 2   

     

Procyonidae Bassariscus sp. 10.0 8.5 10.8 7.8 3 
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Table 2.2: Radiometric dates of prominent and laterally continuous ash layers within the Dove 

Spring Formation. All dates were updated with currently accepted radioactive decay constants. 

Sources of radiometric dates: (1) Evernden et al. (1964), (2) Cox and Diggles (1986), (3) Loomis 

and Burbank (1988), (4) Whistler and Burbank (1992), (5) Perkins et al. (1998), (6) Perkins and 

Nash (2002), (7) Smith et al. (2002), (8) Bonnichsen et al. (2007), (9) Whistler et al. (2009), (10) 

Knott et al. (2022). 

 

Ash 
No. 

Date 
(Ma) 

Error 
(± 

Myr) 

Radiometric 
System 

Tephra 
Correlation 

Date Using 
Updated Decay 
Constant (Ma) 

Difference 
in Date 
(Myr) 

Source 

17 8.7945 0.1945  Monterey 
Fm. 

  10 

16 8.5 0.15 Ar/Ar  8.52 0.02 4 

15 8.4 1.8 FT  8.42 0.02 2 

14 - -      

13 - -      

12 - -      

11 9.7 0.2 Ar/Ar Celetron 2 9.72 0.02 5, 6, 8 

10 - -      

9 10.2 0.2 Ar/Ar OC3 10.22 0.02 5, 6, 8 

8 10.6 0.2 Ar/Ar OC2 10.62 0.02 5, 6, 8 

7 10.4 1.6 FT  10.42 0.02 2 
 10.5 0.25 Ar/Ar Basalt 10.52 0.02 4 

7 11.01 0.03 Ar/Ar CPT XIII 11.03 0.02 5, 6, 8 

6 10.5 0.25 Ar/Ar  10.52 0.02 4 

5 11.2 0.1 Ar/Ar CPT XII 11.23 0.03 5, 6, 8 

4 11.64 0.05  Ammonia 
Tanks 

11.67 0.03 5, 8 

3 11.8 0.9 FT  11.83 0.03 3 

3 11.83 0.05  Rainier 
Mesa 

11.86 0.03 5, 8 

2 11.7 0.2 Ar/Ar  11.55 -0.15 7 

2 12.01 0.03 Ar/Ar Ibex Hollow 12.04 0.03 5, 6, 8 

1 10.3 - K/Ar  10.32 0.02 1 

1 12.15 0.04 Ar/Ar CPT V 12.18 0.03 5, 8 

0 15.1 0.5 K/Ar   15.13 0.03 2 
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Table 2.3: Taxon names corresponding to numbers in Figure 2.3. 

1. Ustatochoerus sp. 

2. Felidae 

3. Pliohippus sp. 

4. Paracosoryx sp. 

5. Paracosoryx furlongi 

6. Hipparion sp. 

7. Pliohippus tantalus 

8. Carnivora 

9. Aphelops sp. 

10. Cosoryx sp. 

11. Gomphotherium sp. 

12. Rhinocerotidae 

13. Canidae 

14. Megahippus sp. 

15. Cormohipparion occidentale 

16. Cormohipparion sp. 

17. Leptocyon sp. 

18. Neohipparion sp. 

19. Hipparion forcei 

20. Prothennops sp. 

21. Mammut sp. 

22. Tayassuidae 

23. Pliohippus leardi 

24. Martes sp. 

25. Amebelodon sp. 

26. Hipparion tehonense 

27. Sphenophalos sp. 

28. Procamelus sp. 

29. Merycodus sp. 

30. Martinogale sp. 

31. Ustatocheorus californicus 

32. Mustelidae 

33. Leptocyon matthewi 

34. Epicyon sp. 

35. Barbourofelis sp. 

36. Plioceros sp. 

37. Metalopex macconnelli 

38. Serbelodon sp. 

39. Epicyon haydeni 

40. Ticholeptus major 

41. Bassariscus sp. 
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42. Paracamelus sp. 

43. Megatylopus sp. 

44. Hypohippus sp. 

45. Nannippus sp. 

46. Serbelodon burnhami 

47. Platybelodon sp. 

48. Amebelodon burnhami 

49. Aelurodon sp. 

50. Aelurodon aphobus 

51. Machairodontinae 

52. Ischyrosmilidae 

53. Tayassu sp. 

54. Mustela sp. 

55. Leptoreodon sp. 

56. Pseudaelurus sp. 

57. Barbourofelis whitfordi 

58. Barbourofelis osborni 

59. Carpocyon webbi 

60. Illingoceros sp. 

61. Vulpes sp. 
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Chapter 3 

Stable Isotope Ecology of Miocene Ungulates in the Context of Tectonic History: Insights 

from the Dove Spring Formation, California, USA. 

Abstract 

 The Middle Miocene Climatic Transition (~14 Ma) was a period of extended cooling 

associated with the emergence of grasslands and an associated decline in the number of mammal 

species adapted to the forest biome. Isotopic measurements of carbon (δ13C) and oxygen (δ18O) 

from mammalian tooth enamel are powerful indicators of diet and moisture availability. Here we 

collected new enamel samples (n=153) from three common ungulate families (Antilocapridae, 

Camelidae, and Equidae) to examine the response of mammal communities to the tectonic 

history of the terrestrial Dove Spring Formation (12.5-8.5 Ma. We also added a temporal 

component to an existing isotopic dataset (n=89) to investigate correlations with the timing of 

tectonically-driven changes in the landscape. Three discrete tectonic episodes did not 

significantly affect the δ13C composition of dietary vegetation, suggesting that herbivores had 

consistent access to similar plant communities throughout the basin’s four-million-year history. 

The diverse assemblage of mammals and vegetation has no exact modern analogue. The δ18O 

record from equids becomes subtly enriched over time and most closely tracks a regional signal 

observed in the nearby, marine Monterey Formation, with little to no correlation with the 

tectonic history of the basin. The δ18O record of antilocaprids and camelids exhibits more 

variability, likely due to their status as facultative drinkers that obtain the majority of their body 

water from dietary vegetation. 
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1 Introduction 

 The Mojave region during the Miocene was very different from today. The climate was 

cooler, wetter, and terrestrial mammals formed faunal assemblages unlike any observed in the 

modern world (Janis et al., 2000; Steinthorsdottir et al., 2021; Heusser et al., 2022). Significant 

environmental change is often met with ecological and evolutionary responses over geologic 

time (Axelrod, 1985; Anderson, 2006; Badgley et al., 2008; Blois and Hadly, 2009). This 

phenomenon is especially prevalent during the Miocene (23-5 Ma), an epoch characterized by 

massive changes in global climate, regional-scale tectonic episodes in North America, and the 

associated rapid and prolific diversification of terrestrial mammals (Barnosky and Carrasco, 

2002; Janis et al., 2002; Badgley et al., 2008; Badgley and Finarelli, 2013; Badgley et al., 2014). 

The Middle Miocene Climatic Transition (MMCT) was an extended cooling interval that 

followed a ~3-Myr period of increased global temperatures and the diversification of many 

mammalian families that persist into the modern, such as antilocaprids, camelids, and equids 

(Zachos et al., 2001; Strömberg and McInerney, 2011; Smiley et al., 2017; Hyland et al., 2019). 

During the MMCT, North American grasslands emerged and expanded, with a corresponding 

decline of species adapted to the forest biome (Axelrod, 1985; Janis et al., 2000; Retallack, 2001; 

Janis et al., 2002; Chamberlain et al., 2014; Frigola et al., 2018). 

 Dramatically changing environmental conditions during the middle and late Miocene 

were principal factors in the diversification of many ungulate lineages (hoof mammals). Several 

North American ungulate families, including the Antilocapridae, Camelidae, and Equidae, 

developed ecological adaptations that led to their cosmopolitan distribution across the varied 

environments across the continent between 15 and 11 Ma, until a decline in species richness in 

the late Miocene (~11-5 Ma)(Webb, 1977; Marshall et al., 1982; Janis et al., 2000). These 
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adaptations included larger body sizes and longer limbs better suited for open habitats and 

greater hypsodonty to consume increasingly abrasive materials (Andrews and Evans, 1979; 

Grand, 1990; Jardine et al., 2012). Novel dietary preferences are ecological adaptations that 

developed alongside morphological changes (Cerling and Harris, 1999; Clementz and Koch, 

2001; Perez-Barberia and Gordon, 2001; Schoeninger et al., 2002; Kohn, 2010; Kaiser et al., 

2013). The goal of this study is to determine if tectonically-driven variation in topography and 

climate within a single basin correlates with changes in the dietary ecology of its mammal 

assemblages. 

 The fossil record provides an avenue to examine the response of mammal communities to 

changes in habitat types and resource availability through geologic time (Beever et al., 2003; 

Barnosky and Kraatz, 2007; Finarelli and Badgley, 2010; Badgley and Finarelli, 2013). Here we 

use stable isotope geochemistry to describe the dietary ecology of three ungulate families and 

test the hypothesis that changes in diet are linked to the local tectonic history. We used δ13C 

analysis of tooth enamel to determine the types of vegetation consumed by herbivores and δ18O 

analysis to investigate changes in moisture availability. Our hypothesis relies on the occurrence 

of significant changes in the types of vegetation consumed by herbivores in conjunction with the 

onset of tectonic episodes. If changes in dietary ecology occur regardless of tectonic activity, a 

link between herbivore diets and tectonic processes is unlikely. If such changes in dietary 

ecology are not observed, we would interpret a stable vegetation community.  

2 Background 

2.1 Geologic setting 
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 The Dove Spring Formation preserves four million years of continental deposition and 

has high-resolution age control that allows us to track changes in faunal composition, tectonic 

setting, and herbivore dietary paleoecology to a resolution of at least 0.5 Myr. The Dove Spring 

Formation is located in the El Paso Basin of southern California’s Mojave Region and has a 

continuous depositional record from 12.5 Ma to 8.5 Ma (Loomis and Burbank, 1988; Whistler 

and Burbank, 1992). The Dove Spring Formation is a primarily alluvial sequence of sediments 

with age constraint provided by 18 radiometrically dated ash layers (Loomis and Burbank, 1988; 

Whistler et al., 2009). Its stratigraphic record contains geologic evidence for three distinct 

tectonic intervals. These episodes include: 1) extension that began between 17-15 Ma and 

continued until approximately 10.0 Ma when (2) the basin was rotated and translated 

approximately 60 km westward along the Garlock fault (a major East-West trending, left-lateral 

strike-slip fault); 3) extension, subsidence, and a change in sediment source area around 9.0 Ma. 

The El Paso Mountains to the south provided an influx of sediments during much of the 

deposition of the Dove Spring Formation, but the sediment source area changed to the Sierra 

Nevada mountains late in the basin’s depositional history (~9.0 Ma) (Loomis and Burbank, 

1988). 

 Significant changes in topographic relief alter the moisture availability and drainage 

patterns within basins, which in turn affects plant communities (Axelrod, 1985; Gawthorpe and 

Leeder, 2000; Minnich et al., 2007; Smiley et al., 2017; Loughney et al., 2019). Well-developed 

paleosols, extensive soil carbonates, and silicified hardpan deposits (silcretes) are often the result 

of increases in the seasonality of temperature and a decline in moisture availability 

(Summerfield, 1983; Wynn, 2004; Breecker et al., 2009). Their presence throughout the upper 

two-thirds of the Dove Spring Formation has been interpreted as an indicator of a shift from 
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stream-dominated deposition towards more arid conditions (Loomis and Burbank, 1988; 

Whistler et al., 2009; Bowman et al., 2017; Liddy et al., 2018).  

 The nearby marine Monterey Formation (18-6 Ma) provides regional context for the 

climatic setting of the Dove Spring Formation (Flower and Kennett, 1993; Heusser et al., 2022; 

Knott et al., 2022). The Naples Beach section of the Monterey Formation is approximately 200 

km southwest of the Sierra Nevada boundary with the El Paso Basin and has well-resolved 

oxygen isotope and pollen records. Oxygen isotope data from benthic foraminifera within the 

section match the global signal of cooling temperatures following the MCO (Flower and 

Kennett, 1993; Westerhold et al., 2020). Temperatures were relatively constant and moderate 

from ~13.0-10.5 Ma, and the pollen record indicates a shift in nearby coastal ecosystems from 

oak woodlands to beach scrub and chaparral during this time interval (Heusser et al., 2022). 

Global cooling resumed at 10.5 Ma and continues today (Westerhold et al., 2020). This cooling 

coincides with the expansion of pine forest communities within the Naples Beach section that 

eventually developed into a continuous coastal belt over the next two million years (Axelrod, 

1977; Heusser et al., 2022). The intermittent presence of locally extinct plants with moderate 

moisture (mesophytic) requirements within the Pinus-dominated interval suggests shift towards a 

local climate with high summer temperatures, low precipitation (~140 mm/yr), and frequent, 

heavy fog by 7.5 Ma (Wahl, 2003; Heusser et al., 2022). The location of the Dove Spring 

Formation on the eastern side of the Sierra Nevada suggests the presence of a rain shadow, and 

the Monterey Formation is likely to exhibit a comparatively cooler and wetter environment. As 

the closest, contemporaneous record of climate and vegetation, the Monterey Formation provides 

some regional context for our interpretations. 
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 Over 7,400 vertebrate fossils have been recovered from the Dove Spring Formation, at 

least 3,079 of which are large mammals (>1 kg). Ungulates (hoofed mammals) make up the 

largest proportion of this collection (Whistler and Burbank, 1992; Whistler et al., 2009). The 

relatively large and robust teeth of ungulates are useful for studies of paleoecology due to their 

common preservation and mineral composition that incorporates the isotopic signal of ingested 

vegetation. The fossil teeth of Antilocapridae (pronghorns), Camelidae (camels), and Equidae 

(horses) form the basis for our isotopic and morphological analyses because they are among the 

most abundant fossil remains in the collection and are often readily identifiable to the family or 

genus level. 

2.2 Stable Isotope Paleoecology 

 The carbon isotope composition of plants is determined by their photosynthetic pathway 

and is transferred to herbivores when consumed, making fossil teeth invaluable materials in the 

study of ecology in deep time (Quade et al., 1992; Cerling and Harris, 1999). Plants utilize one 

of three photosynthetic pathways: C3, C4, and Crassulacean Acid Metabolism (CAM). The 

dominant pathway in a flora is indicative of the environmental conditions where such plants are 

living (Ehleringer and Bjorkman, 1977; Tieszen et al., 1997). The C3 pathway is utilized by most 

trees, shrubs, and cool-growing-season grasses yeilding generally depleted δ13C values. Modern 

C3 plants have a mean δ13C value of -27.0‰ and typically range between -22‰ to -35‰ (Quade 

et al., 1995; Ehleringer et al., 1997; Cerling et al., 2003; Kohn, 2010). The C4 pathway is 

characteristic of plants adapted to arid conditions that are more water-efficient, particularly warm 

growing-season grasses (Ehleringer and Bjorkman, 1977; Ehleringer and Dawson, 1992; Pagani 

et al., 1999). Modern C4 plants have a mean δ13C value of -13.0‰ and typically range between -

9‰ to -19‰. CAM plants are typically restricted to xeric habitats, have intermediate values 
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between those of C3 and C4 plants, and are not a primary food source for most ungulates (Janis, 

1988; Fox and Koch, 2003; Keeley and Rundel, 2003; Feranec and MacFadden, 2006). The δ13C 

values of plants are also influenced by the isotopic composition of atmospheric carbon dioxide, 

which varies through time (Farquhar et al., 1989). The δ13CCO2 of the modern atmosphere has 

become more negative by about -1.5‰ over the past several hundred years, so interpretations of 

δ13C values must account for this offset (Friedli et al., 1986; Cerling and Harris, 1999; Tipple 

and Pagani, 2007).  

 Mammals incorporate the carbon isotopic value of consumed plants into their body 

tissues. The tooth enamel of large ungulate herbivores displays a consistent enrichment in δ13C 

values of approximately +14.0‰ from ingested vegetation due to biological fractionation 

(Cerling and Harris, 1999; Passey et al., 2002). Factoring in both the atmospheric composition of 

the middle- to late-Miocene and the fractionation of carbon isotopes in tooth enamel, herbivores 

that lived between 12.5 and 8.5 Ma and consumed a diet consisting exclusively of C3 plants 

would have a δ13C value of -8.0‰ or less, while individuals consuming an entirely C4 diet 

would have δ13C values of +2.0‰ or higher (Cerling and Harris, 1999; Passey et al., 2002; 

Feranec and Pagnac, 2013). By subtracting 14.5‰ from tooth enamel δ13C values, we can obtain 

dietary δ13C values that reflect the isotopic signature of the original vegetation consumed by 

herbivores. Variability of ~3.0‰ between individuals from the same population is common in 

both modern and fossil ungulate assemblages (Koch and Hoppe, 1998; Feranec, 2007; Bravo-

Cuevas et al., 2017). Significant differences in mean δ13C values indicate resource partitioning 

among herbivores in modern ecosystems, suggesting that a similar pattern can be observed in 

fossil assemblages (Feranec, 2007). 
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 By determining the primary carbon resources consumed by herbivores from a location, 

paleoenvironmental inferences about the dominant vegetation type are possible. Plants in closed-

canopy habitats tend to have more depleted δ13C ratios while plants in open habitats are more 

enriched (Kohn, 2010; Cerling et al., 2011; Smiley et al., 2017). Due to the prevalence of C3 

vegetation, forests and woodlands from a range of temperature and precipitation conditions 

exhibit more depleted mean and absolute δ13C values than grasslands or shrublands (Cerling et 

al., 1993; Wang et al., 1994; Cerling et al., 2011; Cotton et al., 2016; Blumenthal et al., 2017; 

Wang and Badgley, 2022). 

 The 4-million-year record of the Dove Spring Formation spans a time interval that 

potentially contains evidence for the northward expansion of the grassland ecoregion in North 

America during a period of dynamic tectonics. While C4 vegetation has been documented in 

older deposits south of the El Paso Basin, (Crowder Formation (~17 Ma), Cajon Valley 

Formation (16-15 Ma), and Barstow Formation (14.0-13.4 Ma)), a previous isotopic study of 

mammalian tooth enamel found that herbivores in the Dove Spring Formation did not consume 

C4 vegetation (Bowman et al., 2017; Smiley et al., 2017; Liddy et al., 2018; Loughney et al., 

2019). By collecting additional samples and adding a temporal component, we investigate 

whether the C3 carbon resources consumed by herbivores reflect a shift from the regional 

woodland conditions recorded in the Monterey Formation towards a more arid-adapted and 

open-canopy ecosystem. 

 Oxygen isotopes are intrinsically tied to the hydrologic cycle and are used as indicators of 

past temperature and moisture conditions (Duplessy et al., 1970; Hays and Grossman, 1991; 

Bryant et al., 1994; Blumenthal et al., 2017). Measured as the ratio of heavy (18O) to light (16O) 

isotopes, δ18O is primarily controlled by temperature and is fractionated relative to ocean water 
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by a series of well-documented physical factors including latitude, continentality, annual 

precipitation, and elevation (Dansgaard, 1964; Rozanski et al., 1992; Schoeninger et al., 2002; 

Minnich et al., 2007; Tian et al., 2018). As latitude increases, δ18O values become more depleted 

(Dutton et al., 2005). With each 100 km of distance from the ocean, atmospheric δ18O values can 

be expected to decrease by about -2‰ (Dansgaard, 1964). The altitude effect relates to the 

variation of temperature with elevation and manifests as a decrease of δ18O values at higher 

elevations (Risi et al., 2008). The amount effect is the relationship between mean annual 

precipitation and isotopic fractionation: enriched δ18O values represent low rainfall and high 

evaporative potential; depleted δ18O values indicate high rainfall and low evaporative potential 

(Dansgaard, 1964; Risi et al., 2008). Oxygen is a complex isotopic system, but the magnitude of 

fractionation effects can be constrained by the selection of study site. The El Paso Basin is 

located within the mid-latitude Mojave region and its current location is only ~176 km from the 

nearest coast. Regional climate records from the Monterey Formation indicate a lack of freezing 

winter conditions during the middle to late Miocene (Flower and Kennett, 1993; Heusser et al., 

2022). These collective fractionation parameters suggest that the primary control of vegetation 

δ18O in the Dove Spring Formation was mean annual precipitation, or the amount effect. 

1.3 Ungulate Paleoecology 

 Within the fossil record of the Dove Spring Formation, ungulates are the most abundant 

group in terms of specimens and species richness of large mammals recovered. We examined 

teeth from three families (Antilocapridae, Camelidae, and Equidae) because their teeth are 

abundant, readily identifiable to the family or genus, and useful for comparison among fossil 

localities within the Basin and Range region and elsewhere. We follow the taxonomy of Whistler 

et al. (2009) as it is the most recently reviewed. Our primary goal was to document ecological 
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attributes of ungulate lineages and interpret their history in relation to the El Paso Basin’s 

tectonic history. If environmental conditions changed sufficiently enough to affect vegetation 

communities, this should be reflected in the isotopic values of the herbivores that inhabited the 

basin. Changes in mean δ13C values of tooth enamel for the whole assemblage of approximately 

5‰ or greater would indicate significant differences in the vegetation consumed by herbivores, 

accounting for variability among individuals within assemblages (Hoppe et al., 2006; Feranec, 

2007). 

 The Antilocapridae is an artiodactyl family endemic to North America that arose around 

19 Ma and diversified in the late Miocene, with at least 13 genera present in North America 

during the time span of the Dove Spring Formation (Heffelfinger et al., 2002). The family 

developed gracile, long-legged skeletons relatively early in its evolutionary history (~18 Ma), 

and the sole modern descendant (Antilocapra americana) is well-adapted to open habitats 

(Heffelfinger et al., 2002; Semprebon and Rivals, 2007). Antilocaprids have exhibited hypsodont 

teeth from their earliest appearance, suggesting that these ruminants are capable of consuming 

abrasive vegetation (Semprebon and Rivals, 2007). However, extant antilocaprids are primarily 

browsers and strongly favor forbs and shrubs over grasses in the shrub-steppe, grassland, and 

desert biomes in which they are currently found, despite a high degree of hypsodonty that 

exceeds that of many obligate grazers such as modern bovids (Krueger, 1986; Rivals and 

Semprebon, 2006; Semprebon and Rivals, 2007). Based on micro- and mesowear analysis, fossil 

antilocaprids likely had similar diets, but an extensive isotopic study of the family over time has 

not yet been conducted (Janis, 1993; MacFadden, 1997; Janis, 2004; Feranec and MacFadden, 

2006; Semprebon and Rivals, 2007). There are at least four genera of antilocaprid occur in the 

Dove Spring Formation, the most common of which are Cosoryx and Paracosoryx. 
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 The Camelidae is an artiodactyl family that includes camels, llamas, vicunas, alpacas, and 

guanacos. Similar to the Antilocapridae, the Camelidae exhibit cursorial adaptations in their 

limbs from their first appearance in the late Eocene to early Oligocene (Honey et al., 1998; 

Semprebon and Rivals, 2010). North American fossil assemblages that include camelids are 

often interpreted as open, savanna-type habitats with an abundance of grasses, but the narrow 

muzzles, relatively small masseter muscles, and elongated necks to reach high leafy vegetation 

of the family suggest a specialization towards browsing behavior (Janis, 1988; Janis and 

Ehrhardt, 1988; Dompierre, 1995; Honey et al., 1998; Mendoza et al., 2002; Stromberg, 2004; 

Rybczynski et al., 2013; Morales-García et al., 2020). Modern camelid diets range from the 

browse-dominated diet of the Afro-Arabian Camelus to grass-dominated mixed feeding of the 

South American Lama (Gauthier-Pilters, 1971; Newman, 1984; Puig et al., 1997; Fraser, 1999). 

There are few isotopic studies that include North American camelids from the Miocene and most 

interpretations of their diet are based on microwear, mesowear or jaw morphology (Latorre et al., 

1997; Feranec, 2003; Meachen, 2003; Feranec and MacFadden, 2006; Christianson, 2007; 

Semprebon and Rivals, 2010). The Dove Spring Formation contains at least four camelid 

species: Aepycamelus sp., Hemiauchenia sp., Megatylopus sp., and Procamelus sp., but 

diagnostic cranial material is relatively uncommon within the formation. 

 The Equidae is a family of perissodactyls that with a 55 million-year evolutionary history 

in North America and developed cursorial morphology during the Miocene. The Equidae of the 

Dove Spring Formation belong to two subfamilies: Anchitheriinae and Equinae (MacFadden and 

Hulbert, 1988; Hulbert, 1993). The Anchitheriinae was an older group of brachydont, browsing 

horses that declined in prominence in North America from 17-14 Ma, and disappeared 

completely by 10 Ma (MacFadden and Hulbert, 1988; Hulbert, 1993; Eronen et al., 2010; 
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Semprebon et al., 2016). The Equinae first appeared in the early Miocene, diversified in the 

middle and late Miocene, then suffered several Late Cenozoic extinction events which led to the 

late Quaternary extinction of horses in North America (MacFadden and Hulbert, 1988; Hulbert, 

1993; Semprebon et al., 2016). Horses first developed hypsodont cheek teeth by approximately 

20 Ma, during which equid diversity increased from five genera in North America to at least 

thirteen (Hulbert, 1993; MacFadden and Cerling, 1994; Wang et al., 1994; Semprebon et al., 

2016). A peak in hypsodont species diversity occurred between 10-9 Ma (Hulbert, 1993). The 

evolution of hypsodonty in equids reflects the ingestion of large amounts of abrasive material 

(such as soil and grasses) that accompanied a shift in feeding behavior towards grazing (Damuth 

and Janis, 2011). There are at least five genera of equids in the Dove Spring Formation within 

two subfamilies. The Equinae include: Cormohipparion sp.,“Dinohippus” leardi, Hipparion 

forcei, Hipparion techonense, and Pliohippus tantalus. The Anchitheriinae are limited to 

Megahippus sp. 

 Most ungulates are obligate drinkers, meaning that they ingest water directly from 

streams or pools within their habitats (Kohn, 1996; Levin et al., 2006; Reid et al., 2019). The 

δ18O values of mammalian tooth enamel closely track the δ18O values of their drinking water and 

provide a record of the climatic conditions that affect the isotopic composition of meteoric water 

(Dansgaard, 1964; Rozanski et al., 1992). Obligate drinkers, such as equids, have δ18O values 

that follow local or regional trends, but some artiodactyls such as modern antilocaprids and 

camelids tend to have more enriched δ18O values due to their consumption of δ18O-enriched food 

such as leaves and fruit in environments where evaporation is greater (Kohn, 1996; Tutken et al., 

2013). The δ18O enrichment of leaves is due to their sensitivity to evapotranspiration, and is 

more prominent away from the trunk and towards the leaf margin, where browsers consume 
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leaves (Levin et al., 2006; Barbour, 2007; Cernusak et al., 2022). Non-obligate or facultative 

drinking is an inherited trait observed in modern antilocaprids and camelids, suggesting that their 

ancestors possessed the ability to obtain most of their water through their diet (Gauthier-Pilters, 

1971; Rivals and Semprebon, 2006; Semprebon and Rivals, 2010; Yann et al., 2013). 

Isotopically, facultative drinkers tend to exhibit more enriched δ18O values than obligate drinkers 

due to decreasing their drinking water in arid conditions (Levin et al., 2006; Blumenthal et al., 

2017). Our dataset provides an opportunity to test the hypothesis that Miocene antilocaprids and 

camelids were facultative drinkers. If these artiodactyl families possess this adaptation, they 

should exhibit enriched δ18O values with a pattern distinct from that of the equids. 

3 Materials and Methods 

 We were granted access by the Natural History Museum of Los Angeles County (NHM) 

to collect enamel powder from 153 teeth belonging to the Antilocapridae, Camelidae, and 

Equidae (Figure 3.1). We selected teeth representing four one-million year intervals of 

deposition: 12.5-11.5 Ma (Interval 1), 11.5-10.5 Ma (Interval 2), 10.5-9.5 Ma (Interval 3), and 

9.5-8.5 (Interval 4). This approach allows us to establish mean isotopic values for each family 

and evaluate whether significant changes occur between subsequent one-million-year intervals. 

To maintain statistical robustness, we sampled individuals from each species of interest when 

possible, although in many cases identification was limited to the family level (Table 3.1). 

3.1 Sample Preparation and Stable Isotope Analysis 

 Each tooth was drilled for at least 5 mg of enamel powder, with some larger specimens 

yielding more material. Each powder sample was treated according to the methods described in 

Koch et al. (1997). Samples were crushed with a mortar and pestle, then treated with 30% H2O2 



76 

 

at 0.08 volume to weight, followed by 0.05 volume to weight of 0.1 M Ca-buffered acetic acid. 

We froze and then lyophilized each sample prior to analysis at the University of Michigan Stable 

Isotope Laboratory (SIL) on a Kiel IV Carbonate Device. All values were measured using the 

Vienna Pee Dee Belemnite (V-PDB) standard. 

3.2 Statistical Analysis 

 We used a series of parametric statistical tests (Student’s t-tests) to compare results 

between subsequent one-million-year time intervals and investigate change in isotopic values 

over time. We also employed non-parametric methods (ANOVA and post-hoc Tukey-Kramer 

analysis) to compare time intervals. Included in our analysis of isotopic trends of the large 

mammal faunal assemblage are samples of 21 Gomphotheriidae (gomphotheres), 4 

Merycoidodontidae (oreodonts), and 2 Rhinocerotidae (rhinoceros), all of which were analyzed 

by Bowman et al. (2017). We resampled 16 teeth that were previously examined by Bowman et 

al. (2017) to ensure that our results were consistent with previous work. 

 We applied 75% locally-estimated scatterplot smoothing (LOESS) to the data using 

PAST software v4.09 to examine variation in sample mean values over time. This non-

parametric method of regression analysis fits a curve to our isotopic data and illustrates temporal 

trends better than a linear regression due to the variability of data and small sample size in some 

intervals. We used box-and-whisker plots to illustrate the isotopic range, median, and lower and 

upper quartiles for the whole assemblage and for individual ungulate families. 

2.3 Morphological Characters 

 We measured M/m1, M/m2 and M/m3 teeth from antilocaprids, camelids, and equids 

using vernier calipers. We measured crown height and width (buccal-lingual) of teeth to 
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calculate the hypsodonty index (HI) for each specimen by dividing the height by width. We 

classified taxa as brachydont (HI < 0.8), mesodont (0.8 > HI < 1.2), or hypsodont (HI = 1.2) 

based on the classification schemes of Janis et al. (1998), Fortelius et al. (2002), and Janis 

(2008). 

3 Results 

3.1 Whole-assemblage isotopic record 

 We present the whole-assemblage carbon isotopic record of the Dove Spring Formation 

in Figure 3.2, and we list data from individual teeth in Appendices 1 and 2. Herbivorous 

ungulates exhibit mean δ13Cenamel values of -9.23‰, with a standard deviation of 1.30‰ (n = 

235; Table 3.1). The isotopic range of δ13Cenamel in the assemblage is 11.65‰, with a maximum 

value of -5.66‰ and a minimum of -17.31‰. Whole-assemblage oxygen isotopic data are 

presented in Figure 3.3, with data from individual teeth in Appendix 1. The mean δ18Oenamel for 

the assemblage is -6.51‰, with a standard deviation of 1.76‰ (n = 155; Table 3.1). The isotopic 

range of δ18Oenamel is 9.99‰, with a maximum of -0.62‰, and a minimum of -10.61‰. We 

resampled 16 teeth previously examined by Bowman et al. (2017), and our δ13Cenamel results were 

enriched by an average of +0.77‰ compared to their published values. This variation is likely 

systematic due to slight differences in calibration of instrumentation and is small enough not to 

significantly affect our findings. Enamel δ18O values were not published by Bowman et al. 

(2017), so fewer specimens were available for inclusion here. 

 Our δ13Cenamel results exhibit two phases that roughly correspond with the basin’s tectonic 

history: a pattern of depletion begins at the base of the sequence (12.5 Ma) followed by 

enrichment starting at 10.0 Ma. The early period of depletion corresponds with older basin 
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extension, while enrichment begins shortly after the start of basin rotation and translation and 

continues during the later period of extension. Our δ18Oenamel results show a gradual, modest 

enrichment that does not appear to correspond to the tectonic history of the basin. 

3.2 Isotopic record of ungulate families 

 Within individual ungulate families, more variation is apparent. The Antilocapridae and 

Camelidae exhibit variability in mean δ13Cenamel values with stronger signals of depletion than the 

Equidae (Figure 3.4). Most antilocaprid δ13Cenamel values fall within the range of 7.90‰ to 

9.50‰, and nearly all species exhibit some depleted values lower than -10.00‰. Antilocaprid 

mean δ18Oenamel values become enriched by approximately +1.00‰ over the whole sequence, 

with wide isotopic ranges (± 6.00‰) observed at 10.5 Ma and 8.5 Ma (Figure 3.5). Camelidae 

exhibit the highest magnitude of mean δ13Cenamel enrichment occurring after 9.5 Ma, with an 

increase of approximately +1.50‰. All members of the Camelidae have mean δ13C values lower 

than -9.50‰ (Figure 3.4). Camelid δ18Oenamel is the most variable of the families in this study, 

exhibiting marked enrichment (+2.00‰) at 10.3 Ma and 8.5 Ma, with a slight depletion (-

0.50‰) at 9.5 Ma (Figure 3.5). Equids exhibit the most consistent mean δ13Cenamel values over the 

duration of the sequence, with a range of ± 5.50‰ (Figure 3.4). A slight depletion occurs in 

equids from 12.5 Ma to 9.7 Ma from approximately -8.00‰ to -9.00‰. Equid δ18Oenamel values 

exhibit even less variability than observed in carbon, with no significant trends (Figure 3.5). 

Antilocaprids and camelids exhibit wider ranges of wider δ18Oenamel values just before the 

episode of basin rotation and translation at ~10.5 Ma and just before extension resumes at ~9.5 

Ma, whereas equids maintain a relatively narrow isotopic range during these tectonic intervals. 

The mean δ18Oenamel values for antilocaprids and camelids also vary more over time than those of 

the equids. 
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3.3 Hypsodonty Index 

 We took linear measurements of 123 ungulate cheek teeth with a focus on lower m1, m2, 

and upper M2 teeth (Figure 3.6A). None of the families displayed a statistically significant 

change in hypsodonty index (HI) over time, but there are subtle trends in antilocaprids and 

equids towards greater hypsodonty (Figure 3.6B). Camelids have the lowest HI values of the 

three families and all eight specimens classified as brachyodont (HI < 0.8) belong to the 

Camelidae. Mesodont specimens (0.8 > HI < 1.2) include seven camelids, two equids, and a 

single antilocaprid. The remaining 105 teeth are classified as hypsodont (HI > 1.2) with a 

maximum HI of 4.88 and belong to antilocaprids and equids. 

4 Discussion 

 The goal of this study was to evaluate the fossil ungulates from the Dove Spring 

Formation for ecological changes through time in relation to the tectonic history of the basin. I 

found only minor variation in the dietary δ13C and δ18O values of ungulates despite significant 

tectonic episodes that altered the relief of the El Paso Basin and its resulting topographic and 

hydrologic characteristics. My findings suggest that the environmental changes resulting from 

the basin’s tectonic history were not the primary drivers of faunal change within the three 

ungulate groups documented. Along with the three ungulate families covered in this study, a 

diverse community of mammals that no longer exists inhabited the basin during the Miocene. 

Here I describe the isotopic signature of the assemblage as a whole and interpret isotopic 

variation over time in antilocaprids, camelids, and equids from the formation. 

 The habitats of the Dove Spring Formation supported mammal communities with high 

species richness in assemblages that no longer exist (i.e. multiple species of antilocaprids 



80 

 

occupying the same habitats as camelids, equids, and proboscideans). Conditions in this location 

were distinctive during the Miocene, with subtle variations that were isotopically most similar to 

the grassland-forest ecotonal boundaries observed between the modern Great Plains and Eastern 

Temperate Forest ecoregions of North America (Haveles et al., 2019). 

4.2 Whole-assemblage Isotope Paleoecology 

 Based on δ13C values, ungulates in the El Paso Basin consistently consumed similar 

carbon resources through time, with minor variation in response to tectonically driven changes in 

the basin’s landscape (Figure 3.4). The regional δ18O record of Equidae indicates that 

temperatures and precipitation amounts remained relatively stable on the eastern side of the 

Sierra Nevada during the deposition of the Dove Spring Formation (Figure 3.7). 

Contemporaneous localities west of the Sierra Nevada exhibit δ18O values that are consistently 

and significantly enriched (p < 0.05) between 10.0 and 5.0 Ma in comparison to those east of the 

mountain range. 

 The pattern of gradual depletion in ungulate δ13C values from the base of the sequence 

until approximately 10.5 Ma corresponds to the growth of plant communities supported by 

plentiful water resources, including a lake. This depletion occurs during an older episode of basin 

extension that began between 17 Ma and 15 Ma (Loomis and Burbank, 1988; Wernicke et al., 

1996; Bahadori et al., 2018). The slight negative change in herbivore δ13C values within the 

Dove Spring Formation indicates that vegetation communities within the Dove Spring Formation 

did not always follow a regional trend towards increasing aridity (Figure 3.8). Conditions west of 

the Sierra Nevada became more arid during this interval, and pollen records from the Monterey 

Formation indicate a shift from oak woodlands to scrub-dominated vegetation along the 

California coast (Flower and Kennett, 1993; Heusser et al., 2022). Within the El Paso Basin, a 
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range of C3 vegetation types was sustained by a relatively stable and moderate climate, as seen in 

the δ18O record from ungulate teeth (Figure 3.3). The δ18O record exhibits a more pronounced 

depletion (~1.00‰) than the regional signal from benthic foraminifera just before the onset of 

basin rotation and translation. This suggests that the local climate conditions within the El Paso 

basin were slightly cooler or wetter than the surrounding region between 12.5 and 10.5 Ma. 

 Lake sediments were absent after 10.5 Ma, suggesting that existing drainage networks 

were interrupted by the rotation and translation of the El Paso Basin approximately 60 km west 

along the Garlock fault. Between 10.5 and 10.0 Ma, all herbivores exhibit a narrower range of 

δ13C values, indicating that less variety of plants were available. An assemblage-wide 

enrichment in δ13C values began at approximately 10.0 Ma and suggests that habitats became 

more water-limited at this time. 

 δ13C enrichment continued during a new episode of extension in the basin that began 

between 9.5 and 9.0 Ma. This interval represents an early stage of extension that promoted the 

development of new stream channels that transported coarse sediments from a new source area: 

the Sierra Nevada (Campos-Enriquez et al., 1999; Gawthorpe and Leeder, 2000). The δ13C 

values of the whole assemblage became more homogenous by 9.0 Ma, suggesting that ungulates 

consumed similar vegetation after tectonic processes altered the drainage characteristics of the 

basin (Figure 3.2). 

 The mean δ18O values for all mammal teeth from the Dove Spring Formation become 

gradually more enriched over time (net increase of 0.88‰; Figure 3.3). Regional climate data 

from benthic foraminifera in the Monterey Formation also display a trend of enrichment, 

although of a lower magnitude. There is little to no correlation with the tectonic history of the 
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basin, indicating that topographic changes did not significantly affect the temperature or 

precipitation characteristics of the El Paso Basin. 

 Tectonic processes did alter drainage networks and the available moisture for plant 

communities, but the changes in available vegetation were within the tolerance of most 

herbivorous species from the basin. Other factors, such as the preservation potential of sediments 

or dispersal of species throughout the greater Mojave region were likely responsible for the 

significant changes in species richness and faunal composition observed in the Dove Spring 

Formation. 

4.3 Isotope Paleoecology of Antilocaprid and Equid Genera 

 We examined the δ13C values of several genera to determine whether intrafamily isotopic 

variation correlated with tectonic history. We tested the hypothesis that the primary driver for 

variability at this scale would be the appearance or disappearance of species. We identified two 

antilocaprid and three equid genera that occur throughout most of the sequence with sufficient 

numbers of available specimens (n ≥ 2) within most time intervals. Antilocapridae are here 

represented by Paracosoryx and Cosoryx, while equids are represented by Cormohipparion, 

Hipparion, and Pliohippus. Diagnostic material for camelids was too rare to identify enough 

specimens to the generic level for a similar comparison. 

 Paracosoryx first occurs at the base of the formation and exhibits a narrow δ13C range 

that is enriched relative to other ungulates before disappearing by 10.5 Ma (Figure 3.9). The 

genus co-occurred with the smaller Cosoryx, which exhibits both a longer residence time and a 

wider range of δ13C values. After the disappearance of Paracosoryx, Cosoryx displays a greater 

enrichment (+2.00‰) relative to all other ungulates at 10.0 Ma. 
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 The three equid genera that we sampled have similar trends in mean values, although 

their isotopic ranges differ (Figure 3.10). Cormohipparion exhibits a relatively narrow range of 

intermediate δ13C values, with no significant changes throughout the sequence. This 

intermediate-sized genus has a low maximum hypsodonty index compared to other equids, 

suggesting that it was more limited in its ability to utilize grasses or other abrasive vegetation. 

Cormohipparion has been sampled as early as 12.0 Ma, but may have occurred alongside the 

other two equids at the base of the formation based on estimates of its residence time. Specimens 

younger than 9.5 Ma have not been recovered, but the species may have persisted in the basin 

until 9.0 Ma. Hipparion is found throughout the formation and contains the smallest equids 

recovered, but does have a greater range of body sizes than Cormohipparion. Hipparion also 

exhibits a wide isotopic range with a significant depletion and narrowing at Interval 3.1. The 

range of hypsodonty index values within the genus is variable, and the only mesodont equids in 

the formation belong to Hipparion. Pliohippus has a wide isotopic range and exhibits a variable 

mean δ13C signature through time, with four intervals that display significant differences from 

prior time intervals. The genus has the highest mean δ13C values among equids during all time 

intervals that it is present, with two exceptions. The first is a significant depletion during Interval 

1.2, coinciding with the first occurrence of Cormohipparion. The second significant depletion 

occurs during Interval 3.1 when all taxa exhibit much narrower isotopic ranges. Pliohippus is the 

largest of the equids sampled and had the highest hypsodonty index. The large size and highly 

hypsodont teeth of Pliohippus gave it flexibility in selecting vegetation to consume and these 

results collectively suggest that the genus exhibited the greatest dietary plasticity of the equids in 

the formation. 



84 

 

 The presence of discrete and dispersed ash deposits throughout the sequence may have 

had a minor influence the hypsodonty index of antilocaprids and equids, but no significant 

changes in hypsodonty index occurred (Figure 3.6). Camelids are generally meso- and 

brachyodont, but show no changes over time (Figure 3.6). The lack of significant trends in 

hypsodonty index indicate the absence of a selective pressure from dietary abrasiveness. 

 During the tectonic episode of basin rotation at 10.5 Ma, carbon resource usage by 

antilocaprids and equids became less variable relative to the rest of the sequence. As extension 

resumed, δ13C values in both families reflect the consumption of a wider variety of vegetation. 

The disappearance of the antilocaprid genus Paracosoryx precedes a significant enrichment (p < 

0.05) of 1.08‰ in the diet of Cosoryx. The signal of change in antilocaprid diets appears to be 

the result of changes in faunal composition rather than changes in resource consumption by 

existing species. Equids maintained similar diets to one another throughout the sequence, despite 

the arrival and disappearance of numerous species.  

4.3 Facultative Drinkers and δ18O 

 We observed changes in δ18O range of the Antilocapridae and Camelidae that may have 

ecological relevance (Figure 3.5). Mean δ18O values in equids are moderate throughout the 

sequence and fluctuate very little, on the order of ± 1.50‰, whereas antilocaprids and camelids 

exhibit significant widening of their isotopic ranges (from ± 2.00‰ to ± 4.00‰) at 10.5 Ma and 

9.0 Ma. Along with mean enrichment, these patterns suggest that the evaporative potential of the 

environment increased during the tectonic interval of rotation and translation. Existing channel 

networks were disrupted and became less reliable water sources, so artiodactyl species decreased 

their drinking water consumption and increased their food water intake. The absence of a highly 

enriched δ18O signal in equids indicates that a change in seasonality is unlikely. These findings 
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also indicate that equids and other obligate drinkers are more reliable indicators of environmental 

conditions, tracking atmospheric conditions more closely than facultative drinkers such as 

antilocaprids or camelids. 

 5 Conclusions 

 We investigated the paleoecology of three herbivorous ungulate families in relation to the 

tectonic history of the Dove Spring Formation using stable isotopes of carbon and oxygen to test 

for changes in diet and climate conditions. While carbon and oxygen from the entire assemblage 

do exhibit minor variability from one tectonic episode to the next, the trends observed do not 

suggest drastic changes in vegetation availability or climate. δ13C is more variable than δ18O, but 

the weak correlation to changes in the basin’s tectonic setting indicates that faunal change was 

not primarily a response to tectonically driven changes in vegetation. The δ18O record follows 

the regional trend of aridification observed in the coastal Monterey Formation. Two families 

(Antilocapridae and Camelidae) exhibit greater variability in δ18O during tectonically-active 

episodes between 10.5 and 8.5 Ma. Most of the δ13C variation within each ungulate family can 

be attributed to differences between genera and faunal change as species are replaced in the El 

Paso Basin. We acknowledge the possibility that ungulate diets included vegetation from outside 

the basin, particularly in genera with potentially large home ranges such as camelids and equids. 

An independent record of vegetation from soil carbonates would address this question by 

providing a primary source of carbon and oxygen isotopes that formed in-situ within paleosols. 

 A lack of change in hypsodonty across all taxa suggests that ecological pressure to 

change was minimal, despite a high amount of grit in the sequence in the form of dispersed 

volcanic ash.  
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 Comparison with δ13C values from modern ecosystems suggests that the Dove Spring 

Formation supported diverse assemblages of large mammals within a relatively stable 

environment. The tectonic setting of the basin is primarily extensional, interrupted by a period of 

rotation and shear movement that placed it closer to the Sierra Nevada, after which incipient 

extension occurred near the top of the formation. Rotation and translation of the basin away from 

the El Paso Mountains interrupted drainage networks that supplied water to these ecosystems, 

creating a landscape of partially-fragmented closed-canopy and open habitats. Based on carbon 

isotope values, resource use among all three ungulate families was most similar during a period 

of basin rotation and translation away from its original sediment and hydrologic source area. A 

new period of extension followed, allowing the existing habitats to expand. Oxygen isotope data 

indicate a gradual decrease in precipitation and moisture availability, possibly facilitating greater 

evaporation potential within the basin. 

 The series of faunal assemblages within the Dove Spring Formation are no longer seen 

today and were supported by an ecosystem that has no modern analogue. Based on the consistent 

dietary ecology of ungulates, plant communities within this ecosystem were resilient and 

persisted during several significant episodes of tectonic activity and faunal change over the 

course of four million years. Rich fossil localities provide insight into the relationships between 

the physical environment, vegetation, and terrestrial organisms. In the case of the Dove Spring 

Formation, factors other than climate conditions and vegetation were responsible for changes in 

faunal composition and species richness. Further analyses of the history of depositional 

environments will yield information on the types of habitats available to mammals during each 

tectonic episode. A regional biogeographic approach may reveal patterns of dispersal among 

large mammals that coincide with faunal changes in the fossil record. These investigations 
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contribute to our understanding of the complex relationships between geological processes, 

climatic change, and ecological dynamics that shaped the history of mammal communities 

throughout the Mojave region.  
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Figure 3.1: Composite stratigraphic column for the Dove Spring Formation showing stratigraphic 

position of samples. Species richness includes family-, genus-, and species-level designations. 
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Figure 3.2: δ13C values for tooth enamel in the Dove Spring Formation. Plot includes tooth 

enamel δ13C data from Bowman et al. (2017; grey dots). Individuals below -8.0‰ (indicated by 

dotted line) represent pure C3 feeders, with those above representing mixed feeders. While 

variation does correspond with the tectonic history of the basin, the isotopic range of each time 

interval is within the range observed in populations. δ13C values became more depleted as older 

extension progressed, with an enrichment trend beginning at 10.0 Ma lagging behind an episode 

of basin rotation and translation that began no later than 10.3 Ma. Depleted outliers at 12.5, 11.0, 

and 9.5 Ma belong to the Gomphotheriidae. Tectonic episode boundaries are marked with grey 

zones to indicate uncertainty in the timing of their initiation.  
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Figure 3.3: δ18O values for ungulates in the Dove Spring Formation become gradually more 

enriched over time. No significant changes occur over time, but a minor depletion coincides with 

basin rotation and translation. Wide isotopic ranges at approximately 10.5 Ma and 9.5 Ma are 

driven by values observed in Antilocapridae and Camelidae. Tectonic episode boundaries are 

marked with grey zones to indicate uncertainty in the timing of their initiation. 
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Figure 3.4: δ13C results for three ungulate families in the Dove Spring Formation. All three 

families exhibit a similar pattern of early depletion followed by enrichment near 9.7 Ma. Mean 

isotopic variation at any point is within the range of expected variation within individuals of a 

single population (< 2.0‰), suggesting that these variations were within the tolerance of 

ungulates from the basin. Tectonic episode boundaries are marked with grey zones to indicate 

uncertainty in the timing of their initiation.   
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Figure 3.5: δ18O values for ungulate families from the Dove Spring Formation. Higher variability 

in Antilocapridae and Camelidae is likely the result of the families’ status as facultative drinkers 

that do not have a biological requirement to consume meteoric water directly. Tectonic episode 

boundaries are marked with grey zones to indicate uncertainty in the timing of their initiation. 
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Figure 3.6 Linear measurements of ungulate teeth. A) Molar size as an indicator of body size vs. 

hypsodonty index (HI) for ungulate genera of the Dove Spring Formation. Antilocaprids are 

consistently the smallest ungulates in the assemblage and exhibit moderate HI. Camelids occupy 

the greatest range of body size and are the only family to exhibit brachydont dentition. Equids 

have a wide range of HI values (though most are hypsodont) and have medium to large body 

sizes. B) Hypsodonty index over time. No significant trends were observed, although a slight 

trend towards higher hypsodonty is present in both the Antilocapridae and Equidae.  
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Figure 3.7: Equid δ18O values from the Dove Spring Formation and other regions, organized by 

position relative to the Sierra Nevada and North American Land Mammal Age, with age 

estimates based on MioMap and FaunMap databases. A) Localities west of the Sierra Nevada; B) 

Localities east of the Sierra Nevada. Equids from the Dove Spring Formation exhibit δ18O values 

that are significantly more depleted than contemporaneous individuals (10.0to 9.0 Ma) found 

west of the Sierra Nevada during (p < 0.05). Barstovian data from Oregon (16-14 Ma) are from 

Maguire (2015). Clarendonian data from Nebraska (12 Ma) are from Bryant et al. (1996). 

Clarendonian and Hemphillian data are from Crowley et al. (2008) and represent California, 

Nevada, and North Dakota. Tectonic episode boundaries in the Dove Spring Formation are 

marked with grey zones. 
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Figure 3.8: Comparison of terrestrial Dove Spring Formation whole assemblage tooth enamel 

isotopic record with the marine Monterey Formation. Monterey δ18O record is sourced from 

benthic foraminifera (Bolivina advena). Tectonic episode boundaries are marked with grey zones 

to indicate uncertainty in the timing of their initiation. Vegetation patterns within the Monterey 

Formation are based on palynological analysis by Heusser et al. (2022). δ18O data is not available 

for the Dove Spring Formation between 10.5 and 10.0 Ma. 
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Figure 3.9: Box and whisker plots illustrating δ13C values of individual lineages within the 

Antilocapridae. Paracosoryx typically exhibits the most enriched values of all antilocaprids, and 

when it no longer appears in the fossil record (< 10.5 Ma), Cosoryx exhibits significantly 

enriched values for approximately 0.5 Myr. Sample sizes for each 0.5-Myr time bin are indicated 

by numbers underneath each plot. 
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Figure 3.10: Box and whisker plots illustrating δ13C values of individual genera within the 

Equidae. Isotopic range across all equid species narrows at 10.5 Ma, suggesting convergence on 

similar resources.
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Table 3.1: Whole-assemblage enamel δ13C and δ18O values in the Dove Spring Formation, organized by 0.5-Myr time intervals and 1-

Myr time bins. Abbreviations: n = number of specimens; SD = standard deviation. 
  

    δ13C ‰ 
V-PDB 

            δ18O 
‰ V-
PDB 

      

Time Interval 
(Ma) 

n Mean SD Max Min Range Net 
Change 

n Mean SD Max Min Range Net 
Change 

8.5 22 -9.00 0.72 -7.73 -10.03 2.30 1.17 20 -5.60 2.00 -1.45 -8.22 6.77 1.41 

9.0 15 -10.17 2.16 -7.57 -17.31 9.74 -0.62 11 -7.01 1.07 -4.41 -7.86 3.45 -0.37 

9.5 67 -9.55 0.96 -7.32 -12.28 4.97 0.53 45 -6.64 1.66 -2.21 -10.61 8.40 -0.49 

10.0 15 -10.07 0.65 -9.42 -11.33 1.90 -1.24 - 
      

10.5 51 -8.84 1.06 -6.60 -10.85 4.26 0.62 42 -6.16 1.76 -1.43 -8.17 6.73 1.46 

11.0 15 -9.45 1.68 -7.45 -13.32 5.87 -0.73 7 -7.62 1.18 -6.70 -9.43 2.73 -0.87 

11.5 23 -8.73 1.37 -6.86 -11.05 4.19 -0.43 12 -6.75 2.19 -0.62 -9.57 8.95 0.41 

12.0 21 -8.30 1.24 -5.66 -11.39 5.73 1.58 15 -7.16 1.20 -4.40 -8.90 4.50 -0.13 

12.5 6 -9.88 1.98 -7.94 -12.72 4.79 
 

3 -7.02 2.80 -4.08 -9.64 5.56 
 

        
  

      

Interval 4 37 -9.48 1.57 -7.57 -17.31 9.74 0.17 31 -6.10 1.84 -1.45 -8.22 6.77 0.54 

Interval 3 82 -9.64 0.93 -7.32 -12.28 4.97 -0.67 45 -6.64 1.66 -2.21 -10.61 8.40 -0.28 

Interval 2 66 -8.98 1.24 -6.60 -13.32 6.73 -0.29 49 -6.37 1.76 -1.43 -9.43 8.00 0.61 

Interval 1 50 -8.69 1.45 -5.66 -12.72 7.06   30 -6.98 1.76 -0.62 -9.64 9.03   
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Table 3.2: Tooth enamel bulk samples with δ13C and δ18O values collected by Hardy (this study) 

and measured at the University of Michigan Stable Isotope Laboratory. 

    δ13C δ18O 

Sample ID Family Species Age (VPDB) (VPDB) 

FH.21.001 Antilocapridae  12.1 -7.65 -5.94 

FH.21.002 Equidae Hipparion sp. 12.1 -8.18 -7.80 

FH.21.003 Equidae Pliohippus sp. 12.1 -5.66 -7.44 

FH.21.004 Antilocapridae Cosoryx sp. 12.2 -8.55 -6.15 

FH.21.005 Antilocapridae  12.0 -7.60 -7.81 

FH.21.010 Equidae  12.5 -8.45 -7.35 

FH.21.011 Antilocapridae  12.5 -8.17 -4.08 

FH.21.012 Antilocapridae  12.5 -7.94 -9.64 

FH.21.015 Equidae Pliohippus sp. 12.0 -8.07 -8.32 

FH.21.017 Camelidae  12.1 -8.03 -8.81 

FH.21.018 Equidae Pliohippus sp. 12.1 -8.78 -7.51 

FH.21.020 Camelidae  12.3 -8.11 -6.60 

FH.21.021 Camelidae  12.0 -7.40 -7.75 

FH.21.022 Equidae Pliohippus sp. 12.0 -7.99 -6.97 

FH.21.023 Antilocapridae Cosoryx sp. 12.2 -9.33 -4.40 

FH.21.024 Antilocapridae Paracosoryx furlongi 12.0 -7.61 -8.90 

FH.21.025 Camelidae  12.2 -15.69 -14.17 

FH.21.027 Equidae Pliohippus sp. 12.4 -7.67 -6.25 

FH.21.028 Antilocapridae Paracosoryx sp. 11.5 -7.05 -6.49 

FH.21.029 Antilocapridae Paracosoryx sp. 11.5 -7.09 -6.27 

FH.21.030 Antilocapridae Paracosoryx sp. 11.5 -7.01 -7.80 

FH.21.031 Antilocapridae Paracosoryx sp. 11.5 -8.31 -6.59 

FH.21.032 Antilocapridae Paracosoryx sp. 11.5 -6.89 -8.22 

FH.21.033 Antilocapridae Cosoryx sp. 11.6 -6.86 -6.31 

FH.21.036 Camelidae  11.9 -7.60 -7.06 

FH.21.037 Camelidae  11.9 -9.04 -6.68 

FH.21.038 Camelidae  11.9 -7.53 -0.62 

FH.21.041 Equidae Cormohipparion sp. 11.9 -8.67 -9.57 

FH.21.043 Equidae Cormohipparion occidentale 11.7 -8.51 -8.54 

FH.21.044 Equidae Cormohipparion occidentale 11.9 -9.06 -6.81 

FH.21.045 Equidae Neohipparion sp. 11.2 -8.01 -9.22 

FH.21.046 Equidae Neohipparion sp. 11.2 -8.25 -9.43 

FH.21.047 Equidae Hipparion sp. 11.0 -9.58 -7.10 

FH.21.048 Equidae Hipparion forcei 11.1 -9.16 -6.95 

FH.21.049 Equidae Hipparion tehonense 11.0 -7.93 -7.08 

FH.21.050 Equidae Hipparion forcei 11.2 -7.45 -6.86 

FH.21.051 Equidae Pliohippus tantalus 12.4 -7.47 -6.70 

FH.21.052 Equidae Pliohippus leardi 10.8 -7.11 -7.61 

FH.21.053 Equidae Pliohippus tehonensis 10.8 -6.78 -6.05 

FH.21.054 Equidae Cormohipparion sp. 10.6 -9.19 -6.14 

FH.21.055 Equidae Cormohipparion sp. 10.5 -8.38 -7.35 

FH.21.056 Equidae Cormohipparion sp. 10.6 -9.20 -8.02 

FH.21.057 Equidae Cormohipparion sp. 10.5 -8.90 -6.88 
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FH.21.058 Equidae Cormohipparion occidentale 10.8 -7.09 -7.53 

FH.21.059 Equidae Cormohipparion occidentale 10.6 -9.68 -7.86 

FH.21.060 Equidae Cormohipparion occidentale 10.6 -9.13 -6.25 

FH.21.061 Equidae Pliohippus tantalus 10.7 -9.12 -8.06 

FH.21.062 Equidae Pliohippus tantalus 10.8 -7.11 -5.57 

FH.21.063 Equidae Pliohippus tantalus 10.8 -8.65 -6.16 

FH.21.064 Equidae Pliohippus tantalus 10.8 -7.38 -6.13 

FH.21.065 Equidae Pliohippus tantalus 10.5 -8.85 -7.72 

FH.21.066 Equidae Pliohippus sp. 10.5 -8.18 -7.21 

FH.21.068 Equidae Pliohippus sp. 10.6 -9.13 -7.74 

FH.21.069 Equidae Pliohippus sp. 10.8 -8.40 -5.76 

FH.21.070 Equidae Hipparion sp. 10.5 -9.22 -7.82 

FH.21.071 Equidae Hipparion sp. 10.5 -8.62 -7.36 

FH.21.072 Equidae Hipparion sp. 10.5 -9.09 -7.35 

FH.21.073 Equidae Hipparion forcei 10.6 -8.18 -7.64 

FH.21.074 Equidae Hypohippus sp. 10.5 -8.04 -5.20 

FH.21.075 Equidae Hipparion forcei 10.9 -8.55 -7.72 

FH.21.076 Equidae Hipparion forcei 10.5 -9.21 -8.17 

FH.21.077 Equidae Hipparion forcei 10.5 -10.24 -7.33 

FH.21.078 Equidae Hipparion forcei 10.5 -10.04 -5.73 

FH.21.079 Equidae Hipparion sp. 9.9 -10.01 -9.86 

FH.21.080 Equidae Hipparion sp. 9.8 -8.38 -8.66 

FH.21.081 Equidae Hipparion sp. 9.9 -9.33 -6.95 

FH.21.082 Equidae Hipparion forcei 9.7 -9.84 -7.89 

FH.21.083 Equidae Pliohippus sp. 9.5 -9.60 -6.98 

FH.21.085 Equidae Cormohipparion occidentale 9.5 -9.42 -7.45 

FH.21.086 Equidae Pliohippus leardi 9.7 -8.86 -6.19 

FH.21.087 Equidae Hipparion forcei 9.7 -9.28 -8.14 

FH.21.088 Equidae Pliohippus tantalus 9.5 -9.41 -6.53 

FH.21.089 Equidae Pliohippus leardi 9.6 -8.57 -7.10 

FH.21.090 Equidae Pliohippus leardi 9.5 -9.28 -6.69 

FH.21.091 Equidae Pliohippus leardi 9.7 -9.65 -7.06 

FH.21.092 Equidae Pliohippus sp. 9.7 -7.32 -10.61 

FH.21.093 Equidae Pliohippus sp. 9.9 -8.77 -6.82 

FH.21.094 Equidae Hipparion forcei 9.6 -9.05 -8.31 

FH.21.095 Equidae Pliohippus tantalus 9.6 -7.77 -6.66 

FH.21.096 Equidae Pliohippus sp. 9.5 -8.55 -3.34 

FH.21.097 Equidae Hipparion forcei 9.5 -9.23 -7.64 

FH.21.098 Equidae Hipparion sp. 9.5 -9.51 -5.97 

FH.21.099 Equidae Pliohippus sp. 9.5 -9.76 -7.55 

FH.21.100 Equidae Hipparion forcei 9.7 -8.32 -7.05 

FH.21.101 Equidae Cormohipparion sp. 9.6 -9.34 -7.09 

FH.21.102 Equidae Cormohipparion sp. 9.7 -8.81 -8.02 

FH.21.103 Equidae Cormohipparion sp. 9.5 -9.42 -8.09 

FH.21.104 Equidae Hipparion tehonense 9.9 -8.96 -6.42 

FH.21.105 Equidae Nannippus sp. 11.0 -9.39 -6.70 

FH.21.106 Antilocapridae  10.6 -9.13 -4.76 

FH.21.107 Antilocapridae Merycodus sp. 9.6 -9.85 -4.45 

FH.21.108 Camelidae  10.5 -8.99 -3.46 
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FH.21.109 Camelidae  10.8 -7.54 -5.06 

FH.21.110 Antilocapridae  9.9 -7.96 -8.83 

FH.21.111 Antilocapridae Merycodus sp. 9.9 -10.15 -4.74 

FH.21.112 Camelidae Paracamelus 10.5 -9.43 -4.07 

FH.21.113 Camelidae Paracamelus sp. 9.5 -9.96 -3.32 

FH.21.115 Camelidae Procamelus sp. 9.8 -11.83 -5.88 

FH.21.116 Camelidae Procamelus sp. 9.8 -9.06 -7.63 

FH.21.117 Camelidae  9.5 -9.87 -6.37 

FH.21.118 Antilocapridae  9.8 -9.19 -6.90 

FH.21.119 Antilocapridae  9.8 -9.03 -6.93 

FH.21.120 Camelidae  10.7 -8.12 -4.29 

FH.21.122 Antilocapridae  10.5 -8.93 -7.58 

FH.21.123 Antilocapridae  9.7 -9.13 -6.11 

FH.21.124 Antilocapridae  9.6 -8.86 -5.39 

FH.21.125 Camelidae  9.6 -8.19 -5.15 

FH.21.126 Camelidae  9.6 -9.25 -4.55 

FH.21.127 Antilocapridae Cosoryx sp. 10.5 -8.57 -4.00 

FH.21.129 Camelidae  9.5 -9.36 -6.57 

FH.21.130 Antilocapridae Cosoryx sp. 10.5 -10.65 -2.33 

FH.21.131 Antilocapridae Cosoryx sp. 10.5 -9.72 -2.87 

FH.21.132 Antilocapridae Cosoryx sp. 10.5 -8.93 -3.67 

FH.21.133 Antilocapridae Cosoryx sp. 10.5 -10.14 -4.72 

FH.21.134 Camelidae  9.6 -9.97 -4.87 

FH.21.135 Antilocapridae Paracosoryx furlongi 10.8 -8.00 -6.76 

FH.21.136 Antilocapridae Paracosoryx furlongi 10.8 -7.68 -1.43 

FH.21.137 Antilocapridae Paracosoryx furlongi 10.8 -7.56 -7.50 

FH.21.138 Camelidae  10.8 -7.66 -5.54 

FH.21.139 Camelidae  10.8 -6.60 -8.13 

FH.21.140 Camelidae  9.5 -8.59 -2.21 

FH.21.141 Antilocapridae Cosoryx sp. 9.9 -8.16 -7.20 

FH.21.142 Antilocapridae Cosoryx sp. 9.9 -8.85 -6.65 

FH.21.143 Camelidae  9.7 -8.47 -8.07 

FH.21.144 Antilocapridae Cosoryx sp. 9.9 -9.24 -4.09 

FH.21.151 Equidae Hipparion sp. 8.6 -8.99 -7.05 

FH.21.152 Antilocapridae  8.7 -8.16 -7.00 

FH.21.153 Equidae Hipparion sp. 8.5 -8.13 -7.03 

FH.21.154 Camelidae  8.8 -8.62 -7.05 

FH.21.155 Antilocapridae  8.8 -8.86 -8.22 

FH.21.156 Antilocapridae  8.8 -9.59 -4.64 

FH.21.157 Camelidae  9.0 -17.31 -7.78 

FH.21.158 Antilocapridae  8.3 -7.73 -7.32 

FH.21.159 Camelidae  8.2 -8.12 -3.95 

FH.21.160 Antilocapridae  8.2 -8.15 -5.64 

FH.21.161 Antilocapridae  8.8 -9.76 -7.78 

FH.21.162 Antilocapridae  8.8 -9.65 -6.01 

FH.21.163 Camelidae  9.4 -7.57 -7.82 

FH.21.164 Antilocapridae Plioceros sp. 8.8 -9.07 -5.27 

FH.21.165 Antilocapridae  8.7 -10.00 -6.06 

FH.21.167 Camelidae  8.5 -10.00 -1.45 
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FH.21.168 Camelidae  8.5 -8.12 -2.29 

FH.21.169 Equidae Pliohippus sp. 8.0 -9.39 -7.29 

FH.21.170 Camelidae  9.0 -8.72 -7.86 

FH.21.171 Antilocapridae Plioceros sp. 9.0 -8.90 -7.43 

FH.21.172 Antilocapridae Cosoryx sp. 9.4 -9.81 -4.41 

FH.21.173 Camelidae  9.4 -9.21 -7.46 

FH.21.174 Antilocapridae  9.3 -9.91 -5.66 

FH.21.175 Equidae  9.3 -10.11 -6.91 

FH.21.176 Antilocapridae Illingoceros sp. 8.5 -9.86 -1.73 

FH.21.177 Antilocapridae Illingoceros sp. 8.5 -8.90 -5.97 

FH.21.179 Antilocapridae Cosoryx sp. 8.7 -10.03 -3.95 

FH.21.180 Antilocapridae Cosoryx sp. 8.7 -9.25 -6.29 

FH.21.182 Antilocapridae Sphenophalos sp. 9.0 -9.56 -6.93 

FH.21.183 Antilocapridae Sphenophalos sp. 9.0 -9.01 -7.55 

FH.21.185 Equidae Hipparion forcei 9.4 -9.95 -7.36 
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Table 3.3: Tooth enamel bulk samples with δ13C values collected and measured by Bowman et 

al. (2017). 

    δ13C 

Sample ID Family Species Age (VPDB) 

DSF-01 Camelidae  8.5 -8.64 

DSF-02 Merycoidodontidae Merychyus sp. 11.6 -10.98 

DSF-03 (01-13) Camelidae  8.5 -9.06 

DSF-04 Antilocapridae Cosoryx sp. 10.5 -10.40 

DSF-05 Antilocapridae Cosoryx sp. 10.5 -10.45 

DSF-06 Camelidae  11.3 -9.35 

DSF-07 Equidae Cormohipparion sp. 10.4 -10.40 

DSF-08 (01-09) Equidae Pliohippus sp. 10.1 -10.08 

DSF-14 Antilocapridae Cosoryx sp. 9.4 -10.65 

DSF-15 Equidae Pliohippus tantalus 9.5 -8.90 

DSF-16 Gomphotheriidae  11.0 -12.79 

DSF-17 Equidae Hipparion forcei 10.2 -9.70 

DSF-18 Gomphotheriidae  9.3 -10.87 

DSF-19 Gomphotheriidae  11.0 -13.32 

DSF-20 Antilocapridae  10.2 -10.65 

DSF-21 Camelidae  9.6 -11.11 

DSF-22 Gomphotheriidae Gomphotherium sp. 10.0 -10.46 

DSF-23 Gomphotheriidae Gomphotherium sp. 11.1 -10.00 

DSF-24 Equidae Hipparion forcei 10.2 -10.33 

DSF-25 Camelidae  9.7 -9.88 

DSF-26 Gomphotheriidae Gomphotherium sp. 9.7 -11.44 

DSF-27 Gomphotheriidae Gomphotherium sp. 10.2 -11.29 

DSF-28 (01-12) Equidae Hipparion forcei 9.6 -10.59 

DSF-29 Equidae Megahippus sp. 12.4 -6.66 

DSF-30 Equidae Pliohippus tantalus 11.7 -10.06 

DSF-31 Camelidae  10.5 -10.85 

DSF-32 Equidae Pliohippus tantalus 10.0 -9.54 

DSF-33 (01-18) Gomptheriidae  10.0 -11.33 

DSF-34 Equidae Pliohippus tantalus 10.4 -9.45 

DSF-35 (01-13) Equidae Pliohippus tantalus 10.4 -9.47 

DSF-36 Equidae Pliohippus tantalus 11.9 -10.25 

DSF-37 Equidae Pliohippus tantalus 11.0 -8.95 

DSF-39 (01-14) Equidae Hipparion forcei 9.5 -11.16 

DSF-41 Merycoidodontidae Merychyus sp. 11.7 -9.69 

DSF-42 (01-14) Equidae Pliohippus tantalus 10.6 -9.94 

DSF-43 Gomphotheriidae Gomphotherium sp. 12.0 -11.39 

DSF-44 (01-06) Antilocapridae Paracosoryx furlongi 11.8 -9.29 

DSF-45 Gomphotheriidae Gomphotherium sp. 9.7 -11.04 

DSF-46 Gomphotheriidae  12.0 -9.63 

DSF-47 Camelidae  9.7 -10.04 

DSF-48 (01-06) Antilocapridae Paracosoryx furlongi 11.5 -8.43 

DSF-49 Antilocapridae Paracosoryx furlongi 11.5 -9.58 

DSF-50 Antilocapridae Paracosoryx furlongi 11.7 -7.42 

DSF-51 Equidae Hipparion forcei 9.8 -10.51 
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DSF-52 Equidae Pliohippus tantalus 12.4 -10.11 

DSF-53 (01-16) Equidae Hipparion forcei 10.4 -9.42 

DSF-54 (01-14) Equidae Hipparion forcei 10.0 -9.64 

DSF-56 Equidae Hipparion forcei 10.6 -9.03 

DSF-58 (01-05) Camelidae  10.7 -9.37 

DSF-59 Gomphotheriidae  9.5 -9.89 

DSF-60 Camelidae  12.5 -10.63 

DSF-61 Gomphotheriidae  12.5 -11.38 

DSF-62 Gomphotheriidae Gomphotherium sp. 12.5 -12.72 

DSF-63 Equidae Hipparion forcei 12.3 -9.33 

DSF-64 (01-19) Gomphotheriidae Gomphotherium sp. 10.5 -10.62 

DSF-65 (01-10) Merycoidodontidae Merychyus sp. 9.7 -10.33 

DSF-66 Antilocapridae  9.7 -10.48 

DSF-67 Antilocapridae  10.5 -9.96 

DSF-69 Gomphotheriidae  11.1 -10.18 

DSF-70 Camelidae  9.6 -9.94 

DSF-71 Antilocapridae  9.6 -8.96 

DSF-72 Antilocapridae  9.6 -10.06 

DSF-73 Camelidae  9.4 -10.09 

DSF-74 Gomphotheriidae  9.4 -10.88 

DSF-75 Gomphotheriidae  9.5 -10.60 

DSF-76 Equidae  11.2 -7.94 

DSF-78 Gomphotheriidae  12.0 -9.06 

DSF-79 Gomphotheriidae  9.5 -12.28 

DSF-80 Camelidae Procamelus sp. 9.8 -10.49 

DSF-81 Antilocapridae  9.5 -10.09 

DSF-82 Antilocapridae  9.5 -10.08 

DSF-83 Camelidae  9.5 -9.48 

DSF-84 (01-20) Rhinocerotidae Teleoceras meridianum 11.7 -11.05 

DSF-85 Merycoidodontidae Merychyus major major 10.5 -8.90 

DSF-86 Gomptheriidae Amebelodon burnhami 10.4 -9.94 

DSF-87 (01-10) Camelidae  9.7 -10.87 

DSF-88 Equidae Cormohipparion sp. 11.7 -10.26 

DSF-89 Equidae Cormohipparion sp. 10.1 -9.42 

DSF-90 (01-14) Rhinocerotidae Aphelops sp. 11.7 -10.10 

DSF-91 Equidae Cormohipparion sp. 11.1 -9.49 
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Table 3.4: Published equid tooth enamel δ18O values shown in Figure 3.7. 

    δ18O   

Sample ID NALMA Taxon Age (VPDB) Side Location 

Crowley et al. (2008)       
UCMP 153872 Hemphillian Pliohippus sp. 5.30 -4.9 West California 

UCMP 153873 Hemphillian Pliohippus edensis 5.30 -5.0 West California 

UCMP 153874 Hemphillian Pliohippus edensis 5.30 -5.1 West California 

UCMP 153875 Hemphillian Pliohippus edensis 5.30 -5.0 West California 

UCMP 153888 Hemphillian Pliohippus edensis 5.30 -4.7 West California 

UCMP 153889 Hemphillian Pliohippus edensis 5.30 -2.4 West California 

UCMP 153890 Hemphillian Pliohippus edensis 5.30 -3.7 West California 

UCMP 29783 Hemphillian Pliohippus edensis 5.30 -5.4 West California 

UCMP 320025 Hemphillian Dinohippus 5.45 -6.2 West California 

UCMP 320012 Hemphillian Dinohippus leidyanus 5.45 -7.9 West California 

UCMP 320049 Hemphillian Dinohippus leidyanus 5.45 -6.3 West California 

UCMP 320016 Hemphillian Dinohippus leidyanus 5.45 -6.8 West California 

UCMP 320020 Hemphillian Dinohippus leidyanus 5.45 -5.7 West California 

UCMP 320043 Hemphillian Dinohippus leidyanus 5.45 -4.3 West California 

UCMP 320044 Hemphillian Dinohippus leidyanus 5.45 -6.6 West California 

UCMP 320056 Hemphillian Dinohippus leidyanus 5.45 -4.9 West California 

UCMP 320059 Hemphillian Dinohippus leidyanus 5.45 -5.3 West California 

UCMP 153933 Hemphillian Dinohippus leidyanus 5.45 -5.9 West California 

UCMP 153884 Hemphillian Pliohippus sp. 5.70 -2.3 West California 

UCMP 153918 Hemphillian Pliohippus sp. 5.70 -5.2 West California 

UCMP 153881 Hemphillian Pliohippus sp. 6.00 -4.2 West California 

UCMP 153882 Hemphillian Pliohippus sp. 6.00 -2.6 West California 

UCMP 153883 Hemphillian Pliohippus sp. 6.00 -2.3 West California 

UCMP 57790 Hemphillian Pliohippus sp. 6.00 -4.4 West California 

UCMP 33058 Hemphillian Pliohippus sp. 6.00 -1.8 West California 

UCMP 22937 Hemphillian Pliohippus sp. 6.00 -4.6 West California 

       
N/A Clarendonian Pliohippus sp. 9.35 -7.1 West California 

N/A Clarendonian Pliohippus sp. 9.35 -6.3 West California 

UCMP 49752 Clarendonian Pliohippus sp. 9.35 -4.7 West California 

UCMP 34622 Clarendonian Pliohippus sp. 9.35 -4.3 West California 

UCMP 33541 Clarendonian Pliohippus sp. 9.35 -3.7 West California 

UCMP 33530 Clarendonian Pliohippus sp. 9.35 -7.2 West California 

UCMP 158218 Clarendonian Pliohippus sp. 9.35 -5.9 West California 

UCMP 34836 Clarendonian Nannippus sp. 9.35 -5.9 West California 

UCMP 64740 Clarendonian Hipparion sp. 9.35 -6.7 West California 

UCMP 34603 Clarendonian Hipparion sp. 9.35 -6.7 West California 

UCMP 58542 Clarendonian Hipparion sp. 9.35 -5.7 West California 

UCMP 94794 Clarendonian Hipparion sp. 9.35 -7.2 West California 

UCMP 131660 Clarendonian Hipparion sp. 9.35 -4.9 West California 

UCMP 131663 Clarendonian Hipparion forcei 9.35 -5.4 West California 

UCMP 58264 Clarendonian Hipparion forcei 9.35 -6.5 West California 

UCMP 128154 Clarendonian Hipparion forcei 9.35 -6.3 West California 

UCMP 34568 Clarendonian Hipparion sp. 9.50 -7.5 West California 
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UCMP 153928 Clarendonian Hipparion sp. 9.50 -7.6 West California 

UCMP 34266 Clarendonian Nannippus? 9.50 -6.9 West California 

UCMP 35275 Clarendonian Nannippus sp. 9.50 -7.3 West California 

       
UCMP 70378 Hemphillian Equidae 7.75 -12.2 East North Dakota 

UCMP 22126 Hemphillian Neohipparion sp. 7.75 -14.4 East North Dakota 

       
UCMP 313147 Clarendonian Hipparion mohavensis 10.50 -4.5 East California 

UCMP 313222 Clarendonian Hipparion sp. 10.50 -9.6 East California 

UCMP 153927 Clarendonian Pliohippus fairbanksi 10.50 -8.4 East California 

UCMP 313242 Clarendonian Pliohippus sp. 10.50 -7.5 East California 

UCMP 153938 Clarendonian Pliohippus sp. 10.50 -6.5 East California 

UCMP 313088 Clarendonian Pliohippus sp. 10.50 -8.4 East California 

UCMP 313146 Clarendonian Pliohippus tantalus 10.50 -5.5 East California 

UCMP 313221 Clarendonian Pliohippus sp. 10.50 -6.9 East California 

UCMP 19443 Clarendonian Pliohippus sp. 10.50 -3.5 East California 

UCMP 37141 Clarendonian Hipparion sp. 10.50 -7.3 East California 

UCMP 44715 Clarendonian Pliohippus sp. 10.50 -8.8 East Nevada 

UCMP 153867 Clarendonian Hipparion tehonense 10.50 -6.2 East Nevada 

UCMP 153868 Clarendonian Hipparion tehonense 10.50 -7.1 East Nevada 

UCMP 153887 Clarendonian Hipparion sp. 10.50 -9.8 East Nevada 

UCMP 153865 Clarendonian Hipparion tehonense 11.20 -6.0 East Nevada 

UCMP 153866 Clarendonian Hipparion tehonense 11.20 -5.8 East Nevada 

UCMP 153912 Clarendonian Equidae 11.25 -7.9 East Nevada 

UCMP 153904 Clarendonian Neohipparion sp. 11.25 -10.0 East Nevada 

UCMP 153911 Clarendonian Neohipparion sp. 11.25 -8.7 East Nevada 

UCMP 153913 Clarendonian Neohipparion sp. 11.25 -9.7 East Nevada 

UCMP 153876 Clarendonian Neohipparion sp. 11.25 -12.0 East Nevada 

UCMP 153877 Clarendonian Neohipparion sp. 11.25 -9.5 East Nevada 

UCMP 153878 Clarendonian Neohipparion sp. 11.25 -11.0 East Nevada 

UCMP 153879 Clarendonian Neohipparion sp. 11.25 -9.8 East Nevada 

UCMP 153880 Clarendonian Neohipparion sp. 11.25 -10.0 East Nevada 

UCMP 33916 Clarendonian Neohipparion sp. 11.50 -15.2 East Nevada 

UCMP 153906 Clarendonian Neohipparion sp. 11.50 -11.9 East Nevada 

UCMP 153903 Clarendonian Neohipparion sp. 11.50 -11.3 East Nevada 

UCMP 153917 Clarendonian Neohipparion sp. 11.50 -9.6 East Nevada 

UCMP 29664 Clarendonian Neohipparion sp. 11.50 -10.2 East Nevada 

UCMP 153906 Clarendonian Neohipparion sp. 11.50 -11.9 East Nevada 

UCMP 153909 Clarendonian Neohipparion sp. 11.50 -9.2 East Nevada 

UCMP 153915 Clarendonian Neohipparion sp. 11.50 -8.7 East Nevada 

UCMP 153905 Clarendonian Pliohippus sp. 11.50 -9.4 East Nevada 

       
Maguire (2015)       
JODA 16555 Early Barstovian Archaeohippus sp. 15.50 -7.0 East Oregon 

UCMP 26643 Early Barstovian Archaeohippus sp. 15.50 -7.5 East Oregon 

UCMP 1689A Early Barstovian Archaeohippus sp. 15.50 -6.5 East Oregon 

UCMP 1689B Early Barstovian Archaeohippus sp. 15.5 -7.0 East Oregon 

UCMP 41203 Early Barstovian Archaeohippus sp. 15.5 -5.6 East Oregon 

UCMP 1701 Early Barstovian Desmatippus sp. 15.5 -10.8 East Oregon 
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JODA 4211 Early Barstovian Parahippus sp. 15.5 -8.4 East Oregon 

JODA 2410 Early Barstovian Parahippus sp. 15.5 -9.1 East Oregon 

JODA 2416 Early Barstovian Parahippus sp. 15.5 -8.3 East Oregon 

UCMP 40240 Early Barstovian Parahippus sp. 15.5 -8.9 East Oregon 

JODA 4269 Early Barstovian aff. Acritohippus 16 -6.7 East Oregon 

JODA 4276 Early Barstovian aff. Acritohippus 16 -8.3 East Oregon 

JODA 4277 Early Barstovian aff. Acritohippus 16 -9.3 East Oregon 

JODA 3334 Early Barstovian aff. Acritohippus 16 -5.9 East Oregon 

JODA 8894 Early Barstovian aff. Acritohippus 16 -7.9 East Oregon 

JODA 16565 Early Barstovian aff. Acritohippus 16 -7.4 East Oregon 

JODA 10309 Early Barstovian aff. Acritohippus 16 -7.1 East Oregon 

JODA 10310 Early Barstovian aff. Acritohippus 16 -6.7 East Oregon 

JODA 8570 Early Barstovian aff. Acritohippus 16 -5.5 East Oregon 

JODA 14943 Early Barstovian aff. Acritohippus 16 -8.6 East Oregon 

UCMP 39111 Early Barstovian aff. Acritohippus 16 -5.5 East Oregon 

UCMP 41202 Early Barstovian aff. Acritohippus 16 -6.9 East Oregon 

JODA 14950 Early Barstovian aff. Acritohippus 16 -5.6 East Oregon 

JODA 1113 Late Barstovian aff. Acritohippus 15 -8.6 East Oregon 

JODA 6286 Late Barstovian aff. Acritohippus 15 -6.1 East Oregon 

JODA 6300 Late Barstovian aff. Acritohippus 15 -8.2 East Oregon 

JODA 16551 Late Barstovian aff. Acritohippus 15 -7.7 East Oregon 

JODA 6277 Late Barstovian aff. Acritohippus 15 -6.8 East Oregon 

JODA 4213 Late Barstovian aff. Acritohippus 15 -4.7 East Oregon 

JODA 6622 Late Barstovian aff. Acritohippus 15 -6.8 East Oregon 

JODA 7575 Late Barstovian aff. Acritohippus 15 -8.4 East Oregon 

JODA 16558 Late Barstovian aff. Acritohippus 15 -9.0 East Oregon 

JODA 16559 Late Barstovian aff. Acritohippus 15 -9.1 East Oregon 

JODA 16564 Late Barstovian aff. Acritohippus 15 -7.4 East Oregon 

JODA 16546 Late Barstovian aff. Acritohippus 15 -10.3 East Oregon 

JODA 4294 Late Barstovian aff. Acritohippus 15 -6.9 East Oregon 

JODA 4246 Late Barstovian aff. Acritohippus 15 -8.4 East Oregon 

JODA 4252 Late Barstovian aff. Acritohippus 15 -6.4 East Oregon 

JODA 12050 Late Barstovian aff. Acritohippus 15 -7.3 East Oregon 

JODA 14945 Late Barstovian aff. Acritohippus 15 -8.0 East Oregon 

JODA 14948 Late Barstovian aff. Acritohippus 15 -6.4 East Oregon 

UCMP 40322 Late Barstovian aff. Acritohippus 15 -9.0 East Oregon 

UCMP 40322 Late Barstovian aff. Acritohippus 15 -8.2 East Oregon 

UCMP 39296 Late Barstovian aff. Acritohippus 15 -6.3 East Oregon 

UCMP 39296 Late Barstovian aff. Acritohippus 15 -5.7 East Oregon 

JODA 10026 Late Barstovian aff. Acritohippus 14 -11.4 East Oregon 

JODA 6350 Late Barstovian aff. Acritohippus 14 -6.5 East Oregon 

JODA 3333 Late Barstovian aff. Acritohippus 14 -7.9 East Oregon 

       
Bryant et al. (1996)       
F:AM 110562 Clarendonian "Merychippus" primus 12.0 -10.8 East Nebraska 

F:AM 110456 Clarendonian "Merychippus" primus 12.0 -11.1 East Nebraska 

F:AM 110470 Clarendonian "Merychippus" primus 12.0 -10.9 East Nebraska 

F:AM 110496 Clarendonian "Merychippus" primus 12.0 -12.2 East Nebraska 

F:AM 110961 Clarendonian "Merychippus" primus 12.0 -10.1 East Nebraska 
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Chapter 4 

Facies Analysis of Depositional Environments at Multiple Scales in the Dove Spring 

Formation, Southern California 

Introduction 

 Tectonic processes play a crucial role in determining topographic gradients within 

landscapes, affecting temperatures and rainfall amounts, which in turn influence various 

geomorphic processes such as sediment production, erosion, transport, and deposition (Beatley, 

1975; Miall, 1985; Bridge, 2003). The resulting depositional environments of sedimentary basins 

have varying potential to bury and preserve organisms. Reconstructions of past conditions allow 

for assessments of the quality of the fossil record. By examining depositional environments in a 

particular stratigraphic record, I aim to understand the processes that govern the availability of 

life habitats for terrestrial organisms as well as the depositional environments that preserve their 

fossil remains (Holland, 2016; Loughney et al., 2021). 

 Interpretations of faunal history rely on the fossil record, which is inherently incomplete 

due to the rare nature of fossilization. The conditions leading to fossil preservation are dependent 

on accommodation space, sediment supply, and position on the landscape, all of which are 

governed at the basin scale by tectonic processes (Behrensmeyer, 1987, 1988; Kidwell and 

Holland, 2002; Bridge, 2003). Continental basins collect sediments through alluvial and 

lacustrine depositional systems, providing habitats and resources for terrestrial and aquatic 

organisms, (Gawthorpe and Leeder, 2000; Loughney and Badgley, 2020). 
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 The dynamic tectonic setting of the Mojave region has led to a complex landscape with 

elevational gradients that affect sediment accumulation rates and depositional characteristics 

(Smiley, 2018; Loughney et al., 2021). I investigated the variety and sequence of depositional 

settings in a terrestrial basin as they relate to tectonic history and changes in mammalian species 

richness. I conducted a series of lithofacies analyses within the Dove Spring Formation with the 

following goals: 1) to determine the geographic and temporal distribution of major facies 

associations; 2) to evaluate facies changes in relation to the tectonic history of the El Paso Basin; 

3) to describe the depositional environments of highly productive fossil localities; and 4) to test 

the hypothesis that the history of faunal change is related to changes in the distribution of facies 

associations through time. If faunal change is primarily a function of sampling, fossil 

productivity will positive correlate with the areal exposure of depositional environments that 

serve as life habitats for large mammals and preserve their remains. If a negative correlation is 

observed, faunal change is more likely to be driven by other factors, such as competition, 

predation, or displacement by new species. 

2 Geological Background 

 Located in the El Paso Basin of southern California, the Dove Spring Formation is an 

1800 m-thick sequence of alluvial and lacustrine sediments, and at least 18 laterally continuous 

ash layers that provide age control to a resolution for individual strata of 500 kyr (Loomis and 

Burbank, 1988; Whistler and Burbank, 1992; Whistler et al., 2009). The formation is highly 

fossiliferous, with over 7400 vertebrate fossils documented from more than 750 localities that 

represent a variety of depositional environments. The high frequency of fossil recovery and a 

well-documented geochronology make it an ideal study location to examine the relationship 

between tectonic history, depositional environments, and fossil preservation. The Dove Spring 
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Formation spans late Clarendonian (12.5-10.3 Ma) to early Hemphillian (10.3-8.5 Ma) North 

American Land Mammal Ages; these time intervals exhibit decreasing species richness in 

ungulate taxa at the continental scale (Woodburne, 1987, 2004; Janis et al., 2000). In the Dove 

Spring Formation, large mammals (body mass >1 kg) show an early increase in species richness 

with long residence times until 11.0 Ma, followed by a decline in the number of species through 

the end of the sequence (Hardy and Badgley, in review). While some aspects of this pattern 

represent authentic faunal change, the variable fossil productivity of depositional environments 

may be the primary contributing factor to observed changes in species richness and faunal 

composition (Holland et al., 2022). 

 Structurally, the fault-bound El Paso Basin exhibits characteristics of both extensional 

and shear movement. The interval recorded by the Dove Spring Formation (12.5–8.5 Ma) 

contains lithological, structural, and sedimentological evidence for three tectonic episodes 

(Loomis and Burbank, 1988). The first tectonic episode is a period of extension that began 

between 17 and 15 Ma and continued through the early stages of deposition of the Dove Spring 

Formation and represents a period of basin growth that generated accommodation space and 

allowed for the development of mature southeast-to-northwest drainage networks that 

transported sediments from the El Paso Mountains into the basin (Figure 4.1). Coarse-grained 

sandstones and conglomerates containing volcanic cobbles are common lithologies observed in 

this part of the sequence. 

 Episode 2 began as early as 10.5 Ma with the initiation of shear movement as the Garlock 

fault to the south accommodated slip between the Walker Lane belt to the north and the Eastern 

California Shear Zone to the south. During this episode, the distribution of up to 64 km of 

movement along the Garlock fault caused the El Paso Basin to rotate and translate westward and 
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closer to the Sierra Nevada Mountains. The tectonic changes during this interval interrupted 

existing drainage channels and generated a spike in sediment accumulation rate from 100 to 900 

mm/yr between 10.5 and 10.3 Ma (Figure 4.2). 

 In the third episode, extension once again became the dominant tectonic process between 

9.5 and 9.0 Ma, based on cut strata and progressively less rotated beds younger than 10.0 Ma 

(Loomis and Burbank, 1988). Sediments deposited during this episode include coarser material 

with distinctive clast composition that indicates the Sierra Nevada Mountains to the west as the 

primary sediment source by 9.0 Ma. Additionally, the drainage pattern of the basin shifted to a 

northwest-to-southeast direction, based on paleocurrent studies by Loomis and Burbank (1988). 

The increasing presence of coarse sediments suggests the presence of stream channels similar to 

those that formed during the earlier phase of extension of Episode 1 (Miall, 1985; Gawthorpe 

and Leeder, 2000). 

 Observations and models of extensional basins provide the framework to interpret the 

history of depositional environments within the El Paso Basin (Miall, 1985; Leeder and 

Gawthorpe, 1987; Gawthorpe and Leeder, 2000; Bridge, 2003). These authors identify three 

major stages of deposition in extensional terrestrial basins: 1) Initiation stage wherein normal 

faulting allows alluvial fans from the sediment source area to accumulate and prograde towards 

the depositional center of the basin, potentially forming lakes; 2) Interaction and linkage stage 

during which accommodation space grows as faults continue to develop, allowing channels to 

propagate and form drainage networks that fill lakes and generate floodplains; 3) Through-going 

drainage stage, during which continued faulting promotes the development of a large channel 

belt that runs parallel to the footwall of the main normal fault, supplying sediment to channel 

margin deposits and floodplains throughout the basin. In general, rates of sediment accumulation 



123 

 

are high during phases of extension as basins increase in area (Bridge and Leeder, 1979; Bridge, 

2003; Woolderink et al., 2022). Conversely, deposition rates are low and basin growth stagnates 

during late-stage extension or quiescent phases (Jackson, 1999; Bridge, 2003). 

 The suitability of life habitats for terrestrial mammals and their preservation potential 

vary in part due to topographic gradients and water supply. Terrestrial mammals rely on 

environments with fresh water and vegetation resources that provide both food for herbivores 

and shelter from weather conditions or predators (Mayor et al., 2009). Floodplains and channel 

margins often provide both of these necessities and accumulate sediments and vertebrate 

remains, making the floodplains that form during Stage 2 of extensional basin development ideal 

locations to preserve fossils (Eberth et al., 2007; Loughney and Badgley, 2017). While active 

channels provide water resources and supply sediments that could bury and preserve vertebrate 

remains, they are unsuitable life habitats for most terrestrial mammals. 

 Two processes by which terrestrial vertebrate remains may become fossilized in alluvial 

systems involve fluvial transport or in-situ accumulation, both of which involve preservational 

biases (Behrensmeyer, 1978). Large mammals (>1 kg) are more likely to be concentrated in 

channel deposits than microvertebrates due to their more durable skeletal elements that resist 

obliteration during transport (Kidwell and Flessa, 1996; Arribas and Palmqvist, 1998). 

Floodplain and channel margin deposits serve as life habitats for most mammals and are more 

likely to concentrate specimens of all sizes, although small mammals are often underrepresented 

in fossil assemblages due to taphonomic biases against their preservation (Kidwell and Flessa, 

1996; Calede, 2016).  

 Fossils within the Dove Spring Formation include small to large mammals, reptiles, three 

birds, and a single fish belonging to Cyprinodontidae (Whistler et al., 2009). Large mammals are 



124 

 

the most commonly recovered fossils, representing at least 3700 of approximately 7200 fossil 

specimens. Small mammals are the next most common fossils. Patterns of species richness in the 

sequence suggest that a strong sampling effect may be a primary control on the record of faunal 

change. Here I investigate changes in lithofacies to determine if fossil productivity varies in 

conjunction with depositional environments governed by tectonic processes. 

3 Methods 

 To describe broad trends in the lithofacies of the Dove Spring Formation, I measured 19 

stratigraphic sections at the meter scale using a Jacob’s staff and Brunton geologic compass 

(Figure 4.1). I also measured 48 additional stratigraphic sections at the decimeter scale to 

document detailed facies analysis at individual fossil localities. Nearly every decimeter-scale 

section (45/48) corresponds to a fossil locality, and I prioritized the 30 localities with the highest 

number of catalogued specimens (Table 4.1). Each section was georeferenced on site using a 

Garmin inReach Mini 2 Satellite Communicator and Apple iPad Air (4th generation) running 

Esri Field Maps software (v 23.1.0). I placed localities into temporal context using a combination 

of aerial photographs, topographic maps, field notes, and GPS coordinates provided by prior 

collectors to tie into meter-scale sections. Most stratigraphic intervals within the Dove Spring 

Formation are supported by robust age control based on a series of at least 18 laterally 

continuous ash deposits with radiometric dates and tephrochronologic correlations. 

Magnetostratigraphic correlations to the Geomagnetic Time Scale were also performed in the 

sequence by Loomis and Burbank (1988), providing another timescale when primary radiometric 

dates are unavailable. 

 While measuring meter-scale stratigraphic sections for exposed outcrops, I documented 

dominant lithologies, average color, and sharp contacts between units (Table 4.2). I grouped 
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facies with similar lithological and stratigraphic relationships into a series of three macrofacies 

associations based on methods developed by (Reading, 1986). For decimeter-scale stratigraphic 

sections, I dug trenches to expose fresh surfaces and documented variations in lithology, color, 

sedimentary structure, post-depositional features, and contacts between individual beds. I 

grouped the results into eight microfacies associations that are the basis for inferring the 

depositional environments for individual fossil localities. My interpretations are based on the 

established relationships found in alluvial systems and published examples of terrestrial basins 

(Mitchell and Reading, 1978; Reading, 1986; Behrensmeyer, 1987; Leeder et al., 1998; Bridge, 

2003). 

 To estimate the surface exposure of each depositional facies, I mapped their geographic 

extent with the nearest measured stratigraphic section using the North American Datum of 1983 

(NAD 83) in ArcGIS Pro 2.7.0. I then compiled the numbers of localities and specimens found 

within the mapped extent of each macrofacies to determine fossil productivity for each of the 

major depositional settings. These estimates are based on mapped and measured portions of the 

Dove Spring Formation associated with existing fossil localities, and I acknowledge that 

considerable outcrop area remains to be investigated. 

4 Results 

 I used meter-scale stratigraphic sections to describe three major facies associations that 

occur throughout the Dove Spring Formation. Decimeter-scale sections provide higher resolution 

for the variation within each of macrofacies as a basis for interpretation of the depositional 

environments found at individual fossil localities. Below I describe facies associations at both the 

meter and decimeter scales. I then present the distribution of fossil localities in relation to macro- 

and microfacies associations. 



126 

 

4.1 Macrofacies 

 Nineteen stratigraphic sections measured at the meter scale are the basis for my 

interpretations of three facies associations that occur throughout the El Paso Basin (Figure 4.3). 

These descriptions represent broad-scale patterns in lithological characteristics associated with 

the major depositional environments within an alluvial system (Table 4.2). 

 Macrofacies Association 1: FA 1 is dominated by medium- to coarse-grained sandstones 

and conglomerates that occur in two general expressions. Thick sequences of approximately 20-

50 m are laterally extensive for up to 1.4 km and tend to be well-sorted. These thick sequences 

feature prominent parallel bedding, crossbedding, and ripple marks. Thin sequences of 

approximately 10-20 m are often associated with coarsening-upward sequences that have sharp, 

undulating basal contacts with finer material. Thin sequences exhibit poor sorting and are 

typically highly bioturbated, with abundant root casts, and occasional parallel bedding or 

crossbedding. I interpret the thick sequences to represent deep channel deposits, similar in 

configuration to the modern Mississippi River or the thick sandstones of the Late Cretaceous 

Mesa Verde Group in Prince Canyon, Utah (Penland and Suter, 1989; Olsen et al., 1995). These 

sequences are most prevalent early and late in the sequence, coinciding with episodes of 

extensional tectonics. Thin sequences represent smaller channels that occur primarily in the 

middle of the sequence, during a period of shear tectonic movement. 

 Macrofacies Association 2: FA 2 primarily consists of fine-grained sandstones, siltstones, 

and clayey siltstones, typically in fining-upward sequences 30 to 200 m thick, with individual 

beds of 20-50 m. Sequences within this facies association commonly feature parallel or 

laminated bedding and occasionally exhibit blocky fracture. Carbonate rind surfaces, dispersed 

ash, and root casts are common. Fining upward sequences within FA2 occur above both incised 
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and gradational basal contacts with silt to medium-grained sandstones. FA2 extends laterally 

approximately 5 km across much of the lower part of the formation but is restricted to the 

western portion of the basin after 10.5 Ma and the tectonic interval of rotation and translation. 

This westward restriction accompanies a similar pattern observed in FA1. FA2 is almost always 

positioned stratigraphically above or close to sequences of FA1. I interpret FA2 to represent 

channel margin deposits and proximal floodplains. Fining-upward sequences from medium-

grained sandstone to siltstone have been interpreted as channel and bar deposits by Reading 

(1986). The pattern of “stacked” channel margin deposits observed between 10.0 and 9.0 Ma 

suggests fluctuations in sediment supply and water discharge, leading to laterally extensive 

marginal deposits as stream channels are overwritten (Bridge and Leeder, 1979). 

 Marls of interbedded carbonate and silcretes also occasionally occur within this facies 

association, and are limited in their lateral extent (< 20 m). These beds are highly indurated, with 

prominent laminated bedding in a minor siltstone component that contains occasional siliceous 

root casts and veins of silicate interbeds. The marlstone component of FA2 ranges from 

approximately 10-30 m thick, and represents oxbow lake or pond deposits. 

 Macrofacies Association 3: FA 3 consists of siltstones with varying amounts of clay 

content; these sequences range from 20-570 m thick, with individual beds of 10 to 150 m. Beds 

of FA3 are often well-indurated with blocky fracture and occasionally exhibit faint parallel 

bedding. Ripple marks, mudcracks, and petrified tree stumps are uncommon features but are 

well-preserved where they occur. Discontinuous carbonate layers and root casts occur throughout 

this facies association. Dispersed ash and gypsum are common features within claystones. 

Siltstones may contain silcretes layers and are often capped by medium- to coarse-grained 

sandstones. FA3 represents distal floodplain deposits, which first occur after 11.7 Ma. This 
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facies association becomes more common by 11.5 Ma, when exposures are found throughout the 

basin. The Early-Middle Miocene Santa Cruz Formation in Patagonia, Argentina exhibits a 

similarly floodplain-dominated sequence of depositional environments that developed near a 

low-gradient fluvial system (Cuitiño et al., 2021). 

 Based on their areal extent and proximity to water resources, the near-channel 

environments of FA2 and the floodplains of FA3 were suitable life habitats for a wide variety of 

terrestrial mammals. These macrofacies associations represent areas on the landscape where 

sediments accumulate, contributing to the preservation of fossil remains. While channel deposits 

of FA1 transport sediments with the potential to preserve fossils, they are not suitable life 

habitats for most mammals. 

4.2 Microfacies 

 The 48 stratigraphic sections measured at the decimeter-scale were the basis for 

recognizing five microfacies associations in the Dove Spring Formation (Figure 4.4; Table 4.3). 

These microfacies associations include subclasses of channel and floodplain deposits as well as 

ponds and crevasse splays. These categories provide additional detail about the variability across 

the landscape in terms of the kinds of depositional environments associated with fossil localities. 

 Microfacies Association 1: The medium- to coarse-grained sandstone facies of FA1a is 

similar to what is observed at the meter scale, with additional variation in bed thickness (Figure 

4.4A). FA1a is laterally extensive up to 1.4 km and occurs in beds ranging in thickness between 

2.0 and 7.0 m of well-sorted sandstones with prominent parallel bedding and occasional 

crossbedding or ripple marks. The beds of FA1a represent channel deposits and are prevalent at 

the base of the formation before 11.5 Ma; after that time, beds of FA1b become more common. 
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FA1a reappears near the top of the sequence, after 9.0 Ma, and contains distinctive lithologies 

sourced from the Sierra Nevada. FA1a is often interbedded with FA2 and FA5, and rare 

occurrences of FA4 are limited in their vertical expression. 

 Beds of FA1b are poorly sorted sandstones, with rare faint to prominent crossbedding, 

and typically exhibit considerable bioturbation (Figure 4.4B). Undulating basal contacts with 

siltstones are common and root casts are usually associated within blocky, indurated fining-

upward sequences. The beds of FA1b are typically 0.6-1.6 m in thickness, and coarsen upward 

from fine-grained sediments, grading over approximately 0.2 m. FA1b represents small, 

potentially ephemeral channel deposits that are often interbedded with units of FA2 and FA3. 

These small channels are initially common in the eastern part of the basin, but shift westward at 

11.0 Ma, preceding the timing of basin rotation and translation along the Garlock fault by 

approximately 0.5 Myr. 

 Microfacies Association 2: Clayey siltstone, siltstone, and fine-grained sandstones make 

up the majority of deposits in FA2 (Figure 4.4C). Siltstone beds are typically 1.5 m thick and 

exhibit blocky fracture with faint laminated bedding. Occasional beds of medium-grained 

sandstone are present throughout the finer-grained facies. Carbonate rind surfaces and dispersed 

ash and carbonate are common in all facies. Root casts are common in FA2, although the 

expression varies based on position within the section: units older than 11.0 Ma contain small 

siliceous root casts (~5-10 mm diameter), while units younger than 11.0 Ma contain large root 

casts (up to 30 mm diameter) that are either siliceous or carbonaceous in composition. FA2 

represents channel margin deposits, interbedded with thin beds of FA3 and FA5. Found 

throughout the sequence, the westward migration of FA2 is also visible at the microfacies scale.  

This microfacies occasionally crops out as interbeds with FA1b. 
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 Microfacies Association 3: FA3 at the macrofacies scale represents floodplain deposits, 

and at the decimeter scale, three distinct expressions among the siltstones and claystones are 

discernable (Figure 4.4D, E, F). The facies categorized as FA3 are differentiated primarily by 

sedimentary and post-depositional structures; bedding, pedogenic features, and the presence of 

carbonate or clay content. Color also plays an important role in the differentiation of this facies, 

with most dominant lithologies displaying one of three shades of tan. 

 FA3a most commonly contains buff tan (5 Y 7/2) clayey siltstones that exhibit blocky 

fracture and faint to no bedding (Figure 4.4D). Ripple marks are relatively common within the 

siltstone units of this facies. Root casts are uncommon and limited to blocky clay and siltstone 

units, suggesting overbank or waning flood deposits. Units classified as FA3a range from 1-4 m 

thick and are not found prior to 11.0 Ma. Zones of dispersed ash and gypsum commonly occur 

within claystones, indicating wetting and drying stages of a well-drained, floodplain-dominated 

landscape. 

 FA3b consists of greyish tan (10 YR 6/2) claystone to siltstone interbedded with 

abundant discontinuous carbonate layers and occasional zones of dispersed ash (Figure 4.4E). 

Faint to prominent parallel or laminated bedding is common in well-indurated silty claystone 

units. Carbonaceous or siliceous root casts (5-10 mm diameter) are also common within these 

claystone units. Interbeds of buff tan (5 Y 7/2) siltstones are uncommon and associated with 

silcrete layers. Units of FA3b are generally no more than 1-2 m thick. Units of FA3b are not 

found prior to 11.0 Ma and represent arid floodplain deposits with relatively high potential 

evaporation. 

 FA3c primarily consists of siltstones often capped by poorly sorted, highly bioturbated, 

medium- to coarse-grained sandstones (Figure 4.4F). Root casts are abundant and thin carbonate 
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surfaces are common within well- to poorly indurated clayey siltstones that are typically 1.3 to 

2.1 meters thick. Mud cracks and faint parallel bedding are uncommon but occur throughout the 

facies association. FA3c represents poorly-drained floodplain deposits. Alternating clay and silt 

layers with similar combinations of pedogenic features and plant fossils have been observed in 

the Miocene Tagay Formation of Olkhon Island in Eastern Siberia (Daxner-Höck et al., 2022). 

The modern Nylsvlei wetland in the Northern Province of South Africa is an example of a 

modern wetland system within a semi-arid region, containing abundant clay layers, this system is 

supported primarily by sheetflow (Tooth et al., 2012).  

 Microfacies Association 4: FA4 is limited in its vertical and lateral exposure throughout 

most of the formation (Figure 4.4G). This facies association is dominated by alternating beds of 

highly indurated marlstone and silcrete. A highly indurated siltstone component is present and 

exhibits prominent laminated bedding, with siliceous root casts and occasional veins of silicate 

minerals. Several thin units of FA4 occur associated with FA2 and FA3, and an approximately 

30 m thick marlstone and silcrete sequence crops out in the easternmost extent of the formation. 

FA4 represents standing water and pond deposits. 

 Microfacies Association 5: Facies within FA5 are primarily medium- to coarse-grained 

sandstone with massive bedding, interbedded within outcrops of all other facies associations 

(Figure 4.4). Medium-grained sandstones often have well-defined crossbedding.  Both of these 

expressions have thin beds (0.3-1.0 m) and represent crevasse splay deposits. 

4.3 Distribution of fossil localities and specimens 

 At least 750 fossil localities in the Dove Spring Formation have been documented by the 

Natural History Museum of Los Angeles County. I established the macrofacies associations for 
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623 of these localities by considering their stratigraphic position and geographic location (Table 

4.4). Approximately half (300) of the localities with macrofacies coverage are located within the 

spatial distribution of floodplain sequences (FA3), while channel sequences (FA1) hold the 

fewest localities (126). Channel margin sequences (FA2) yielded the highest total number of 

specimens (3320), which includes microvertebrates recovered from screenwashed sites. When 

microvertebrates are removed from consideration, more specimens are recovered from FA3 

(1373), followed by FA2 (660). 

 Fossil productivity for large mammals does not fully correlate with changes in the 

distribution of depositional environments (Table 4.4). While FA1 increased in area between 

episodes 1 and 2, fossil productivity dropped by nearly 50% and continued to decrease through 

the top of the formation. FA2 also increased in area between episodes 1 and 2, and fossil 

productivity increased dramatically in conjunction with this change. FA2 then decreased in area 

during episode 3, but fossil productivity continued to increase moderately. Fossil productivity in 

FA3 is highest during episode 2, despite the greatest area of floodplain sequences occurring 

during episode 3. When considering all species from the assemblage as a whole, the same trends 

are observed, although at higher magnitudes of localities and specimens. The shift from the 

extensional tectonic setting of episode 1 to the shearing movement of episode 2 contributes to the 

greatest changes in fossil productivity observed in the sequence. However, the area of any given 

macrofacies association is not a strong predictor of fossil productivity. 

 I classified the microfacies association for 30 productive fossil localities (with at least 10 

specimens) plus an additional 15 localities with varying productivity (Table 4.1, Table 4.5). 

Within this scheme, 19 localities occur within subclasses of FA3, most of them occurring within 

FA3b. Subclasses of FA1 hold the next most localities (16) and FA1b has the same number (9) 



133 

 

as FA3b. Twelve localities are found in FA2. Only one locality is found in FA4, and none in 

FA5. Among these microfacies associations, fossils specimens are distributed unevenly. FA1 

subclasses contain the most fossil specimens, followed by the three subclasses of FA3. When 

viewed individually, FA1b holds the most fossils, then FA2. If microvertebrate sites are removed 

from consideration, FA1a contains the greatest number of large mammal specimens and FA3b 

contains the next most. Overall, FA3 and its subclasses contain the most large mammal 

specimens. FA4 contains only three plant fossils and no vertebrates.  

 FA2 and FA3 represent life habitats for terrestrial mammals at both the meter- and 

decimeter-scale as well as depositional environments with good preservation potential for fossil 

remains. The greatest concentration of fossil specimens occurs in the middle of the sequence and 

the western part of the basin. These localities are dated between 10.5 and 9.5 Ma and were 

deposited during the rotational tectonic episode of the El Paso Basin. Sediment accumulation 

rates during this tectonic interval were high at 10.5 Ma and decreased rapidly through 9.0 Ma 

(Figure 4.2). 

5 Discussion 

 Facies associations within the Dove Spring Formation represent a series of alluvial 

depositional environments that vary in their vertical and lateral extent, and are primarily 

determined by the local tectonic setting. As new tectonic intervals occurred, the El Paso Basin’s 

topography and position on the landscape changed over time, leading to changes in the dominant 

facies. Here I present interpretations of facies associations as they relate to the basin’s tectonic 

history. This is followed by a discussion of variability in microfacies associations and fossil 

productivity. I conclude with a discussion of faunal change in the context of depositional 

environments. 
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5.1 Macrofacies and tectonic episodes 

 A period of older tectonic extension began between 17 and 15 Ma and continued during 

the early stages of deposition in the Dove Spring Formation. This extensional period facilitated 

basin growth and an increase in accommodation space for sediments (Gawthorpe and Leeder, 

2000; Bridge, 2003). The large channels of FA1 are most commonly found near the base of the 

sequence, indicating that extensive drainage networks formed as subsidence and expansion 

progressed. The parallel orientation of the major channel belt of FA1 to the El Paso Mountains is 

consistent with normal faults near this stratigraphic level, suggesting that it represents a series of 

axial channels that ran along the basin margin southeast. The only other facies association 

commonly found early in the sequence is FA2, a series of channel-margin deposits. This 

configuration suggests that the lower Dove Spring Formation represents a large, main channel 

belt that formed during late-stage extension. Based on the areal extent of their outcrops, these 

channels were laterally extensive and provided plentiful water resources for vegetation and 

fauna. 

 At 11.7 Ma, subsidence and basin growth decreased. Sediment accumulation rate reached 

its minimum at 11.0 Ma, which coincided with the final appearance of large channels that flowed 

from the El Paso Mountains. As sediment accumulation and preservation rates approached their 

minima, the depositional center of the basin shifted from east to west based on paleocurrent 

directions from Loomis and Burbank (1988) and the landscape positions of FA1 and FA2. The 

large channels of FA1 and channel margin deposits of FA2 remained prominent in the western 

part of the basin, while the floodplain deposits of FA3 are the primary outcrops in the eastern 

part. Additionally, channel margin deposits of FA2 are absent from the eastern side of the basin 

after 11.7 Ma and only the small channels of FA1 are present. 
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 The extensional tectonic setting of the Dove Spring Formation was interrupted by a 

period of rotation and translation along the Garlock Fault that began by 10.3 Ma. The large 

channels of FA1 were no longer present in the basin by the start of this tectonic episode and few 

channel margin deposits (FA2) gave way to the extensive floodplain deposits of FA3. Existing 

drainage networks were disrupted by shearing movement that may have cut off channels from 

their source areas (Bridge and Leeder, 1979; Dokka and Macaluso, 2001). Shear movement in 

place of extension also had the potential to decrease the slope of the main channel belt, which 

would encourage avulsion and facilitate the development of laterally extensive floodplains 

(Bridge, 2003). The prominence of FA3 during this tectonic episodes suggests that this was the 

case. These deposits became the primary source for the majority of fossil specimens recovered 

from the formation. As shear movement progressed, variation across the landscape manifested as 

a series of channel margin sequences associated with small channels throughout the basin. The 

main channel belt of the basin continued to shift and had migrated eastward by approximately 1 

km by 9.8 Ma. 

 Shear movement subsided and extension resumed by 9.0 Ma, leading to the reappearance 

of large channels associated with FA1. These channels transported sediments from the Sierra 

Nevada, which became the new source area at this time. Floodplains of FA3 became less 

common, and the uppermost 250 meters of the sequence were dominated by FA1 (channels) and 

FA2 (channel margin deposits), with channel belts that extend across a greater proportion of the 

basin than during the episode of shear movement (Figure 4.1; Figure 4.3). This redevelopment of 

channels aligns with stage 1 of Gawthorpe and Leeder (2000), wherein channels transport 

sediments towards the center of the basin as normal faults tilt and generate additional 

accommodation space. 
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 While all three macrofacies associations occur throughout the Dove Spring Formation, 

differences in their areal extent likely contribute to the uneven distribution of fossil localities. 

FA3 has an outcrop area of approximately 6.8 km2, FA2 has approximately 4.1 km2, and FA1 

has approximately 2.5 km2. The average numbers of localities and specimens per area for the 

total assemblage do not fully correlate with changes in areal extent of macrofacies associations 

(Table 4.4). For example, FA3 continuously increases in area up-section, but the highest fossil 

productivity in terms of both localities and specimens occurs during tectonic episode 2. The areal 

expression of FA3 during this interval is intermediate compared to those of episodes 1 and 3. 

Exposure areas of FA2 are greatest in extent during episode 2, but the highest numbers of 

localities and specimens occur during episode 3. When considering only large mammals, patterns 

of fossil productivity are similar, but FA3 within tectonic episode 2 contains the greatest fossil 

productivity. These trends indicate that fossil productivity is not entirely a function of changes in 

area in the dominant macrofacies sequences. Additional data about microfacies associations are 

necessary to investigate patterns of landscape variation within these macrofacies sequences that 

contribute to patterns of preservation. 

5.2 Microfacies and fossil localities 

 Stratigraphic sections measured at the decimeter scale document the variation of 

depositional environments across the landscape. Analysis of these microfacies associations also 

allow for interpretations of changes in fossil productivity through the sequence. In addition to the 

three major macrofacies associations described above, microfacies associations allow for the 

differentiation of crevasse splays, pond deposits, and three distinct expressions of floodplains. 

Pond deposits (FA4) are rare in the Dove Spring Formation and do not often preserve vertebrate 

fossil specimens. Crevasse splay deposits (FA5) are found as interbeds within other microfacies 
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associations, and there are no localities where this is the primary depositional environment. The 

majority of highly productive fossil localities are located near the middle of the sequence, within 

laterally extensive floodplain deposits of macrofacies association FA3 (Figure 4.1). 

 The three kinds of floodplain deposits (FA3a, FA3b, Fa3c) contain the majority (n=19) of 

highly productive fossil localities (Table 4.5). These microfacies associations represent life 

habitats that also have the potential to preserve remains. Localities in FA3 collectively hold a 

total of 682 specimens, 377 of which belong to large mammals. The preservational nature of 

these expressions is not uniform. FA3a (well-drained floodplains) and FA3b (arid floodplains) 

contain similar numbers of total specimens, less than half of which are large mammals. 

Conversely, nearly all specimens recovered from FA3c (poorly drained floodplains) belong to 

large mammals. Aerial exposure in FA3a and FA3b may have led to greater weathering or 

disarticulation of deceased large mammals by surface processes (transport or breakdown by 

scavengers), but additional data on the wear stage of bone elements is necessary to confirm this 

hypothesis. 

 Channels of FA1 are the next most common for productive localities (n ≥ 15), with FA1b 

holding the most total specimens (Table 4.5). However, the majority of these specimens (n=836) 

are disarticulated microvertebrates recovered by screenwashing. Large mammal remains make 

up a significant proportion of the specimens in FA1a, suggesting that large channels transported 

and preserved robust bone elements, while obliterating or scattering smaller bone elements 

belonging to rodents and other microvertebrates (Badgley, 1986; Behrensmeyer, 1988). Several 

highly productive localities occur in channel sequences near the base of the sequence, indicating 

that channels had the potential to transport or concentrate the remains of mammals, despite being 

unsuitable life habitats. Channel margin and levee sequences of FA2 contain 12 highly 
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productive localities, holding roughly the same number (~n=100) of large mammal specimens as 

FA1b, FA3a, and FA3c. 

5.3 Landscape heterogeneity within macrofacies associations 

 In Figure 4.5, I present a series of microstratigraphic sections to illustrate heterogeneity 

across 900 meters of the paleo landscape. This series was measured with an average distance of 

150 m between sections and most were located within macrofacies association FA3 (floodplain 

deposits). In addition to several sandstone layers and fining upward sequences that are useful for 

correlation, Ash Tra9 (10.2 ± 0.2 Ma) is well exposed and serves as a marker bed across the 

landscape, forming a measurable unit (0.5 m) near the center of the lateral transect (Figure 4.2, 

Figure 4.5). From west to east, the sections represent expressions of FA2, FA3a, FA3b, and 

FA1b. The westernmost section (22.28) represents a channel margin and levee sequence and 

contains NHM locality 3422 within a coarsening upward sequence from silt to fine sandstone. 

Section 22.27 ~125 m to the east represents a well-drained floodplain deposit (FA3a) with fossil 

horizon NHM 5719 within a fining-upward sequence from silt to silty clay, representing a 

transition from levee to the floodplain. Root casts are abundant in both sections 22.28 and 22.27, 

but are mostly absent in the subsequent three sections (22.18, 22.17, and 22.16). 

 Three sections (22.18, 22.17, and 22.16; Figure 4.5) cover approximately 354 m to the 

east and represent deposits belonging to microfacies association FA3b (arid floodplains). The 

absence of vertebrate fossils and root casts suggests that fresh water and vegetation may have 

been uncommon, resulting in life habitats that were less desirable to mammals. 

 Section 21.04 is 118m east of section 22.16 and also represents FA3b, with fossil horizon 

NHM 3436 within a fining upward sequence from medium- to fine-grained sandstone that 



139 

 

contains parallel bedding and ripple marks, indicating its position close to the channel margin 

(Figure 4.5). The easternmost section (22.29) primarily consists of medium-grained sandstone 

outcrops of FA1, indicating that channel deposits are dominant at both the meter and decimeter 

scales. Fossil horizon NHM 3445 is within sandstone that fines and coarsens several times over 

approximately 3 m of stratigraphic thickness. NHM 3445 represents a fossil assemblage that may 

have been transported by a small stream channel, accumulated during a period of channel 

abandonment, or concentrated by carnivores. 

 Collectively, the sections described here indicate that over a distance of less than one 

kilometer, variation in the landscape is expressed at multiple scales. Two macrofacies 

associations (FA1 and FA3) are present within the area, and four microfacies associations (FA2, 

FA3a, FA3b, and FA1b) were documented. Individual fossil horizons within each facies 

association are found within distinctive lithofacies that represent channel and levee deposits (

Table 4.6). All 64 of the fossil specimens recovered from these sections are large mammals, and 

the lack of microvertebrates suggests that differential preservation may have affected sampling. 

The absence of fossil horizons within FA3b may suggest that arid floodplains did not provide 

sufficient water or vegetation resources to consistently attract mammals. 

 I compared the distribution of cranial versus postcranial elements from the four sections 

mentioned above to other highly productive, contemporaneous (within 0.25 Myr) localities that 

have associated microstratigraphic sections (

Table 4.6). Within the correlated transect, diagnostic cranial elements (jaws, skulls, and teeth) of 

large mammals were approximately evenly distributed within gradational channel margin units 

and one fine-grained sandstone representing a small channel. In the six contemporaneous 
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localities, I found that fossil horizons from gradational beds within channel sequences preserved 

the highest frequency of diagnostic cranial elements (jaws, skulls, and teeth). Fine-grained 

sandstones from a large channel in section 22.02 (NHM 1553; Appendix Figure 9) preserved 

mostly large mammal specimens, half of which were cranial elements or teeth. In contrast, the 

fossil horizon of section 21.05 (NHM 3444) represents a levee deposit that preserved numerous 

microvertebrate specimens, but less than a third of which were cranial elements or teeth. Species 

richness was highest within channel deposits, but these likely represent time-averaged deposits 

with taphonomic biases to preserve robust or highly mineralized bone elements (Behrensmeyer 

et al., 2000). 

5.4 Depositional environments and faunal change 

 The basin’s tectonic setting and landscape evolution played important roles in the 

development of depositional environments. During the early extensional episode near the base of 

the sequence, large channels (FA1a) are the most common setting for highly productive fossil 

localities. Within this macrofacies association, fining-upward sequences were the primary 

lithofacies of fossil horizons, as they represent channel margin environments that served as life 

habitats with high fossil productivity. From approximately 12.5 to 10.5 Ma, new species 

occurred with increasing frequency as the El Paso Basin grew in area and additional habitat 

space was generated. Fossil preservation early in the sequence is concentrated in the eastern part 

of the basin and most recoveries are bone elements from large mammals. A decrease in sediment 

accumulation rate at 11.7 Ma coincides with a decline in the number of localities and the first 

appearance of floodplain sediments within the basin’s stratigraphic record. 

 Once the basin began to rotate and move westward along the Garlock fault by 10.3 Ma, 

fossil preservation most commonly occurred in channel margin and floodplain deposits, with 
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more variability in the depositional environments of fossil horizons. The middle part of the 

sequence contains the three types of floodplains (FA3a, FA3b, and FA3c), channel margin 

deposits (FA2), and small channels (FA1b), with interbedded crevasse splays (FA5) as flooding 

events took place. While large channels (FA1a) were absent after 10.7 Ma, landscape 

heterogeneity provided diverse habitats and plentiful water resources for terrestrial mammals. A 

stratigraphically persistent lake (Section 22.39, Appendix Figure 47), was present in the extreme 

northeastern part of the basin at 10.4 Ma, but its significant distance (> 4.5 km) from the rest of 

the correlated stratigraphic record and a lack of vertebrate fossils limits further interpretation of 

its spatial and stratigraphic relationship to other depositional environments. 

 The predominance of channel margin or levee deposits that preserve fossils near 10.2 Ma 

indicates that small channels were active throughout the broader floodplains that dominated the 

landscape during this period of the El Paso Basin’s depositional history. The shear tectonic 

movement during this interval disrupted existing channel networks and generated suitable habitat 

space for mammals of multiple size categories. Bone elements were often preserved in floodplain 

sequences in close proximity to the main channel belt. Preservation in stream channels was less 

common than in the life habitats of floodplains, but diagnostic specimens from a greater variety 

of species were concentrated in channel deposits. Species richness and the number of localities 

peaked at 10.0 Ma, followed by a switch towards extinction as the primary driver of significant 

faunal change.  

 Extension resumed as early as 9.5 Ma, but the landscape expression of this change in 

tectonic regime is most prominent about 0.5 Myr later. Although the life habitats of floodplains 

were still common, species richness and the number of specimens declined until approximately 

9.0 Ma. A sharp increase in the sediment accumulation rate at 8.8 Ma coincides with the 
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presence of new large channels that extended beyond the confines of the main channel belt 

(Figure 4.2). The number of localities and specimens localities increased slightly through the end 

of the Dove Spring Formation’s depositional history. 

6 Conclusion 

 I documented the facies associations and depositional environments within the El Paso 

Basin in the context of its tectonic history. The Dove Spring Formation is dominated by alluvial 

facies that represent a series of depositional environments associated with channels and 

floodplains, with variation at several scales (decimeter to meter). Three major tectonic episodes 

act as large-scale controls on the landscape expression of these environments: late-stage 

extension, shear movement, and incipient extension. During both extensional episodes, 

macrofacies associations primarily represent large channels and few proximal floodplain 

deposits, consistent with observations and depositional models of other extensional basins 

(Leeder and Gawthorpe, 1987; Gawthorpe and Leeder, 2000; Loughney and Badgley, 2017). As 

shear movement became the primary tectonic process, the earlier channel belt was disrupted and 

smaller channels promoted the development of extensive floodplains. This change in 

depositional setting manifests at finer scales in patterns of depositional environments and fossil 

preservation. 

 Within the broad scheme of these macrofacies, landscape heterogeneity is present at the 

decimeter-scale. I described microfacies associations that represent two subclasses of channels 

(small and large), and three kinds of floodplains. The depositional environments for 47 of the 

most highly productive fossil localities were examined in detail, revealing that while floodplain 

deposits are associated with more localities, channel sequences yield more specimens and higher 

species richness – especially for large mammals. Overall, fining-upward sequences within 
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floodplains represent the majority of productive fossil horizons, indicating that life habitats near 

stream channels have the highest preservation potential for terrestrial vertebrates. 

 The history of tectonically-influenced depositional environments within the Dove Spring 

Formation contributed a sampling effect on the fossil record. Changes in species richness are 

often directly correlated with the number of localities. However, change in the prevalence of 

depositional environments is not a strong predictor of fossil productivity. The interactions 

between tectonic history, depositional environments, and faunal change are most prominent once 

shear movement began midway through the sequence. Extinction became the dominant process 

of faunal change even though floodplains were most common during this interval and formed life 

habitats for mammals. When extension resumed near the top of the formation, large channel 

sequences and their associated depositional environments reappeared, contributing to increases 

in species richness and the number of localities. These insights help to refine interpretations of 

the impact of tectonic processes on depositional environments, fossil preservation, and faunal 

change. 
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Figure 4.1: Location map of the Dove Spring Formation. Colored polygons represent macrofacies associations. Fossil localities are not 

shown due to the sensitive nature of the resource.
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Figure 4.2: Composite lithostratigraphy of the Dove Spring Formation with dominant 

macrofacies associations for each member. Sediment accumulation and preservation rates are 

included with number of localities to illustrate changes in fossil productivity. Tectonic episodes 

are marked with grey zones to indicate uncertainty in the timing of their initiation. 

Radiometrically dated ash Tra9 (10.2 ± 0.2 Ma) is associated with a lateral transect presented in 

Figure 4.5. Stratigraphic column modified from Whistler et al. (2009).
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Figure 4.3: Fence diagram illustrating correlations of macrofacies associations throughout meter-

scale stratigraphic sections. Columns labelled W92 modified from Whistler and Burbank (1992). 
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Figure 4.4: Representative stratigraphic columns for each microfacies association. A) FA1a, 

large channels; B) FA1b, small channels; C) FA2, channel margin and levee deposits; D) FA3a, 

well-drained floodplains; E) FA3b, floodplains and playa lake deposits; F) FA3c poorly-drained 

floodplains; G) FA4, pond or lake deposits. FA5 represents crevasse splays which are found 

interbedded within other microfacies associations.
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Figure 4.5: Correlation of microstratigraphic sections illustrating landscape heterogeneity and fossil horizons within each microfacies 

sequence. Tra9 is a radiometrically dated (Ar/Ar 10.2 ± 0.2 Ma) ash layer that is correlative throughout the area due to its distinctive 

blue-grey coloration. Fossil horizons are denoted by vertical dotted lines next to the stratigraphic sections. Numbers refer to field 

designations of sections. NHM locality numbers are presented when documented fossil horizons were located within sections.
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Table 4.1: Highly productive fossil localities of the Dove Spring Formation with age, number of 

specimens, macro- and microfacies associations for localities, and interpretation of fossil horizon 

depositional environment based on lithofacies. In some cases, we were unable to locate evidence 

for specific fossil horizons in the field (marked unknown). 

NHM 
Locality 
Number 

Age 
(Ma) 

Number of 
Specimens 

Large Mammal 
Specimens 

Macro 
FA 

Micro 
FA 

Fossil Horizon 
Depositional Environment 

3472 9.9 22 21 3 2 Channel margin 
3436 10.0 4 4 3 3b Channel margin 
3444 10.1 155 8 1 1b Channel margin 
3447 9.8 203 16 2 2 Poorly-drained floodplain 
3621 9.6 2 2 2 1b Small channel 
3420 10.1 58 58 3 3b Arid floodplain 
1553 10.4 84 65 1 1a Large channel 
1741 11.7 48 48 1 1a Channel margin 
6375 9.9 172 13 3 3a Well-drained floodplain 
1108 11.9 102 100 1 1a Channel margin 
3662 12.5 56 12 1 1a Well-drained floodplain 
5718 8.5 65 31 1 1b Well-drained floodplain 
4702 8.5 657 4 2 1b Channel margin 
6380 8.5 74 19 3 3b Arid floodplain 
5669 8.5 5 5 3 2 Channel margin 
6923 8.5 1 1 3 2 Unknown 
6141 12.5 7 2 1 1a Channel margin 
6620 12.5 8 8 1 1a Channel margin 
4651 8.5 2 2 3 2 Channel margin 
5693 8.5 2 0 3 1b Channel margin 
5719 10.1 10 10 3 3a Channel margin 
5976 10.1 10 0 3 3b Unknown 
3416 12.0 13 13 1 2 Channel margin 
3679 12.0 9 8 1 1a Channel margin 
3531 9.5 53 40 3 3c Unknown 
3532 9.5 13 13 3 3a Well-drained floodplain 
3556 9.8 44 44 3 3b Channel margin 
7356 9.7 7 7 3 3a Well-drained floodplain 
3580 9.5 139 21 3 2 Channel margin 
3665 9.6 7 7 3 2 Channel margin 
3422 10.2 14 14 3 2 Channel margin 
3668 9.9 14 0 1 2 Channel margin 
3445 10.2 36 36 1 1b Small channel 
4639 10.9 30 3 3 3b Poorly-drained floodplain 
5094 10.9 66 27 3 3b Poorly-drained floodplain 
1414 11.0 74 74 3 3a Well-drained floodplain 
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3598 10.4 6 6 3 3a Channel margin 
3415 10.2 38 38 3 3c Channel margin 
1739 12.4 5 5 1 2 Channel margin 
7543 8.8 1 1 2 3c Poorly-drained floodplain 
1105 9.6 18 16 3 3c Poorly-drained floodplain 
7466 8.8 3 3 3 3a Well-drained floodplain 
4640 10.6 2 2 3 1b Poorly-drained floodplain 
CIT 510 10.6 3 3 2 1b Poorly-drained floodplain 
8019 10.4 3 0 1 4 Unknown 
6397 8.7 1 1 3 2 Oxbow lake/pond 
3589 8.8 1 1 3 3c Poorly-drained floodplain 
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Table 4.2: Descriptions of facies within each macrofacies association (FA). 

FA Primary lithologies Sedimentary structures 
Sequence 
Thickness 

Spatial relationships Interpretation 

1 Medium- to coarse-grained 
sandstone; yellow tan (10 
YR 8/2), buff tan (5 YR 7/2), 
greyish tan (10 YR 6/2) 

Prominent parallel bedding, 
ripple marks, crossbedding 

20-50 m Beds are very thick, 
well-sorted 

Laterally extensive, large 
channel deposits 

  Medium- to coarse-grained 
sandstones and 
conglomerates; greyish tan 
(10 YR 6/2), fine- to 
medium- grained sandstone, 
amber tan (10 YR 5/4) 

Poor sorting, highly 
bioturbated, root casts, 
occasional parallel and cross-
bedding 

10-20 m Coarsen upwards from 
fine-grained 
sediments, sharp 
undulating contacts 
with finer material 

Small channel deposits 

2 Fine-grained sandstones, 
siltstones and clayey 
siltstones; greyish tan (10 
YR 6/2) 

Indurated units, blocky 
fracture, faint laminated 
bedding, carbonate rind 
surfaces, dispersed ash and 
carbonate, siliceous root casts 
(5-10 mm) in older units (> 
11.0 Ma); carbonate root casts 
(5-10 mm) in younger units (> 
11.0 Ma) 

30-200 m Fining upwards from 
incised base or 
gradational contacts 
with fine-to medium-
grained sediments 

Channel margin and levee 
deposits 

  Marlstone, beige (5 Y 8/1), 
siltstone greyish tan (10 Y 
6/2) 

Highly indurated, prominent 
laminated bedding in siltstone, 
siliceous root casts 

10-30 m Veins of silcrete 
interbedded within 
carbonate 

Pond deposits 

3 Clayey siltstone, buff tan (5 
Y 7/2), siltstone to claystone, 
greyish tan (10 YR 6/2), 
siltstone, orange  tan (10 YR 
7/4) 

Blocky fracture, faint to 
prominent parallel or laminated 
bedding or massive, ripple 
marks common, root casts, 
discontinuous carbonate 
layers, uncommon mudcracks, 
petrified tree stumps 

20-570 m Dispersed ash and 
gypsum common 
within claystones, 
interbeds of buff tan (5 
Y 7/2) siltstones 
associated with silcrete 
layers, often capped 
by medium- to coarse-
grained sandstones 

Floodplain deposits 
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Table 4.3: Descriptions of facies within each high-resolution microfacies association (FA). 

Fossil 
Horizon 

FA 

Primary lithologies Sedimentary structures Bed 
thickness 

Spatial relationships Interpretation 

1 a Medium- to coarse-grained 
sandstone; yellow tan (10 YR 
8/2), buff tan (5 YR 7/2) 

Prominent parallel bedding, ripple 
marks, crossbedding 

2.0-7.0 m Beds are very thick, well-
sorted 

Laterally extensive, 
large channel 
deposits  

b Medium- to coarse-grained 
sandstones and 
conglomerates; greyish tan 
(10 YR 6/2), buff tan (10 YR 
7/2) 

Poor sorting, highly bioturbated, root 
casts, faint to prominent crossbedding 

0.6-1.6 m Coarsen upwards from 
fine-grained sediments, 
or grade over < 0.2 m, 
undulating basal contacts 
with siltstones 

Small channel 
deposits 

2   Fine-grained sandstones, buff 
tan (5 YR 7/2), amber tan (10 
YR 5/4), siltstones and clayey 
siltstones; greyish tan (10 YR 
6/2) 

Indurated units, blocky fracture, faint 
laminated bedding, carbonate rind 
surfaces, dispersed ash and carbonate, 
siliceous root casts in older units (> 
11.0 Ma); carbonate root casts in 
younger units (> 11.0 Ma) 

0.5-1.5 m Fining upwards from 
incised base or 
gradational contacts with 
fine-to medium-grained 
sediments 

Channel margin and 
levee deposits 

3 a Clayey siltstone, buff tan (5 Y 
7/2) 

Blocky fracture, faint bedding or 
massive, ripple marks common, root 
casts uncommon and limited to blocky 
clay and siltstone units 

1.0-4.0 m Dispersed ash and 
evaporites common 
within claystones 

Floodplain deposits, 
well-drained 

 
b Siltstone to claystone, greyish 

tan (10 YR 6/2) 
Abundant discontinuous carbonate 
layers, dispersed ash, evaporite 
minerals, faint to prominent parallel or 
laminated bedding, root casts common 
in claystones, petrified tree stumps 

1.0-2.5 m Interbeds of buff tan (5 Y 
7/2) siltstones associated 
with silcrete layers, 
carbonate interbeds and 
discontinuous surfaces 

Floodplain deposits, 
arid 

  c Siltstone , orange  tan (10 YR 
7/4) 

Root casts, faint parallel bedding, 
uncommon mudcracks, thin carbonate 
layers 

1.3-2.1 m Often capped by 
medium- to coarse-
grained sandstones 

Floodplain deposits, 
poorly drained 

4   Marlstone, beige (5 Y 8/1), 
siltstone greyish tan (10 Y 
6/2) 

Highly indurated, prominent laminated 
bedding in siltstone, siliceous root casts 

7.0-8.25 m Veins of silcrete 
interbedded within 
carbonate 

Pond deposits 

5   Coarse-grained sandstone; 
yellow tan (10 YR 8/2), 
medium-grained sandstone; 
buff tan (5 Y 7/2) 

Well-defined crossbedding, massive 0.3-1.0 m Interbedded within finer 
sediments 

Crevasse splay 
deposits 
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Table 4.4: Distribution of fossil localities and specimens within macrofacies sequences and comparison with localities only containing 

large mammals. Based on meter-scale stratigraphic columns. 

Tectonic Episode Macrofacies Sequence 
and Time Interval 

Localities Specimens Area 
(km2) 

Localities 
per km2 

Specimens 
per km2 

Large Mammals       
Episode 3 (9.4 to 8.5 Ma) Floodplains 83 539 3.46 24 156 

 Channel margins 56 357 1.27 44 280 

 Channels 16 118 0.72 22 164 

       

Episode 2 (10.4 to 9.5 Ma) Floodplains 92 599 2.01 46 298 

 Channel margins 45 296 1.75 26 170 

 Channels 26 146 0.91 29 161 

       
Episode 1 (12.5 to 10.5 Ma) Floodplains 42 235 1.34 31 175 

 Channel Margins 3 7 1.07 3 7 

  Channels 37 378 0.83 45 455 

All Fossil Specimens       

Episode 3 (9.4 to 8.5 Ma) Floodplains 114 784 3.46 33 227 

 Channel margins 102 1970 1.27 80 1546 

 Channels 23 181 0.72 32 252 

     
  

Episode 2 (10.4 to 9.5 Ma) Floodplains 134 852 2.01 67 424 

 Channel margins 86 1342 1.75 49 769 

 Channels 42 257 0.91 46 282 

     
  

Episode 1 (12.5 to 10.5 Ma) Floodplains 52 261 1.34 39 195 

 Channel margins 9 8 1.07 8 7 

  Channels 61 454 0.83 73 547 
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Table 4.5: Distribution of fossil localities and specimens among microfacies associations, based 

on decimeter-scale microstratigraphic columns. 

Micro 
FA 

No. of 
localities 

Percent of 
total localities 

No. of 
specimens 

Percent of 
total 

specimens 

Large 
mammal 

specimens 

Life habitat for 
large mammals? 

1a 
7 14.9 314 13.4 245 No 

  b 8 17.0 922 39.3 86 No 

2 12 25.5 426 18.2 106 Yes 

3a 6 12.8 272 11.6 113 Yes 

  b 8 17.0 299 12.7 168 Yes 

  c 5 10.6 111 4.7 96 Yes 

4 1 2.1 3 0.1 0 No 

5 0 0.0 0 0.0 0 Yes 
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Table 4.6: Comparison of bone elements recovered from 10.2 Ma lateral transect (upper four rows) and contemporaneous localities 

(bottom rows). 

NHM 
Locality 

Age 
(Ma) 

Micro 
FA 

Fossil Horizon 
Depositional 
Environment 

No. of 
Specimens 

Large 
Mammal 

Specimens 

Large Mammal 
Cranial 

Elements 

Microvertebrate 
Cranial 

Elements 

3422 10.2 2 Channel margin 14 14 6 0 
5719 10.2 3a Channel margin 10 10 6 0 
3436 10.2 3b Channel margin 4 4 2 0 
3445 10.2 1b Small channel 36 36 5 0 

        
3420 10.1 3b Floodplain 58 58 23 0 
3415 10.2 3c Channel margin 38 38 15 0 
3444 10.1 1b Channel margin 155 8 7 38 
3598 10.4 3a Channel margin 6 6 5 0 
1553 10.4 1a Large channel 84 65 30 6 
8019 10.4 4 Unknown 3 0 0 0 
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Table 4.7: List of localities and specimens from NHM database for 10.2 Ma lateral section 

correlation in Table 4.6. 

NHM 
Locality 

Taxon Fossil Element NHM 
Specimen 

No. 

1553 Aelurodon  Tooth: C frag 4166 

1553 Aelurodon aphobus Tooth: /p4-m2 4165 

1553 Alluvisorex chasseae Dentary frag w teeth 4264 

1553 Alluvisorex chasseae Dentary frag w teeth 4265 

1553 Amebelodon burnhami Tooth: M3/ 59701 

1553 Antilocapridae  Astragalus 59558 

1553 Antilocapridae  Metapodial dist 59559 

1553 Antilocapridae  Patella 59557 

1553 Antilocapridae  Sesamoid 59560 

1553 Antilocapridae  Tooth: M3/ 59554 

1553 Antilocapridae  Tooth: Tooth frag 59555 

1553 Antilocapridae  Tooth: Tooth frag 59556 

1553 Camelidae  Astragalus 59710 

1553 Camelidae  Calcaneum 59551 

1553 Camelidae  Calcaneum 59711 

1553 Camelidae  Dentary frag ? 4145 

1553 Camelidae  Dentary w p4-m2 4160 

1553 Camelidae  Dentary w p4-m3 4159 

1553 Camelidae  Femur incompl 4137 

1553 Camelidae  Innominate acetabulum 59708 

1553 Camelidae  Maxilla w P3-M3 4158 

1553 Camelidae  Metapodial 4141 

1553 Camelidae  Metapodial 4148 

1553 Camelidae  Metapodial dist 4152 

1553 Camelidae  Metatarsal Prox 59552 

1553 Camelidae  Phalanx 4149 

1553 Camelidae  Phalanx dist 4151 

1553 Camelidae  Phalanx Medial 59553 

1553 Camelidae  Radioulna dist 4130 

1553 Camelidae  Scapula frag 59707 

1553 Camelidae  Tibia prox 4150 

1553 Camelidae  Tooth: /i3 59706 

1553 Camelidae  Tooth: /p4 4161 

1553 Camelidae  Tooth: M frag 4125 

1553 Camelidae  Tooth: M1/ 4163 

1553 Camelidae  Unciform 59709 

1553 Canidae  Metacarpal dist 146041 

1553 Canidae  Tooth: /i + c 4172 

1553 Canidae  Tooth: C 4157 
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1553 Carnivora  Phalanx dist 4171 

1553 Carnivora  Tooth: /i 150881 

1553 Carnivora  Tooth: /i3 150879 

1553 Carnivora  Tooth: /i3 150880 

1553 Carnivora  Tooth: /p2 150882 

1553 Carnivora  Vertebra Caudal 59698 

1553 Cormohipparion sp. Tooth: P2-M3/ 148928 

1553 Epicyon haydeni 
Maxilla frag w P4-M2 + P4-
M1 143519 

1553 Epicyon saevus Dentary w dp3-m1 59697 

1553 Equidae  Tooth: /cheek tooth frag 59704 

1553 Equidae  Tooth: /i2 59702 

1553 Equidae  Tooth: Cheek Tooth frag 59703 

1553 Gerrhonotus sp. Dentary 151258 

1553 Gerrhonotus sp. Dentary 151259 

1553 Gerrhonotus sp. Dentary 151260 

1553 Gerrhonotus sp. Frontal 151262 

1553 Gerrhonotus sp. Frontal 151263 

1553 Gerrhonotus sp. Frontal 151264 

1553 Gerrhonotus sp. Frontal 151265 

1553 Gerrhonotus sp. Maxilla 151251 

1553 Gerrhonotus sp. Maxilla 151252 

1553 Gerrhonotus sp. Maxilla 151253 

1553 Gerrhonotus sp. Maxilla 151254 

1553 Gerrhonotus sp. Maxilla 151255 

1553 Gerrhonotus sp. Maxilla 151256 

1553 Gerrhonotus sp. Maxilla 151257 

1553 Gerrhonotus sp. Premaxilla 151261 

1553 Gerrhonotus sp. Quadrate 151266 

1553 Gomphotheriidae  Tooth: M frag 59700 

1553 Mammalia  Femur dist 59563 

1553 Mammalia  Patella 59564 

1553 Mammalia  Ulna prox 59561 

1553 Mammalia  Vertebra Cervical 59562 

1553 Merycodus sp. Maxilla w Teeth 4162 

1553 Merycoidodontidae  Maxilla frag + M1-M3 4170 

1553 Mustelidae  Dentary frag 4173 

1553 Neohipparion sp. Tooth: /cheek tooth 59699 

1553 Osteoborus diabloensis Dentary w p3-m1 + p4 4167 

3415 Antilocapridae  Calcaneum frag 59809 

3415 Antilocapridae  Calcaneum frag 59810 

3415 Antilocapridae  Dentary w dp2-m1 59806 

3415 Antilocapridae  Dentary w dp3-m1 59808 

3415 Antilocapridae  Dentary w p4-m2 59807 

3415 Antilocapridae  Phalanx Prox Prox 59811 
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3415 Antilocapridae  Tooth: /m1+m2 59805 

3415 Antilocapridae  Tooth: /p4 59804 

3415 Camelidae  Astragalus frag 144473 

3415 Camelidae  Bone frags 3635 

3415 Camelidae  Calcaneum incompl 59800 

3415 Camelidae  Metapodial dist 59801 

3415 Camelidae  Metapodial dist 59802 

3415 Camelidae  Phalanx Prox 59803 

3415 Camelidae  Vertebra Cervical 59799 

3415 Canidae  Phalanx Medial 59791 

3415 Canidae  Tooth: /i3 59790 

3415 Canidae  Ulna prox 59792 

3415 Carnivora  Tooth: P 59793 

3415 Equidae  Tooth: /cheek tooth frags 59796 

3415 Equidae  Tooth: Cheek Tooth/ frags 59795 

3415 Equidae  Tooth: I 59798 

3415 Felidae  Humerus incompl 3643 

3415 Gomphotheriidae  Tooth: Tooth frag 59794 

3415 Hipparion sp. Metapodial dist + Phalanx 3642 

3415 Hipparion sp. Tibia dist + Astragalus 3639 

3415 Hipparion sp. Tooth: /i2-i3 + I2-I3/ 59797 

3415 Hipparion forcei Dentary frag + teeth 3637 

3415 Hipparion tehonense Tooth: Teeth 3634 

3415 Ischyrosmilus sp. Humerus dist 3641 

3415 Machairodontinae  Humerus dist 59789 

3415 Mammalia  Tooth: Tooth frags 59812 

3415 Paracamelus sp. Metapodial + Vertebra 3640 

3415 Pliohippus tantalus Bone frags 3636 

3415 Procamelus sp. Carpal ? 3645 

3415 Procamelus sp. Dentary frag 3644 

3415 Procamelus sp. Podial 3638 

3415 Testudinata  Carapace frag 59788 

3420 Antilocapridae  Astragalus 59875 

3420 Antilocapridae  Astragalus 148197 

3420 Antilocapridae  Calcaneum 59876 

3420 Antilocapridae  Dentary frag w p2-p4 59866 

3420 Antilocapridae  Dentary frags 59867 

3420 Antilocapridae  Dentary w dp2-m2 59862 

3420 Antilocapridae  Dentary w m1-m2 59865 

3420 Antilocapridae  Dentary w m3 59864 

3420 Antilocapridae  Femur prox 59873 

3420 Antilocapridae  Fibula 59874 

3420 Antilocapridae  Humerus dist 146038 

3420 Antilocapridae  Humerus dist 148198 

3420 Antilocapridae  Metacarpal prox 59877 
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3420 Antilocapridae  Metapodial dist 59878 

3420 Antilocapridae  Phalanx dist 59881 

3420 Antilocapridae  Phalanx Prox 59879 

3420 Antilocapridae  Phalanx Ungual 59880 

3420 Antilocapridae  Radius prox 59871 

3420 Antilocapridae  Rib mid frag 59872 

3420 Antilocapridae  Tooth: /m3 152685 

3420 Antilocapridae  Tooth: root 59863 

3420 Antilocapridae  Tooth: Tooth frag 59882 

3420 Antilocapridae  Tooth: Tooth frags 59868 

3420 Antilocapridae  Vertebra Lumbar frag 59870 

3420 Antilocapridae  Vertebra Thoracic prox 59869 

3420 Camelidae  Bone frags 143947 

3420 Camelidae  Cuneiform 59859 

3420 Camelidae  Dentary ant w i1-c 59853 

3420 Camelidae  Navicular 59858 

3420 Camelidae  Phalanx Prox Prox 59860 

3420 Camelidae  Radioulna prox 59857 

3420 Camelidae  Tooth: Cheek Tooth frags 59852 

3420 Camelidae  Vertebra Cervical frag 59855 

3420 Camelidae  Vertebra Cervical frag 59856 

3420 Camelidae  Vertebra Lumbar frag 59854 

3420 Carnivora  Maxilla frag w C 59843 

3420 Equidae  Astragalus 144081 

3420 Equidae  Astragalus frag 59849 

3420 Equidae  Cuboid 59847 

3420 Equidae  Metacarpal 144073 

3420 Equidae  Pes Centrale 148201 

3420 Equidae  Phalanx dist frag 59850 

3420 Equidae  Tooth: Cheek Teeth frags 59846 

3420 Gomphotheriidae  Tooth: Tooth frag 59841 

3420 Hipparion sp. Calcaneum frag 59848 

3420 Hipparion sp. Tooth: /i + tooth frag 146248 

3420 Hipparion sp. Tooth: Cheek Tooth/ 59845 

3420 Hipparion sp. Tooth: Cheek Tooth/ frag 59844 

3420 Hipparion forcei Tooth: /m1 146037 

3420 Hipparion forcei Tooth: M/ 143950 

3420 Hypolagus sp. Tibia dist 148199 

3420 Leptocyon sp. Dentary frag 59842 

3420 Pliohippus sp. Tooth: L M1/ 143948 

3420 Pliohippus sp. Tooth: L M3/ 143949 

3420 Tayassuidae  Dentary ant w c root 59851 

3420 Testudinidae  Carapace frag 148200 

3420 Testudininae  Carapace frags 146292 

3422 Camelidae  Astragalus 59893 
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3422 Camelidae  Astragalus 59904 

3422 Camelidae  Astragalus 132675 

3422 Camelidae  Astragalus 148184 

3422 Camelidae  Cuboid 143999 

3422 Camelidae  Cuneiform frag 59894 

3422 Equidae  Scapula frag 59898 

3422 Hipparion sp. Tooth: M1/ -or- P4/ 59897 

3422 Hipparion sp. Tooth: M2/ 148903 

3422 Hipparion forcei Tooth: /cheek tooth frags 59895 

3422 Hipparion forcei Tooth: /m2 59896 

3422 Hipparion forcei Tooth: P/ 148904 

3422 Merycodus sp. Dentary frag w m1+m3 4285 

3422 Pliohippus sp. Metapodial dist frag 59899 

3436 Camelidae  Bone frags 148190 

3436 Gomphotherium  Tooth: tooth frags 146060 

3436 Hipparion sp. Calcaneum 59972 

3436 Plioceros sp. Tooth: /m2 frag + M1/ 146059 

3444 Agamidae  Dentary 151280 

3444 Alluvisorex chasseae Dentary w teeth 118970 

3444 Antilocapridae  Dentary w i2+p2+p4-m3 59991 

3444 Antilocapridae  Dentary w p2-m3 59990 

3444 Antilocapridae  Tooth: P4-M1/ 59992 

3444 Camelidae  Tibia dist 59989 

3444 Camelidae  Tooth: /i2 59988 

3444 Camelidae  Tooth: Cheek Tooth 59987 

3444 Camelidae  Tooth: Cheek Tooth frag 59986 

3444 Copemys sp. Dentary w m1-m3 124790 

3444 Copemys sp. Dentary w m1-m3 124910 

3444 Copemys sp. Tooth: /m1 124791 

3444 Copemys sp. Tooth: /m1 124792 

3444 Copemys sp. Tooth: /m1 124793 

3444 Copemys sp. Tooth: /m1 124794 

3444 Copemys sp. Tooth: /m1 124911 

3444 Copemys sp. Tooth: /m2 125060 

3444 Copemys sp. Tooth: /m2 125061 

3444 Copemys sp. Tooth: /m2 125062 

3444 Copemys sp. Tooth: /m2 125063 

3444 Copemys sp. Tooth: /m2 125064 

3444 Copemys sp. Tooth: /m2 125066 

3444 Copemys sp. Tooth: /m3 125065 

3444 Copemys sp. Tooth: M1/ 125408 

3444 Copemys sp. Tooth: M1/ 125409 

3444 Copemys sp. Tooth: M1/ 125410 

3444 Copemys sp. Tooth: M1/ 125411 

3444 Copemys sp. Tooth: M1/ 125412 
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3444 Copemys sp. Tooth: M1/ 125413 

3444 Copemys sp. Tooth: M1/ 125414 

3444 Copemys sp. Tooth: M1/ 125415 

3444 Cricetidae  Tooth: /m1 125171 

3444 Cricetidae  Tooth: /m3 125169 

3444 Cricetidae  Tooth: /m3 125170 

3444 Cricetidae  Tooth: /m3 125172 

3444 Cricetidae  Tooth: /m3 125173 

3444 Cricetidae  Tooth: M1/ + /m2 125652 

3444 Cricetidae  Tooth: M1-M3/ 125651 

3444 Cricetidae  Tooth: M2/ 125710 

3444 Cricetidae  Tooth: M2/ 125711 

3444 Cricetidae  Tooth: M2/ 125712 

3444 Cricetidae  Tooth: M2/ 125713 

3444 Cricetidae  Tooth: M3/ 125935 

3444 Cricetidae  Tooth: M3/ 125936 

3444 Cricetidae  Tooth: M3/ 125937 

3444 Gerrhonotus sp. Dentary 127551 

3444 Gerrhonotus sp. Dentary 127552 

3444 Gerrhonotus sp. Dentary 127553 

3444 Gerrhonotus sp. Dentary 127554 

3444 Gerrhonotus sp. Dentary 127555 

3444 Gerrhonotus sp. Maxilla 127544 

3444 Gerrhonotus sp. Maxilla 127545 

3444 Gerrhonotus sp. Maxilla 127546 

3444 Gerrhonotus sp. Maxilla 127557 

3444 Gerrhonotus sp. Maxilla 127558 

3444 Gerrhonotus sp. Maxilla 127559 

3444 Gerrhonotus sp. Maxilla 127560 

3444 Gerrhonotus sp. Maxilla 127561 

3444 Gerrhonotus sp. Maxilla 127562 

3444 Gerrhonotus sp. Skull Frontal 127549 

3444 Gerrhonotus sp. Skull Frontal 127550 

3444 Gerrhonotus sp. Skull Pterygoid 127547 

3444 Gerrhonotus sp. Skull Pterygoid 127548 

3444 Hesperolagomys sp. Tooth: M/ 152965 

3444 Hypolagus sp. Tooth: M3/ 126806 

3444 Iguanidae  Dentary 151312 

3444 Iguanidae  Dentary 151313 

3444 Iguanidae  Dentary 151314 

3444 Iguanidae  Dentary 151315 

3444 Iguanidae  Dentary 151316 

3444 Iguanidae  Dentary 151317 

3444 Iguanidae  Maxilla 151302 

3444 Iguanidae  Maxilla 151303 
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3444 Iguanidae  Maxilla 151304 

3444 Iguanidae  Maxilla 151305 

3444 Iguanidae  Maxilla 151306 

3444 Iguanidae  Maxilla 151307 

3444 Iguanidae  Maxilla 151308 

3444 Iguanidae  Maxilla 151309 

3444 Iguanidae  Maxilla 151310 

3444 Iguanidae  Maxilla 151311 

3444 Parapliosaccomys sp. Tooth: 126801 

3444 Parapliosaccomys sp. Tooth: 126802 

3444 Parapliosaccomys sp. Tooth: 126803 

3444 Parapliosaccomys sp. Tooth: 126805 

3444 Parapliosaccomys sp. Tooth: 126807 

3444 Parapliosaccomys sp. Tooth: 126808 

3444 Parapliosaccomys sp. Tooth: 126809 

3444 Parapliosaccomys sp. Tooth: 126810 

3444 Parapliosaccomys sp. Tooth: 126811 

3444 Parapliosaccomys sp. Tooth: 126812 

3444 Parapliosaccomys sp. Tooth: 126814 

3444 Parapliosaccomys sp. Tooth: 126815 

3444 Parapliosaccomys sp. Tooth: 126818 

3444 Parapliosaccomys sp. Tooth: 126819 

3444 Parapliosaccomys sp. Tooth: 126820 

3444 Parapliosaccomys sp. Tooth: 126821 

3444 Parapliosaccomys sp. Tooth: 126822 

3444 Parapliosaccomys sp. Tooth: 126823 

3444 Parapliosaccomys sp. Tooth: 126824 

3444 Parapliosaccomys sp. Tooth: 126825 

3444 Parapliosaccomys sp. Tooth: 126826 

3444 Parapliosaccomys sp. Tooth: 126827 

3444 Parapliosaccomys sp. Tooth: 126828 

3444 Parapliosaccomys sp. Tooth: 126830 

3444 Parapliosaccomys sp. Tooth: 126831 

3444 Parapliosaccomys sp. Tooth: /p4 126817 

3444 Parapliosaccomys sp. Tooth: /p4 126829 

3444 Parapliosaccomys sp. Tooth: P4/ 126804 

3444 Parapliosaccomys sp. Tooth: P4/ 126816 

3444 Perognathus sp. Tooth: 126862 

3444 Perognathus sp. Tooth: /m1 126858 

3444 Perognathus sp. Tooth: /m2 126859 

3444 Perognathus sp. Tooth: /m3 126860 

3444 Perognathus sp. Tooth: /p4 126847 

3444 Perognathus sp. Tooth: /p4-m1 126846 

3444 Perognathus sp. Tooth: /tooth 126861 

3444 Perognathus sp. Tooth: M1/ 126848 
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3444 Perognathus sp. Tooth: M1/ 126849 

3444 Perognathus sp. Tooth: M1/ 126850 

3444 Perognathus sp. Tooth: M2/ 126851 

3444 Perognathus sp. Tooth: M2/ 126852 

3444 Perognathus sp. Tooth: M2/ 126853 

3444 Perognathus sp. Tooth: M2/ 126854 

3444 Perognathus sp. Tooth: M2/ 126855 

3444 Perognathus sp. Tooth: M3/ 126856 

3444 Perognathus sp. Tooth: M3/ 126857 

3444 Phelosaccomys sp. Tooth: 126813 

3444 Xantusia  Dentary 127446 

3444 Xantusia  Dentary 127447 

3444 Xantusia  Dentary 127448 

3444 Xantusia  Dentary 127449 

3444 Xantusia  Dentary 127450 

3444 Xantusia  Dentary 127451 

3444 Xantusia  Dentary 127452 

3444 Xantusia  Dentary 127453 

3444 Xantusia  Dentary 127454 

3444 Xantusia  Dentary 127455 

3444 Xantusia  Maxilla 127430 

3444 Xantusia  Maxilla 127431 

3444 Xantusia  Maxilla 127432 

3444 Xantusia  Maxilla 127433 

3444 Xantusia  Maxilla 127434 

3444 Xantusia  Maxilla 127435 

3444 Xantusia  Maxilla 127436 

3444 Xantusia  Maxilla 127437 

3444 Xantusia  Maxilla 127438 

3444 Xantusia  Maxilla 127439 

3444 Xantusia  Maxilla 127440 

3444 Xantusia  Maxilla 127441 

3444 Xantusia  Maxilla 127442 

3444 Xantusia  Maxilla 127443 

3444 Xantusia  Maxilla 127444 

3444 Xantusia  Maxilla 127445 

3444 Xantusia  Premaxilla 127429 

3445 Antilocapridae  Astragalus frag 60017 

3445 Antilocapridae  Calcaneum frag 60022 

3445 Antilocapridae  Cuboid 60002 

3445 Antilocapridae  Endocuneiform 60019 

3445 Antilocapridae  Endocuneiform 60020 

3445 Antilocapridae  Femur incompl 60009 

3445 Antilocapridae  Femur incompl 60010 

3445 Antilocapridae  Femur prox 60006 
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3445 Antilocapridae  Femur prox 60007 

3445 Antilocapridae  Femur prox 60008 

3445 Antilocapridae  Innominate acetabulum frag 60003 

3445 Antilocapridae  Innominate acetabulum frag 60004 

3445 Antilocapridae  Innominate acetabulum frag 60005 

3445 Antilocapridae  Magnum + Trapezoid 60021 

3445 Antilocapridae  Maxilla w dP4-M1 59997 

3445 Antilocapridae  Metapodial dist 60025 

3445 Antilocapridae  Metapodial dist 60026 

3445 Antilocapridae  Patella 60011 

3445 Antilocapridae  Patella 60012 

3445 Antilocapridae  Patella 60013 

3445 Antilocapridae  Patella 60014 

3445 Antilocapridae  Patella 60015 

3445 Antilocapridae  Phalanx Prox 60024 

3445 Antilocapridae  Phalanx Prox dist 60027 

3445 Antilocapridae  Phalanx Prox dist 60028 

3445 Antilocapridae  Radioulna dist 60001 

3445 Antilocapridae  Sesamoid 60023 

3445 Antilocapridae  Tibia dist 60016 

3445 Antilocapridae  Tooth: /i2 59998 

3445 Antilocapridae  Tooth: Tooth frags 59999 

3445 Antilocapridae  Unciform frag 60018 

3445 Antilocapridae  Vertebra Cervical frag 60000 

3445 Camelidae  Radioulna prox 59996 

3445 Camelidae  Scapula frag 59995 

3445 Equidae  Tooth: I incompl 59994 

3445 Equidae  Tooth: I3/ 59993 

3598 Camelidae  Calcaneum frag 60545 

3598 Cormohipparion occidentale Tooth: P4/ 55684 

3598 Gomphotheriidae  Tooth: root 60542 

3598 Gomphotheriidae  Tooth: Tusk frag 60541 

3598 Hipparion sp. Tooth: Cheek Teeth frags 60543 

3598 Tayassuidae  Radioulna prox 60544 

5719 Antilocapridae  Calcaneum 147512 

5719 Antilocapridae  Dentary frag 146186 

5719 Antilocapridae  Radius + Metacarpal II+III 146184 

5719 Antilocapridae  Tibia dist 147508 

5719 Antilocapridae  Tooth: /m3 147511 

5719 Antilocapridae  Tooth: M2/ 147510 

5719 Camelidae  Scaphoid 147509 

5719 Camelidae  Tooth: P4-M2/ 146185 

5719 Cormohipparion sp. Tooth: M1/ frag 146183 

5719 Hipparion tehonense Dentary w p3-m2 140734 

8019 Poaceae  shoots 160024 
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8019 Poaceae  shoots 160025 

8019 Poaceae  shoots 160026 
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Chapter 5 

Faunal Change and Paleoecology in the Context of Landscape History 

 Terrestrial basins throughout the Basin and Range province record a history of 

topographic change driven by tectonic processes. By integrating a high-resolution stratigraphic 

record with extensive fossil data from a single basin, I placed faunal change and paleoecology 

into context with landscape history. This allowed me to investigate correlations between faunal 

change and periods of tectonic activity through the use of faunal analysis, stable isotope 

paleoecology, facies analysis, and interpretation of depositional environments. 

 I reviewed the geochronology of the Dove Spring Formation using updated radiometric 

decay constants to establish a temporal framework for evaluating the hypothesis that faunal 

change related to tectonic history. This work provided context for the spatial and stratigraphic 

distribution of fossil localities in relation to changes in the tectonic setting. Evidence for 

temporal boundaries of tectonic episodes is limited by erosion, weathering, and current exposure. 

Tectonic processes occur over the course of thousands of years, so we allowed for uncertainty of 

up to 0.25 Myr in my estimates of their timing. The fossil record is influenced by preservation 

rates that vary with depositional environments, so I used estimates of residence times based on 

confidence intervals and average stratigraphic gap between occurrences of lineages to provide a 

more realistic chronology of faunal history. By examining these datasets in conjunction with one 

another I acknowledged the uncertainty around the timing of changes. The primary test for a 

causal link between tectonic episodes and faunal change is the timing of these events. When 

faunal change coincided with or closely followed tectonic activity, it provided support for the 
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hypothesis of a link between datasets. When faunal change occurred at times different from 

changes in tectonic activity, it suggested that other factors, such as regional climate change or 

biotic processes were responsible. By investigating the patterns that occur when tectonic, 

depositional, and faunal events coincide, we approach a more complete understanding of the 

interactions between the physical environment and the distribution and evolution of mammals.  

 I recognized two major phases of faunal change that coincide with the Dove Spring 

Formation’s tectonic history. The accumulation of large mammal species early on is associated 

with tectonic extension and growth in basin area. This early pattern may represent the generation 

of additional habitat space or the expansion of dispersal corridors, both of which could facilitate 

immigration or geographic range shifts to the El Paso Basin. Species loss is the dominant pattern 

later on and coincides with shear movement. As the basin moved further away from its original 

source area, drainage networks and water supply were altered or interrupted, potentially resulting 

in the decline in species richness of large mammals. Sediment supply was also disrupted by 

shearing, which manifests as a decrease in fossil productivity in the later part of the sequence. 

Preservation rates were moderate throughout most of the basin’s history but decrease 

significantly after the initiation of a new stage of extension late in the sequence. The presence of 

numerous, chronically rare lineages such as carnivores during intervals with significant per-

capita extinction rates indicates that some of the observed faunal changes were genuine despite 

low fossil productivity. These findings support a link between tectonic processes and the 

mammalian community and prompted two new hypotheses that formed the basis for my 

subsequent research. 

 In the first scenario, faunal change is driven by ecological changes that result from 

tectonic alteration of topographic climate and vegetation gradients. In this case, significant 
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changes in dietary ecology would coincide with episodes of tectonic activity. An alternative 

hypothesis suggests that apparent faunal change is driven by changes in the fossil productivity of 

basin sediments. In this case, changes in fossil productivity would occur without significant 

ecological change and community composition would remain relatively stable throughout the 

sequence. I used stable isotope analysis to investigate the dietary paleoecology of large mammals 

and address the first hypotheses. I then applied facies analysis to infer depositional environments 

in relation to fossil productivity and address the second hypothesis. Here I present my findings in 

context with the major tectonic episodes that were drivers of landscape evolution during the 

deposition of the Dove Spring Formation. 

Older Extension (12.5 Ma to ~10.3 Ma) 

 North-south extension beginning between 17 and 15 Ma facilitated subsidence in the El 

Paso Basin that accommodated the deposition of the early Dove Spring Formation (Loomis and 

Burbank, 1988). The prevalence of laterally extensive and deep stream channels between 12.5 

and 11.7 Ma indicates that extension must have continued in order to generate extensive drainage 

networks and accommodation space for sediments as the basin continued to grow in area and 

develop into the “through-going fault stage” of Gawthorpe and Leeder (2000). Sediment 

accumulation rates indicate that basin growth and subsidence began to slow between 11.7 and 

11.0 Ma, at which point large channels no longer appeared. Large channels represented by 

macrofacies association FA1 were most common near the base of the sequence, with an 

extensive channel belt that likely ran along the basin margin with the El Paso Mountains to the 

south. Microfacies associations revealed that depositional environments during this interval were 

predominantly stream channel and channel-margin deposits, and floodplain deposits were either 

rare or exposed outside of the main study area. The channel-dominated landscape supplied ample 
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water resources to vegetation and herbivores, but preservation of life habitats for terrestrial 

mammals was uncommon until approximately 11.7 Ma or outside of the exposed area. 

 Fossil productivity of large mammals during the older extensional episode was moderate 

(~30 localities/km2 for both channels and floodplains) and relatively constant until the onset of 

shearing at 10.3 Ma. The presence of significant rates of origination and high log-likelihood 

ratios of change are evidence for changes in species richness and faunal composition that are not 

simply the result of sampling. Origination was the primary process of faunal change during early 

extension in the formation. New species continually appeared and early arrivals exhibited 

residence times of 1.5-2.0 Myr. The first significant peak in per-capita origination rate occurred 

at 11.0 Ma, coinciding with a significant change in faunal composition as several new species of 

canids, mustelids, and merycoidodontids appeared. The majority of species are found elsewhere 

in the region prior to their first occurrences in the Dove Spring Formation, suggesting that most 

of the new additions were the result of immigration events, rather than in-situ speciation. The 

gradual accumulation of species is likely driven by the generation of additional habitat space and 

environmental gradients that allowed for increasing numbers of species to coexist (Kisel et al., 

2011). The expansion of floodplains at 11.0 Ma indicates a change in environmental gradient that 

facilitated the expansion of life habitats for large mammals. 

 δ13C values of mammalian tooth enamel exhibit gradual depletion between 12.5 and 10.5 

Ma, suggesting that habitats with an abundance of C3 vegetation supported the increasingly 

diverse assemblage of mammals. The δ18O record from ungulate teeth suggests that a range of C3 

vegetation types was sustained by a moderate climate that was slightly wetter than other nearby 

Basin and Range sequences (Chapin, 2008; Heusser et al., 2022). 

Shear Movement (~10.3 Ma to ~9.5 Ma) 
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 The extensional tectonic setting of the Dove Spring Formation was interrupted by a 

period of shear movement that began by 10.3 Ma and continued until around 9.5 Ma (Loomis 

and Burbank, 1988). During this interval, the El Paso Basin was rotated approximately 15° 

counterclockwise and translated westward along the Garlock fault (Loomis and Burbank, 1988). 

The basin’s geometry was altered, causing changes in water availability and sediment supply. 

Existing drainage networks were disrupted by strike-slip movement that may have cut them off 

from their source areas (Bridge and Leeder, 1979; Dokka and Macaluso, 2001). Sediment 

accumulation rates dropped steadily after 10.4 Ma, decreasing through this tectonic interval. The 

slope of the main channel belt decreased during this interval and facilitated the development of 

extensive floodplain deposits represented by FA3, which were the primary source for the 

majority of fossil specimens. 

 The expansion of floodplain deposits and an increase in fossil productivity within the 

floodplain macrofacies association suggest that environmental conditions were conducive to 

preservation within life habitats for terrestrial mammals. This interval yielded the highest species 

richness and the majority of fossil specimens. However, origination rates became non-significant 

and extinction became the dominant process of faunal change. The highest magnitude of change 

in faunal composition occurred between 10.0 and 9.5 Ma due to species loss across several 

families. This coincides with an increase in the number of localities, indicating that species loss 

occurred despite high sampling. 

 The range of δ13C values of ungulate herbivores narrowed between 10.5 and 10.0 Ma, 

indicating the consumption of less variety of carbon resources. δ13C values became enriched 

across all species at approximately 10.0 Ma, suggesting that habitats became slightly more 

water-limited, but within the threshold of tolerance for most species within the basin. δ18O values 
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remained relatively stable in obligate drinkers such as equids through this interval, indicating that 

precipitation amounts were similar to those of the prior tectonic interval. However, two 

artiodactyl families (Antilocapridae and Camelidae) exhibit a greater range and enrichment in 

δ18O values during this interval. These animals may have obtained a significant portion of their 

body water through the leaves in their diet, and such an enrichment is associated with changes in 

the evaporation potential of the environment (Levin et al., 2006). This would suggest a trend 

towards aridification, which aligns with the regional signal observed in the isotopic and 

palynological records of the nearby marine Monterey Formation (Flower and Kennett, 1993; 

Heusser et al., 2022). Along with the decreased availability of precipitation, the disruption of 

channel networks may have encouraged the development of additional open-canopy habitats 

based on the pattern of enrichment in δ13C values that continued through the top of the sequence. 

Incipient Extension (~9.5 to 8.5 Ma) 

 Shear movement in the Dove Spring Formation subsided and extension resumed around 

9.5 Ma. By 8.8 Ma, a sharp increase in sediment accumulation rate coincides with the basin-wide 

replacement of floodplains represented by FA3 by channel belts of FA1. This tectonic episode 

represents an incipient stage of basin extension and the development of new, large channels that 

transported coarse sediments from a source in the Sierra Nevada. This pattern aligns with models 

and observations of extensional basins in which channels transport sediments towards the center 

of the basin as newly-activated normal faults generate additional accommodation space 

(Gawthorpe and Leeder, 2000). Fewer depositional environments were suitable life habitats for 

terrestrial mammals and preservation rate decreased to its lowest level during this interval. 

 Per-capita extinction rates continued to rise through the end of the sequence, which may 

have been related to the minor disruption of pre-existing vegetation or a decrease in fossil 
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productivity. However, rare species account for 14 out of 35 species within the channel 

sequences at the top of the formation. Species richness, specimen recovery, and the number of 

localities modestly increased at the end of the Dove Spring Formation’s depositional history, 

preserved in channel margin and floodplain horizons within the channel-dominated sequences. 

The presence of numerous rare taxa and several new species during this interval indicates 

authentic faunal change that is not just related to sampling. 

 δ13C values in all taxa became less variable by 9.0 Ma and a subtle trend of enrichment 

continued through the end of the sequence. This indicates that herbivores consumed similar 

vegetation even after tectonic processes altered the drainage characteristics of the basin. δ18O 

values continued their trend of enrichment, following a regional trend of gradual aridification. 

While slight climatic changes did occur in conjunction with the basin’s tectonic history, 

significant variations in the ecological diversity of herbivores were not observed. The Dove 

Spring Formation thus represents a relatively stable, non-analogue environment that persisted for 

at least four million years. 

Conclusion 

 The tectonic history of terrestrial basins has significant impacts on mammal communities 

over the span of millions of years. Topographic changes influence climatic conditions that 

determine vegetation resource gradients as well as depositional environments that have the 

potential to preserve fossil remains. The vegetation resources of the Dove Spring Formations 

remained relatively stable for four million years. Based on regional climate data and a potential 

increase in evaporation documented by δ18O values in two ungulate families, the basin may have 

become slightly more arid over time. However, changes in the dietary ecology of ungulates were 

not major contributing factors to faunal change in the large mammal assemblages. 
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Amphicyonids, camelids, felids, tayassuids, and nimravids all exhibit greater species loss near 

the end of the sequence than the remaining families of large mammals, suggesting that other 

processes, such as dispersal into other regions may be responsible for the extinction or 

extirpation of many species from the basin. 

 Tectonic processes had a substantive effect on the distribution of depositional 

environments within the Dove Spring Formation. The resulting changes in fossil productivity of 

basin sediments influenced the fossil record by preserving variable frequencies of localities and 

species. However, the areal extent of depositional environments was not a strong predictor of 

fossil productivity. The greatest numbers of localities and specimens per area occurred during the 

shearing tectonic episode. The appearance of chronically rare taxa during intervals with low 

preservation indicates that some faunal changes occurred despite declining fossil productivity. 

The tectonic history of the basin had a greater influence on the distribution of life habitats and 

environments of preservation than it did on vegetation and climatic gradients. Investigations of 

patterns in fossil productivity yield insight into environmental controls on the fossil record and 

allow for more complete interpretations of the interconnected history of tectonic processes and 

terrestrial mammals. 

.  
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Appendix 

Stratigraphic Sections of Highly Productive Fossil Localities in the Dove Spring Formation 

 Here I present a series of microstratigraphic sections measured at the decimeter scale 

within the Dove Spring Formation. I focused on highly productive fossil localities to investigate 

patterns in fossil preservation and depositional environments within microfacies associations. 

Each entry includes: stratigraphic section number, the closest associated Natural History 

Museum of Los Angeles County (NHM) locality number; approximate stratigraphic position 

within the Dove Spring Formation; age; number of fossil specimens recovered; number of large 

vertebrate (>1 kg)fossil specimens; lithofacies of the primary fossiliferous horizon; classification 

of the locality’s depositional environment; and noteworthy features. Vertical scale is presented in 

meters, horizontal scale indicates grain size (C = claystone, Z = siltstone, FS = fine-grained 

sandstone, MS = medium-grained sandstone, CS = coarse-grained sandstone, Cgl = 

conglomerate).  



180 
 

   

Appendix Figure 1: Key to symbols used to denote sedimentary structures and other features 

within stratigraphic sections. 
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NHM locality number: 3436 

Approximate stratigraphic position: 715 m 

Age: 10.1 Ma 

Number of specimens: 4 

Number of large mammal specimens: 4 

Primary fossil horizon: Fine-grained sandstone 

Classification of depositional environment: Small 

channel 

 

Notes: Abundant carbonaceous root casts and 

discontinuous carbonate surfaces within fine-grained 

sandstone; clay content is variable from absent to 

moderately blocky fracture; sparse carbonate nodules 

just below contact with clayey siltstone. 

Dusted white surfaces appear in upper M sandstone, 

ash drapes and continuous ash layers also present. 

Appendix Figure 2: Section 21.01 
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NHM locality number: 3472 

Approximate stratigraphic position: 1020 m 

Age: 9.9 Ma 

Number of specimens: 22 

Number of large mammal specimens: 21 

Primary fossil horizon: Gradational sequence, fine-

grained sandstone to silty sandstone 

Classification of depositional environment: Channel 

margin 

 

Notes: Siliceous root casts common throughout sandy 

siltstone; fissile to indurated beds. 

Appendix Figure 3: Section 21.02 
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NHM locality number: 3533 

Approximate stratigraphic position: 1020 m 

Age: 9.5 Ma 

Number of specimens: 71 

Number of large mammal specimens: 21 

Primary fossil horizon: Gradational sequence, coarse- 

to fine-grained sandstone 

Classification of depositional environment: Channel 

margin 

 

Notes: Massive sandstone incises into siltstone; 

prominent siliceous root casts throughout siltstone. 

Appendix Figure 4: Section 21.03 
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NHM locality number: 3436 

Approximate stratigraphic position: 730 m 

Age: 10.2 Ma 

Number of specimens: 4 

Number of large mammal specimens: 4 

Primary fossil horizon: Gradational sequence, fine-

grained sandstone to siltstone 

Classification of depositional environment: Arid 

floodplain 

 

Notes: Root casts and discontinuous carbonate 

surfaces within siltstones; mudcracks in thick 

gradational sequence. 

This section is laterally continuous with sections 

22.28, 22.27, 22.18, 22.17, 22.16, and 22.29. 

Appendix Figure 5: Section 21.04 
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NHM locality number: 3444 

Approximate stratigraphic position: 400 m 

Age: 10.1 Ma 

Number of specimens: 155 

Number of large mammal specimens: 8 

Primary fossil horizon: Fine-grained sandstone 

Classification of depositional environment: Channel 

margin 

 

Notes: Conglomerate clasts range 2-40 mm; laminated 

bedding prominent in gradational sequence at top of 

section; dispersed ash reworked into sandy siltstone. 

Appendix Figure 6: Section: 21.05 
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NHM locality number: 3447 

Approximate stratigraphic position: 725 m 

Age: 9.8 Ma 

Number of specimens: 203 

Number of large mammal specimens: 16 

Primary fossil horizon: Clayey siltstone 

Classification of depositional environment: Channel 

margin 

 

Notes: Siliceous root casts within sandy silt; thin, faint 

crossbedding and carbonate surfaces in siltstone. 

Organic-rich layer at transition between greyish tan 

(10 YR 6/2) and buff tan (10 YR 7/2) units. 

Appendix Figure 7: Section 21.06 
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NHM locality number: 3420 

Approximate stratigraphic position: 715 m 

Age: 10.1 Ma 

Number of specimens: 58 

Number of large mammal specimens: 58 

Primary fossil horizon: Siltstone 

Classification of depositional environment: Arid 

floodplain 

 

Notes: Discontinuous carbonate layers and carbonate 

clasts within lower siltstone; dispersed ash within 

claystone; discontinuous carbonate layers, carbonate 

clasts, and thin, continuous silcrete within upper 

siltstone. 

Appendix Figure 8: Section 22.01 
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NHM locality number: 1553 

Approximate stratigraphic position: 650 m 

Age: 10.4 Ma 

Number of specimens: 84 

Number of large mammal specimens: 65 

Primary fossil horizon: Coarse- and fine-grained 

sandstone 

Classification of depositional environment: Large 

channel 

 

Notes: Prominent laminated bedding in fine-grained 

sandstone; carbonate clasts at base of lower 

gradational sequence from medium- to fine-grained 

sandstone. 

Appendix Figure 9: Section 22.02 
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NHM locality number: 1741 

Approximate stratigraphic position: 400 m 

Age: 11.7 Ma 

Number of specimens: 48 

Number of large mammal specimens: 48 

Primary fossil horizon: Gradational sequence, 

medium- to fine-grained sandstone 

Classification of depositional environment: Large 

channel 

 

Notes: Faint to prominent crossbedding in lower fine-

grained sandstone; laminated bedding in fine-grained 

sandstones; dispersed ash heavily concentrated in 

upper fine-grained sandstone, below prominent 

laminated beds. 

Appendix Figure 10: Section 22.03 
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NHM locality number: 6375 

Approximate stratigraphic position: 725 m 

Age: 9.9 Ma 

Number of specimens: 172 

Number of large mammal specimens: 13 

Primary fossil horizon: Clayey siltstone 

Classification of depositional environment: Well-

drained floodplain 

 

Notes: Ripple marks, blocky fracture, dispersed ash 

within claystone; bioturbation and carbonate 

throughout coarse-grained sandstone; carbonate absent 

from upper siltstone. 

Appendix Figure 11: Section 22.04 
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NHM locality number: 1108 

Approximate stratigraphic position: 240 m 

Age: 11.9 Ma 

Number of specimens: 102 

Number of large mammal specimens: 100 

Primary fossil horizon: Gradational sequence, 

medium-to fine-grained sandstone 

Classification of depositional environment: Channel 

margin 

 

Notes: Laminated bedding and abundant small root 

casts (5-10 mm diameter) in fine sandstone unit; 

crossbedding and large root casts (20 mm diameter) in 

medium-grained sandstone unit, just above 

conglomerate layer. 

Appendix Figure 12: Section 22.05 
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NHM locality number: 3662 

Approximate stratigraphic position: 200 m 

Age: 12.5 

Number of specimens: 56 

Number of large mammal specimens: 12 

Primary fossil horizon: Siltstone 

Classification of depositional environment: Large 

channel 

 

Notes: Poorly sorted, coarse-grained layers associated 

with crevasse splay deposits; gradational sequences 

~30 cm thick; chert and blocky fracture common in 

siltstone and clay units. 

Appendix Figure 13: Section 22.06 
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NHM locality number: 5718 

Approximate stratigraphic position: 1400 m 

Age: 8.5 Ma 

Number of specimens: 65 

Number of large mammal specimens: 31 

Primary fossil horizon: Siltstone 

Classification of depositional environment: Small 

channel 

 

Notes: Poor sorting throughout section, some cobbles 

present in lowest siltstone; root casts and extensive 

bioturbated surface at ~3.3m; weak bedding at 5m in 

siltstone layer. 

Appendix Figure 14: Section 22.07 
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NHM locality number: 4702 

Approximate stratigraphic position: 1250 m 

Age: 8.5 Ma 

Number of specimens: 657 

Number of large mammal specimens: 4 

Primary fossil horizon: Coarse-grained sandstone 

Classification of depositional environment: Large 

channel 

 

Notes: Carbonate and root casts within blocky, highly 

indurated gradational sequence ~3 m; dispersed ash 

common; undulating basal contact of coarse-grained 

sandstone to siltstone at 6.3 m. 

Appendix Figure 15: Section 22.08 
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NHM locality number: 6397 

Approximate stratigraphic position: 1225 m 

Age: 8.7 Ma 

Number of specimens: 1 

Number of large mammal specimens: 1 

Primary fossil horizon: Marlstone 

Classification of depositional environment: Oxbow 

lake/pond deposit 

 

Notes: Carbonate rind surfaces and dispersed 

carbonate, blocky fracture, and faint bedding 

throughout indurated lower siltstone and clayey silt; 

Siliceous root casts and blocky fracture in well-

indurated, upper claystone. 

Appendix Figure 16: Section 22.09a 
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NHM locality number: 3589 

Approximate stratigraphic position: 1225 m 

Age: 8.8 Ma 

Number of specimens: 1 

Number of large mammal specimens: 1 

Primary fossil horizon: Marlstone 

Classification of depositional environment: Poorly-

drained floodplain 

 

Notes: Root casts commonly directly underneath 

carbonate layers; root-rich layers are well-indurated 

with no bedding; discontinuous carbonate layers 

within claystone at 4ml alternating carbonate- and 

silicate-rich layers. 

Appendix Figure 17: Section 22.09b 
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NHM locality number: 6380 

Approximate stratigraphic position: 1500 m 

Age: 8.5 Ma 

Number of specimens: 74 

Number of large mammal specimens: 19 

Primary fossil horizon: Siltstone 

Classification of depositional environment: Arid 

floodplain 

 

Notes: Discontinuous carbonate layers throughout 

section; faint bedding within siltstones; root casts and 

thin carbonate surfaces within claystones. 

Appendix Figure 18: Section 22.10 
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NHM locality number: 5669 

Approximate stratigraphic position: 1750 m 

Age: 8.5 Ma 

Number of specimens: 5 

Number of large mammal specimens: 5 

Primary fossil horizon: Siltstone 

Classification of depositional environment: Channel 

margin 

 

Notes: Blocky fracture throughout siltstone and sandy 

silt; carbonate root casts common in siltstones and 

within indurated sandstone ledge. 

Appendix Figure 19: Section 22.11 
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NHM locality number: 6923 

Approximate stratigraphic position: 1700 m 

Age: 8.5 Ma 

Number of specimens: 1 

Number of large mammal specimens: 1 

Primary fossil horizon: Unknown 

Classification of depositional environment: Channel 

margin 

 

Notes: Alternation between well-indurated and poorly-

indurated clayey siltstones; carbonaceous root casts 

common within clayey siltstone at 4m; capped by 

poorly sorted, coarse-grained sandstone. 

Fossil horizon was not located. 

Appendix Figure 20: Section 22.12 
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NHM locality number: 6141 

Approximate stratigraphic position: 160 m 

Age: 12.5 Ma 

Number of specimens: 8 

Number of large mammal specimens: 8 

Primary fossil horizon: Gradational sequence, fine-

grained sandstone to clayey siltstone 

Classification of depositional environment: Large 

channel 

 

Notes: Sandstones ~1m thick with well-defined 

crossbedding; small, siliceous root casts (5-10 mm 

diameter) common in fine-grained sediments above 

sandstones. 

Appendix Figure 21: Section 22.13 
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NHM locality number: 5693 

Approximate stratigraphic position: 1500 m 

Age: 8.5 

Number of specimens: 2 

Number of large mammal specimens: 0 

Primary fossil horizon: Siltstone 

Classification of depositional environment: Small 

channel 

 

Notes: Root casts common in upper siltstone; dusted 

white carbonate surfaces within gradational 

sequences; abundant carbonate root casts within 

crevasse splay deposit at 5m; carbonate unit from 9-

10.75m is continuous and well-indurated. 

Appendix Figure 22: Section 22.14 
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NHM locality number: 3588 

Approximate stratigraphic position: 1450 m 

Age: 8.8 Ma 

Number of specimens: 2 

Number of large mammal specimens: 2 

Primary fossil horizon: Siltstone and clayey siltstone 

Classification of depositional environment: Arid 

floodplain 

 

Notes: Alternation between blocky fracture to poorly-

indurated siltstones; well-indurated claystones contain 

carbonate. 

Appendix Figure 23: Section 22.15 
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NHM locality number: N/A 

Approximate stratigraphic position: 730 m 

Age: 10.2 Ma 

Number of specimens: N/A 

Number of large mammal specimens: N/A 

Primary fossil horizon: N/A 

Classification of depositional environment: Arid 

floodplain 

 

Notes: Small root casts (5-10 mm diameter) within 

indurated silty claystone; laminated bedding 

throughout silty claystone; disperse ash in gradational 

sequence at 2.6 m; discontinuous carbonate layers 

within silty claystones; tree stumps and dispersed ash 

within beige (5 Y 8/1) sandstone. 

This section does not contain a fossiliferous horizon. It 

is laterally continuous with sections 22.28, 22.27, 

22.18, 22.17, 21.04, and 22.29. 

Appendix Figure 24: Section 22.16 



204 
 

  

 

NHM locality number: 5976 

Approximate stratigraphic position: 730 m 

Age: 10.2 Ma 

Number of specimens: 10 

Number of large mammal specimens: 0 

Primary fossil horizon: Unknown 

Classification of depositional environment: Arid 

floodplain 

 

Notes: Ash Tra9 (10.2 ± 0.2 Ma) forms a thick bed at 

23.5 m. 

Fossil horizon was not located. This section is laterally 

continuous with sections 22.28, 22.27, 22.18, 22.16, 

21.04, and 22.29. 

Appendix Figure 25: Section 22.17 
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NHM locality number: N/A 

Approximate stratigraphic position: 730 m 

Age: 10.2 Ma 

Number of specimens: N/A 

Number of large mammal specimens: N/A 

Primary fossil horizon: N/A 

Classification of depositional environment: 

Arid floodplain 

 

Notes: Dispersed ash correlates with Tra9 

(10.2 ± 0.2 Ma). This section does not contain 

a fossiliferous horizon. It is laterally 

continuous with sections 22.28, 22.27, 22.17, 

22.16, 21.04, and 22.29. 

 

 

 

 

 

Appendix Figure 26: Section 22.18 
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NHM locality number: 3416 

Approximate stratigraphic position: 230 m 

Age: 12.0 Ma 

Number of specimens: 13 

Number of large mammal specimens: 13 

Primary fossil horizon: Silty claystone 

Classification of depositional environment: Channel 

margin 

 

Notes: Blocky fracture in silty clays; fining-upward 

sequences appear above coarse-grained sandstones. 

Appendix Figure 27: Section 22.19 
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NHM locality number: 3679 

Approximate stratigraphic position: 250 m 

Age: 12.0 Ma 

Number of specimens: 9 

Number of large mammal specimens: 8 

Primary fossil horizon: Siltstone and clayey siltstone 

Classification of depositional environment: Channel 

margin 

 

Notes: Laminated sandstone only present at base of 

section; fining upward sequences occur in poorly-

indurated siltstones; root casts only occur in a single 

horizon (8m). 

Appendix Figure 28: Section 22.20 
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NHM locality number: 3531 

Approximate stratigraphic position: 1030 m 

Age: 9.5 Ma 

Number of specimens: 53 

Number of large mammal specimens: 40 

Primary fossil horizon: Unknown 

Classification of depositional environment: Poorly-

drained floodplain 

 

Notes: Abundant siliceous root casts in claystone and 

crevasse splay deposits; sandstones are poorly sorted, 

weakly indurated, and massive; siltstones have blocky 

fracture; discontinuous white surfaces present in 

siltstones (evaporite or ash). 

Fossil horizon was not located. 

Appendix Figure 29: Section 22.21 
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NHM locality number: 3532 

Approximate stratigraphic position: 1050 m 

Age: 9.5 Ma 

Number of specimens: 13 

Number of large mammal specimens: 13 

Primary fossil horizon: Silty claystone 

Classification of depositional environment: Well-

drained floodplain 

 

Notes: Weak bedding and poor sorting throughout 

section; faint laminated bedding in silty clay; thin, 

discontinuous white surfaces in silty clay; abundant 

very small root casts (2-5 mm diameter) in zone of 

dispersed ash. 

Appendix Figure 30: Section 22.22 



210 
 

 

  

 

NHM locality number: 3556 

Approximate stratigraphic position: 775 m 

Age: 9.8 Ma 

Number of specimens: 44 

Number of large mammal specimens: 44 

Primary fossil horizon: Claystone and fine-grained 

sandstone 

Classification of depositional environment: Well-

drained floodplain 

 

Notes: Clayey siltstone exhibits faint bedding, blocky 

fracture and contains abundant dispersed ash; fine-

grained sandstones are poorly sorted, with 

discontinuous white surfaces (evaporite or ash). 

Appendix Figure 31: Section 22.33 
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NHM locality number: 7356 

Approximate stratigraphic position: 775 m 

Age: 9.7 Ma 

Number of specimens: 7 

Number of large mammal specimens: 7 

Primary fossil horizon: Siltstone, thick ash deposit 

Classification of depositional environment: Well-

drained floodplain 

 

Notes: Siliceous root casts and evaporite or ash within 

clayey siltstone; ash forms distinct bed at 3.5 m; 

dispersed ash and discontinuous white surfaces 

common throughout upper clayey siltstone. 

Appendix Figure 32: Section 22.24 
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NHM locality number: 3580 

Approximate stratigraphic position: 850 m 

Age: 9.5 Ma 

Number of specimens: 139 

Number of large mammal specimens: 21 

Primary fossil horizon: Silty claystone 

Classification of depositional environment: Channel 

margin 

 

Notes: Prominent bedding throughout lower 3.5m, 

interbedded with massive fine-grained sandstone; 

blocky fracture, clay matrix, and carbonaceous root 

casts in upper siltstone. 

Appendix Figure 33: Section 22.25 
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NHM locality number: 3665 

Approximate stratigraphic position: 1000 m 

Age: 9.6 Ma 

Number of specimens: 7 

Number of large mammal specimens: 7 

Primary fossil horizon: Siltstone 

Classification of depositional environment: Channel 

margin 

 

Notes: Lower siltstone contains abundant siliceous 

root casts; carbonate appears above 6.5 m; sandstones 

are well-indurated and form ledges; carbonate units 

are continuous and form cap layers; discontinuous 

carbonate layers within upper siltstones are 2-5 cm 

thick. 

Appendix Figure 34: Section 22.26 
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NHM locality number: 3422 

Approximate stratigraphic position: 730 m 

Age: 10.2 Ma 

Number of specimens: 14 

Number of large mammal specimens: 14 

Primary fossil horizon: Siltstone 

Classification of depositional environment: Channel 

margin 

 

Notes: Laminated bedding within lower siltstone, 

abundant siliceous root casts and dispersed ash within 

upper siltstone; base of section is very resistant 

continuous carbonate unit. 

This section is laterally continuous with sections 

22.28, 22.18, 22.17, 22.16, 21.04 and 22.29. 

Appendix Figure 35: Section 22.27 
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NHM locality number: 3668 

Approximate stratigraphic position: 730 m 

Age: 9.9 Ma 

Number of specimens: 14 

Number of large mammal specimens: 0 

Primary fossil horizon: Gradational sequence from 

siltstone to fine-grained sandstone 

Classification of depositional environment: Channel 

margin 

 

Notes: Faint bedding throughout lower siltstone and 

claystone; small root casts (5-10 mm diameter) within 

siltstone; large root casts (30-50 mm diameter) in 

upper siltstone; sandstones poorly sorted, contain 

subangular clasts, poorly indurated. 

This section is laterally continuous with sections 

22.27, 22.18, 22.17, 22.16, 21.04 and 22.29. 

Appendix Figure 36: Section 22.28 
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NHM locality number: 3445 

Approximate stratigraphic position: 730 m 

Age: 10.2 Ma 

Number of specimens: 36 

Number of large mammal specimens: 36 

Primary fossil horizon: Clayey siltstone 

Classification of depositional environment: Small 

channel 

 

Notes: Abundant small root casts (5-10 mm diameter) 

and dispersed ash within lower siltstones; 

Discontinuous carbonate surfaces intermixed with root 

casts and dispersed ash in upper siltstones. 

This section is laterally continuous with sections 

22.28, 22.27, 22.18, 22.17, 22.16, and 21.04. 

 

Appendix Figure 37: Section 22.29 
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NHM locality number: 5094 

Approximate stratigraphic position: 610 m 

Age: 10.9 Ma 

Number of specimens: 66 

Number of large mammal specimens: 27 

Primary fossil horizon: Siltstone to claystone 

Classification of depositional environment: Poorly-

drained floodplain 

 

Notes: Prominent laminated bedding and blocky 

fracture within silty claystones. Ash layer at 5.1 m 

forms 0.5 m-thick continuous unit. 

Appendix Figure 38: Section 22.30 
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NHM locality number: 1414 

Approximate stratigraphic position: 565 m 

Age: 11.0 Ma 

Number of specimens: 74 

Number of large mammal specimens: 74 

Primary fossil horizon: Claystone 

Classification of depositional environment: Well-

drained floodplain 

 

Notes: Abundant root casts and prominent bedding 

within upper blocky clay and siltstone units; weak 

bedding and dispersed ash within siltstones. 

Appendix Figure 39: Section 22.31 
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NHM locality number: 3598 

Approximate stratigraphic position: 675 m 

Age: 10.4 Ma 

Number of specimens: 6 

Number of large mammal specimens: 6 

Primary fossil horizon: Gradational sequence from 

siltstone to claystone 

Classification of depositional environment: Well-

drained floodplain 

 

Notes: Faint laminated bedding and abundant, 

siliceous root casts in gradational sequences; faint ash 

dispersed throughout lower crevasse splay deposit. 

Appendix Figure 40: Section 22.32 
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NHM locality number: 3415 

Approximate stratigraphic position: 600 m 

Age: 10.2 Ma 

Number of specimens: 38 

Number of large mammal specimens: 38 

Primary fossil horizon: Siltstone, medium- to coarse-

grained sandstone 

Classification of depositional environment: Poorly-

drained floodplain 

 

Notes: Prominent laminated bedding and abundant 

siliceous root casts within silty claystone units; 

localized silcrete beneath several discontinuous 

carbonate layers; carbonaceous root casts in upper 

section; poor sorting in gradational sequences. 

Appendix Figure 41: Section 22.33 
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NHM locality number: 1739 

Approximate stratigraphic position: 250 m 

Age: 12.4 Ma 

Number of specimens: 5 

Number of large mammal specimens: 5 

Primary fossil horizon: Siltstone 

Classification of depositional environment: Channel 

margin 

 

Notes: Well-indurated sandstones in upper section for 

ridges; fining-upward gradational sequences contain 

small, siliceous root casts (5-10 mm diameter). 

Appendix Figure 42: Section 22.34 
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NHM locality number: 7543 

Approximate stratigraphic position: 1125 m 

Age: 8.8 Ma 

Number of specimens: 1 

Number of large mammal specimens: 1 

Primary fossil horizon: Siltstone 

Classification of depositional environment: Poorly-

drained floodplain 

 

Notes: Abundant small siliceous root casts (5-10 mm 

diameter) throughout indurated beds with blocky 

fracture; large siliceous root casts (25 mm diameter) at 

2.5 m; dispersed ash common in lowest sandy siltstone 

unit. 

Appendix Figure 43: Section 22.35 
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NHM locality number: 1105 

Approximate stratigraphic position: 900 m 

Age: 9.6 Ma 

Number of specimens: 18 

Number of large mammal specimens: 16 

Primary fossil horizon: Siltstone to claystone 

Classification of depositional environment: Poorly-

drained floodplain 

 

Notes: Abundant root casts ranging from 2-10 mm 

diameter throughout section; prominent laminated 

bedding and dispersed carbonate in upper clayey 

siltstone; carbonaceous root casts within upper 

medium-grained sandstone. 

Appendix Figure 44: Section 22.36 
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NHM locality number: 7466 

Approximate stratigraphic position: 1225 m 

Age: 8.8 Ma 

Number of specimens: 3 

Number of large mammal specimens: 3 

Primary fossil horizon: Siltstone 

Classification of depositional environment: Well-

drained floodplain 

 

Notes: Abundant carbonaceous root casts interbedded 

with discontinuous carbonate surfaces in lower 2 m; 

root casts less common from 2-5 m; dispersed ash 

within sandy siltstone; highly indurated carbonate cap 

layer contains very large root casts at top of section. 

Appendix Figure 45: Section 22.37 
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NHM locality number: 4640 

Approximate stratigraphic position: 650 m 

Age: 10.6 Ma 

Number of specimens: 2 

Number of large mammal specimens: 2 

Primary fossil horizon: Claystone 

Classification of depositional environment: Small 

channel 

 

Notes: Abundant, small root casts (5-10 mm diameter) 

and dispersed ash within clayey siltstone that exhibit 

blocky fracture; crevasse splays form resistant beds. 

Appendix Figure 46: Section 22.38 
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NHM locality number: 8019 

Approximate stratigraphic position: 900 m 

Age: 10.4 Ma 

Number of specimens: 3 

Number of large mammal specimens: 0 

Primary fossil horizon: Unknown 

Classification of depositional environment: Pond or 

lake deposits 

 

Notes: Highly indurated and continuous, prominent 

silcretes and carbonates interbedded throughout. 

Appendix Figure 47: Section 22.39 
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