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ABSTRACT 

 

Since the seminal works of Wegener and Darwin the notion that things evolve, and the 

how and the why of it, has generated intense debate. The surface of the Earth, and the creatures 

that live on it, are not static entities. Landscapes evolve. Organisms evolve. Understanding the 

how and the why requires a firm understanding of a myriad of interdependent and complex 

variables such as (but not limited to) climate, ecology, and tectonics. Unravelling the 

complexities though which landscapes and ecosystems evolve requires a broad interdisciplinary 

approach, where multiple investigative tools are simultaneously brought to bear on a given 

question. The study of old lake sediments, or paleolimnology, is a marquee example of a 

powerful interdisciplinary methodology that has been used extensively in reconstructing the 

Earth’s past.   

 This work showcases two examples where the discipline of paleolimnology advances our 

understanding of evolution on a landscape scale and on a human scale. In the southwestern 

United States, a record of the processes involved during the late Miocene and early Pliocene (~ 5 

Ma) evolution of a major continental river drainage - the Colorado River – is partially preserved 

along the southern border of Arizona and California as the enigmatic Bouse Formation. And in 

southern Kenya, nearly 170 meters of lake and wetland sediments that have accumulated in the 

Koora Plain preserve a one-million-year long record of the environmental conditions against 

which our species, Homo sapiens, evolved.  
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 My research allows me to conclude that the depositional environment of the Bouse 

Formation was lacustrine; a fully marine interpretation that has been previously proposed is 

untenable. I also demonstrate that over the past 1.0 Ma, Homo sapiens in southern Kenya 

evolved against a backdrop of increasing regional aridity.  

 

INTRODUCTION 

 

“Scientists still do not appear to understand sufficiently that all earth sciences must contribute 

evidence toward unveiling the state of our planet in earlier times, and that the truth of the matter 

can only be reached by combining all this evidence… It is only by combining the information 

furnished by all of the earth sciences that we can hope to determine the ‘truth’ here, that is to say, 

to find the picture that sets out all of the known facts in the best arrangement and that therefore 

has the highest degree of probability. Furthermore, we have to be prepared always for the 

possibility that each new discovery, no matter what science furnishes it, may modify the 

conclusions we draw.” 

       Alfred Wegener  

       The Origins of Continents and Oceans, 1915 

 

Lake basins, and the information preserved within them, provide a powerful archive of 

information for studying climatic, ecologic, and tectonic processes at time scales that range from 

hundreds of years to millions of years (Kashiwaya et al., 2001; Tierney et al., 2010; Cohen et al., 

2014; Stockhecke et al., 2014; Ivory et al., 2016). These processes have undoubtedly influenced 

the evolution of our species, Homo sapiens (Magny, 2004; Scholz et al., 2007; Cohen et al., 
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2016; Rosenthal et al., 2017).  Thus, the wealth of information preserved in lake sediments can 

inform us of our own evolutionary history (e.g., Campisano et al., 2017).  

 Lake sediments offer one of the most continuous, high-resolution, and data-rich archives 

available for paleoenvironmental reconstructions (Cohen, 2003). A diverse spectrum of 

information can be drawn from the lake sediments themselves, for example, through the study of 

clay mineralogy and grain size (e.g., Asikainen et al., 2007) or through the study of sedimentary 

components and structures (e.g., Schnurrenberger et al., 2003). Recent advances in exploiting the 

isotopic composition of leaf waxes, biomarkers, and other molecular proxies (e.g., Castañeda and 

Schouten, 2011; Feakins et al., 2014) that are deposited within lake sediments, as well as the 

development of detecting environmental DNA in lake sediments (e.g., Anderson-Carpenter et al; 

2011; Rees et al., 2014), have opened exciting new avenues of inquiry in how lakes can inform 

us of past environments. It is not surprising then that limnologists and paleolimnologists rely on 

a diverse analytical toolbox when reconstructing past environments from lake sediment archives.  

Microfaunal analyses and an array of geochemical tools, such as stable oxygen and stable 

carbon isotope values (
18

O and 
13

C, respectively) and radiogenic strontium isotope ratios 

(
87

Sr/
86

Sr) in carbonates, have long been a mainstay of paleoenvironmental reconstructions (e.g., 

Stuiver, 1970; Jones and Faure, 1972; Gasse and Street, 1978). The utility of microfossil 

analyses is grounded in a substantial but ever growing body of literature that describes the 

distribution of aquatic plants and animals, both at the individual and at the assemblage scale, as a 

function of assorted biologic and non-biologic factors that regulate their current environmental 

ranges (e.g., Murray, 1991; Karanovic, 2012). This information can then be applied to fossil 

assemblages and be used to make inferences about past environments. Our vast knowledge of 

how various geochemical systems function in modern environments (e.g., Lerman et al., 1995; 
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Hoefs, 1997; Dickin, 1997) can be used in a similar fashion. These two disciplines can be 

combined into an even more powerful interpretive platform by analyzing the isotopic 

composition of an organism’s remains. The ecological constraints implied that that organism 

(and its associated faunal assemblage) and the geochemical constraints preserved in its remains 

can often provide more detailed insights into a particular question than either discipline can 

provide on its own (e.g., Langdon, et al., 2010, Mischke, et al., 2010; Garrett et al., 2015). 

 I use a combination of microfossil and isotopic analyses for my dissertation research. In 

the Appendix A, three competing models that favor a marine, an estuarine, or a lacustrine 

environment of deposition for the Bouse Formation were tested using 141 microfossil analyses, 

405 stable isotope (
18

O, 
13

C) values, and sixteen strontium isotope (
87

Sr/
86

Sr) ratios from five 

distantly spaced outcrops of the Bouse Formation. Our results favor a hydrologically and 

isotopically complex lacustrine depositional environment. In Appendix B, a brackish lacustrine 

model that comprehensively accounts for the enigmatic and contentious faunal components of 

the southern Bouse Formation was constructed within a framework of established ecological, 

hydrochemical, isotopic, biogeographic, and species niche concepts. And finally, in Appendix C, 

a one-million-year-long, high-resolution, paleoenvironmental reconstruction for the Koora Plain 

in the southern Kenyan Rift was creating by combining 271 microfossil analyses, ten stable 

isotope (
18

O, 
13

C) values from biologic carbonates, and five 
87

Sr/
86

Sr ratios from fish bones. 

Our results document an overall drying trend in the Koora Plain region over the past 1 Ma. The 

drying trend does not appear to be gradual, but instead is expressed as two step-like transitions 

where recurring deep lake environments were replaced by intermittent shallow and deep lake 

environments, which in turn were replaced by predominantly shallow lake and wetland 

environments.  
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PRESENT STUDY 

 

The papers appended to this document (Appendices A-C) provide full details (locations, 

methods etc.) of each study. Appendices A through C are multi-authored publications with me as 

the lead author and primary contributor. A brief overview and a summary of the key findings of 

each project is provided below.  

 

Appendix A 

 

Appendix A uses a multi-indicator approach of microfaunal assemblages, 
18

O and 
13

C 

values, and 
87

Sr/
86

Sr ratios to compare the environment of deposition of the uncontested 

lacustrine northern Bouse Formation in the Chemehuevi basin against that of the controversial 

southern Bouse Formation in the Blythe basin. Over the past decade, three key publications have 

argued that the basal carbonate unit of the southern Bouse Formation is fully marine in origin 

(McDougall, 2008; McDougall and Miranda Martinez, 2014, 2016) and predates the arrival of 

the early Colorado River (McDougall and Miranda Martinez, 2016). This model relies heavily on 

foraminifer-based interpretations and lacks detailed integration of nearly two decades worth of 

additional stable (
18

O, 
13

C) and radiogenic (
87

Sr/
86

Sr) isotope results (Spencer and Patchett, 

1997; Poulson and John, 2003; Roskowski et al., 2010) or additionally available macro- and 

microfaunal information (Smith, 1970; Reynolds and Berry, 2008; Bright et al., 2016). We 

analyzed 141 samples for microfaunal content, measured sixteen samples of fine-grained 

carbonate, ostracode valves, and fish bone for their radiogenic strontium (
87

Sr/
86

Sr) isotope 

ratios, and analyzed 431 samples of fine-grained carbonate, ostracode valves, barnacle shells, 
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and foraminifer tests for their stable (
18

O, 
13

C) isotope values from five distantly spaced 

outcrops of the Bouse Formation. The microfaunal and stable isotope results from a 16-m-thick 

sequence of northern Bouse Formation exposed in Chemehuevi basin, located immediately 

upstream of Blythe basin and considered to be lacustrine in origin (Reynolds, 2008; McDougall, 

2008; McDougall and Miranda Martinez, 2014), was used as a template to compare against 

similar results from the contested southern Bouse Formation in Blythe basin. Four outcrops of 

southern Bouse Formation, totaling nearly 50 m of section, separated by roughly 15 km in an 

east-west orientation and by roughly 100 km in a north-south orientation, were studied to test the 

prevailing marine, estuarine, or lacustrine models for the environment of deposition. 

Our results reveal many key details that were not recognized in earlier studies: (1) we 

document a high degree of reproducible similarity in the microfaunal assemblages and in the 

spatial and stratigraphic distribution of 
18

O and 
13

C values from fine-grained carbonate and 

from the valves of four genera of ostracode valves from the lacustrine northern Bouse Formation 

and the contested southern Bouse Formation. These similarities extend laterally over 10s of 

kilometers and are reproducible within stratigraphic context at multiple widely-spaced outcrops. 

The overwhelming similarity in our results from the Chemehuevi and Blythe basins supports the 

notion that both the northern and southern Bouse Formations are lacustrine. (2) We document an 

absence of categorically marine ostracode genera in the southern Bouse Formation. This finding 

is in stark contrast to other regionally uncontested marine and marginal-marine environments, 

including a similar mid-Holocene marine transgression into Laguna Salada, Mexico, that do 

include categorically marine ostracode genera. (3) We document two genera of marginal-marine 

(Cyprideis and Cytheromorpha) and two genera of continental (Candona and Heterocypris) 

ostracodes in the southern Bouse Formation that have nearly identical 
18

O values, 
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demonstrating that the ostracode fauna is not a mixed assemblage where the marginal-marine 

ostracode genera are living in seawater but where the continental genera are washed in from 

surrounding freshwater environments. The marginal-marine and continental ostracodes co-

existed in the same water mass. The ecological constraints imposed by the various continental 

ostracodes require salinities below 15 ppt and most likely closer to 5-10 ppt, thus also negating a 

normal marine environment of deposition. (4) We document conclusive isotopic evidence that 

benthic foraminifer tests preserved in the youngest, deep-water sediments of the basal carbonate 

unit are reworked from near-shore sediments. The detection of reworked foraminifers is an added 

complexity not recognized in earlier microfossil-based interpretations of the southern Bouse 

Formation (Smith, 1970; McDougall and Miranda Martinez, 2014, 2016). This may have a 

significant impact on previous foraminifer-based biostratigraphic or biochronologic 

interpretations. (5) We document the first isotopic evidence that the planktic foraminifers in the 

genus Streptochilus from the southern Bouse Formation, a keystone of the marine 

interpretational model, are actually benthic foraminifers. This conclusion is supported by 

morphological and genetic evidence that Streptochilus is a junior synonym of the benthic 

foraminifer Bolivina (Smart and Thomas, 2007; Darling et al., 2009). This distinction is critical 

because planktic foraminifers are categorically marine and do not occur in lakes. Benthic 

foraminifers, however, including various species of Bolivina, do live in lakes (Arnal, 1958; Abu-

Zied et al., 2007). (6) We document measurable differences in the 
87

Sr/
86

Sr ratios in fish bone, 

ostracode valves, and fine-grained carbonate within a single sample. Notably, the 
87

Sr/
86

Sr ratios 

in fine-grained carbonate are lower than the 
87

Sr/
86

Sr ratios in associated fish bone and ostracode 

valves. We invoke an isotopically stratified, or at a minimum a poorly mixed, mildly brackish 

lacustrine environment where carbonate produced in the epilimnion during spring and early 
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summer meltwater plumes from the Colorado River has lower 
87

Sr/
86

Sr ratios and lower 
18

O 

values than fish bone and benthic ostracode valves, respectively, that are living deeper in the 

water column. We generate a lacustrine model based on modern analogues with Lake Turkana 

and Lake Van, where similar fluvially mediated and seasonally controlled stratification processes 

occur. (7) We document that the barnacle fragments throughout a key outcrop of sigmoidally 

bedded barnacle grainstone (O’Connell et al., 2017) did not calcify in seawater. Sigmoidally 

bedded sediments are a classic indicator of marine tidal environments (Tinterri, 2011), although 

they have also been documented in lake environments (White, 1996; Keighley et al., 2003). If 

the tidal nature of the sigmoidal bedding and other rhythmically bedded laminated sediments 

(O’Connell et al., 2017) can be validated, then our data suggest that a mildly brackish tidally-

influenced lake environment more comprehensively integrates the faunal, isotopic, and 

sedimentary features in Blythe basin than a does invoking a fully marine environment. Two 

examples of modern freshwater tidally-influenced lakes are discussed as possible analogs.  

Our (tidally-influenced) lacustrine model can comprehensively integrate the broad range 

of enigmatic faunal and isotopic relationships that define the southern Bouse Formation 

controversy, and that have puzzled researchers for nearly 50 years.  

 

Appendix B 

 

Appendix B provides an in-depth summary of several perplexing observations that are 

difficult to reconcile if the southern Bouse Formation was deposited under normal marine 

conditions. The ecological requirements of the most abundant and contentious southern Bouse 

Formation flora and fauna are summarized and compared against modern examples. The 



15 
 

chemical and isotopic processes that typically define marine, estuarine, and lacustrine 

environments are compared and contrasted within in the context of what we know about the 

southern Bouse Formation. Additional observations about the southern Bouse Formation’s fauna 

and flora that have been overlooked in previous marine interpretive models are discussed in light 

of established hydrochemical, isotopic, biogeographic, and species niche concepts. In this 

chapter we demonstrate how the enigmatic flora and fauna of the southern Bouse Formation is 

comprehensively accounted for by a brackish lake model. The term “brackish” is often used to 

describe water that has salinity lower than normal seawater (35 parts per thousand; ppt) but 

higher than freshwater (0.5 ppt). However, there are demonstrable differences between brackish 

marine and brackish lake environments (e.g., den Hartog, 1967). In brackish marine 

environments, such as coastal lakes or estuaries, salinity is primarily derived from the dilution of 

normal seawater and continental fresh water (e.g., den Hartog, 1967). In contrast, in brackish 

lake environments, salinity is primarily derived from the interaction of meteoric water (e.g., 

rivers, groundwater) and bedrock. Once meteoric water is impounded in a basin, it can be 

subjected to evaporative processes where salinity is modified by a variety of solute evolution 

pathways (e.g., Eugster and Jones, 1979). Critically, the salinity and isotopic composition of 

brackish marine and estuarine environments is strongly correlated; driven by simple mixing of 

the marine and freshwater end members. In contrast, the salinity and isotopic composition of 

brackish lake environments can be completely decoupled from each other. This decoupling of 

salinity and isotopic composition in lacustrine environments provides a powerful interpretive 

paradigm that can decisively integrate many of the enigmatic aspects of the southern Bouse 

Formation.  
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Our results demonstrate that the enigmatic fossil assemblage and isotopic composition of 

the southern Bouse Formation was deposited in a mildly brackish (5 to 10 ppt) lacustrine 

environment. The conspicuous lack of diverse marine organisms in the southern Bouse 

Formation strongly suggests that the Blythe basin was not flooded by a normal marine 

transgression (e.g., Smith, 1970; McDougall and Miranda Martinez, 2014, 2016). The perplexing 

abundance, but low diversity, of animals like barnacles and intertidal snails (Batillaria sp.) in the 

southern Bouse Formation can be accounted for by a predator release mechanism where a few 

individuals were transplanted into a brackish lake, but in the absence of their typical predators 

and competitors. An analogous event occurred in the 1950s when barnacles from a fully marine 

ecosystem at San Diego were accidentally introduced into the modern Salton Sea (e.g., Detwiler 

et al., 2002). The numbers of barnacles in the Salton Sea exploded to prodigious numbers. A 

similar predator release mechanism is invoked to account for the large numbers of opportunistic 

and invasive foraminifers, primarily Ammonia beccarii, which also occur in the southern Bouse 

Formation. The presence of planktic foraminifers in the southern Bouse Formation is a strong 

indicator for a normal marine environment (McDougall and Miranda Martinez, 2014, 2016), but 

we demonstrate that the majority of the planktic foraminifers (various species within the genus 

Streptochilus) are likely congeneric with the benthic foraminifer genus Bolivina (e.g,. Smart and 

Thomas, 2007; Darling et al., 2009). There are numerous examples of both modern and fossil 

foraminifer assemblages where a variety of Bolivina species are documented in lakes (e.g., 

Patterson, 1987; Abu-Zied et al., 2007). This clarification has far reaching implications for the 

debate over the depositional environment of the southern Bouse Formation. We propose that 

there are only 11 uncontested planktic foraminifers present in the southern Bouse Formation, out 

of nearly 27,000 foraminifers that have been identified. A fully marine interpretation is 
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fundamentally unable to comprehensively integrate the wealth of information that has been 

generated from the southern Bouse Formation over the past 50 years. We demonstrate that the 

southern Bouse Formation’s fossil assemblage, and the integration of that assemblage with 

abundant isotopic and geochemical data, favors deposition in a mildly brackish (5 to 10 ppt), 

possibly tidally-influenced, lacustrine environment.  

 

Appendix C 

 

Appendix C uses a multi-indicator approach (microfaunal assemblages, 
18

O and 
13

C 

values, 
87

Sr/
86

Sr ratios) to create a 1-million-year-long, high-resolution, paleoenvironmental 

reconstruction for the Koora Plain in the southern Kenyan Rift. This record will provide a 

paleoenvironmental framework against which several key hypotheses about the evolution of 

modern humans and the evolution of the modern East African faunal community can be tested.  

The Koora Plain is located within 30 km of a world class anthropological site at 

Olorgesailie, Kenya. Surface exposures at Olorgesailie preserve possibly the oldest record in 

East Africa for the transition from Early Stone Age (ESA) Acheulean technology to Middle 

Stone Age (MSA) technology (Haradon, 2010). ESA Acheulean technology is distinguished by 

large, iconic hand axes created by early Homo species, such as H. erectus (Corvinus, 2004; 

Lepre et al., 2011). MSA technology is distinguished by prepared core technology and unifacial 

and/or bifacial projectile points, and lacks the hand axes of the ESA or the microlithic 

technology of the subsequent Late Stone Age (McBrearty and Brooks, 2000). MSA technology 

was presumably created by early Homo sapiens (e.g., Shea, 2008) or possibly by other Homo 

species that were contemporaneous with early Homo sapiens (e.g., Basell, 2008; Berger et al., 
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2017). Previous estimates place the ESA-MSA transition at about 0.30 Ma to 0.25 Ma 

(McBrearty and Brooks, 2000), but it may have occurred as early as 0.40 Ma to 0.32 Ma at 

Olorgesailie (Haradon, 2010), or possibly as early as about 0.51 Ma to 0.43 Ma in southern 

Africa (Herries, 2011). Additionally, Olorgesailie and the nearby Lainyamok site document a 

major mid-Pleistocene transition in the large mammalian fauna of East Africa. At about 0.35 Ma, 

the East African mammalian fauna transitioned from one dominated by extinct species to one 

dominated by extant species (e.g., Potts, 1998, Faith et al., 2012). The outcrop record at 

Olorgesailie is discontinuous, however, because of extended periods of erosion and non-

deposition. The Koora Plain was drilled to bedrock in an effort to generate a more continuous 

and high-resolution record of paleoenvironmental conditions in the Olorgesailie region through 

the Middle and Late Pleistocene. We analyzed 271 samples for microfaunal content, 10 samples 

of biologic calcite for their stable isotope (
18

O, 
13

C) values, and five samples of fish bone for 

their 
87

Sr/
86

Sr ratios from the 166-m-long (1.0 Ma) Koora Plain core. Our findings are compared 

against several local and regional paleolake level reconstructions, including a 1.2-million-year-

long record from Lake Malawi (Ivory et al., 2016). 

Our results produce seven main conclusions: (1) the ostracode fauna in the Koora Plain 

core is composed of a nearly monospecific assemblage of Limnocythere africana that only occur 

in several discreet intervals between 0.45 Ma and 0.25 Ma. The occurrence of ostracode valves 

coincides with shallow lake or wetland intervals as defined by a preliminary diatom-based lake 

level reconstruction. Deep lake cycles may have been too dilute or acidic to preserve biologic 

calcite and persistent shallow wetland environments may have been too alkaline calcite-

producing organisms to inhabit. (2) The strontium isotope ratios (
87

Sr/
86

Sr) in five fish bone 

samples spanning 0.39 Ma to 0.19 Ma and from both ostracode-bearing and non-ostracode-
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bearing sediments are similar (0.7051 to 0.7055) and suggest a single source of water for the 

Koora Plain. The most likely source for the water is to the north of the plain, in the region 

surrounding Lake Naivasha.  (3) The Olorgesailie region experienced two step-wise increases in 

aridity over the past 1 million years. Deep lake environments dominate the Koora Plain record 

from approximately 1.0 to 0.45 Ma, fluctuating deep and shallow lake environments dominate 

the record between 0.45 and 0.25 Ma, and persistent shallow lake or wetland environments, 

punctuated by brief deeper lake cycles, dominate the record from 0.25 to 0.07 Ma. (4) The 

progressive step-wise increase in aridity in the Olorgesailie region over the past 1.0 Ma bears 

little resemblance to the fluctuating but relatively deep water levels at Lake Malawi, located 900 

km to the southwest, over the same time period. Late Pleistocene climate in East Africa may 

have been strongly heterogeneous at the regional scale (e.g, Blome et al., 2012; Salzburger et al., 

2014). (5) Several brief deeper lake cycles between 0.17 Ma and 0.07 Ma in the Koora Plain 

appear to be correlated with shallow lake levels at the more proximal lakes Naivasha and Challa, 

both located within 250 km of the core site. Our results may suggest anti-phasing in regional lake 

level records at this particular time, at least within the confines of the Koora Plain age model. (6) 

A prominent increase in aridity in the Koora Plain region at about 0.45 Ma may coincide with a 

major faunal turnover in East Africa that occurred between 0.50 and 0.40 Ma. (7) Increases in 

aridity at about 0.45 Ma and again at about 0.25 Ma do not appear to correlate with the 

termination of the ESA Acheulean technology and the development of MSA technology at 

nearby Olorgesailie or with the appearance of anatomically modern Homo sapiens in East Africa 

at about 0.18 Ma.  

 

 

 

 



20 
 

REFERENCES 

 

 

Abu-Zied, R.H., Keatings, K., Flower, R.J., 2007, Environmental controls on Foraminifera in 

Lake Qarun, Egypt: Journal of Foraminifer Research, v. 37, p. 136-149. 

 

Anderson-Carpenter, L.L., McLachlan, J.S., Jackson, S.T., Kuch, M., Lumibao, C.Y., Poinar, 

H.N., 2011, Ancient DNA from lake sediments: bridging the gap between paleoecology and 

genetics: BMC Evolutionary Biology, v. 11, doi:10.1186/1471-2148-11-30. 

 

Arnal, R.E., 1958, Rhizopoda from the Salton Sea, California: Contributions to the Cushman 

Foundation for Foraminiferal Research, v. 9, p. 36-45. 

 

Asikainen, C.A., Francus, P., Brigham-Grette, J., 2007, Sedimentology, clay mineralogy and 

grain-size as indicators of 65 ka of climate change from El’gygytgyn Crater Lake, northeastern 

Siberia: Journal of Paleolimnolgoy, v. 37, p. 105-122, doi:10.1007/s10933-006-9026-5. 

 

Basell, L.S., 2008, Middle Stone Age (MSA) site distributions in eastern Africa and their 

relationship to Quaternary environmental change, refugia and the evolution of Homo sapiens: 

Quaternary Science Reviews, v. 27, p. 2484-2498, doi:10.1016/j.quascirev.2008.09.010. 

 

Berger, L.R., Hawks, J., Dirks, P.H.G.M., Elliot, M., Roberts, E.M., 2017, Homo naledi and 

Pleistocene evolution in subequatorial Africa: eLife 2017;6:e24234, doi:10.7554/eLife24234. 

 

Blome, M.W., Cohen, A.S., Tryon, C.A., Brooks, A.S., Russell, J., 2012, The environmental 

context for the origins of modern human diversity: a synthesis of regional variability in African 

climate 150,000 to 30,000 years ago: Journal of Human Evolution, v. 63, p. 563-592, 

doi:10.1016/j.jhevol.2012.01.011. 

 

Bright, J., Cohen, A.S., Dettman, D.L., Pearthree, P.A., Dorsey, R.J., and Homan, M.B., 2016, 

Did a catastrophic lake spillover integrate the late Miocene early Pliocene Colorado River and 

the Gulf of California?: Microfaunal and stable isotope evidence from Blythe basin, California-

Arizona, USA: PALAIOS, v. 31, p. 81-91.    

 

Campisano, C.J., Cohen, A.S., Arrowsmith, J.R., and 22 others, 2017, The Hominin Sites and 

Paleolakes Drilling Project: High resolution paleoclimate records from the East African Rift 

System and their implications for understanding the environmental context of hominin evolution: 

PaleoAnthropology, p. 1-43, doi:10.4107/PA.2017.ART104.  

 

Castañeda, I.S., Shouten, S., 2011, A review of molecular organic proxies for examining modern 

and ancient lacustrine environments: Quaternary Science Reviews, v. 30, p. 2851-2891, 

doi:10.1016/j.quascirev.2011.07.009. 

 

Cohen, 2003, Paleolimnology: Oxford University Press, New York,  

 



21 
 

Cohen, A.S., McGlue, M.M., Ellis, G.S., Zani, H., Swarzenski, P.W., Assine, M.L., Silva, A., 

2015, Lake formation, characteristics, and evolution in retroarc deposystems: a synthesis of the 

modern Andean orogeny and its associated basins, in Decelles, P.B., Ducea, M.N., Carrapa, B., 

and Kapp, P.A., Eds., Geodynamics of a Cordilleran Orogenic System: The Central Andes of 

Argentina and Northern Chile: Geological Society of America Memoir 212, 

doi:10.1130/2015.1212(16). 

 

Corvinus, G., 2004, Homo erectus in East and Southeast Asia, and the questions of the age of the 

species and its association with stone artifacts, with special attention to handaxe-like tools: 

Quaternary International, v. 117, p. 141-151, doi:20.1016/S1040-6182(03)00124-1. 

 

Darling, K.F., Thomas, E., Kasemann, S.A., Seears, H.A., Smart, C.W., and Wade, C.M., 2009, 

Surviving mass extinction by bridging the benthic/planktic divide: Proceedings of the National 

Academy of Science, v. 106, p. 12629-12633, doi:10.1073/pnas30902827106. 

 

den Hartog, C., 1967, Brackish water as an environment for algae: Blumea – Biodiversity, 

Evolution and Biogeography of Plants, v. 15, p. 31-43.  

 

Detwiler, P.M., Coe, M.F., Dexter, D.M., 2002, The benthic invertebrates of the Salton Sea: 

distribution and seasonal dynamics: Hydrobiolgia, v. 473, p. 139-160. 

 

Dickin, A.P., 1995, Radiogenic Isotope Geology: Cambridge University Press, Cambridge, UK, 

490 p. 

 

Eugster, H.P., Jones, B.F., 1979, Behavior of major solutes during closed-basin brine evolution: 

American Journal of Science, v. 279, p. 609-631. 

 

Faith, J.T., Potts, R., Plummer, T.W., Bishop, L.C., Marean, C.W., Tryon, C.A., 2012, New 

perspectives on middle Pleistocene change in the large mammal faunas of East Africa: 

Damaliscus hypsodont sp. nov. (Mammalia, Artiodactyla) from Lainyamok, Kenya: 

Palaeogeography, Palaeoclimatology, Palaeoecology, v. 361-362, p. 84-93, 

doi:10.1016/j.paleo.2012.08.005. 

 

Feakins, S.J., Kirby, M.E., Cheetham, M.I., Ibarra, Y., Zimmerman, S.R.H., 2014, Fluctuation in 

leaf wax D/H ratio from a southern California lake records significant variability in isotopes in 

precipitation during the late Holocene: Organic Chemistry, v. 66, p. 48-59, 

doi:10.1016/j.orggeochem.2013.10.015. 

 

Garrett, N.D., Fox, D.L., McNulty, K.P., Faith, J.T., Peppe, D.J., Van Plantinga, A., Tyron, C.A., 

2015, Stable isotope paleoecology of Late Pleistocene Middle Stone Age humans from the Lake 

Victoria basin, Kenya: Journal of Human Evolution, v. 85, p. 1-14, 

doi:10.1016/j.jhevol.2014.10.005. 

 

Gasse, F., Street, F.A., 1978, Late Quaternary lake-level fluctuations and environments of the 

Northern Rift Valley and Afar region (Ethiopia and Djibouti): Palaeogeography, 

Palaeoclimatology, Palaeoecology, v. 24, p. 279-325, doi:10.1016/0031-0182(78)90011-1. 



22 
 

Haradon, C.M., 2002, The ecological context of the Acheulean to Middle Stone Age transition in 

Africa: [Master’s Thesis], Arizona State University, Phoenix, AZ, 395 p. 

 

Herries, A.I.R., 2011, A chronological perspective on the Acheulian and its transition to the 

Middle Stone Age in southern Africa: the question of the Fauresmith: International Journal of 

Evolutionary Biology, v. 2011, p. 1-25, doi:10.4061/2011/961401. 

 

Hoefs, J., 1997 Stable Isotope Geochemistry: Springer-Verlag, New York, 201 p. 

 

Ivory, S.J., Blome, M.W., King, J.W., McGlue, M.M., Cole, J.E., Cohen, A.S., 2016, 

Environmental change explains cichlid adaptive radiation at Lake Malawi over the past 1.2 

million years: Proceedings of the National Academy of Science, v. 113, p. 11895-11900,  

doi:10.1073/pnas.1611028113. 

 

Jones, L.M., Faure, G., 1972, Strontium isotope geochemistry of Great Salt Lake, Utah: 

Geological Society of America Bulletin, v. 83, p. 1875-1880,  

doi:10.1130/0016-7606(1972)83[1875:SIGOGS]2.0.CO;2. 

 

Karanovic, I., 2012, Recent Freshwater Ostracods of the World: Springer, New York, 608 p. 

 

Kashiwaya, K., Ochiai, S., Sakai, H., Kawai, T., 2001, Orbit-related long-term climate cycles 

revealed in a 12-Myr continental record from Lake Baikal: Nature, v. 410, p. 71-41, 

doi:10.1038/35065057. 

 

Keighley, D., Flint, S., Howell, J., Moscariello, A., 2003, Sequence stratigraphy in lacustrine 

basins: a model for part of the Green River Formation (Eocene), southwest Uinta Basin, Utah, 

USA: Journal of Sedimentary Research, v. 73, p. 987-1006, doi:10.1306/050103730987. 

 

Langdon, P.G., Leng, M.J., Holmes, N., Caseldine, C.J., 2010, Lacustrine evidence of early-

Holocene environmental change in northern Iceland: a multiproxy palaeoecology and stable 

isotope study: The Holocene, v. 20, p. 205-214. 

 

Lepre, C.J., Roche, H., Kent, D.V., Harmand, S., Quinn, R.L., Brugal, J.-P., Texier, P.-J., 

Lenoble, Feibel, C.S., 2011, An earlier origin for the Acheulian: Nature, v. 477, p. 82-85, 

doi:10.1038/nature10372. 

 

Lerman, A., Imboden, D., Gat, J., 1995, Physics and Chemistry of Lakes: Springer-Verlag, New 

York, 334 p. 

 

Magny, M., 2004, Holocene climate variability as reflected by mid-European lake-level 

fluctuations and its probable impact on prehistoric human settlements: Quaternary International, 

v. 113, p. 65-79, doi:10.1016/S1040-6182(03)00080-6. 

 

McBrearty, S., Brooks, A.S., 2000, The revolution that wasn’t: a new interpretation of the origin 

of modern human behavior:  Journal of Human Evolution, v. 39, p. 453-563, 

doi:10.1006/jhev.2000.0435. 



23 
 

McDougall, K., and Miranda Martínez, A.Y., 2014, Evidence for a marine incursion along the 

lower Colorado River corridor. Geosphere, v. 10, p. 842-869, doi:10.1130/GES00975.1. 

 

McDougall, K., and Miranda-Martínez, A.Y., 2016, Bouse Formation along the lower Colorado 

River corridor: tracking the transition from marine estuary to saline lake, in Reynolds, R.E., 

(ed.), Going LOCO: Investigations along the Lower Colorado River: California State University 

Desert Studies Center 2016 Desert Symposium Field Guide and Proceedings, April 2016, p. 140-

144.  

 

Mischke, S., Aichner, B., Diekmann, B., Herzschuh, U., Plessen, B., Wünnemann, B., Zhang, C., 

2010, Ostracods and stable isotopes of a late glacial and Holocene record from the NE Tibetan 

Plateau: Chemical Geology, v. 276, p. 95-103, doi:10.1016/j.chemgeo.2010.06.003. 

 

Murray, J.W., Ecology and Paleoecology of Benthic Foraminifera: Wiley, New York, 397 p. 

 

O’Connell, B., Dorsey, R.J., Humphreys, E.D., 2017, Tidal rhythmites in the southern Bouse 

Formation as evidence for post-Miocene uplift of the lower Colorado River corridor: Geology, v. 

45, p. 99-102, doi:10.1130/G38608.1. 

 

Patterson, R.T., 1987, Arcellaceans and foraminifera from Pleistocene Lake Tecopa: Journal of 

Foraminiferal Research, v. 17, p. 333-343. 

 

Potts, R., 1998, Variability selection in hominid evolution: Evolutionary Anthropology, v. 7, p. 

81-96, doi:10.1002/(SICI)1520-6505(1998)7:3<81::AID-EVAN3>3.0.CO;2. 

 

Poulson, S.R., and John, B.E., 2003, Stable isotope and trace element geochemistry of the basal 

Bouse Formation carbonate, southwestern United States: Implications for the Pliocene uplift 

history of the Colorado Plateau: Geological Society of America Bulletin, v. 115, p. 434-444. 

 

Rees, H.C., Maddison, B.C., Middleditch, D.J., Patmore, J.R.M., Gough, K.C., 2014, The 

detection of aquatic animal species using environmental DNA – a review of eDNA as a survey 

tool in ecology: Journal of Applied Ecology, v. 51, p. 1450-1459, doi:10.1111/1365-2664.12306. 

 

Reynolds, R.E., 2008, Review of freshwater mollusks from the Bouse Formation, Lake Havasu 

area, California, in Reynolds, R.E., ed., Trough to Trough: The Colorado River and Salton Sea: 

California State University, Desert Studies Consortium and LSA Associates, Inc.,  p. 54-57. 

 

Reynolds, R.E., Berry, D.R., 2008, Preliminary review of invertebrate fossil localities from the 

Bouse Formation, Blythe basin, California, in Reynolds, R.E., ed., Trough to Trough: The 

Colorado River and Salton Sea: California State University, Desert Studies Consortium and LSA 

Associates, Inc.,  p. 62-68. 

 

Rosenthal, J.S., Meyer, J., Palacios-Fest, M.R., Young, C.D., Ugan, A., Byrd, B.F., Gobalet, K., 

Giacomo, J., 2017, Paleohydrology of China Lake basin and the context of early human 

occupation in the northwestern Mojave Desert, USA: Quaternary Science Reviews, v. 167, p. 

112-139, doi:10.1016/j.quascirev.2017.04.023. 



24 
 

Roskowski, J.A., Patchett, P.J., Spencer, J.E., Pearthree, P.A., Dettman, D.L., Faulds, J.E., and 

Reynolds, A.C., 2010, A late Miocene-early Pliocene chain of lakes fed by the Colorado River: 

Evidence from Sr, C, and O isotopes of the Bouse Formation and related units between Grand 

Canyon and the Gulf of California: Geological Society of America Bulletin, v. 122, p. 1625-

1636, doi:10.1130/B30186.1. 

 

Salzburger, W., Van Bocxlaer, B., Cohen, A.S., 2014, Ecology and evolution of the African 

Great Lakes and their faunas: Annual Review of Ecology, Evolution, and Systematics, v. 45, p. 

519-545, doi:10.1146/annrev-ecolsys-120213-091804. 

 

Schnurrenberger, D., Russell, J., Kelts, K., 2003, Classification of lacustrine sediments based on 

sedimentary components: Journal of Paleolimnology, v. 29, p. 141-154, 

doi:10.1023/A:1023270324800. 

 

Scholz, C. A., and 18 others, 2007, East African megadroughts between 135 and 75 thousand 

years ago and bearing on early-modern human origins: Proceedings of the National Academy of 

Science, v. 104, p. 16416-16421, doi:10.1073/pnas.0703874104. 

 

Shea, J.L., 2008, The Middle Stone Age archaeology of the Lower Omo Valley Kibish 

Formation: excavations, lithic assemblages, and inferred patterns of early Homo sapiens 

behavior: Journal of Human Evolution, v. 55, p. 448-485, doi:10.1016/j.jhevol.2008.05.014. 

 

Smart, C.W., and Thomas, E., 2007, Emendation of the genus Streptochilus Brönniman and 

Resig 1971 (Foraminifera) and new species from the lower Miocene of the Atlantic and Indian 

Oceans: Micropaleontology, v. 53, p. 73-103. 

 

Smith, P., 1970, New evidence for a Pliocene marine embayment along the lower Colorado 

River area, California and Arizona: Geological Society of America Bulletin, v., 81. p. 1411-

1420. 

 

Spencer, J.E., and Patchett, P.J., 1997, Sr isotope evidence for a lacustrine origin for the upper 

Miocene to Pliocene Bouse Formation, lower Colorado River trough, and implications for timing 

of Colorado Plateau uplift: Geological Society of America Bulletin, v. 109, p. 767-778. 

 

Stockhecke, M., Sturm, M., Brunner, I., Schmincke, H.-U., Sumita, M., Kipfers, R., Cukur, D., 

Kwiecien, O., Anselmetti, F.S., 2014, Sedimentary evolution and environmental history of Lake 

Van (Turkey) over the past 600 000 years: Sedimentology, v. 61, p. 1830-1861, 

doi:10.1111/sed.12118. 

 

Stuiver, M., 1970, Oxygen and carbon isotope ratios of fresh-water carbonates as climatic 

indicators: Journal of Geophysical Research, v. 75, p. 5247-5257, 

doi:10.1029/JC075i027p05247. 

 

Tierney, J.E., Mayes, M.T., Meyer, N., Johnson, C., Swarzenski, P.W., Cohen, A.S., Russell, 

J.M., 2010, Late-twentieth-century warming in Lake Tanganyika unprecedented since AD 500: 

Nature Geoscience, v. 3, p. 422-425, do:10.1038/ngeo865. 



25 
 

Tinterri, R., 2011, Combined flow sedimentary structures and the genetic link between 

sigmoidal- and hummocky-cross stratification: GeoActa, v. 10, p. 43-85. 

 

White, J.D.L., 1996, Pre-emergent construction of a lacustrine basaltic volcano, Pahvant Butte, 

Utah (USA): Bulletin of Volcanology, v. 58, p. 249-262, doi:10.1007/s004450050138. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



26 
 

APPENDIX A: 

Freshwater plumes and brackish lakes: Integrated microfossil and O-C-Sr isotopic 
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ABSTRACT  

 

Uncertainty over the depositional environment of the late Miocene and early Pliocene Bouse 

Formation hinders our understanding of the evolution of a major continental-scale river. 

Competing marine and lacustrine models for the origin of the southern Bouse Formation remain 

irreconcilable after nearly 60 years of study. This paper presents new microfossil data and 

inorganic and biologic carbonate 
18

O and 
13

C values (VPDB) from the northern and southern 

Bouse Formations, augmented with carbonate and fish bone 
87

Sr/
86

Sr ratios from the southern 

Bouse Formation, that strongly favor  a lacustrine origin for the southern Bouse Formation. Both 

formations share a core Cyprideis (mixed marginal-marine), Limnocythere (continental), and 

Candona (continental) ostracode assemblage, indicating similar environmental conditions. 

Micrite and ostracode valves from both formations yield nearly identical 
18

O and 
13

C values, 

suggesting similar origins. Ostracode valves from both formations document a large and abrupt 

shift from high 
18

O values (-2‰) to much lower values (-10‰), consistent with a fill-and-spill 

lacustrine origin for both formations.  Tests of the nominally planktic foraminifer Streptochilus 

yield 
18

O and 
13

C values that are nearly identical to benthic ostracode 
18

O and 
13

C values. 

Recognition of benthic Streptochilus weakens a categorically marine interpretation for the 

southern Bouse Formation. Barnacle shell at a key outcrop of the southern Bouse Formation that 

preserves sigmoidal bedding with potential spring-to-neap tidal bundling yield low 
18

O values  

(-8‰ ±1‰) that are incompatible with calcification in seawater. 
87

Sr/
86

Sr ratios from co-

occurring fish bones (0.71104) and ostracode valves (0.71100) and the surrounding micrite 

(0.71086) reveal an isotopically complex Colorado River-fed lacustrine environment. A model 

invoking freshwater plumes from the early Colorado River into either a terminal or a tidally 
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influenced mildly brackish lake followed by an abrupt transition to a freshwater lake provides a 

comprehensive and internally consistent explanation for the isotopic complexities observed in 

our southern Bouse Formation dataset. A freshwater plume model is entirely consistent with 

earlier fill-and-spill models for the downward integration of the early Colorado River.    

 

INTRODUCTION 

 

The evolution of the Colorado River is a crucial link in understanding the late Cenozoic 

tectonic evolution of the southwestern U.S. (e.g., Blackwelder, 1934). Large portions of the 

Colorado River watershed were at sea level about 65 million years ago, but since then the Rocky 

Mountains and the Colorado Plateau have been uplifted ~3 and 1.5 km, respectively (Pederson et 

al., 2002; Karlstrom et al., 2012). Late Cenozoic extension in the western U.S. lowered the Basin 

and Range province and strike-slip displacement along the San Andreas Fault opened the Gulf of 

California (e.g., Karig and Jensky, 1972; Dickinson, 2002). The Late Cenozoic saw a significant 

reorganization of watersheds in the southwestern U.S. (e.g., Cather et al., 2012; Dickinson, 2015) 

in response to a change in regional base level. Shortly after 6 Ma, exotic Colorado River gravels 

appear beyond the western end of the modern Grand Canyon (Lucchitta, 1972; Spencer et al., 

2001), providing clear evidence that an early Colorado River had reached the southwestern U.S. 

The river then integrated a southward course across the chaotic landscape of the southeastern 

Basin and Range province (Faulds et al., 2008) before eventually reaching the Gulf of California 

at about 5.3 Ma (Dorsey et al., 2007, 2011). Thus, the evolution of the Colorado River system 

provides critical constraints on the timing and rates of uplift, faulting, and subsidence within its 

watershed (Lucchitta, 1979; Karlstrom et al., 2007), and is the common thread that ties much of 
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the late Cenozoic tectonic history of the southwestern U.S. together. How the Colorado River 

system evolved is the topic of intense and longstanding debate (e.g., Blackwelder, 1934; 

Longwell, 1946; Lucchitta, 1972, 1989; Pederson, 2008; Karlstrom et al., 2008), particularly the 

sequence of events that finally led to the lower Colorado River reaching the Gulf of California 

(e.g., Blackwelder, 1934, Smith, 1970; Lucchitta, 1989; Spencer and Patchett, 1997; House et al., 

2008; McDougall and Miranda Martinez, 2014). A highly contested record of the processes that 

integrated the lower Colorado River corridor is preserved as the Bouse Formation. 

In this paper we present microfossil assemblages, 
18

O and 
13

C values from inorganic 

calcite and biologic calcite (ostracodes, barnacles, foraminifers), and 
87

Sr/
86

Sr ratios from 

inorganic calcite, ostracode valves, and fish bone. The data we present were collected at one 

outcrop of Bouse Formation in the Chemehuevi basin (hereafter “northern Bouse Formation”), 

(Fig. 1), and at four Bouse Formation locations in the Blythe basin (hereafter “southern Bouse 

Formation”) (Fig. 1). This sampling strategy takes advantage of the uncontested lacustrine origin 

of the northern Bouse Formation to provide a template against which the contested marine, 

estuarine, or lacustrine southern Bouse Formation in can be compared. The nearly 100 km 

between the northernmost and southernmost southern Bouse Formation outcrops allows us to test 

for an isotopic gradient along a possible Bouse estuary (e.g., Smith, 1970; Crossey et al., 2015). 

Our multi-indicator approach uses a robust sampling scheme embedded within an improved 

understanding of Bouse Formation stratigraphy to further test the lacustrine, normal marine, and 

estuary models for the origin of the southern Bouse Formation.  
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BACKGROUND  

 

Geology and Geography of the Bouse Formation 

 

The late Miocene and early Pliocene Bouse Formation is discontinuously exposed in four 

sequential basins located along a nearly 300-km-long stretch of the lower Colorado River 

corridor (Spencer et al., 2013) (Fig. 1). The Bouse Formation was described in detail by Metzger 

(1968), Metzger and Loeltz (1973), and Metzger et al. (1973). Following the recognition of a 

new lithologic unit (Homan, 2014) , the Bouse Formation can be broken out into four main units: 

(1) dense travertine and tufa deposits found around basin edges that directly and disconformably 

overlie coarse-grained Miocene fanglomerates or bedrock; (2) a basal limestone unit that varies 

from 2 to 30 m thick; (3) an overlying siliciclastic-dominated interbedded unit comprised of clay, 

silt, and fine sand that can be a few 10’s of m thick to over 200 m thick; and (4) a capping “upper 

bioclastic limestone unit” (Homan, 2014), “upper limestone unit” (Dorsey et al., 2016) or  “upper 

bioclastic unit” (Gootee et al., 2016). Several of the southernmost exposures of the basal 

limestone unit in the Blythe basin have been mapped and described in detail by Homan (2014) 

and O’Connell (2017) who documented a variety of carbonate sediments including limestone, 

calcarenite, and several marl variations. We prefer to use a broader “basal carbonate unit” 

designation for these sediments. The thickness and details of each unit vary from outcrop to 

outcrop, with the most conspicuous difference being that the “upper bioclastic unit” has not been 

identified north of the Blythe basin and an enigmatic mixture of marginal marine and continental 

fossils has only been reported from the basal carbonate unit of the southern Bouse Formation. 
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Otherwise, the overall physical characteristics of the Bouse sedimentary package are noticeably 

similar throughout lower Colorado River corridor.  

 Outcrops of the northern Bouse Formation are discontinuously exposed in the 

Cottonwood, Mohave, and Chemehuevi basins (Fig. 1; Spencer et al., 2008) at elevations as high 

as 550-560 m asl in the Mohave and Cottonwood basins before stepping down across the Topock 

bedrock paleodivide (Fig. 1) to a maximum elevation of about 370 m asl in the Chemehuevi 

basin (Fig. 1) (Pearthree and House, 2014).  The southern Bouse Formation is confined to the 

Blythe basin and has a maximum elevation of about 330 m asl (Fig. 1) (Pearthree and House, 

2014). Sediments described as Bouse Formation have been encountered in the subsurface of the 

Blythe basin to depths of about 200 meters below sea level (Metzger and Loeltz, 1973; Metzger 

et al., 1973). The Bouse Formation may be present several hundred meters below the surface 

near Yuma, Arizona, (Fig. 1), where it overlies older Miocene marine rocks (Olmsted et al., 

1973). Very little is known about the Bouse Formation near Yuma, other than some subsurface 

foraminifer identifications (Smith, 1970; Olmsted et al., 1973; Winterer, 1975), well log 

interpretations (Olmsted et al., 1973), and sedimentological descriptions of one contested surface 

outcrop (Winterer, 1975; Spencer et al., 2013).   

 Surface exposures of the Bouse Formation along the lower Colorado River corridor, 

regardless of basin, are deeply incised and overlain by gravels and sands of the early Pliocene (~ 

4.5 Ma to 3.5 Ma) Bullhead Alluvium, which records the first unequivocal sedimentological 

evidence for a through-flowing early Colorado River (House et al., 2008, Pearthree and House, 

2014; Howard et al., 2015).  

 

 



32 
 

Depositional Environment of the Bouse Formation: Previous Interpretations  

 

The present consensus is that the northern Bouse Formation represents a series of fresh- 

to slightly brackish-water lakes that were sequentially filled-and-spilled in a southward 

progression by the advancing terminus of the early Colorado River (Blackwelder, 1934; Meek 

and Douglass, 2001; House et al., 2008; Pearthree and House, 2014). This interpretation is based 

on carbonate 
18

O and 
13

C values and carbonate 
87

Sr/
86

Sr ratios (Buising, 1988; Spencer and 

Patchett, 1997; Poulson and John, 2003; Spencer et al., 2008; Crossey et al., 2015) and by a 

freshwater faunal assemblage that lacks marine fossils (McDougall, 2008; Reynolds, 2008; 

Reynolds et al., 2016; Roeder and Smith, 2016). The fill-and-spill lacustrine interpretation for 

the northern Bouse Formation is convincingly supported by catastrophic paleoflood deposits to 

the south of the Pyramid paleodivide (Fig. 1) (House et al., 2008; Pearthree and House, 2014). 

Cloos (2014) and Kimbrough et al. (2015) demonstrated that Laramide-aged detrital zircons 

from the upper Colorado River watershed were present in the first arriving Colorado River sands 

deposited in the early Gulf of California. This finding further supports a “top down” fill-and-spill 

model for lower Colorado River integration. 

The depositional environment of the southern Bouse Formation continues to be debated, 

with the competing marine and lacustrine interpretations carrying important consequences for the 

geomorphic and tectonic evolution of the surrounding area (e.g., Lucchitta, 1979). McDougall 

and Miranda Martinez’ (2014, 2016)  marine and Crossey et al.’s (2015) estuarine models 

hypothesize that the Blythe basin was initially at sea level and was connected in some manner to 

the early Gulf of California (e.g., Blair and Armstrong, 1979) before experiencing approximately 

330 meters of post-Miocene uplift (Lucchitta, 1979; O’Connell et al., 2017), acknowledging that 
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late Miocene global sea level may have fluctuated within ± 30 m of the modern level (Miller et 

al., 2005; De Schepper et al., 2014). McDougall and Miranda Martinez’ (2014, 2016) marine 

model hypothesizes that only the basal carbonate unit (> 6.0 Ma to ~ 5.3 Ma; Miranda-Martinez 

et al., 2017) was deposited in a normal marine environment at least 0.7 Ma before the arrival of 

the early Colorado River. The overlying siliciclastic interbedded unit comprises Colorado River 

sediments that were deposited in a saline lake environment after the river reached the basin at 

about 5.3 Ma (McDougall and Miranda Martinez, 2016). The presence of a variety of marine and 

marginal-marine organisms, including abundant benthic and rare planktic foraminifers 

(McDougall and Miranda Martinez, 2014), large numbers of the barnacle Amphibalanus 

subalbidus (Zullo and Buising, 1989; Van Syok, 1992; Pitombo, 2004), and the nominally 

marine fish Colpichthys regis (Todd, 1976), coupled with the recognition of sedimentary 

structures that suggest deposition under a tidal influence (O’Connell et al., 2017), strengthen the 

marine interpretation.  

Spencer and Patchett’s (1997) and Spencer et al.’s (2008, 2013)  lacustrine model 

hypothesizes that the Blythe basin has been at or near its current elevation since the late Miocene 

where it was the last in a sequence of basins to be flooded by the southward advance of early 

Colorado River (Spencer et al., 2013; Pearthree and House, 2014).  The lacustrine model is 

supported by continental isotopic signatures in Bouse carbonates, (Spencer and Patchett, 1997; 

Poulson and John, 2003; Roskowski et al., 2010; Crossey et al., 2015), by the presence of a 

variety of continental fossils such as freshwater clams, fish, snails, ostracodes, and diatoms 

(Reynolds and Berry, 2008; Miller et al., 2014; Bright et al., 2016; Roeder and Smith, 2016),  

and by physical evidence for a lake spill-over event at the Pyramid paleodam (Fig. 1; House et 

al., 2008; Pearthree and House, 2014). The morphology of the abundant basin-margin travertine 
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(tufa) has recently drawn comparison with lacustrine travertines at Pyramid Lake, Nevada, 

(Crossey et al., 2017). Northern and southern Bouse Formation carbonates share numerous 

similarities in their isotopic and trace element compositions, several of which are statistically 

indistinguishable (Table 1) and, thus, could suggest similar origins. Previous workers have 

argued that these similarities are the result of post-depositional alteration (e.g., Lucchitta et al., 

2001). Efforts to determine the degree of diagenetic alteration of Bouse carbonates are ongoing 

(Ferguson et al., 2017).  

The broad range of seemingly conflicting datasets leads to equally conflicting 

interpretational paradigms. The marine model argues that the freshwater fossil assemblage was 

simply reworked from neighboring continental environments (Turak, 2000; Lucchitta et al., 

2001; Miller et al., 2014). The lacustrine model argues that the marginal marine fossils were 

transported by birds (e.g., Figuerola and Green, 2002) or some other vector into a saline lake
 

(Spencer et al., 2008, 2013). Several studies have reported isotopic and trace metal gradients 

(Poulson and John, 2003; Crossey et al., 2015) and paleontological gradients (McDougall, 2008) 

in the southern Bouse Formation. These gradients might suggest mixing or environmental 

complexity along a Bouse estuary (Crossey et al., 2015) but similar gradients occur in lakes 

(Dermot, 1978; Rasmussen, 1988 Dumont, 1998). The marine model can readily account for the 

reported tidal rhythmites and other typically marine sedimentary structures (O’Connell et al., 

2017) whereas the lacustrine model requires that these features be explainable by lacustrine 

processes (e.g., Davis et al., 1972; Ainsworth et al., 2012; Fraser et al., 2012).  

 Finally, 
87

Sr/
86

Sr ratios, a powerful tool routinely used to discriminate between 

continental and marine carbonates, have proven to be problematic along the lower Colorado 

River corridor.  The 
87

Sr/
86

Sr ratios from northern and southern Bouse Formation carbonates are 
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similar to, but sometimes higher than, the 
87

Sr/
86

Sr ratio of the modern Colorado River (Spencer 

and Patchett, 1997; Roskowski et al., 2010; Crossey et al., 2015). Previously published northern 

and southern Bouse Formation 
87

Sr/
86

Sr ratios are statistically indistinguishable from each other 

(Table 1), and thus, could support a similar origin, but whether that origin is similar lake 

environments or the product of similar post-depositional alteration is debated (Lucchitta et al., 

2001; Spencer et al., 2013).  Strontium isotope ratios that would definitively support a marine 

origin for the southern Bouse Formation have not been found (Spencer and Patchett, 1997; 

Roskowski et al., 2010; Crossey et al., 2015). Groundwater-supported lakes with high Sr 

concentrations and continental 
87

Sr/
86

Sr ratios were present east of the Las Vegas area (Fig. 1) 

just before the Bouse Formation was deposited (Crossey et al., 2015). Contributions of this water 

source to the Bouse system could produce the continental 
87

Sr/
86

Sr ratios observed in the 

southern Bouse Formation carbonates even in the presence of seawater (Crossey et al., 2015). 

The delivery of this water to the Blythe basin seemingly requires that the early Colorado River 

be present during the deposition of the southern Bouse Formation, and thus, is at odds with 

McDougall and Miranda Martinez’ (2014, 2016) and Miranda-Martinez’ (2017) marine model 

hypothesizing that the basal carbonate unit, with its continental 
87

Sr/
86

Sr ratios, was deposited in 

a fully marine environment that predates the arrival of the river. 

 

Rationale behind an integrated microfossil and stable isotope approach 

 

Many organisms are sensitive to a variety of ecological factors, such as temperature and 

overall salinity, but many are also sensitive to the relationship between overall salinity and 

individual ionic concentrations or ionic ratios. This has been demonstrated for ostracodes 
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(Forester and Brouwers, 1985; Forester, 1986), diatoms (Blinn, 1993), brine flies (Bowen et al., 

1985), molluscs (Sharpe and Forester, 2008) and other organisms (Plaziat, 1993; Herbst, 2001). 

Numerous marginal marine organisms such as ostracodes (e.g., Cyprideis, Cytheromorpha), 

benthic foraminifers (i.e., Ammonia beccarii, Elphidium gunteri), and molluscs (i.e., Cardium, 

Potamides) are able to colonize continental lakes where the ratio of calcium to carbonate 

alkalinity (Ca/ALK; Forester, 1986) and the relative proportions of sodium and chloride 

converge on a “marine like” composition (e.g., Gasse et al., 1987; Anadón et al., 1986; Anadón, 

1989; Plaziat, 1993; Anadón, 1992; Wennrich et al., 2007).  Some marginal marine ostracodes, 

like Cyprideis torosa and Cytheromorpha fuscata, are known to tolerate sulphate- and chloride-

rich continental waters (Nielsen et al., 1987; Mezquita et al., 1999). We interpret the Bouse 

Formation microfossil assemblage within the context of a well-established ecological framework 

that is augmented by various types of isotopic data contained within the microfossils themselves.  

In this study we focus more on 
18

O values because of the strong correlation between 


18

O  and salinity in marine and estuarine environments (e.g., Ingram et al., 1996; Rodriguez et 

al., 2000; Dettman et al., 2004; Sampei et al., 2005), and between 
18

O , salinity, inflow, and 

evaporation in lakes (e.g., Talbot, 1990; Leng and Marshall, 2004). Carbon isotopes will be 

discussed less frequently because numerous influential variables (degassing, organic respiration, 

etc) reduce the correlation with salinity. We do make frequent use of 
18

O-
13

C cross-plots, 

however, because they often provide important clues about the source of water and potential 

environments of deposition (e.g., Keith et al., 1964; Talbot, 1990; Gross et al., 2013). Fully 

marine environments within the past 10 Ma typically produce carbonates that group near the 

origin of a 
18

O-
13

C cross-plot (Prokoph et al., 2008). Estuarine environments are typically 

characterized by a strong correlation between salinity and isotope composition, and thus, 
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typically generate carbonates that are positively covariant where lower salinity environments 

near the head of the estuary plot with lower 
18

O-
13

C values and more saline environments near 

the mouth of the estuary plot with higher 
18

O-
13

C values (e.g., Reinhardt et al., 2003; Sampei 

et al., 2005). The relationships between salinity and carbonate 
18

O and 
13

C values can be fairly 

complex in lakes, and at times may even be counter-intuitive (Li and Ku, 1997).  It is not 

uncommon to find examples where terminal but freshwater or mildly brackish lakes generate 

carbonate
18

O and 
13

C values that overlap with or even exceed those found in marine 

carbonates (e.g. Anadón et al., 2008; Sharpe and Bright, 2014). Thus, lakes can produce 

carbonates that display a wide range of 
18

O-
13

C relationships (e.g., Talbot, 1990). The 

fundamental differences in the isotopic compositions of marine, estuarine, and lacustrine 

environments, coupled with the fundamental differences in the ecology of strictly marine, marine 

but continentally invasive, and fully continental organisms, provide the foundational framework 

for our interpretations.    

 

STUDY AREAS 

 

The principal study areas comprise five Bouse Formation outcrops that were strategically 

located along a north-south transect from the Chemehuevi basin to Marl Wash (Fig. 1). One 

outcrop of the lacustrine northern Bouse Formation in the Chemehuevi basin (34.4477°N, 

114.4010°W; Fig. 1) was sampled at roughly meter-scale resolution (Fig. 2).  Four southern 

Bouse Formation outcrops were located at Parker, AZ, (34.1623°N, 114.3021°W), in Milpitas 

Wash (33.2599°N, 114.7303°W), in Hart Mine Wash, (33.2907°N, 114.6352°W; Fig. 1) and in 

Marl Wash (33.2634°N, 114.6393°W; Fig. 1).  The outcrops at Parker (Fig. 3), Milpitas Wash 
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(Fig. 4), and Hart Mine Wash (Figs. 5 and 6) were sampled at roughly 10-40 cm resolution. The 

southern Bouse Formation in Marl Wash (Fig. 7) was coarsely sampled (> m-scale) at prominent 

changes in lithology. Four additional spot collection sites targeted barnacle-rich sediments of the 

basal carbonate unit. Two of these sites are in the vicinity of Hart Mine Wash (Fig. 8) and two 

sites are located in the Palo Verde Mountains (Fig. 8). Modern barnacle shells from the Salton 

Sea (Fig. 1) and from Isla Montague (Fig. 1) were also analyzed. Detailed descriptions of each of 

the primary sampling locations are available in the Supplemental Material.  

This sampling strategy allows us to document the microfossil content and the 
18

O and 


13

C values in micrite and biologic calcite from an uncontested lacustrine environment in the 

Chemehuevi basin, and then compare those results against equivalent datasets from the contested 

southern Bouse Formation. The outcrop of southern Bouse Formation at Parker, AZ, is located 

near where the early Colorado River would have entered the Blythe basin (Fig. 1). The outcrops 

at Milpitas Wash, Hart Mine Wash, and Marl Wash are located near the southern margin of the 

basin (Fig. 1), far from any major river input, and would have been near the mouth of a possible 

Bouse estuary.  If the southern Bouse Formation formed in a normal marine environment, then 

the microfossil assemblages and the carbonate 
18

O and 
13

C values from the southern Bouse 

Formation outcrops should be similar to each other and recognizably marine in nature, and they 

should be clearly different from  equivalent datasets from the lacustrine northern Bouse 

Formation. If the southern Bouse Formation was deposited in an estuary, then because the 

salinity and 
18

O value of water in an estuary are positively correlated (e.g., Dettman et al., 

2004), we would expect the microfossil assemblages and the carbonate 
18

O and 
13

C values to 

show a clear transition from lacustrine conditions in the Chemehuevi basin, to mildly saline 

conditions at the head of the Bouse estuary near Parker, to more marine-like conditions near the 
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mouth of the Bouse estuary at the southern end of the basin. A modern estuary analogy might be 

found in the freshwater influence of the pre-dam era Colorado River on the
18

O values in 

Mulinia shells from the northern Gulf of California. There, the influence of the river can be 

measured up to 60 km away from its mouth (Rodriguez et al., 2001). 

 

METHODS 

 

Microfossil analysis 

 

Sediment samples were disaggregated for microfossil analysis (n = 140) by soaking in a 

weak sodium bicarbonate and sodium hexametaphosphate solution for up to one week. The most 

indurated samples were subjected to a single freeze-thaw cycle. Repeated freeze-thaw cycling 

was avoided to reduce breaking foraminifer tests. Once disaggregated, each sediment slurry was 

washed over a 45 μm sieve. Microfossils in the >120 μm size fraction were identified and 

counted. The foraminifers in a small concentrated aliquot of each of the 45-120 μm size fractions 

were counted. The foraminifers were not identified but were grouped by appearance. “Spiraled” 

foraminifers include predominantly benthic genera such as Ammonia and Elphidium and 

“biserial” foraminifers include the benthic genus Bolivina and the nominally planktic genus 

Streptochilus (McDougall and Miranda Martinez, 2014). All microfossil counts are available in 

the Supplemental Material. 
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Stable isotope (
18

O, 
13

C) analysis 

 

Stable isotope (
18

O, 
13

C) values were measured on fine-grained micrite (<45 μm) (n = 

131), aliquots of ostracode valves (n = 238) and foraminifer tests (n = 21), individual barnacle 

fragments (n = 32), unidentified individual shell fragments (n = 4), and secondary calcite (n = 4).  

Fresh sediment from each sample was disaggregated in reverse osmosis (RO) water and 

sieved at 45 μm to remove biogenic carbonate. Deflocculant or other additives were not used. 

The < 45 μm micrite slurries were dried overnight in a 40 °C oven and then gently homogenized 

into powders with a porcelain mortar and pestle.  

 The best preserved ostracode valves (Cyprideis sp., Cytheromorpha sp., Candona spp., 

Heterocypris sp.; Bright et al., 2016) were picked out of the >250 μm size fraction. Adult valves 

were preferentially chosen, but large juvenile valves were used when suitable adult valves were 

not available. The ostracode valves were manually cleaned with a fine paintbrush. If secondary 

carbonate growths or other resistant debris was present, it was removed with a fine needle or by 

quickly brushing the valves with dilute (0.5N) hydrochloric acid followed by a thorough rinsing 

with RO water.  

At Hart Mine Wash, six sediment samples near the top of the basal carbonate unit and at 

the base of the interbedded unit at Outcrops D and E (Fig. 5) contained high concentrations of 

spiraled and biserial foraminifers (Fig. 6). The abundant biserial foraminifers correspond to the 

“Streptochilus Biofacies” identified in McDougall and Miranda Martinez (2016). Foraminifers 

from the 45-120 μm size fractions from each of these six samples were picked for analysis under 

a binocular microscope using a two-step process. First, each residue was examined under 

transmitted light and only translucent foraminifer tests that were free of encrustations or infilling 
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sediments were selected. The picked foraminifers were then subjected to a second selection 

process using reflected light where any stained or discolored tests were removed. Scanning 

electron microscope images of representative tests of the spiraled and biserial foraminifers 

analyzed are available in the Supplemental Material. 

Barnacle shell fragments were chosen for isotopic analysis based on their appearance. 

Only smooth, pearlescent material was selected. The barnacle fragments were soaked in 0.5 N 

HCl and visually inspected until the majority of their mass was removed. The acid leaching step 

ensures that any surface contaminants were removed. The remaining fragments were thoroughly 

rinsed under RO water. Digital images of typical barnacle fragments that were analyzed are 

available in the Supplemental Material. 

 Two fragments of clean and pearlescent shell material and two fragments of shell 

material that was clearly overgrown and contaminated with secondary carbonate were selected 

from the >250 um size fraction of the Parker residues. In addition, four large pieces of purely 

secondary calcite were collected from the Hart Mine Wash residues.  

The carbonate 
18

O and 
13

C values were measured at the University of Arizona’s 

Environmental Isotope Laboratory using an automated KIEL-III carbonate preparation device 

coupled to a Finnigan MAT 252 gas-ratio mass spectrometer. The samples were reacted with 

dehydrated phosphoric acid under vacuum at 70°C. The isotope ratio measurement is calibrated 

based on repeated measurements of NBS-18 and NBS-19 standards. The stable isotope results 

are reported in standard delta () notation where: ‰ = [(Rsample/Rstd)-1] x 10
3
; and R = ratio of 

18
O:

16
O or 

13
C:

12
C. Rstd refers to the standard Vienna Peedee belemnite (VPDB). Precision for 


18

O and 
13

C measurements are 0.1‰ and 0.08‰ (1), respectively. All stable isotope 

values are available in the Supplemental Material. 
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Strontium isotope ratio (
87

Sr/
86

Sr) analysis  

 

 Strontium isotope ratios (
87

Sr/
86

Sr) were measured on micrite powders (n = 5), > 250 um 

fish bone fragments (n = 9), and ostracode (Cyprideis sp.) valves (n =2) from the upper portion 

of the basal carbonate unit and from one sample near the bottom of the interbedded unit in Hart 

Mine Wash (Fig. 6). The fish bones were sonicated in RO water for several minutes, examined 

under a binocular microscope, and only the most pristine fragments were chosen for analysis. 

Two aliquots of adult Cyprideis sp. valves were subjected to a brief 0.5N hydrochloric acid bath 

to remove the outermost surfaces of the valves. The valves were rinsed in RO water, air dried, 

and the most pristine valves were selected for analysis.  

 Strontium isotope ratios were measured at Geochron Laboratories in Chelmsford, MA. 

The samples were dissolved in 1N hydrochloric acid, centrifuged, and evaporated. If organic 

material was present, the sample was treated with concentrated nitric acid and hydrogen 

peroxide. The samples were converted to nitrate with concentrated nitric acid and finally 

dissolved in 500 μL 3.5 N nitric acid in preparation for strontium separation by ion exchange. 

Strontium was separated from other cations by using 50 μL columns filled with Eichrome Sr-

Spec resin. The samples, dissolved in 500 μL 3.5 N nitric acid, were centrifuged and loaded onto 

the columns. The columns were rinsed with 1200 μL 3.5 N nitric acid. Strontium was then eluted 

with 800 μL of deionized water. A drop of 0.1 M phosphoric acid was added to each sample and 

then they were dried down. For carbonate samples, this process was repeated twice to improve 

separation of strontium from calcium, which interferes with the mass spectrometry.  

Isotope ratio measurements were made on a GV IsoProbe T multicollector mass spectrometer. 

Strontium was loaded on Re filaments in a solution of tantalum chloride (TaCl5) and phosphoric 
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acid, and was analyzed by dynamic multicollection. The data were corrected for 
87

Rb 

interference based on measured 
85

Rb abundance, fractionation corrected to 
86

Sr/
88

Sr = 0.1194, 

and reported with respect to a value of 0.710250 for NBS-987. All 
87

Sr/
86

Sr ratios are available 

in the Supplemental Material. 

 

RESULTS  

 

Northern Bouse Formation 

 

Sediments from the northern Bouse Formation contain the marginal-marine but 

continentally invasive ostracode Cyprideis sp. in association with the continental ostracodes 

Limnocythere sp., Candona sp., and Darwinula stevensoni (Fig. 2). Rare foraminifers are present 

at the bottom of the section (Fig. 2).  This is the first occurrence of foraminifers reported from 

the northern Bouse Formation, which is a significant departure from previous studies 

(McDougall 2008; Reynolds 2008; McDougall and Miranda Martinez 2014; Reynolds et al. 

2016). To rule out the possibility of cross-contamination, raw sediments from the bottom of the 

section were processed a second time but using different beakers and sieves. Similar numbers 

and types of foraminifers were found. Ostracode abundances decline and both Limnocythere sp. 

and the foraminifers disappear across an abrupt transition within the marl horizon at the bottom 

of the outcrop (Fig. 2).  

 The micrite and ostracode valves from the northern Bouse Formation display a wide 

range of 
18

O values (-18‰ to +1‰) and 
13

C values (-4‰ to +3‰) (Figs. 2 and 10A). The 

stable isotope values in micrite (
18

OSED, 
13

CSED) and ostracode valves (
18

OOST, 
13

COST) are 
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highest at the bottom of the outcrop in association with the foraminifer-bearing sediments (Fig. 

2). All 
18

O and 
13

C values are conspicuously lower in sediments above the foraminifer-bearing 

interval (Fig. 2).  

 

Southern Bouse Formation 

 

 Sediments from the southern Bouse Formation contain an ostracode fauna that is similar 

to, but more diverse than, the northern Bouse Formation. SEM images of southern Bouse 

Formation ostracodes are available in Bright et al. (2016) and additional images are presented in 

Figure 9.   A comparable Cyprideis sp., Limnocythere sp., Candona spp., and Darwinula 

stevensoni assemblage is variably present throughout the southern Bouse Formation (Figs. 3, 4, 

6, and 7). Additional marginal marine but continentally invasive ostracodes Cytheromorpha spp. 

and Perissocytheridea sp. are also present, but the Perrisocytheridea sp. are rare and occur 

primarily as juveniles. One additional continental ostracode, Heterocypris sp., also appears (Figs. 

4, 6, and 7). No strictly marine ostracodes were found. We define “strictly marine ostracodes” as 

those genera that live in normal marine settings but that are not known to colonize continental 

lakes. Representative genera include Caudities, Aurila, or Xestoleberis, all of which are common 

ostracodes in nearshore environments in the modern Gulf of California (Swain, 1967) and all of 

which have been identified from fully marine sediments of the age equivalent late Miocene and 

early Pliocene Imperial Formation in the Salton Trough (Jefferson et al., 2016). Foraminifers are 

variably abundant throughout the basal carbonate unit (Figs. 3, 4, 6, and 7).  

 The micrite and ostracode valves from the southern Bouse Formation display a wide 

range of 
18

O values (-15‰ to -1‰) and 
13

C values (-7‰ to +2‰) (Figs. 3, 4, 6, and 10A-D) 
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that are comparable to those measured in the northern Bouse Formation (Fig. 10A). Bioclastic-

rich sediments at the bottom of the basal carbonate unit exposed at Parker and at Hart Mine 

Wash yield micrite and ostracode 
18

O and 
13

C values that are nearly identical, with values of 

about -6‰ and -2‰, respectively (Fig. 10B,D). Softer marls deposited above the bioclastic-rich 

horizon consistently yield 
18

OOST values that are up to 12‰ higher than the associated 
18

OSED 

values (Fig. 3, 4, 6, and 10B-D). Several Cytheromorpha sp. from the top of the basal carbonate 

unit have 
18

OOST and 
13

COST values that are nearly identical to 
18

O and 
13

C values from the 

bottom of the unit (Fig. 10D).  

 Spiraled foraminifers at the top of the basal carbonate unit and at the bottom of the 

overlying interbedded in Hart Mine Wash unit have 
18

O and 
13

C values that are nearly 

identical to 
18

O and 
13

C values from the bottom of the basal carbonate unit (Fig. 10D), much 

like several of the Cytheromorpha sp. noted previously. In contrast, biserial foraminifers (i.e., 

Streptochilus spp.) at the top of the basal carbonate unit and at the bottom of the interbedded unit 

have 
18

O and 
13

C values that are more similar to the benthic ostracodes (Cyprideis sp. and 

Cytheromorpha sp.) that they are associated with (Figs. 6 and 10D). Notably, several of the 

Cyprideis sp. from the Parker marls have 
18

OOST and 
13

COST values that are identical to the 

Streptochilus values at Hart Mine Wash (Figs. 10B,D).  

 The transition from the top of the basal carbonate unit to the overlying interbedded unit at 

both Hart Mine Wash and Milpitas Wash is associated with an increase in the abundance of 

continental ostracodes (i.e., Candona spp., Darwinula stevensoni; Figs. 6 and 7) (Bright et al., 

2016) and with an abrupt ~ 8‰ decrease in 
18

OOST values (Figs. 4, 6, and 10C,D) (Bright et al., 

2016). However, the 
18

O values in the associated spiraled and biserial foraminifers at Hart Mine 
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Wash do not change at all (Fig. 10D). An equivalent abrupt decease in 
18

OOST values is not 

present at the Parker outcrop (Fig. 3). 

 Clean shell fragments from Parker yielded 
18

O values (-8.7‰ and -9.0‰) that are fairly 

similar to the 
18

O values (-9.9‰ and -7.4‰) of shell fragments encrusted in secondary 

carbonate (Fig. 10B). Four large pieces of purely secondary calcite from Hart Mine Wash 

yielded an average 
18

O value of -9.1‰ ± 0.3‰ and an average 
13

C value of -1.3‰ ± 0.3‰.  

Modern barnacle shells from the Salton Sea and from Isla Montague (Fig. 1) yield a 

comparatively narrow range of 
18

O values (-1‰ to +3‰) and 
13

C values (-2‰ to +2‰) (Fig. 

11).  The fossil barnacle shells from the southern Bouse Formation’s basal carbonate unit display 

a wider range of 
18

O (-12‰ to -5‰) and 
13

C (-6‰ to +1‰) values (Fig. 11).  The isotopic 

compositions of the fossil barnacles tend to cluster by location (Fig. 11). All 
18

O and 
13

C 

values are available in the Supplemental Material. 

 

DISCUSSION 

 

Isotopic resetting and evidence for the reworking of microfossils 

 

 Bouse carbonates have undoubtedly been subjected to post-depositional influences since 

their deposition nearly 5 Ma. The question is whether or not the available isotopic information is 

a useful archive capable of informing us of past environmental conditions. We believe the 

isotopic information is useful. We present two compelling arguments against significant isotopic 

resetting of (at least some) Bouse carbonates. First, Roskowski et al. (2010) analyzed the 
18

O 

and 
13

C values from a micromilled barnacle shell and found that the shell retains clear cyclic 
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patterns in the 
18

O and the 
13

C values, similar to that observed in modern (e.g., Bucci et al., 

2009; Surge et al., 2013) and fossil (e.g., Kaandorp et al., 2006; Wesselingh et al., 2006) shell 

materials. The barnacle 
18

O values range from -9‰ to -10.5‰, which clearly do not reflect a 

marine origin (Roskowski et al., 2010). We suspect that the isotopic integrity of the shell would 

have been destroyed if the shell had experienced significant post-depositional isotopic resetting 

or recrystallization. And second, this study documents a surprisingly high degree of isotopic 

heterogeneity from a variety of carbonate sources within a single sample   For example, sample 

HM-38 (Supplemental Material) yields a 
18

OSED value of about -9‰, multiple Cyprideis 


18

OOST values of about -2‰, multiple benthic foraminifer 
18

O values of about -6‰, and 

multiple planktic foraminifer 
18

O values of about -3‰. Similar items in adjacent and distantly 

spaced samples retain a similar degree of isotopic heterogeneity (Figs. 2-4, and 6). If significant 

isotopic resetting or recrystallization of the various carbonate sources had occurred, then the 

repetitive and persistent differences in 
18

O values between each carbonate type within any given 

sample would have been destroyed.  We acknowledge that 5 Ma Bouse carbonates are probably 

not pristine, but they clearly retain a degree of internally consistent isotopic heterogeneity that 

does not support claims of significant isotopic resetting or recrystallization (e.g., Lucchitta et al., 

2001).  

 The detailed nature of this data set allows us to address for the first time the issue of 

reworking of fossils within the Bouse carbonates. Earlier studies have suggested that the 

freshwater, continental fossils might have been reworked from the surrounding watershed into a 

marine or estuarine environment (Turak, 2000; Miller et al., 2014). We document that two 

genera of marginal-marine and two genera of continental ostracodes have persistently 

similar
18

O values (Fig. 2-4, and 6). This requires that both types of ostracodes calcified in the 
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same environment. The continental ostracodes do not have the low 
18

O values that would be 

expected if they calcified in meteoric water (e.g., steams) before being flushed into a marine 

environment. The ostracode valves analyzed in this study do not support the notion that the 

Bouse fossil assemblage is a mixture of continental and marine derived fossils.  

The data set does show, however, that the abundant benthic foraminifers at the top of the 

basal carbonate unit and at the bottom of the interbedded unit at Hart Mine Wash (Fig. 6) are 

reworked.  Multiple benthic foraminifer samples from this interval yield seemingly displaced 


18

O and 
13

C values that are dissimilar to values measured in associated benthic ostracodes in 

the same samples, but that are virtually identical to values observed in micrite and ostracodes 

from near the bottom of the basal carbonate unit, much  lower in the section (Fig 10D). Several 

Cytheromorpha 
18

O and 
13

C values from this interval display a similar, seemingly displaced, 

pattern (Fig. 10D). The Cytheromorpha valves are the smallest and least massive ostracode 

valves analyzed in this data set. We suspect that their small size renders them more susceptible to 

reworking, an explanation that we extend to the even smaller foraminifer tests. We can also 

demonstrate that the abundant Streptochilus tests at the bottom of the interbedded unit (Fig. 6) 

are reworked from the top of the basal carbonate unit (Fig. 10D). We suspect that an isotopic 

analysis of the foraminifers at Milpitas Wash (Fig. 4) would yield similar results. Foraminifer-

based biostratigraphic or biochronologic interpretations for the southern Bouse Formation 

(McDougall and Miranda Martinez, 2014, 2016; Miranda Martinez et al., 2017) should be 

interpreted with caution.  
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Northern Bouse Formation – the lacustrine template 

 

 The northern Bouse Formation exposed in the Chemehuevi basin contains a mix of 

continental (Limnocythere, Candona, Darwinula) and typically marginal-marine but 

continentally invasive (Cyprideis) ostracodes in association with rare foraminifers (Fig. 2).  

The nominally marginal-marine ostracode genus Cyprideis is common in western U.S. 

lakes and wetlands (e.g., Stout, 1981; Jayko et al., 2008). The two species of Cyprideis 

commonly found in North America have broad TDS tolerances that range from about 200 to 

40,000 mg L
-1

 (Forester et al., 2005). Darwinula stevensoni are rarely found in water where TDS 

exceeds 1,000 mg L
-1

 (Forester et al., 2005). However, Holmes et al. (2010) noted that D. 

stevensoni can tolerate higher salinities (to 15,000 mg L
-1

) but only when the salinity value is 

stable, otherwise they generally prefer less saline waters up to about 2,000 mg L
-1

, similar to the 

upper limit reported by Forester et al. (2005). Although the Limnocythere sp. and Candona spp. 

are yet to be identified to species level, they do not belong to any of the common species of 

North American Limnocythere (i.e., L. staplini, L. sappaensis) or  candonid species (i.e., F. 

rawsoni ) that might indicate elevated TDS values  above about 5,000 mg L
-1

 (Forester et al., 

2005). To have Cyprideis co-occurring with Limnocythere, Candona, and Darwinula in a low 

salinity lacustrine setting is not uncommon (e.g., Mischke and Wünnermann, 2006). Finding 

foraminifers associated with freshwater or mildly brackish species of Candona is less common, 

but does occur (e.g, Willard et al., 2000; Petit-Marie et al., 2010; Primavera et al., 2011). The 

absence of any known salinity-tolerant candonids or limnocytherids and the initial presence of 

only rare foraminifers suggest that TDS during the deposition of the northern Bouse Formation 

in in Chemehuevi basin was probably on the order of 5,000 mg L
-1

 or less. 
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We interpret the initial Cyprideis- Limnocythere ostracode fauna associated with rare 

foraminifers and high 
18

OSED and high 
18

OOST values (Fig. 2) to represent a mildly brackish, 

terminal lacustrine environment that formed as the upstream Mohave basin (Fig. 1) first began to 

overspill. The high 
18

OOST values at the bottom of the section approach marine-like values 

(Figs. 10A and 12A) and likely reflect some combination of the initial evaporation of water in 

Lake Mohave and additional evaporation of this water as it impounded in the Chemehuevi basin.  

We propose that the overtopping or failure of the Aubrey paleodam (Fig. 1) and the 

transition from a closed-basin to a through-flowing basin configuration, in conjunction with the 

simultaneous hydrologic changes occurring in the upstream Mohave basin, is recorded as the 

abrupt change in the microfossil assemblage (loss of foraminifers, lower ostracode abundances) 

coupled with an abrupt decrease in the isotopic composition of micrite and ostracode valves low 

in the Chemehuevi section (Fig. 2). This transition likely reflects the onset of nearly freshwater 

conditions. We draw an analogy with a similar even that occurred in Pliocene Villarroya Lake, 

Spain, (Anadón et al., 2008). There, marine-like 
18

O and 
13

C values in Candona valves and 

freshwater clams abruptly shifted to much lower values when Villarroya Lake changed from a 

terminal basin to an open basin configuration (Anadón et al., 2008). The brown claystone at the 

top of the Chemehuevi sequence yields the lowest 
18

OSED values in the data set (Fig. 2) that 

probably represent a through-flowing, fluvially dominated environment, as opposed to an 

environment where water was ponding and evaporating for a lengthy period of time.   

Our interpretation supports previous observations that the northern Bouse Formation was 

deposited in a lacustrine environment (Spencer and Patchett, 1997; Poulson and John, 2003; 

Reynolds, 2008; Crossey et al., 2015; Reynolds et al., 2016). Now that we have characterized the 

microfossil and stable isotope characteristics of a known fill-and-spill lacustrine setting in the 
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Chemehuevi basin, we can compare our lacustrine interpretive model against the microfossil and 

stable isotope results from the contested southern Bouse Formation. 

 

Southern Bouse Formation – lacustrine or marine? 

 

A critical difference between the competing marine and lacustrine models for the origin 

of the southern Bouse Formation is the age and source of the water. McDougall and Miranda 

Martinez’ (2014, 2016) marine model hypothesizes that the southern Bouse Formation was 

deposited in a fully marine basin as much as 0.7 Ma before the terminus of the early Colorado 

River reached Chemehuevi basin, and thus, was potentially deposited in an environment that in 

many aspects should have been fundamentally different from the younger Colorado River-fed 

lacustrine origin for the northern Bouse Formation. In contrast, Spencer et al.’s (2008, 2013) lake 

model hypothesizes that the southern Bouse Formation was deposited in simply another 

Colorado River-fed lake, and thus, was possibly deposited in an environment that fundamentally 

should possess some degree of isotopic and faunal similarity with the upstream northern Bouse 

Formation.  

 

Similarities in ostracode faunas with the northern Bouse Formation and other lacustrine 

analogs 

 

 The ostracode fauna in the southern Bouse Formation is a similar, although more diverse, 

mix of continental ostracodes (Candona spp., Heterocypris sp., Darwinula stevensoni, 

Limnocythere sp.) and typically marginal-marine ostracodes (Cyprideis sp., Cytheromorpha spp., 
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rare Perissocytheridea sp.) (Figs. 3, 4, 6, and 7) that is comparable with the ostracode fauna of 

the lacustrine northern Bouse Formation (Fig. 2). The similarities in the ostracode faunas 

indicate similar lacustrine paleoenvironments, although the addition of Heterocypris sp., 

Cytheromorpha spp., and rare Perissocytheridea (Figs. 4 and 6) in the southern Bouse Formation 

may imply slightly different water composition; perhaps a composition slightly more similar to 

dilute seawater. Like the northern Bouse Formation, the southern Bouse Formation is also lacks 

any of the saline-tolerant limnocytherid or candonid species (e.g., F. rawsoni) that might suggest 

elevated salinity. The fairly persistent presence of Candona spp. during deposition of most of the 

basal carbonate unit (Figs. 3, 4, 6, and 7) suggests that salinity remained below 10,000 mg L
-1

, 

and may have been even lower (see northern Bouse Formation discussion). 

The continental ostracode taxa in the southern Bouse Formation are incompatible with a 

fully marine or saline estuarine environment. The only typically marginal marine ostracodes so 

far recovered in the southern Bouse Formation are genera that have also been reported from 

continental lakes (e.g., Stout, 1981; Pérez et al., 2011, 2013; Pint et al., 2015). This is in sharp 

contrast to the numerous strictly marine ostracode genera such as Cushmandia, Puriana, Aurila, 

and others, that appeared in the nearby continental Laguna Salada basin (Fig. 1) when seawater 

apparently entered that basin during the early- to mid-Holocene (Romero Mayén, 2008). No 

strictly marine ostracode genera that have never reported from lakes have ever been reported 

from the Bouse Formation.  Thus, the ostracode fauna from the basal carbonate unit is better 

explained by a lacustrine origin than a marine origin.  

In addition to a salinity-based interpretation, the more abundant marginal marine 

organisms in southern Bouse Formation likely imply evolution of the overall ionic composition 

and the Ca/ALK ratio of Paleolake Blythe to a more sodium-, chloride-, and sulphate-rich, 
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marine-like, composition (e.g., Anadón, 1992). Recall that a marine-like composition was 

initially present in the lacustrine Chemehuevi basin, as revealed by the early presence of 

Cyprideis sp. in association with rare foraminifers (Fig. 2). Drawing on Spencer et al. (2008, 

2013), we interpret the more diverse marginal marine ostracode fauna the southern Bouse 

Formation as representing a gradual down-stream evolution in lake waters along a chain of 

Colorado River-fed lakes (Fig. 1) with Paleolake Blythe being the largest, the most distal, and 

therefore the most compositionally evolved and most marine-like lake in the chain (e.g., Wood 

and Talling, 1988). However, in contrast to Spencer et al. (2008, 2013), we argue that Paleolake 

Blythe was not as saline as normal seawater and instead was only mildly brackish (< 10,000 mg 

L
-1

). Higher salinity phases of Paleolake Blythe may have occurred at lower lake levels, and 

therefore, if present would have occurred at lower elevations than the outcrop record we studied, 

and would likely only be preserved in the subsurface closer to the depocenter of the basin. 

However, the ostracode fauna that has thus far been reported from the subsurface contains the 

same genera found in the surface outcrops (Smith, 1970; Metzger et al., 1973). Our mildly 

brackish environmental interpretation echoes Taylor’s initial assessment from nearly 50 years 

ago (in Smith (1970)) that the southern Bouse Formation’s impoverished marine fauna implies a 

water composition that was different from normal sea water. 

 

Similarities in 18
O and 13

C values with the northern Bouse Formation -a lacustrine or a 

marine source?  

 

Multiple outcrops of the southern Bouse Formation yield individual 
18

OSED, 
13

CSED, 


18

OOST, and 
13

COST values that are virtually indistinguishable from comparable northern Bouse 
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Formation values (Fig. 10). The isotopic stratigraphy of the southern Bouse Formation is more 

complex (i.e., Fig. 10D) but the overall isotopic similarity, especially when coupled with the 

similar faunal associations discussed in the previous section, is compelling evidence for a similar 

lacustrine environment in both basins.  

A bioclastic-rich limestone at the bottom of the basal carbonate unit was analyzed at 

Parker and Hart Mine Wash (Figs. 3 and 6). Both locations yield 
18

OSED, 
13

CSED, 
18

OOST, and 


13

COST values that overlap (Fig. 10B,D). This bioclastic-rich limestone is not present in 

Chemehuevi basin, so a direct comparison with the northern Bouse Formation is not possible. 

Several meters of soft marls that comprise the remainder of the basal carbonate unit were 

analyzed at Parker, Milpitas Wash, and Hart Mine Wash (Figs. 3, 4, and 6). All three locations 

yield 
18

OSED, 
13

CSED, 
18

OOST, and 
13

COST values that largely overlap, although there are minor 

differences in the lowest 
18

OSED values at each location (Fig. 10B-D). All three locations 

consistently yield 
18

OSED values that are roughly 8‰ to 10‰ lower than associated 
18

OOST 

values (Figs. 3, 4, 6, and 10B-D). Recall that a similar, but smaller, offset in 
18

OSED and 
18

OOST 

values occurs in the northern Bouse Formation (Figs. 2 and 10A). The transition from the top of 

the basal carbonate unit to the base of the overlying interbedded unit was exposed at Parker, 

Milpitas Wash, and Hart Mine Wash (Figs. 3,4, and 6). At Milpitas Wash and at Hart Mine 

Wash, 
18

OOST values in all ostracodes abruptly decrease by nearly 8‰ (Figs. 4 and 6). This shift 

is not present at Parker (Fig. 3). A similar shift of nearly equal magnitude was observed in 
18

O 

values from the northern Bouse Formation (Figs. 2 and 10A).  We propose that a conspicuously 

similar shift in the isotope stratigraphy in adjacent Bouse basins is convincing evidence for 

similar basin histories.  
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Several other observations seriously weaken or eliminate the marine and estuary models 

and each deserves a brief discussion. We compared our Bouse Formation 
18

O and 
13

C values 

against the 
18

O and 
13

C values from a variety of late Miocene and early Pliocene planktic 

foraminifers and nannofossils from the Pacific Ocean in Figures 12A and 12B. The planktic 

foraminifers cluster near the origin of the graph, (
18

O = 0‰,
13

C = 0‰), as expected for 

marine carbonates. It seems highly unusual that only the continental ostracode genera (Candona 

sp. and Heterocypris sp.) from both the northern and southern Bouse Formations yield the most 

marine-like 
18

O and 
13

C values in our dataset, especially considering that neither continental 

ostracode lives in normal seawater.  

An estuarine interpretation for the origin of the southern Bouse Formation seems equally 

implausible for several reasons. Continental ostracodes do occur at the heads of estuaries and in 

nearshore marine environments, but only under dilute conditions (e.g., Elliot et al., 1966; 

Forester and Brouwers, 1985; Smith and Horne, 2002). For example, the ostracode assemblage is 

very similar to that found in the late Miocene to early Pleistocene deposits of Ridge Basin, 

California (Forester and Brouwers, 1982). The Ridge Basin ostracode fauna is a very Bouse-like 

mixture of Cyprideis -Cytheromorpha and Candona-Limnocythere- Darwinula (Forester and 

Brouwers, 1982). This assemblage was interpreted to imply a range of possible environments, 

from estuarine to lacustrine, but importantly the implied salinity was 3,000 mg L
-1

 or less 

(Forester and Brouwers, 1982). Salinity and 
18

O values are linearly correlated in estuaries and 

nearshore marine environments (e.g., Dettman et al., 2004). If nearshore marine or estuarine 

conditions were present during deposition of the southern Bouse Formation, then the low salinity 

conditions imposed by the ecological constraints of the ostracode fauna is not compatible with 

the high 
18

OOST values preserved in the ostracode valves themselves (Fig. 12B).  
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A lacustrine interpretation can readily reconcile the apparent conflict between the low 

salinity constraints imposed by the continental ostracodes and the marine-like 
18

O values 

preserved in their valves. Salinity and 
18

O values can be decoupled in lake systems. For 

example, Echo Lake, Colorado, situated at nearly 3000 m elevation, has a low electrical 

conductivity reading that equates to a salinity of about 50 mg L
-1

 yet its water has a high 
18

O 

value of about -4‰ SMOW (Henderson and Schuman, 2009).  This decoupling between salinity 

and 
18

O in lakes readily explains how a low salinity, closed-basin environments at Villarroya 

Lake (Anadón et al. 2008) and at an alpine pond at Snowmass Village, Colorado (Sharpe and 

Bright, 2014), could produce Candona valves with high, marine-like 
18

OOST values. We propose 

that a similar decoupling of salinity and 
18

O values existed in Blythe basin during the deposition 

of the Bouse Formation. 

We also find no evidence in our data (Fig. 12) for an isotopic gradient between the 

northern (Parker, Fig. 1) and southern (Hart Mine Wash or Milpitas Wash, Fig. 1) margins of the 

Blythe basin as might be expected in a Bouse estuary (e.g., Crossey et al., 2015). Crossey et al.’s 

(2015) estuary model highlights and compares the degree of correlation between 
18

O and 
13

C 

values in a suite of southern Blythe basin marls and in mollusc shells from the San Francisco 

Bay (e.g., Ingram et al., 1996a,b). Their hypothesis is that their high R
2
 value for the southern 

Blythe basin marls (R
2
 = 0.66) is similar to what is observed in the San Francisco Bay molluscs 

(R
2
 = 0.50) and that both R

2
 values are dissimilar to what is typically observed in lakes, thus, 

they favor an estuarine interpretation. However, we could not recreate their R
2
 values for the 

southern Blythe marls or for the San Francisco Bay molluscs using their Supplemental Data. 

Their southern Blythe marl regression excludes three fish-bearing marl samples that have low 


18

O values. We find an R
2
 value of 0.06 (n = 33) or 0.40 (n = 30), depending on if the fish-
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bearing marls are excluded or included, respectively, in the regression. Crossey et al.’s (2015) 

regression is also strongly influenced by a single 2-km-long, east-west transect of Bouse samples 

from Marl Wash (Fig. 1) featured in Roskowski et al. (2010).We find that the R
2
 value from the 

Marl Wash transect (n = 16) is 0.69, but the R
2
 value from the remaining southern Blythe marls 

is either 0.26 (n = 17) or 0.00 (n = 14), depending on if the fish-bearing marls are excluded or 

included, respectively. There is little to no correlation between 
18

O and 
13

C values in southern 

Blythe basin marls outside of a limited area in Marl Wash. Similarly, Crossey et al. (2015) 

reported an R
2
 value of 0.50 for the San Francisco Bay molluscs but our analysis yields a lower 

value of 0.30. In contrast to Crossey et al.’s (2015) interpretation, our lower R
2
value (0.40) for 

the southern Blythe marls is similar to what has been reported for a variety of lacustrine 

carbonates (e.g., Talbot, 1990).   

The high R
2
 value for the Marl Wash transect is interesting and is somewhat of an enigma 

in the Bouse carbonate data set (Fig. 12C). The most marine-like 
18

O and 
13

C values at Marl 

Wash tend to be located at the eastern end of the wash, at higher elevation, and in close 

proximity to the adjacent mountain front, whereas the lower 
18

O and 
13

C values tend to be 

located further west (up to 2 km) and at lower elevations. It is unclear how this distribution of 

values might reflect a Bouse estuary. The analogous San Francisco Bay estuary molluscs were 

collected over 10s of kilometers from water compositions that ranged from nearly freshwater at 

times to nearly marine and that fall along a demonstrable salinity and isotopic gradient (Ingram 

et al., 1996a, b). In contrast, all but one of the southern Blythe marls in Crossey et al.’s (2015) 

regression are confined to a relatively restricted region (20 km E-W by 8 km N-S) at the southern 

end of the basin, and the highest R
2
 value is confined to a relatively restricted area  (2 km) in 

Marl Wash. We suspect that Crossey et al.’s (2015) estuary model uses a suite of Bouse samples 
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that is too geographically limited and that is arguably oriented in an unfavorable direction to 

effectively test for a Bouse estuary. In our opinion, convincing isotopic evidence for a Bouse 

estuary would trend in a north-south direction, as reflected in the sampling strategy used in this 

study.  We did not find any isotopic evidence in this study that would support the estuary model 

(Fig. 12). 

We also did not find evidence or for variable and evolving mixtures of marine and fluvial 

water masses that might be expected in an estuary (e.g., Ingram et al., 1998; McGann, 2008). We 

presume that the early Colorado River experienced century- or millennial-scale (or longer) 

climatically induced variations in discharge that would be detectable in the 
18

O values of the 

ostracode valves (e.g., Cronin et al., 2005). The gradual increase in 
18

OOST values in multiple 

ostracode genera throughout the thick Hart Mine Wash sequence for example (Fig. 6), is more 

compatible with evaporation in a terminal lake.  

And finally, our data is incompatible with the notion that the Blythe basin was initially 

flooded by normal sea water and then later transformed into a river-fed lake (McDougall and 

Miranda Martinez, 2014, 2016). Continental ostracodes are present at the bottom of the basal 

carbonate unit and are present throughout the unit (Figs. 6 and 7). Similar continental ostracodes 

occur throughout the uncontested lacustrine northern Bouse Formation. Some marine-like 
18

O 

and 
13

C values have been documented in this study, but they occur in continental ostracode 

valves (Fig. 12B). The fossils with the strongest marine implications attached to them – the 

benthic and planktic foraminifers – do not yield convincing marine-like 
18

O and 
13

C values 

(Fig. 12B) and thus, did not calcify in seawater.  

Bright et al. (2016) noted that the abundance of freshwater continental ostracodes 

increases across the contact between the basal carbonate and the interbedded units (e.g., Fig. 6) 
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and interpreted that as evidence for a decrease in overall salinity. Their study was limited to a 

single outcrop in Hart Mine Wash. Our larger data set now places that faunal transition into a 

broader context. The abundance of freshwater ostracodes does increase at the bottom of the 

interbedded unit (Figs. 4 and 6) but similar continental freshwater ostracodes are variably 

abundant throughout most of the basal carbonate unit (Figs. 3, 4, 6, and 7). Thus, the salinity of 

Paleolake Blythe probably did not decrease by very much across the basal carbonate-interbedded 

unit contact, and the decrease almost certainly could not be characterized as a transition from a 

fully marine environment to a river-fed lake environment (e.g., McDougall and Miranda 

Martinez, 2014, 2016). 

We document evidence for the reworking of different faunal components from the basal 

carbonate unit into the overlying interbedded unit (Figs. 4, 6, and 10D), but we do not interpret 

this as the intermixing of marine and lacustrine fossils (e.g., Cronin et al., 2010, 2012). Our data 

suggest that the mixing involves fossils that were calcified in a mildly brackish terminal lake 

environment before being reworked into sediments that were deposited under fresher, open lake 

conditions (e.g., Anadón et al., 2008; Bright et al., 2016).  

 

Paleotemperature estimates negate a marine environment 

 

Turning our attention to the thermal constraints that govern the relationship between 
18

O 

values in water and 
18

O values in calcite, we document a peculiarity in the southern Bouse 

Formation carbonates that substantially weakens or even eliminates the possibility of a marine 

depositional environment. We will demonstrate using the measured 
18

O values of southern 
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Bouse Formation carbonates in combination with a range of average 
18

O values for seawater to 

calculate paleowater temperatures in a fully marine Bouse system. 

The 
18

O value in micrite and ostracode calcite is primarily derived from two factors, the 


18

O of the host water (
18

OW in ‰ VSMOW), and the temperature at which the calcite formed 

(Friedman and O’Neil; 1977; Leng and Marshall, 2004). If any two of these three values are 

known, then the third value can be calculated using the well-established temperature-dependent 

fractionation of oxygen isotopes between calcite and water (Friedman and O’Neil; 1977). The 

controls on 
18

OOST values are identical with an additional small vital effect (von Grafenstein et 

al., 1999). The 
18

OSED and 
18

OOST values and derived paleotemperatures in this discussion are 

presented in Table 2. If normal seawater  (
18

OW ≈ -1‰ to +1‰; Keigwin, 2002; LeGrande and 

Schmidt, 2006)  produced the 
18

OSED values in the southern Bouse Formation’s basal carbonate 

unit then it would require calcification temperatures higher than 50 °C, and in several cases, in 

excess of 85-100 °C (Table 2). Adjusting the 
18

OSED values by subtracting 2‰ for potential 

disequilibrium effects during rapid calcification (Gabitov et al., 2012; Watkins, 2014) still 

requires calcification temperatures in excess of 40 °C, and in many cases, in excess of 60 °C 

(Table 2). Repeating the exercise using the Cyprideis sp. 
18

OOST values suggest benthic 

calcification temperatures of about 25-50 °C (no vital effect) to 30-70 °C (corrected for vital 

effect) (Table 2). And finally, repeating the exercise using the planktic Streptochilus 
18

O values 

suggest deep water (100-150 m; Nikolaev et al., 1998) temperatures on the order of 26-36 °C 

(Table 2). This assumes that Streptochilus is congeneric with Bolivina (see below) and therefore 

its calcite does not incorporate a significant vital effect (Smart and Thomas, 2006). 

To place our seawater-derived temperature estimates in context, intertidal temperatures 

on Isla Montague (Fig. 1) have an annual average range of about 10 to 35° C for fortnightly 
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intervals (Dettman et al., 2004). Average summer surface water temperatures in the open Gulf of 

California do not exceed 35 °C (Mo and Juang, 2003; Wejnert et al., 2010). Summer surface 

water temperatures (0 to 30 m depth) at Lake Mead, near Las Vegas (Fig. 1), range between 

about 21 to 28° C (nps.gov/lake/planyourvisit/scuba.htm). And finally, Huntington et al. (2010) 

analyzed several bulk samples of southern Bouse Formation carbonates for their clumped oxygen 

isotope values and concluded that the carbonates from the southern Bouse Formation probably 

formed at temperatures between 22 °C and 31 °C. Our lower Cyprideis-based water temperature 

estimates that do not incorporate vital effects may approach the upper limit of a reasonable range 

if the Cyprideis sp. calcified in shallow water (e.g.., Dettman et al., 2004), but the complete 

absence of a vital effect seems unlikely given our understanding of ostracode calcification 

processes (e.g., von Grafenstein et al., 1999; Keatings et al., 2002; Marco-Barba et al., 2012). 

The higher Cyprideis-based temperature estimates that do take vital effects into account yield 

unreasonably warm benthic temperatures. Even if the late Miocene and early Pliocene was 

slightly warmer than today (e.g., Knorr et al., 2011; Fedorov et al., 2013), benthic water 

temperatures exceeding 40 °C are unreasonable. A much more plausible explanation for the 

southern Bouse 
18

OSED and 
18

OOST values is calcification in a mildly brackish lake in water 

with a much lower 
18

O value than normal seawater. 

The 
18

O values from the nominally planktic foraminifer Streptochilus, and the 

paleowater temperature estimate derived from them, provide two additional and equally 

compelling arguments against a marine environment. First, the Bouse Streptochilus 
18

O values 

are 2‰ to 3‰ lower than in Streptochilus tests of roughly the same age (10 Ma to 4.5 Ma) from 

the western Pacific Ocean (Fig. 12B). Reconciling this difference in a fully marine Bouse 

embayment would require that the calcification temperatures in the Blythe basin were 8 °C to 12 
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°C warmer than in the western Pacific Ocean, assuming that the seawater 
18

O values at both 

locations were roughly similar and recognizing that carbonate 
18

O values decrease roughly 1‰ 

for every 4 °C increase in water temperature (Craig, 1965).  The notion that water temperatures 

in the eastern Pacific Ocean, or more specifically within the early Gulf of California, were 

considerably warmer than in the western eastern Pacific Ocean during the late Miocene and early 

Pliocene contradicts numerous paleoceanography studies (e.g., Wara et al., 2005; Zhang et al., 

2014).  

The Streptochilus-based water temperature estimate (26-36 °C) also appears to be 

incompatible with ecological constraints imposed by the foraminifer itself. The Bouse 

Streptochilus fauna is dominated by S. latum (McDougall and Miranda Martinez, 2014), which 

indicate water depths of about 100-150 m (Nikolaev et al., 1998).  If we use the modern 

Guaymas Basin (central Gulf of California) as a reasonable analogue for a marine Blythe basin, 

then we find that water temperatures that exceed 26 °C for any length of time are restricted to the 

upper 30 m of the water column (Wejnert et al., 2010; Robinson et al., 2014).  Our analogy 

between a late Miocene Blythe basin and the modern Guaymas Basin is not perfect, but to imply 

that water temperatures in excess of 26 °C and approaching 40 °C existed at 100-150 m water 

depth in a marine Blythe basin seems unreasonable. Instead, the Bouse Streptochilus have 
18

O 

and 
13

C values that are similar to the values measured in associated benthic Cyprideis sp. valves  

at Hart Mine Wash (Figs. 10D and 12B), and that are virtually identical to 
18

O and 
13

C values 

from benthic Cyprideis sp. valves at Parker (Figs. 10B and 12B). We propose that the 

Streptochilus and Cyprideis were calcifying in the benthos of a mildly brackish lake at similar 

temperatures and in water with a similar 
18

O value that was well below that of normal seawater.  
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  We acknowledge that invoking a benthic lacustrine Streptochilus population is a 

controversial interpretation, but a combination of nomenclatural and genetic evidence supports 

this conclusion. One of the more abundant benthic foraminifers in the southern Bouse Formation 

is Bolivina subexcavata (McDougall and Miranda Martinez, 2014). Bolivina subexcavata is now 

synonymous with Bolivina variabilis (Le Coze and Hayward, 2017). Darling et al. (2009) 

demonstrated that modern benthic Bolivina variabilis and modern planktic Streptochilus 

globigerus are actually genetically identical. They are the same species that can express two 

different test morphologies (e.g., Smart and Thomas, 2007). The genus Streptochilus should be 

considered a junior synonym of Bolivina (Darling et al., 2009). Additional complexities with 

Streptochilus nomenclature are discussed in Appendix B. Darling et al. (2009) proposed that 

Bolivina variabilis might be able to grow to adulthood and express both Bolivina and 

Streptochilus test morphologies in both planktic and benthic environments. The Bolivina 

variabilis that produces “Streptochilus” tests (Darling et al., 2009) is living in a lake in Egypt 

(Abu-Zied et al., 2007). Thus, the isotopic data presented here provides compelling evidence that 

the southern Bouse Formation contains the first benthic lacustrine occurrence of Streptochilus. 

This interpretation carries important consequences for the Bouse debate. The presence of 

planktic foraminifers is offered as strong evidence for a marine environment (McDougall and 

Miranda Martinez, 2014).  Streptochilus spp. comprise about 97% of the planktic foraminifers 

identified from the southern Bouse Formation (McDougall and Miranda Martinez, 2014; 

Appendix B).  If the Bouse Streptochilus are actually morphological variants of benthic Bolivina, 

regardless of their test morphology (see discussion in Smart and Thomas (2007), Darling et al. 

(2009)), then their ecological constraints implying open marine conditions would be lost. 

Numerous Bolivina species have been reported from extant and paleo-lakes (Arnal, 1958; Resig, 
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1974; Patterson, 1987; Abu-Zied et al., 2007). This would substantially weaken the argument for 

a marine environment in the Blythe basin (McDougall and Miranda Martinez, 2014, 2016).  

 

A brackish lake-freshwater plume model for the southern Bouse Formation 

 

We propose a brackish lake and freshwater plume model (Fig. 13) to explain the large 

offset that is commonly observed between the paired 
18

OOST and 
18

OSED values in the southern 

Bouse Formation (Fig. 10), as well explaining the slight offset in 
87

Sr/
86

Sr ratios measured in 

micrite and biologic material at Hart Mine Wash (Fig. 6). In this model, we interpret the high 


18

OOST values and the higher 
87

Sr/
86

Sr ratios in the fish bone and Cyprideis calcite as reflecting 

the average open water 
18

O value and 
87

Sr/
86

Sr ratio of Paleolake Blythe (Fig. 13) The lower 


18

OSED values and lower 
87

Sr/
86

Sr ratios in the micrite represent more seasonally limited 

epilimnic calcium carbonate production in Paleolake Blythe during spring/summer floods on the 

early Colorado River (Fig. 13).  

Our model is analogous to the fresh water plumes that are observed on Lake Turkana, 

Kenya (Yuretich and Cerling, 1983) and on Lake Van, Turkey (Reimer et al., 2009). At Lake 

Turkana, reduced surface water TDS is seen as far as 50 km from the mouth of the Omo River 

during flood season (Yuretich and Cerling, 1983; Halfman et al., 1989), indicating that density 

and salinity contrasts between the flood plume and the open lake water can be maintained for 

some distance and for a period of time. A similar, but smaller, offset between 
18

OOST and 


18

OSED  values occurs in Lake Turkana (Halfman et al., 1989) as well. Circulation patterns in 

Lake Turkana also vary seasonally, such that Omo River water interacts with different parts of 

the lake depending on the time of year (Yuretich and Cerling, 1983). At Lake Van, carbonate 
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production occurs during the summer when inflowing rivers provide additional calcium to the 

lake (Reimer et al., 2009). The resulting carbonate is then distributed within the basin by eddies 

and currents (e.g., Stockhecke et al., 2012). Similar inter-annual (or longer-scale) variability in 

the distribution of the proposed Colorado River plume might promote considerable complexity in 

the distribution of isotopic values in southern Bouse Formation carbonates (Fig. 12). 

We propose that the open water of Paleolake Blythe was mildly brackish with a high, 

evaporation-driven, 
18

OW value and a high, possibly more groundwater-derived, 
87

Sr/
86

Sr ratio 

(e.g., Crossey et al., 2015). The early Colorado River flood plume would have been composed of 

very dilute and 
16

O-enriched snowmelt sourced in the Rocky Mountains. Pre-dam era Anodonta 

shells from the modern Colorado River yield 
18

O values approaching -18‰ (Dettman et al., 

2004), for example. The 
87

Sr/
86

Sr ratio of the early Colorado River is not precisely known. The 

87
Sr/

86
Sr ratio in rivers with large watersheds that incorporate a variety of bedrock lithologies can 

fluctuate on seasonal timescales (Rai et al., 2007; Santos et al., 2015).  The 
87

Sr/
86

Sr ratio of the 

modern Colorado River (0.70945 ± 0.0082, n = 9) is slightly lower than the 
87

Sr/
86

Sr ratio of 

regional groundwater (0.71120 ± 0.00492, n = 44), and the 
87

Sr/
86

Sr ratio of Colorado River 

tributaries is even lower still (0.70874 ± 0.00074, n = 7) (Crossey et al., 2015). The high 
87

Sr/
86

Sr 

ratios found in the 12 to 6 Ma Hualapai Limestone (0.7114 to 0.7190) provides insight into the 

87
Sr/

86
Sr ratio of regional groundwater just prior to the deposition of the Bouse Formation 

(Crossey et al., 2015). We propose that spring floods on the early Colorado River had a low 

87
Sr/

86
Sr ratio derived more from surface water in its watershed while baseflow conditions had a 

higher 
87

Sr/
86

Sr ratio derived from an increase in the relative proportion of groundwater in the 

river. Incomplete mixing of this seasonal flood plume in Paleolake Blythe lead to epilimnic 

carbonate having a much lower 
18

O value and a lower  
87

Sr/
86

Sr ratio than carbonate formed 
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deeper  in the lake (e.g., Halfman et al., 1989; Sun et al., 2011). The low epilimnic 
18

OSED 

values could have been enhanced by high summer temperatures and additional contributions 

from kinetic disequilibrium effects that are associated with rapid calcification (Fronval et al., 

1995; Teranes et al., 1999; Gabitov et al., 2012; Watkins et al., 2014).  

Previously published bulk sediment samples and biologic carbonates from multiple 

locations around the Blythe basin have highly variable 
18

O and 
13

C values (Figs. 12C,D) and 

display clear location- and material-dependent variability (Fig. 12D). Some of the heterogeneity 

in the bulk carbonate results (Fig. 12C) might be explained by variability in the strength, mixing, 

and spatial distribution of the early Colorado River plume (e.g., Yuretich and Cerling, 1983) 

(Fig. 13), although some of the variability appears to be related to the material analyzed (Fig. 

12D). Note that bivalves and shells of the nominally inter-tidal marine gastropod Batillaria from 

Milpitas Wash (Fig. 1) have 
18

O and 
13

C values that overlap with the Candona spp. valves 

from the lacustrine Chemehuevi basin (Figs. 1, 12D). The Blythe basin bivalves and Batillaria 

shells calcified in a water mass that was isotopically similar to the nearly freshwater lake in the 

Chemehuevi basin. A marine origin is not required to explain the marine-like isotopic values in 

the Blythe basin shells. 

 

Reconciling marine sedimentology in a lacustrine environment 

 

 The recognition of rhythmically bedded laminations and typically marine sedimentary 

structures in the Blythe basin (O’Connell et al., 2017) adds an intriguing dimension to the 

contentious lacustrine and marine debate for the origin of the southern Bouse Formation. 

O’Connell et al. (2017) described a key outcrop of southern Bouse Formation that preserves an 
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example of sigmoidal bedding with possible spring-to-neap tidal bundling. An analysis of well-

preserved barnacle fragments from multiple exposures of the basal carbonate unit, and 

throughout the critical outcrop containing sigmoidal bedding, yield 
18

O and 
13

C values that are 

inconsistent with calcification in normal seawater or with calcification in a Colorado River 

estuary (Fig. 11).  

The barnacle species found in the southern Bouse Formation is Amphibalanus subalbidus 

(Van Syok, 1992; Pitombo, 2004). Although barnacles are typically considered marine 

organisms, the salinity tolerance of A. subalbidus extends below 3,000 mg L
-1

 (Porrier and 

Partridge, 1979; Dineen and Hines, 1994), which approaches the freshwater category as defined 

by Williams (1964). Several other barnacles in the genus Amphibalanus, such as A. improvisus 

and A. amphitrite, have also been found successfully living at freshwater or near-freshwater 

salinities (Fyhn, 1976; Kennedy and DiCosimo, 1983). Barnacles have been reported from 

unquestionably non-marine environments, such as pumping stations (Shatoury, 1958), desert 

oases (Engel et al., 2012), and lakes (Plaziat, 1991; Geraci et al., 2008). 

In this exercise, our marine environment is delineated by the 
18

O and 
13

C values of late 

Pleistocene planktic foraminifers from the Gulf of California, from fully marine barnacles from 

various sites around the globe, from modern barnacles from the intertidal zone of Isla Montague 

(Fig. 1), and barnacles from the Salton Sea (Fig. 1). Our estuary analogy is delineated by the 


18

O and 
13

C values in individual growth bands of pre-dam era Mulinia clams from the modern 

northern Gulf of California (Fig. 1). The lowest Mulinia 
18

O and 
13

C values (Fig. 11) are from 

Isla Montague (Fig. 1) and are thought to represent calcification during peak pre-dam era 

Colorado River runoff  when voluminous spring snowmelt discharge on the river lowered the 


18

O and 
13

C values in the northern Gulf of California (Rodriguez et al., 2000). Nearly all of the 
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barnacles analyzed thus far from the southern Bouse Formation have 
18

O values lower than 

even our most river-influenced estuary analog (Fig. 11). Several Bouse barnacles from the Palo 

Verde Mountains have isotopic compositions more indicative of calcification in meteoric water 

(Fig. 11). Thus, we can conclude that none of the barnacle fragments we analyzed calcified in a 

fully marine environment.  

The proposed tidal sedimentary structures recognized by O’Connell et al. (2017) 

seemingly require a connection to the ocean, yet the broader isotopic and ostracode ecological 

constraints on the southern Bouse Formation presented here are incompatible with a fully marine 

environment. Two possible explanations that could reconcile tidal features with a non-marine 

environment include deposition in a freshwater estuary or deposition in an inland tidally-

influenced lake that had a long residence time that allowed for a mild increase in salinity and for 

the high 
18

O values measured in a variety of biologic carbonates, similar to what is observed at 

Lake Tanganyika (Dettman et al., 2005). Freshwater estuary environments with meter-scale tidal 

amplitudes are known to occur hundreds of kilometers inland from the ocean (e.g., Geyer and 

Chant, 2006) and are populated by continental organisms (e.g., Sousa et al., 2005). Examples of 

ancient freshwater rhythmite deposits entirely lacking marine fossils have also been reported in 

the literature (e.g., Kvale and Masalerz, 1998).  Alternatively, the Lake Waihola-Waipori 

Complex (Schallenberg et al., 2003; Schallenberg and Burns, 2003) and Pitt Lake, British 

Colombia (Ashley, 1977; Ashley and Moritz, 1979), are freshwater tidally-influenced lakes 

situated 12 and 30 km inland, respectively, yet they experience tidal ranges of up to 0.5 m and up 

to 1-2 m, respectively (Hodgins and Quick, 1972; Ashley, 1977; Schallenberg et al., 2003; 

Schallenberg and Burns, 2003).  Thus, there are numerous modern analogues where tidal 
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influences can be observed in freshwater environments, and non-analogue environments may 

have existed in the past.  

A freshwater estuary or tidally-influenced lake model could potentially reconcile many of 

the peculiarities of the southern Bouse Formation. Bouse carbonates were deposited a 

considerable distance inland and well away from normal seawater or a salt wedge, and thus, 

completely lack any normal marine geochemical indicators. In this model, the diverse 

foraminifer assemblage that is cited as evidence for normal marine conditions (McDougall and 

Miranda Martinez, 2014, 2016) would instead comprise a large proportion of autochthonous 

euryhaline benthic foraminifers, such as Ammonia beccarii, that were living in relatively dilute 

conditions (e.g., Otovos, 1978; Boudreau et al., 2001). The autochthonous benthic foraminifers 

are mixed with smaller numbers of exotic planktic foraminifers that were reworked inland by 

strong flood tidal currents or other processes (e.g., Ghosh et al., 2009). Foraminifer abundances 

are highest at the southern end of the Blythe basin (McDougall and Miranda Martinez, 2014), 

which could lend support to this model. Perhaps small amounts of sea water periodically entered 

Paleolake Blythe during the highest tides, as sometimes happens at the Lake Waihola-Waipori 

Complex (Schallenberg and Burns, 2003). If so, then it would have been a short-lived event and 

subsequent dilution or flushing from the system (e.g., Shallenberg and Burns, 2003) would have 

limited or even prevented the preservation of a marine geochemical signal (e.g., Spencer and 

Patchett, 1997; Roskowski et al., 2010). 

Projecting a Gulf of California tidal influence nearly 60 km inland to the Blythe basin is 

not unreasonable. The historical tidal range on the modern Colorado River estuary is 

approximately 10 m and tidal influences are observable 50 km upstream (Thompson, 1968; 

Nelson et al., 2013; Zamora et al., 2013). This distance is comparable to the distance between the 
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southern Blythe basin and Yuma (Fig. 1). If the uppermost reaches of the early Gulf of California 

during the late Miocene was narrower and more constricted than the modern bathymetry, then 

the paleo-tidal range could have exceeded 10 m. A modern analogy might be the narrow upper 

reaches of the Bay of Fundy, New Brunswick, where  maximum  tidal ranges are on the order of 

15 to 16 m (Desplanque and Mossman, 2001) and are currently one of the largest tidal ranges on 

Earth (Archer, 2013). Non-analogue paleo-tidal ranges in excess of 15 m in the early Gulf of 

California could have conceivably existed in the past.  

Independent evidence for a tidal or slack water connection through the Chocolate 

Mountains is currently lacking, however, as is conclusive geomorphic evidence that the Blythe 

basin was originally at sea level (e.g., Howard et al., 2015). Earlier studies have shown that the 

Colorado River has flowed through a canyon in the Chocolate Mountains (Fig. 1) since the early 

Pliocene (Winkler and Kidwell, 1986; Beard et al., 2016), and that potential Bouse Formation 

sediments overlying middle and late Miocene marine rocks (McDougall, 2008) are present in the 

subsurface northeast of Yuma (Fig. 1), near where the Colorado River exits the Chocolate 

Mountain canyon (Olmsted et al., 1973). The relationship between the subsurface units in the 

Yuma basin and the southern Bouse Formation in the Blythe basin are beyond the scope of this 

paper (but see McDougall, 2008). But, perhaps this is evidence that a slack water connection 

between the Yuma and Blythe basins once existed. 

Our data do not directly address questions about the original elevation of the southern 

Bouse Formation. The late Miocene (and younger) tectonic history of the Blythe basin is a topic 

of active research (Beard et al., 2016; Karlstrom et al., 2017), as is improving the age control on 

the southern Bouse Formation (e.g., Howard et al., 2016; Miranda-Martínez et al., 2017). 

Additional information is clearly needed to test the viability of the tidally-influenced lake model 
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and to determine if the southern Bouse Formation can be reconciled with formation near sea 

level. While we favor an over-spilling chain-of-lakes model for the integration of the lower 

Colorado River corridor (e.g., House et al., 2008, Pearthree and House, 2014; Bright et al., 

2016), we do acknowledge that a tidally-influenced lake model is supported by multiple lines of 

evidence (O’Connell et al., 2017) and can also comprehensively integrate many of the seemingly 

irreconcilable data sets generated thus far from the southern Bouse Formation. Our detailed 

comparison with the lacustrine northern Bouse Formation does, however, provide compelling, 

reproducible, and internally consistent evidence that the basal carbonate unit of the southern 

Bouse Formation was deposited in a mildly brackish lacustrine environment. A marine 

environment is unable to account for the ecological and isotopic constraints provided by the 

ostracode fauna detailed in this study. Paleolake Chemehuevi and Paleolake Blythe both had 

high water 
18

O values and were both populated by an opportunistic but impoverished marginal-

marine fauna (following Taylor, in Smith, 1970) before abruptly over-spilling and transitioning 

to through-flowing freshwater environments (e.g., Anadón et al., 2008).  

 

CONCLUSIONS 

 

 We have analyzed one outcrop of northern Bouse Formation and four outcrops of 

southern Bouse Formation in an effort to further understand the depositional environment of the 

southern Bouse Formation. The following observations have been made: 

 

1) The lacustrine northern Bouse Formation contains rare foraminifers and a mix of continentally 

invasive marginal-marine ostracodes (Cyprideis sp.) and fully continental ostracodes 
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(Limnocythere sp., Candona spp., Darwinula stevensoni). Four outcrops of the southern Bouse 

Formation contain a similar though more diverse mix of foraminifers, continentally invasive 

marginal-marine ostracodes (Cyprideis sp., Cytheromorpha spp., rare Perissocytheridea sp.), and 

fully continental ostracodes (Limnocythere sp., Heterocypris sp., Candona spp., Darwinula 

stevensoni) throughout the sedimentary sequence, including sediments that represent the initial 

flooding of the landscape. The similarity in ostracode faunas in both formations is compelling 

evidence for similar environments of deposition. The persistent presence of continental 

ostracodes throughout the southern Bouse Formation is entirely inconsistent with a marine 

incursion model.  

 

2) The stratigraphically coherent pattern in carbonate 
18

O and 
13

C values from both the 

northern and southern Bouse Formations, and the material-specific
87

Sr/
86

Sr ratios from a variety 

of materials from Hart Mine Wash, reveal a level of similarity and complexity in the 

hydrochemistry of the Bouse depositional system not observed in previous studies. The 

likelihood that this complexity could be retained following significant isotopic resetting or 

recrystallization of Bouse carbonates is remote.  

 

3) The only carbonate samples that yield high, marine-like 
18

O and 
13

C values are the fully 

continental ostracode genera Candona and Heterocypris, even though neither genus lives in 

normal seawater. This peculiarity can be explained by drawing an analogy with equally high, 

marine-like 
18

O and 
13

C values in Candona valves from a mildly brackish terminal lake basin 

at Villarroya Lake, or with a freshwater impoundment at Snowmass Village, Colorado. 
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4) The 
18

O values in micrite Cyprideis valves and Streptochilus tests from the southern Bouse 

Formation produce unrealistically warm paleo-water temperatures if calcification occurred in 

normal sea-water. Carbonate production in water with a 
18

O value much lower than seawater is 

more realistic.  

  

5) Microfossil and carbonate 
18

O and 
13

C values from both the northern and southern Bouse 

Formations show a similarly abrupt and simultaneous transition to fresher water and lower 


18

OOST values across a distinct boundary. This is convincing evidence that a similar “fill-and-

spill” process occurred during deposition of both formations.  

 

6) The offset in 
87

Sr/
86

Sr ratios between epilimnic micrite and the associated fish bone and 

ostracode valves, and the large offset between 
18

OSED and 
18

OOST values in the southern Bouse 

Formation, can be comprehensively explained by a brackish lake-freshwater plume model. 

Collectively, the carbonate 
18

O and 
13

C values and the 
87

Sr/
86

Sr ratios in micrite, fish bone, and 

ostracode calcite, are inconsistent with a normal marine or a normal estuarine origin for the 

origin of the southern Bouse Formation.  

 

7) Nearly identical 
18

O and 
13

C values from both benthic and nominally planktic foraminifer 

tests located below and above the contact with the interbedded unit at Hart Mine Wash 

demonstrate that, at a minimum, benthic foraminifers in the upper portion of the basal carbonate 

unit of the southern Bouse Formation are reworked and thus their paleoenvironmental or 

biochronological utility may be limited. 
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8) The similarity in 
18

O and 
13

C values from nominally planktic Streptochilus tests and from 

benthic ostracode valves indicate both organisms were calcifying together in water with a similar 

isotopic composition and similar temperature. The Bouse Streptochilus were living as benthic 

Bolivina. This interpretation is consistent with currently available genetic and morphological 

constraints. The overwhelmingly most abundant “planktic” foraminifer in the southern Bouse 

Formation (Streptochilus) is not indicative of an open marine environment; Bolivina have been 

reported from multiple modern and paleo-lakes.   

 

9) A key outcrop of southern Bouse Formation that preserves an example of typically marine 

sigmoidal bedding with potential spring-to-neap tidal bundling contains barnacle fragments with 


18

O and 
13

C values that are entirely inconsistent with calcification in seawater.  Thus, a 

typically marine sedimentary feature was not deposited under marine conditions. Deposition in a 

mildly brackish tidally-influenced lake near sea level is an intriguing alternative explanation. 

 

Collectively, the results from this study strongly suggest that the southern Bouse Formation was 

deposited in a mildly brackish lake, similar to that proposed by Spencer et al. (2008, 2013), 

before finally draining. We favor a freshwater Colorado River plume into a terminal-to-open 

basin lacustrine model to comprehensively explain the broader faunal and isotopic discrepancies 

that have hindered the development an internally consistent and cohesive interpretation for the 

origin of the southern Bouse Formation, although we acknowledge that a model invoking a 

freshwater plume into a tidally-influenced brackish lake that was located at or near sea level 

cannot be ruled out at this time. Regardless of its original elevation, the southern Bouse 

Formation was deposited in the last of a chain of mildly brackish to freshwater lakes that record 
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the southward advance of the terminus of the early Colorado River as it migrated towards the 

early Gulf of California.  
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FIGURES 

 

Figure 1. Regional map showing the relationship of Cottonwood, Mohave, Chemehuevi, and 

Blythe basins along the lower Colorado River corridor and in relation to North America (inset). 

Extent of water body that deposited the southern Bouse Formation is shown in light blue. Extents 

of paleolakes that deposited the northern Bouse Formation are shown in darker blue. Yellow dots 

are outcrop locations used in this study. Black bars with two-letter identifiers are paleodivides. 

Py – Pyramid, Tk – Topock, Ay – Aubrey, Ch – Chocolate Mountains. White stars are other 

locations mentioned in the text. A – Amboy, BP – Buzzard Peak, BM – Big Maria quarry, C – 

Cibola, SMG – Split Mountain Gorge, LS – Laguna Salada, IM – Isla Montague. Base figure 

from Global Multi-Resolution Topography (GMRT) Synthesis (Ryan et al., 2009), 

http://www.geomapapp.org. 
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Figure 2. Microfossil results and stable oxygen (
18

O) isotope values in micrite and ostracode 

(Candona, Cyprideis) calcite from an outcrop of northern Bouse Formation in the Chemehuevi 

basin. Cyp – Cyprideis, Lim – Limnocythere, Cand – Candona, Dar -  Darwinula, B+S – fish 

bone and scale, Sf45 – spiraled (benthic) foraminifers in a concentrated aliquot of 45-120 μm 

residue (raw counts, not as per gram sediment), Bf45 – biserial foraminifers in a concentrated 

aliquot of 45-120 μm residue (raw counts, not as per gram sediment), black diamonds with 

numbers – individual samples that correspond to data archived in Supplemental Material. 

Stylized stratigraphic column on far right. Ostracode 
18

O values have not been corrected for 

vital effects. See Figure 1 for location. 
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Figure 3. Microfossil results and stable oxygen (
18

O) isotope values in micrite and ostracode 

(Cyprideis) calcite from an outcrop of southern Bouse Formation at Parker, Blythe basin. Cyp – 

Cyprideis, Cand – Candona, Lim – Limnocythere, Sf120 – spiraled (benthic) foraminifers, B+S – 

fish bone and scale, black diamonds with numbers – individual samples that correspond to data 

archived in Supplemental Material. Stylized stratigraphic column on far right. Note differences 

in scales on x-axis for Cyprideis. The Cyprideis 
18

O values have not been corrected for vital 

effects. See Figure 1 for location. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



120 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



121 
 

Figure 4. Microfossil results and stable oxygen (
18

O) values in micrite and ostracode calcite 

from an outcrop of southern Bouse Formation at Milpitas Wash, Blythe basin. Ostracode valve 

and bone plus scale counts are expressed as square root values in order to highlight low 

concentrations near the top of the outcrop. Cyp – Cyprideis, Cyth – Cytheromorpha, Het – 

Heterocypris, Cand-j  – juvenile Candona, Cand – adult Candona, Lim-j – juvenile 

Limnocythere, Per-j – juvenile Perissocytheridea, Per –  adult Perissocytheridea, B+S – fish 

bone plus scale, Sf45 – spiraled foraminifers in a concentrated aliquot of 45-120 μm residue (raw 

counts, not as per gram sediment), Bf45 – biserial foraminifers in a concentrated aliquot of 45-

120 μm residue (raw counts, not as per gram sediment), black diamonds with numbers – 

individual samples that correspond to data archived in Supplemental Material. Stylized 

stratigraphic column on far right roughly corresponds to Stratigraphic Panel C1 in Homan 

(2014). Ostracode 
18

O values have not been corrected for vital effects. See Figure 1 for location. 
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Figure 5. Google Earth image locating outcrops of southern Bouse Formation in Hart Mine Wash 

used in this study. Stylized stratigraphic columns shown below. Outcrops A and D roughly 

correspond to Stratigraphic Panels A11 and A15, respectively, in Homan (2014). Black 

diamonds with numbers – individual samples that correspond to data archived in Supplemental 

Material. See Figure 1 for location. 
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Figure 6. Microfossil results and stable oxygen (
18

O) isotope values in micrite and ostracode 

calcite from an outcrop of southern Bouse Formation at Hart Mine Wash, Blythe basin. Cyp – 

Cyprideis, Cyth – Cytheromorpha, Het – Heterocypris, Cand – Candona, Per-j –  juvenile 

Perissocytheridea, Dar – Darwinula, Lim – Limnocythere, B+S – fish bone and scale per gram 

sediment, Sf45 – spiraled (benthic) foraminifers in a concentrated aliquot of 45-120 μm residue 

(raw counts, not as per gram sediment), Bf45 – biserial foraminifers in a concentrated aliquot of 

45-120 μm residue (raw counts, not as per gram sediment). Note differences in scales on x-axis 

for Het, Dar, Bf45, and B+S. Ostracode 
18

O values have not been corrected for vital effects. See 

Figure 1 for location. 
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Figure 7. Microfossil results from outcrops of southern Bouse Formation at Marl Wash, Blythe 

basin. Stylized stratigraphic column on far right roughly corresponds to Stratigraphic Panel A20 

in Homan (2014). Cyp – Cyprideis, Cyth –Cytheromorpha plotted as square root values to 

highlight low abundances throughout the section, Lim – Limnocythere plotted as square root 

values to highlight low abundances at the bottom of the section, Cand – Candona, Het – 

Heterocypris, Barn – barnacle shell fragments, B+S – fish bone and scale, Sf45 – spiraled 

foraminifers in a concentrated aliquot of 45-120 μm residue (raw counts, not as per gram 

sediment), Bf45 – biserial foraminifers in aliquot of 45-120 μm residue (raw counts, not as per 

gram sediment). Black diamonds with numbers – individual samples that correspond to data 

archived in Supplemental Material. 

 

 

 

 

 

 

 

 

 

 

 

 

 



128 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 



129 
 

Figure 8. Google Earth image showing barnacle sampling locations in the Blythe basin. 

Meandering green lines of vegetation border the southward flowing Colorado River. Symbols 

and respective colors are the same as in Figure 11. Locations starting with PV and HM are 

featured in this paper. Locations 1 and 2 are featured in Roskowski et al. (2010) and Location 3 

is featured in Crossey et al. (2015).  
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Figure 9. Scanning electron images of ostracode valves from the southern Bouse Formation. All 

images are external lateral views. A) Candona sp. C, female right valve, sample HM73. B) 

Candona sp. C, female left valve, sample HM73. C) Candona sp. C, male left valve, sample 

HM73. D) Candona sp. D, female right valve, sample HM73. E) Candona sp. E, female right 

valve, sample EARP26. F) Perrisocytheridea sp., juvenile right valve, sample HM33. G) 

Perrisocytheridea sp., juvenile left valve, sample HM33. For stratigraphic information, refer to 

Figures 3 and 6 and the Supplemental Material. Ostracode valves were coated with carbon and 

imaged on a Hitachi 3400N SEM. Original images were modified for contrast and clarity using 

Photoshop CS6. See Bright et al. (2016) for additional ostracode valve images. 
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Figure 10. Cross-plots of stable oxygen (
18

O) and carbon (
13

C) isotope values in micrite and 

various forms of biologic calcite from the Bouse Formation. a) Micrite and multi-genera 

ostracode results from the northern Bouse Formation (Chemehuevi basin). b) Micrite, Cyprideis, 

and shell fragment results from the southern Bouse Formation (Parker). c) Micrite and multi-

genera ostracode results from the southern Bouse Formation (Milpitas Wash). d) Micrite and 

multi-genera ostracode results from the southern Bouse Formation (Hart Mine Wash). Results 

are grouped by stratigraphic horizon. Ostracode 
18

O values have not been corrected for vital 

effects. See Figure 1 for locations. 
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Figure 11. Cross-plot comparing 
18

O and 
13

C values from barnacle fragments (large colored 

circles and grey diamonds) and < 45 um micrite (colored triangles) in the Blythe basin against 

barnacle fragments from the modern Salton Sea (red boxes), Isla Montague (blue stars), and 

marine barnacles from previously published sources (white circles). Published marine barnacle 

data compiled from Smith et al., (1988), Craven et al., (2008), and Detjen et al., (2015). 
18

O and 


13

C values from pre-dam era Mulinia from Isla Montague and from other locations up to 65 km 

away from the mouth of the Colorado River (small black and grey circles, respectively; 

Rodriguez et al., 2001; data provided by D. Dettman) as well as 
18

O and 
13

C values from late 

Pleistocene and Holocene (17-2 ka) planktic foraminifers from the Guaymas basin (small purple 

circles) (Keigwin, 2002; data provided by L. Keigwin) are plotted for context. Symbols and 

respective colors for Blythe basin barnacle values are the same as in Figure 8. 
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Figure 12. Cross-plots of composite stable oxygen (
18

O) and carbon (
13

C) isotope values from 

micrite, bulk sediment, and biologic calcite from outcrops of northern and southern Bouse 

Formation. a). Micrite (this study).  b). Multiple genera of ostracodes and foraminifers (this 

study).  c) Previously reported bulk carbonate samples.  d) Previously reported biologic 

carbonate. The ostracode and foraminifer 
18

O values have not been corrected for vital effects. C 

– Cibola, M – Milpitas Wash, BM – Big Maria quarry, nBF – northern Bouse Formation, sBF – 

southern Bouse Formation , CHEM – Chemehuevi basin, PKR – Parker, MILP – Milpitas, HMW 

– Hart Mine Wash. See Figure 1 for locations. Pacific Ocean planktic foraminifer and 

nannofossil data (small white circles) were compiled from Douglas and Savin (1971, 1975, 

1978), Keigwin (1979,1982), Barrera et al. (1985), and Cannariato and Ravelo (1997). When 

written descriptions were given, the data were confined to “late Miocene” and “early Pliocene” 

samples, which approximates foraminifer-based age estimates for the southern Bouse Formation 

(McDougall and Miranda Martinez, 2014; Miranda-Martinez et al., 2017). When numerical ages 

were provided, the data were confined to the interval ~ 5.8 Ma to 4.5 Ma. The Streptochilus 

isotopic values, ages, and nomenclature are as in Resig and Kroopnick (1983) and Resig (1989).  
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Figure 13. Conceptual diagram of the “saline lake-freshwater plume” model. View is to the 

north, mimicking a view from Hart Mine Wash towards Parker (see Figure 1). Ostracodes 

calcified their valves in a mildly brackish and evaporative lake with elevated 
18

O values (shown 

in black text within water column), a high 
87

Sr/
86

Sr ratio (not shown), and variable 
13

C values 

(not shown). The water-ostracode and water-micrite 
18

O relationship (VSMOW-PDB) is 

calculated for water at 20 °C (benthos) and 30 °C (epilimnion), respectively, using Friedman and 

O’Neil (1977), and includes a +2‰ vital effect correction for the ostracode calcite (Marco-Barba 

et al., 2012). Micrite forms during a spring/summer freshwater plume and has much lower 
18

O 

values and a lower 
87

Sr/
86

Sr ratio than carbonate formed deeper in the lake. Ostracode 
13

C 

values (see Fig. 12) can depend on whether they were living on the lake floor (high
13

C values) 

or living within the sediment (low
13

C values) (Decrouy et al., 2011a,b). See text for discussion. 

See Figure 6 for an example of the relationship between 
87

Sr/
86

Sr ratios in micrite, fish bone, and 

ostracode calcite. Artwork based on Young (2004). 
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TABLES 

 

Table 1. Comparison of averaged oxygen (
18

O) and carbon (
13

C) values, 
87

Sr/
86

Sr ratios, and 

trace element concentrations from northern and southern Bouse Formation carbonates. 

Statistically significant (p-value < 0.05) results are highlighted in bold. 

 

 18O 

(‰,VPDB) 

13C 

(‰,VPDB) 

87Sr/86Sr MgCO3 

(mol %) 

Mn 

(ppm) 

Fe 

(ppm) 

Sr 

(ppm) 

Ba 

(ppm) 

Zn 

(ppm) 

Northern Bouse Formation -7.9 -1.6 0.71084 1.17 300 933 429 136 4.2 

Southern Bouse Formation -6.6 -1.7 0.71095 0.57 394 1017 325 341 3.0 

p-value 0.034 0.790 0.240 0.029 0.940 0.800 0.270 0.019 0.150 

n 197 197 74 27 27 27 27 27 27 

   Note: Data compiled from Spencer and Patchett (1997), Poulson and John (2003), Roskowski et al. (2010), Crossey et al.  

(2015), and Bright et al. (2016). 
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Table 2.  Paleowater temperature estimates based on averaged micrite, Cyprideis, and 

Streptochilus 
18

O values from the basal carbonate unit of the southern Bouse Formation, Blythe 

basin. 

 
 

18
O 

(‰, VPDB) 


18
O uncorr. 

(‰, VSMOW) 

alpha Temp. 
(°C) 


18

O corr. 
(‰, VSMOW) 

alpha Temp. 
(°C) 

PKR– micrite        
Bioclastic carbonate (n = 2) -7.11 23.58 1.0226-1.0246 59-46 25.64 1.0246-1.0267 46-35 
Yellow marl (n = 16) -13.08 17.43 1.0164-1.0184 108-90 19.49 1.0185-1.0205 89-73 
        
MILP – micrite        
white carbonate (n = 16) -12.80 17.71 1.0167-1.0187 105-87 19.77 1.0188-1.0208 86-71 
        
HMW – micrite        
Bioclastic carbonate (n = 11) -8.90 21.73 1.0207-1.0228 72-58 23.79 1.0228-1.0248 58-45 
Lower white marl (n = 14) -6.02 24.71 1.0237-1.0257 52-40 26.77 1.0257-2.0278 41-29 
Upper white marl (n = 27) -8.92 21.72 1.0207-1.0227 72-58 23.78 1.0228-1.0248 58-45 
Oxidized marl (n = 17) -9.22 21.41 1.0204-1.0224 74-60 23.47 1.0224-1.0245 60-47 
        
PKR– Cyprideis         
Bioclastic carbonate (n = 8) -6.32 24.40 1.0234-1.0254 54-42 22.33 1.0213-1.0234 67-54 
Yellow marl (n = 36) -2.38 28.45 1.0274-1.0295 32-22 26.39 1.0254-1.0274 42-32 
        
MILP – Cyprideis        
white carbonate (n = 34) -3.76 27.04 1.0260-1.0281 39-29 24.98 1.0240-1.0260 50-39 
        
HMW – Cyprideis        
Bioclastic carbonate (n = 4) -7.24 23.45 1.0224-1.0245 60-47 21.39 1.0204-1.0224 74-60 
Lower white marl (n = 18) -5.90 24.82 1.0238-1.0258 51-40 22.76 1.0217-1.0238 65-51 
Upper white marl (n = 29) -3.82 26.98 1.0259-1.0280 40-29 24.91 1.0239-1.0259 51-39 
Oxidized marl (n = 35) -2.85 27.97 1.0269-1.0290 35-25 25.91 1.0249-1.0269 46-35 
        
HMW – Streptochilus        
Oxidized marl (n = 4) -3.20 27.61 1.0266-1.0286 36-26 N.D.* N.D.* N.D.* 

   Note: Corrected micrite values were increased by 2‰ to account for possible disequilibrium processes during rapid calcification 
(Gabitov et al., 2012; Watkins et al., 2014) and Cyprideis values were decreased by 2‰ to account for possible vital effects (Marco- 

Barbra et al. 2012). Alpha values were calculated using Friedman and O’Neil (1977) and assumed a seawater 
18

O value that  

ranged from -1 to +1 (‰, VSMOW) (LeGrande and Schmidt, 2006). 
18

O values in VPDB were converted to VSMOW by the  
equation VSMOW = 1.03091*VPDB + 30.91. 
   *N.D. = not determined. 
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SUPPLEMENTAL MATERIAL 
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Outcrop descriptions 

 

Northern Bouse Formation, Chemehuevi basin 

 

The northern Bouse Formation studied in the Chemehuevi basin consists of, in sequence, 

a basal ~ 5 cm thick, fissile greenish claystone that directly overlies oxidized gravel, about 6 m 

of white marl, about 2 m of dense green claystone, a prominent ~6-m-thick sand layer, about 2.5 

m of brown, fissile claystone, and finally another 0.6 m of dark brown fissile claystone 

interbedded with sand (Fig. 2). The white marl is equivalent to the basal limestone unit of 

Metzger (1968), and the dense green clay and overlying sediments are equivalent to the 

interbedded unit of Metzger (1968). Because of the variety of carbonate facies recognized in the 

basal limestone unit in the Blythe basin, we prefer to use the term “basal carbonate unit” in this 

paper, following the detailed mapping and stratigraphic work of Homan (2014). A total of 

thirteen samples were taken from the basal fissile green claystone, the white marl, and the 

overlying green claystone. The 6-m-thick sand layer was not sampled. The brown fissile 

claystone horizon above the sand layer was sampled twice; once at the base and once at the top 

of the horizon. The capping dark brown fissile claystone and sand horizon was not sampled. All 

15 samples were analyzed for their microfossil content and the 
18

O and 
13

C values of micrite in 

the sediments (Fig. 2). Sixteen aliquots of large ostracode valve fragments from five basal white 

marl samples and two dense green claystone samples were also analyzed for their 
18

O and 
13

C 

values (Fig. 2).  
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Southern Bouse Formation, Blythe basin, Parker  

 

The southern Bouse Formation studied at Parker extends along about 40 m of hillslope on 

the north side of the Colorado River (Fig. 1). The Parker site was initially visited in 2013. At that 

time, about 2 m of the basal carbonate unit and several meters of the interbedded unit were 

sampled. The basal carbonate unit consists of a 0.7 m-thick, cliff-forming, largely bioclastic and 

micritic limestone that overlies cross-bedded and oxidized fan gravel. A cross-bedded sand 

horizon up to ~ 1 m thick separates the bioclastic limestone from an overlying yellowish 

oxidized marl horizon. The yellowish oxidized marl horizon and the sediments exposed on the 

hillside above it were not the focus of the 2013 visit, so their thickness was not measured. Much 

of the exposure was covered in colluvium, which made it difficult to clearly see the relationships 

between the various units. A return visit in 2014 revealed a small arroyo about 40 m to the east 

that exposed a continuous sequence of the Bouse Formation. The lower portion of the arroyo 

exposure comprises about 3 m of oxidized fan gravels and cross-bedded sands (Fig. 3). A dense 

limestone layer about 0.3 m thick capped the oxidized gravel. Roughly 0.6 meters of cross-

bedded sands overlies the dense limestone layer. The cross-bedded sand is overlain by about 1.5 

m of massive yellowish oxidized marl. The oxidized marl is overlain by several meters of green 

clay of which the lowest 1.5 m were sampled (Fig. 3). The dense limestone layer exposed in the 

arroyo was traced to the west where it merges with the bioclastic limestone horizon that was 

visited in 2013. Three samples were taken from this thicker exposure of bioclastic limestone in 

2013. A total of 16 and 4 samples were taken from the entirety of the massive yellow marl and 

from the lowest 1.5 m of the green clay at the arroyo exposure, respectively, in 2014. All 23 
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samples were analyzed for their microfossil content and 
18

O and 
13

C values of ostracode 

valves and micrite from the encasing sediments (Fig. 3). 

 

Southern Bouse Formation, Blythe basin, Milpitas Wash 

 

 The southern Bouse Formation at Milpitas Wash (Fig. 4) consists of about 2.7 m of an 

off-white, cliff-forming, exposure of the uppermost basal carbonate unit (Fig. 4). The lower half 

of the exposure contains four resistant beds (Fig. 4). Similar resistant beds are absent in the upper 

half of the exposure. The basal carbonate unit is overlain by about 6 m of dense green mudstone 

of the interbedded unit (Fig. 4). The contact between the basal carbonate and interbedded units 

consists of a thin, strongly oxidized layer roughly 2 cm thick. A dense greenish-brown claystone 

about 10 cm thick immediately overlies the oxidized layer (Fig. 4), which in turn is overlain by 

roughly 10 cm of dense, tan to light brown claystone that displays thin (~ 1 mm scale) 

laminations. A total of 18 samples were taken from the basal carbonate unit. The transitional 

oxidized zone, green-brown claystone, and laminated tan claystone horizons were each sampled 

once. Six samples were taken from the green claystone of the interbedded unit (Fig. 4). Each 

sample was processed for microfossil analyses and 
18

O and 
13

C analyses of ostracode valves 

and micrite in the encasing sediments. 

 

Southern Bouse Formation, Blythe basin, Hart Mine Wash 

 

The base of the southern Bouse Formation at Hart Mine Wash (Figs. 5and 6) consists 

about 1 m of moderately well sorted oxidized sand that records the first inundation of the 
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landscape. A conspicuous cobble lag separates the oxidized sand from overlying carbonate-rich 

sediments (Fig. 6). About 25 m of the basal carbonate unit followed by >20 m of the interbedded 

unit overlie the cobble lag. A composite stratigraphic section (Fig. 6) was constructed from five 

individual outcrops that are exposed along about 800 m of the southern flank of the wash (Fig. 

5). The basal carbonate unit in Hart Mine Wash can be subdivided into three distinctive horizons: 

(1) a cliff-forming combination of a basal bedded carbonate and an overlying bioclastic- 

grainstone horizon (~ 5 m cumulative thickness) that was deposited in a near-shore environment, 

(2) a slope-forming, mostly massive greyish white marl horizon (~ 10 m thick) that likely 

represents suspension settling under deeper or calmer water conditions, and (3) a cliff-forming, 

iron-oxide stained, alternatingly massive and very thinly bedded, marl and clayey marl horizon 

(~4 m thick) that may represent even deeper water conditions. The middle part of the white marl 

horizon is not well exposed at Hart Mine Wash; much of it is buried under colluvium. However, 

the lowest 2.8 m and upper 3.5 m is well-exposed (Fig. 5).  A laterally continuous distinctive 

clay layer (DCL; Figs. 5 and 6) at both Outcrop D and Outcrop E separates the basal carbonate 

unit from the overlying interbedded unit (see discussion in Bright et al., 2016). Above the DCL , 

the interbedded unit can be subdivided into a basal transitional horizon of alternating claystone 

and marl horizons of variable thickness that is overlain by 2-3 m of green claystone (Figs. 5and 

6). Roughly 20 m of reddish claystone, siltstone, and fine sands caps the sequence, the base of 

which is depicted in Figure 5. A total of 66 samples were taken from the Hart Mine Wash 

section, from the bottom of the basal carbonate unit to the base of the green clays of the 

interbedded unit at Outcrop D (Fig. 5). Outcrop E was sampled previously for microfossil 

analyses and 
18

O and 
13

C analyses of ostracode valves and micrite from the encasing 

sediments. The results of those analyses are presented and discussed in Bright et al. (2016) and 
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are incorporated into the composite stratigraphic section here (Fig. 6) for completeness. New 

results from 
18

O and 
13

C analyses of foraminifer tests from Outcrop E are presented in this 

paper. Samples of fish bone (n = 9), ostracode calcite (n = 2), and micrite (n = 5) from the 

oxidized marl horizon and the overlying transitional marl-claystone horizon at Outcrops D and E 

(Fig. 5) were analyzed for their 
87

Sr/
86

Sr ratios (Fig. 6).  

 

Southern Bouse Formation, Blythe basin, Marl Wash 

 

The stratigraphy of the southern Bouse Formation exposed at the Marl Wash locality 

(Fig. 7), located roughly 3.4 km south of Hart Mine Wash, is generally similar to what is 

exposed in Hart Mine Wash (Fig. 7). The primary differences are a cross-bedded cobble and 

gravel horizon at the bottom of the sequence and the truncation of the interbedded unit at the top 

of the sequence (Fig. 7). Eight spot samples were collected from throughout the sequence (Fig. 

7). The primary focus of the sampling scheme was to analyze the lower bedded carbonate 

interval (Fig. 7) for microfauna in order to augment data collected from the Hart Mine Wash 

section, but other lithologically distinct horizons were also targeted (Fig. 7). We targeted the 

lower bedded carbonate horizon in Marl Wash because it is stratigraphically equivalent to the 

lowest laminated sediments exposed at Outcrop A in Hart Mine Wash (Fig. 5). A ninth spot 

sample was collected several hundred meters to the west of the main sampling transect. This 

sample was taken just above the contact between underlying oxidized sands and the basal 

carbonate unit (Fig. 7). Eight of the nine samples were analyzed for their microfossil content. 

One sample from a coarse sandy interval at the top of the section (Fig. 7) was not analyzed. 
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Barnacle collection sites 

 

Five locations in the Blythe basin were sampled for barnacle fragments (Fig. 8).  Two 

samples were located on the western side of the basin near the Palo Verde Mountains and three 

sites were located on the eastern side of the basin in the vicinity of upper Hart Mine Wash (Fig. 

8).  A sample of modern barnacle shells collected from the shore of the Salton Sea (Fig. 1) and 

previously unpublished stable isotope data from modern barnacles that grew in the lower 

intertidal zone in Estero Chayo, Isla Montague (31.6703° N, 114.6902° W), located at the mouth 

of the Colorado River estuary at the northern end of the Gulf of California, were collected by one 

of us (D.D.)  

 

Palo Verde Mountains 

 

Sample “PVc” (Fig. 8) was collected on the southern flank of Palo Verde Mountains 

(33.29524° N, 114.79090° W, 170 masl) where several meters of laminated carbonate overlain 

by several meters of bioclastic-rich carbonate are exposed. The sample consisted of a large piece 

of bioclastic carbonate with clearly visible shell fragments.  

 Sample “PV6” (Fig. 8) was collected on the eastern flank of the Palo Verde Mountains 

(33.30035° N, 114.76010° W, 124 masl) where an exposure of conspicuous bulbous tufa is 

exposed against bedrock in small drainage. The sample consisted of loose, barnacle-rich, sandy 

material that was capped by tufa.  
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Hart Mine Wash 

 

Sample “HM120”  (Fig. 8) was collected from the top of a large hill near the head of Hart 

Mine Wash (33.28535° N, 114.62225° W, 171 masl) where tufa encrusted rocks are overlain by 

barnacle-rich bioclastic sediments, which in turn are overlain by soft white carbonate that 

contains abundant barnacle fragments. The sample was taken from the soft carbonate.  

 Samples “HM123”, “HM124”, “HM125”, and “HM126” (Fig. 8) were collected in a 

small drainage that runs parallel to Hart Mine Wash (33.28962° N, 114.63243° W, 112 masl) 

where a critical exposure of barnacle and oncoid grainstone contains a single horizon of 

sigmoidal bedding interpreted by O’Connell et al. (2017) to be a diagnostically marine spring-to-

neap tidal bundle. Samples HM123 and HM124 were collected below and above the sigmoidal 

bedding, respectively (SI-Fig. 23). Samples HM125 and HM126 were collected above the 

sigmoidal bedding interval and bracketed the bottom and top, respectively, of another interval of 

cross-bedded barnacle and oncoid grainstone (Fig. 8). Care was taken to sample along bedding 

planes away from the most obvious sigmoidal and cross-bedded structures to avoid damaging 

them. 

 Samples “HM109”, “HM111”, and “HM113” (Fig. 8) were collected from a roughly 4-

m-tall cliff of basal carbonate unit that is exposed in the southern flank of Hart Mine Wash 

(33.2930° N 114.6263° W). Samples HM109 and HM111 were respectively collected at the base 

of and within a prominent ledge of barnacle-rich sediments located about mid-face. Sample 

HM113 was collected roughly one meter higher in the face, within a contorted bed of oncoid 

sandy grainstone.  
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Supplemental Tables 

 

 

Supplemental Table 1. Microfossil data, northern Bouse Formation, Chemehuevi basin, CA. 

 
Sample Height 

(m) 
Lithology mass 

(gm) 
Cy 
(a) 

Cy 
(j) 

L 
(a) 

L 
(j) 

Ca 
(a) 

Ca 
(j) 

D 
(j) 

B+S Sf45 Sf Bf45 Bf 

CHEM-15 15.80 brown claystone 110.7 0 0 0 0 0 0 0 115 0 0 0 0 
CHEM-14 13.60 brown claystone 132.4 0 0 0 0 0 0 0 234 0 0 0 0 
CHEM-12 7.30 green claystone 134.1 0 0 0 0 0 0 0 58 0 0 0 0 
CHEM-13 7.20 green claystone 187.1 0 0 0 0 0 0 0 617 0 0 0 0 
CHEM-11 6.50 green claystone 160.3 0 0 0 0 0 4 0 72 0 0 0 0 
CHEM-10 5.70 green claystone 140.3 0 4 0 1 0 3 0 3 0 0 0 0 
CHEM-9 5.50 white carbonate 152.6 0 4 0 0 0 2 0 8 0 0 0 0 
CHEM-8 4.20 white carbonate 148.4 0 2 0 0 0 34 2 8 0 0 0 0 
CHEM-7 2.80 white carbonate 165.9 0 0 0 0 0 12 0 2 0 0 0 0 
CHEM-5 2.10 white carbonate 41.0 0 1 0 0 0 1 0 0 0 0 0 0 
CHEM-4 1.60 white carbonate 151.3 0 2 0 16 0 54 2 4 2 0 13 4 
CHEM-3 1.00 white carbonate 138.8 1 49 1 45 0 317 6 0 3 1 8 0 
CHEM-2 0.40 white carbonate 133.3 0 0 0 15 3 124 3 0 1 0 0 0 
CHEM-1 0.20 white carbonate 156.5 0 0 0 0 0 0 0 1 0 0 0 0 
CHEM-6 0.03 green claystone 84.5 0 0 0 142 2 2 0 14 0 0 0 0 

Note: Samples are arranged in ascending stratigraphic order. Note that CHEM-6, CHEM-12, and CHEM-13 are out of  
sequential numerical order. Microfossil counts performed on > 120 μm residue unless otherwise noted. Cy- Cyprideis sp.,  
L – Limnocythere sp., Ca – Candona sp., D – Darwinula sp., B+S – bone plus scale, Sf45 – spiraled (benthic) foraminifers in  
concentrated aliquot of 45-120 μm residue, Sf - spiraled (benthic) foraminifers, Bf45 – biserial foraminifers in concentrated  
aliquot of 45-120 μm residue, Bf – biserial foraminifers, (a) – adult valve, (j) – juvenile valve. 
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Supplemental Table 2. Stable isotope (
18

O, 
13

C) data, northern Bouse Formation, Chemehuevi basin, CA. 

 
Sample Height 

(m) 
Lithology  Material 

18
O 

(‰, VPDB) 


13
C 

(‰, VPDB) 

CHEM-15 15.80 brown claystone < 45 μm micrite -17.0 -1.8 
CHEM-14 13.60 brown claystone < 45 μm micrite -16.6 -1.1 
CHEM-12 7.30 green claystone < 45 μm micrite -15.6 -1.2 
CHEM-13 7.20 green claystone < 45 μm micrite -14.5 -1.1 
CHEM-11 6.50 green claystone < 45 μm micrite -13.7 -0.8 
CHEM-11 6.50 green claystone Candona sp. -9.7 -3.7 
CHEM-11 6.50 green claystone Candona sp. -10.0 -3.7 
CHEM-10 5.70 green claystone < 45 μm micrite -13.1 -0.3 
CHEM-10 5.70 green claystone Candona sp. -9.6 -3.1 
CHEM-10 5.70 green claystone Candona sp. -8.6 -2.0 
CHEM-10 5.70 green claystone Candona sp. -8.5 -2.0 
CHEM-9 5.50 white carbonate < 45 μm micrite -12.4 0.0 
CHEM-9 5.50 white carbonate Candona sp. -8.3 -1.7 
CHEM-8 4.20 white carbonate < 45 μm micrite -12.7 -0.1 
CHEM-8 4.20 white carbonate Candona sp. -8.9 -2.3 
CHEM-8 4.20 white carbonate Candona sp. -8.3 -1.9 
CHEM-7 2.80 white carbonate < 45 μm micrite -11.8 0.5 
CHEM-7 2.80 white carbonate Candona sp. -11.0 -2.9 
CHEM-7 2.80 white carbonate Candona sp. -9.0 -3.0 
CHEM-5 2.10 white carbonate < 45 μm micrite -8.4 1.0 
CHEM-4 1.60 white carbonate < 45 μm micrite -6.1 2.2 
CHEM-4 1.60 white carbonate Cyprideis sp. 1.1 -1.2 
CHEM-3 1.00 white carbonate < 45 μm micrite -7.2 2.1 
CHEM-3 1.00 white carbonate Cyprideis sp. 0.4 -0.3 
CHEM-3 1.00 white carbonate Cyprideis sp. -0.3 -1.2 
CHEM-2 0.40 white carbonate < 45 μm micrite -5.5 1.3 
CHEM-2 0.40 white carbonate Candona sp. -0.4 0.8 
CHEM-2 0.40 white carbonate Candona sp. -0.9 0.7 
CHEM-1 0.20 white carbonate < 45 μm micrite -9.8 -1.7 
CHEM-6 0.03 green claystone < 45 μm micrite -7.9 -3.4 

Note: Samples are arranged in ascending stratigraphic order. Note that CHEM-6,  
CHEM-12, and CHEM-13 are out of sequential numerical order. 

. 
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Supplemental Table 3. Microfossil data, southern Bouse Formation, near Parker, AZ. 
 
Sample Height 

(m) 
Lithology mass 

(gm) 
Cy 
(a) 

Cy 
(j) 

L 
(a) 

L 
(j) 

Ca1 
(a) 

Ca1 
(j) 

Ca2 
(a) 

Ca2 
(j) 

B+S Sf45 Sf Sn 

Earp-30 3.23 green claystone 49.9 152 6 0 0 0 0 0 8 5 0 0 0 
Earp-29 2.62 green claystone 41.4 13 5 0 0 0 0 0 3 0 1 0 5 
Earp-28 2.11 green claystone 40.7 44 39 22 2 8 16 3 0 0 0 0 9 
Earp-27 1.55 green claystone 52.4 0 0 0 0 0 0 0 0 0 0 0 0 
Earp-26 1.52 yellow carbonate 41.5 365 72 0 23 5 69 0 0 2 7 36 179 
Earp-25 1.42 yellow carbonate 36.3 155 2 0 1 2 1 0 0 3 0 1 0 
Earp-24 1.32 yellow carbonate 38.3 341 5 0 2 4 3 0 0 2 2 2 0 
Earp-23 1.22 yellow carbonate 40.3 311 48 0 16 4 30 0 0 3 0 3 0 
Earp-22 1.12 yellow carbonate 38.1 382 116 0 10 4 21 0 0 1 29 140 44 
Earp-21 1.02 yellow carbonate 44.1 84 33 0 17 1 34 0 0 0 0 0 0 
Earp-20 0.91 yellow carbonate 40.5 214 70 3 6 2 57 0 0 0 2 0 1 
Earp-19 0.81 yellow carbonate 39.6 974 116 0 2 4 18 0 0 0 63 164 0 
Earp-18 0.71 yellow carbonate 41.2 2062 210 10 35 0 68 0 0 0 44 220 0 
Earp-17 0.61 yellow carbonate 39.6 3846 300 12 36 0 54 0 0 0 192 972 0 
Earp-16 0.48 yellow carbonate 38.3 1266 618 4 28 8 122 0 0 0 161 472 0 
Earp-15 0.43 yellow carbonate 41.6 51 1 0 1 0 0 0 0 0 18 16 0 
Earp-14 0.36 yellow carbonate 39.5 688 344 20 48 10 38 0 0 0 12 14 3 
Earp-13 0.25 yellow carbonate 37.4 23 4 0 0 0 0 0 0 0 1 0 0 
Earp-12 0.15 yellow carbonate 40.3 38 50 0 2 0 0 0 0 0 0 3 0 
Earp-11 0.00 yellow carbonate 39.3 1120 1264 0 2 0 0 0 0 0 19 48 0 
Earp-03 0.70 bioclastic carbonate 40.6 206 519 0 9 0 0 0 0 0 0 252 0 
Earp-02 0.35 bioclastic carbonate 35.5 37 71 0 15 0 0 0 0 0 0 7 0 
Earp-01 0.00 bioclastic carbonate 33.2 90 105 0 14 0 0 0 0 0 0 3 0 

Note: Samples are arranged in ascending stratigraphic order. Counts were performed on > 120 μm residue unless otherwise noted. 
Cy – Cyprideis sp., L – Limnocythere sp., Ca1 – Candona (?) sp. 1, Ca2 – Candona sp.2, B+S – bone plus scale, Sf45 –  
spiraled (benthic) foraminifers in concentrated aliquot of 45-120 μm residue, Sf – spiraled (benthic) foraminifers, Sn – snail molds, 
(a) – adult valves, (j) – juvenile valves. Articulated ostracode carapaces were counted as two valves.  
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Supplemental Table 4. Stable isotope (
18

O, 
13

C) data, southern Bouse Formation, near Parker, AZ. 

 
Sample Height 

(m) 
Lithology  Material 

18
O 

(‰, VPDB) 


13
C 

(‰, VPDB) 

EARP-30 3.23 green claystone < 45 μm micrite -10.1 -3.7 
EARP-30 3.23 green claystone Cyprideis sp. (large) -3.1 -5.5 
EARP-30 3.23 green claystone Cyprideis sp. (large) -3.0 -5.2 
EARP-29 2.62 green claystone < 45 μm micrite -10.3 -4.0 
EARP-29 2.62 green claystone Cyprideis sp. (large) -2.8 -5.4 
EARP-29 2.62 green claystone Cyprideis sp. (large) -2.7 -5.6 
EARP-28 2.11 green claystone < 45 μm micrite -10.1 -3.6 
EARP-28 2.11 green claystone Cyprideis sp. (large) -3.3 -6.5 
EARP-28 2.11 green claystone Cyprideis sp. (large) -7.3 -5.7 
EARP-27 1.55 green claystone < 45 μm micrite n.d. n.d. 
EARP-26 1.52 yellow carbonate < 45 μm micrite -10.7 -3.6 
EARP-26 1.52 yellow carbonate Cyprideis sp. (large) -2.0 -3.9 
EARP-26 1.55 yellow carbonate Cyprideis sp. (large) -1.6 -3.9 
EARP-26 1.52 yellow carbonate Cyprideis sp. (small) -2.3 -3.8 
EARP-26 1.52 yellow carbonate Cyprideis sp. (small) -3.1 -3.4 
EARP-25 1.42 yellow carbonate < 45 μm micrite -10.5 -2.8 
EARP-25 1.42 yellow carbonate Cyprideis sp. (large) -2.6 -4.2 
EARP-25 1.42 yellow carbonate Cyprideis sp. (large) -2.6 -3.4 
EARP-24 1.32 yellow carbonate < 45 μm micrite -10.3 -2.8 
EARP-24 1.32 yellow carbonate Cyprideis sp. (large) -2.4 -3.9 
EARP-24 1.32 yellow carbonate Cyprideis sp. (large) -2.7 -3.2 
EARP-23 1.22 yellow carbonate < 45 μm micrite -10.5 -2.9 
EARP-23 1.22 yellow carbonate Cyprideis sp. (large) -2.4 -3.8 
EARP-23 1.22 yellow carbonate Cyprideis sp. (large) -2.3 -3.6 
EARP-22 1.12 yellow carbonate < 45 μm micrite -10.9 -3.4 
EARP-22 1.12 yellow carbonate Cyprideis sp. (large) -2.0 -3.7 
EARP-22 1.12 yellow carbonate Cyprideis sp. (large) -1.8 -4.0 
EARP-21 1.02 yellow carbonate < 45 μm micrite -11.9 -1.7 
EARP-21 1.02 yellow carbonate Cyprideis sp. (large) -2.5 -5.4 
EARP-21 1.02 yellow carbonate Cyprideis sp. (large) -2.6 -3.2 
EARP-20 0.91 yellow carbonate < 45 μm micrite -12.3 -1.2 
EARP-20 0.91 yellow carbonate Cyprideis sp. (large) -2.8 -4.1 
EARP-20 0.91 yellow carbonate Cyprideis sp. (large) -2.4 -3.7 
EARP-19 0.81 yellow carbonate < 45 μm micrite -15.3 -1.1 
EARP-19 0.81 yellow carbonate Cyprideis sp. (large) -2.1 -3.7 
EARP-19 0.81 yellow carbonate Cyprideis sp. (large) -2.2 -4.6 
EARP-19 0.81 yellow carbonate Cyprideis sp. (small) -2.2 -4.1 
EARP-19 0.81 yellow carbonate Cyprideis sp. (small) -2.4 -3.7 
EARP-18 0.71 yellow carbonate < 45 μm micrite -15.0 -0.6 
EARP-18 0.71 yellow carbonate Cyprideis sp. (large) -2.3 -3.5 
EARP-18 0.71 yellow carbonate Cyprideis sp. (large) -2.1 -3.2 
EARP-17 0.61 yellow carbonate < 45 μm micrite -14.7 -0.1 
EARP-17 0.61 yellow carbonate Cyprideis sp. (large) -2.0 -4.4 
EARP-17 0.61 yellow carbonate Cyprideis sp. (large) -2.4 -3.3 
EARP-16 0.48 yellow carbonate < 45 μm micrite -15.0 0.3 
EARP-16 0.48 yellow carbonate Cyprideis sp. (large) -1.7 -4.1 
EARP-16 0.48 yellow carbonate Cyprideis sp. (large) -1.9 -2.8 
EARP-15 0.43 yellow carbonate < 45 μm micrite -14.8 -0.2 
EARP-15 0.43 yellow carbonate Cyprideis sp. (large) -2.1 -3.7 
EARP-15 0.43 yellow carbonate Cyprideis sp. (large) -2.1 -2.6 
EARP-14 0.36 yellow carbonate < 45 μm micrite -14.4 -0.4 
EARP-14 0.36 yellow carbonate Cyprideis sp. (large) -3.0 -3.2 
EARP-14 0.36 yellow carbonate Cyprideis sp. (large) -2.9 -3.3 
EARP-13 0.25 yellow carbonate < 45 μm micrite -14.6 -0.3 
EARP-13 0.25 yellow carbonate Cyprideis sp. (large) -3.0 -3.2 
EARP-13 0.25 yellow carbonate Cyprideis sp. (large) -2.9 -3.3 
EARP-12 0.15 yellow carbonate < 45 μm micrite -14.5 -0.6 
EARP-12 0.15 yellow carbonate Cyprideis sp. (large) -2.3 -0.7 
EARP-12 0.15 yellow carbonate Cyprideis sp. (large) -2.2 -0.8 
EARP-11 0.00 yellow carbonate < 45 μm micrite -13.8 -1.4 
EARP-11 0.00 yellow carbonate Cyprideis sp. (large) -2.8 -2.3 
EARP-11 0.00 yellow carbonate Cyprideis sp. (large) -2.9 -1.9 
EARP-3 0.70 bioclastic carbonate < 45 μm micrite -7.3 -2.0 
EARP-3 0.70 bioclastic carbonate Cyprideis sp. (large) -6.4 -2.6 
EARP-3 0.70 bioclastic carbonate Cyprideis sp. (large) -5.7 -2.8 
EARP-3 0.70 bioclastic carbonate Cyprideis sp. (large) -6.2 -2.4 
EARP-3 0.70 bioclastic carbonate Cyprideis sp. (large) -5.6 -2.3 
EARP-2 0.30 bioclastic carbonate secondary calcite -9.9 -2.4 
EARP-2 0.30 bioclastic carbonate acid washed shell fragment -8.7 -2.0 
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Supplemental Table 4 (cont’d). Stable isotope (
18

O, 
13

C) data, southern Bouse Formation, near Parker, AZ 

 
Sample Height 

(m) 
Lithology  Material 

18
O 

(‰, VPDB) 


13
C 

(‰, VPDB) 

EARP-2 0.30 bioclastic carbonate acid washed barnacle shell -9.6 -2.5 
EARP-1 0.00 bioclastic carbonate < 45 μm micrite -7.3 -2.0 
EARP-1 0.00 bioclastic carbonate Cyprideis sp. (large) -7.5 -2.4 
EARP-1 0.00 bioclastic carbonate Cyprideis sp. (large) -5.7 -2.2 
EARP-1 0.00 bioclastic carbonate Cyprideis sp. (large) -6.5 -2.4 
EARP-1 0.00 bioclastic carbonate Cyprideis sp. (large) -6.9 -2.5 
EARP-1 0.00 bioclastic carbonate sparry calcite -7.4 -2.0 
EARP-1 0.00 bioclastic carbonate acid washed shell fragment -9.0 -2.8 

Note: Samples are arranged in ascending stratigraphic order. 
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Supplemental Table 5. Microfossil data, southern Bouse Formation, Milpitas Wash, CA. 

 
Sample Height 

(m) 
Lithology mass 

(gm) 
Cy 
(a) 

Cy 
(j) 

Ch 
(a) 

Ch 
(j) 

P 
(a) 

P 
(j) 

L 
(j) 

Ca 
(a) 

Ca 
(j) 

H 
(a) 

H 
(j) 

B+S Sf45 Sf Bf45 Bf 

MP-37 8.73 green claystone 123.0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 
MP-36 6.90 green claystone 115.0 0 0 0 0 0 0 0 0 0 0 0 0 3 0 1 0 
MP-35 5.07 green claystone 121.0 3 4 0 0 0 0 0 1 20 0 0 28 46 20 120 0 
MP-34 3.85 green claystone 121.0 1 1 0 0 0 0 0 0 11 0 0 29 25 20 46 0 
MP-33 3.24 green claystone 107.0 32 16 0 2 0 0 0 18 64 0 0 30 6 33 21 1 
MP-32 2.92 green claystone 99.0 10 2 2 4 0 0 0 9 19 0 0 38 14 28 17 0 
MP-31 2.82 tan lam. claystone 97.0 0 11 3 8 0 0 0 0 0 0 0 28 19 16 7 0 
MP-30 2.72 gr. –br. claystone 81.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
MP-29 2.67 dist. oxidized layer 28.3 0 0 0 0 0 0 0 0 0 0 0 0 0 11 0 0 
MP-28 2.61 white carbonate 64.4 102 354 3 11 0 0 0 0 1 4 10 0 0 0 0 0 
MP-27 2.15 white carbonate 62.1 64 148 2 0 0 0 0 0 0 2 0 194 1 0 1 0 
MP-26 1.85 white carbonate 66.3 15 32 5 1 0 0 0 0 0 0 0 29 86 8 23 0 
MP-25 1.72 white carbonate 65.2 11 9 0 0 0 0 0 0 1 0 0 5 22 1 14 0 
MP-24 1.59 white carbonate 63.5 4 2 0 0 0 0 0 0 0 0 0 2567 47 3 80 0 
MP-23 1.39 white carbonate 62.4 0 6 0 0 0 0 0 0 0 0 0 620 31 4 117 2 
MP-22 1.18 white carbonate 61.2 5 19 0 0 0 0 0 0 0 0 0 1704 99 55 170 12 
MP-21 1.11 white carbonate 63.3 3. 0 0 0 0 0 0 0 0 0 0 4 2 0 27 3 
MP-20 0.98 white carbonate 63.1 10 82 2 4 0 1 0 0 0 0 0 669 130 121 347 70 
MP-19 0.85 white carbonate 60.1 9 326 13 18 2 0 1 0 0 0 3 644 207 79 262 74 
MP-18 0.74 white carbonate 63.5 35 146 76 46 0 0 0 0 0 5 23 172 35 61 301 38 
MP-17 0.60 white carbonate 8.4 0 1 0 0 0 0 0 0 0 0 1 1 1 0 0 0 
MP-16 0.42 white carbonate 65.5 13 424 52 302 0 0 0 0 0 1 11 1561 89 266 18 4 
MP-15 0.30 white carbonate 61.5 32 382 55 192 0 4 2 0 1 0 21 630 34 60 3 0 
MP-14 0.12 white carbonate 28.2 3 3 0 1 0 0 0 0 0 0 1 22 1 3 0 0 
MP-13 0.00 white carbonate 63.0 44 266 0 0 0 1 0 0 0 1 20 832 105 82 0 0 

Note: Samples are arranged in ascending stratigraphic order. Microfossil counts performed on > 120 μm residues unless otherwise noted. Cy –  
Cyprideis sp., Ch – Cytheromorpha spp., P – Perissocytheridea sp., Ca – Candona spp., H – Heterocypris sp., B+S – bone plus scale, Sf45 – spiral 
(benthic) foraminifers in a concentrated aliquot of 45-120 μm residue, Sf – spiraled (benthic) foraminifers, Bf45 – biserial foraminifers in a concentrated 
aliquot of 45-120 μm residue, Bf – biserial foraminifers. 
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Supplemental Table 6. Stable isotope (
18

O, 
13

C) data, southern Bouse Formation, Milpitas Wash, CA. 

 
Sample Height 

(m) 
Lithology  Material 

18
O 

(‰, VPDB) 


13
C 

(‰, VPDB) 

MP-37 8.73 green claystone < 45 μm micrite -8.3 -3.2 
MP-36 6.90 green claystone < 45 μm micrite -6.1 -3.7 
MP-35 5.07 green claystone < 45 μm micrite -13.9 -1.1 
MP-35 5.07 green claystone Cyprideis sp.  -11.3 -3.5 
MP-35 5.07 green claystone Cyprideis sp. -12.5 -3.8 
MP-35 5.07 green claystone Candona sp. fragments -11.2 -2.8 
MP-35 5.07 green claystone Candona sp. fragments -10.9 -3.2 
MP-34 3.85 green claystone < 45 μm micrite -12.4 -0.4 
MP-34 3.85 green claystone Cyprideis sp.  -10.7 -2.5 
MP-34 3.85 green claystone Cyprideis sp. -12.6 -3.6 
MP-34 3.85 green claystone Candona sp. fragments -10.5 -3.2 
MP-34 3.85 green claystone Candona sp. fragments -10.7 -3.8 
MP-33 3.24 green claystone < 45 μm micrite -11.8 0.3 
MP-33 3.24 green claystone Cyprideis sp.  -9.4 -3.0 
MP-33 3.24 green claystone Cyprideis sp. -9.5 -3.4 
MP-33 3.24 green claystone Candona sp. juvenile -9.4 -1.5 
MP-33 3.24 green claystone Candona sp. juvenile -9.3 -1.8 
MP-33 3.24 green claystone Candona sp. -9.6 -2.0 
MP-33 3.24 green claystone Candona sp.  -9.7 -3.1 
MP-32 2.92 green claystone < 45 μm micrite -11.3 0.6 
MP-32 2.92 green claystone Cyprideis sp.  -10.1 -4.9 
MP-32 2.92 green claystone Cyprideis sp. -9.9 -4.7 
MP-32 2.92 green claystone Candona sp. fragments -9.4 -2.2 
MP-32 2.92 green claystone Candona sp. fragments -9.4 -1.4 
MP-31 2.82 tan lam. claystone < 45 μm micrite -8.4 -0.6 
MP-31 2.82 tan lam. claystone Cyprideis sp. fragments -5.7 -1.6 
MP-31 2.82 tan lam. claystone Cytheromorpha sp. -7.4 -0.7 
MP-30 2.72 gn.-bn claystone < 45 μm micrite n.d. n.d. 
MP-29 2.67 dist. oxidized layer < 45 μm micrite n.d. n.d. 
MP-28 2.61 white carbonate < 45 μm micrite -13.2 1.6 
MP-28 2.61 white carbonate Cyprideis sp.  -5.0 -2.3 
MP-28 2.61 white carbonate Cyprideis sp. -5.1 -2.3 
MP-27 2.15 white carbonate < 45 μm micrite -12.7 1.7 
MP-27 2.15 white carbonate Cyprideis sp.  -4.4 -3.0 
MP-27 2.15 white carbonate Cyprideis sp. -4.2 -2.3 
MP-26 1.85 white carbonate < 45 μm micrite -11.0 1.0 
MP-26 1.85 white carbonate Cyprideis sp.  -4.7 -2.6 
MP-26 1.85 white carbonate Cyprideis sp. -5.2 -2.6 
MP-25 1.72 white carbonate < 45 μm micrite -12.3 1.6 
MP-25 1.72 white carbonate Cyprideis sp.  -4.3 -3.0 
MP-25 1.72 white carbonate Cyprideis sp. -4.7 -2.5 
MP-24 1.59 white carbonate < 45 μm micrite -14.4 1.8 
MP-24 1.59 white carbonate Cyprideis sp. juvenile -2.7 -4.9 
MP-24 1.59 white carbonate Cyprideis sp. juvenile -2.9 -3.9 
MP-24 1.59 white carbonate Cyprideis sp.   -3.9 -3.3 
MP-24 1.59 white carbonate Cyprideis sp. -3.9 -3.4 
MP-23 1.39 white carbonate < 45 μm micrite -12.7 0.9 
MP-23 1.39 white carbonate Cyprideis sp.  -2.8 -5.4 
MP-23 1.39 white carbonate Cyprideis sp. -3.1 -4.2 
MP-22 1.18 white carbonate < 45 μm micrite -13.0 1.1 
MP-22 1.18 white carbonate Cyprideis sp.  -3.5 -4.4 
MP-22 1.18 white carbonate Cyprideis sp. -5.2 -2.8 
MP-21 1.11 white carbonate < 45 μm micrite -13.8 1.7 
MP-21 1.11 white carbonate Cyprideis sp.  -3.1 -4.0 
MP-21 1.11 white carbonate Cyprideis sp. -3.2 -3.9 
MP-20 0.98 white carbonate < 45 μm micrite -12.8 1.2 
MP-20 0.98 white carbonate Cyprideis sp.  -3.5 -4.2 
MP-20 0.98 white carbonate Cyprideis sp. -3.7 -3.8 
MP-19 0.85 white carbonate < 45 μm micrite -12.2 1.1 
MP-19 0.85 white carbonate Cyprideis sp.  -2.9 -4.3 
MP-19 0.85 white carbonate Cyprideis sp.  -3.6 -3.6 
MP-18 0.74 white carbonate < 45 μm micrite -12.5 1.2 
MP-18 0.74 white carbonate Cyprideis sp. -3.4 -4.3 
MP-18 0.74 white carbonate Cyprideis sp. -3.4 -3.6 
MP-18 0.74 white carbonate Cytheromorpha sp. -6.4 -1.0 
MP-18 0.74 white carbonate Cytheromorpha sp. -6.9 -0.9 
MP-18 0.74 white carbonate Heterocypris sp. -1.6 1.3 
MP-18 0.74 white carbonate Heterocypris sp. -1.4 1.5 
MP-17 0.60 white carbonate < 45 μm micrite -13.3 1.4 
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Supplemental Table 6 (cont’d). Stable isotope (
18

O, 
13

C) data, southern Bouse Formation, Milpitas Wash, 

CA. 

 
Sample Height 

(m) 
Lithology  Material 

18
O 

(‰, VPDB) 


13
C 

(‰, VPDB) 

MP-17 0.60 white carbonate Cyprideis sp. -3.3 -4.5 
MP-17 0.60 white carbonate Cyprideis sp. -5.2 -4.8 
MP-16 0.42 white carbonate < 45 μm micrite -12.4 1.3 
MP-16 0.42 white carbonate Cyprideis sp. -4.2 -2.4 
MP-16 0.42 white carbonate Cyprideis sp. -4.3 -2.3 
MP-16 0.42 white carbonate Cytheromorpha sp. -5.4 -1.5 
MP-16 0.42 white carbonate Heterocypris sp. -1.7 0.8 
MP-15 0.30 white carbonate < 45 μm micrite -12.8 1.6 
MP-15 0.30 white carbonate Cyprideis sp. -2.9 -4.6 
MP-15 0.30 white carbonate Cyprideis sp. -3.1 -4.8 
MP-15 0.30 white carbonate Cytheromorpha sp. -5.1 -2.0 
MP-15 0.30 white carbonate Cytheromorpha sp. -4.9 -2.0 
MP-15 0.30 white carbonate Heterocypris sp. -1.3 0.9 
MP-15 0.30 white carbonate Heterocypris sp. -1.3 1.1 
MP-14 0.12 white carbonate < 45 μm micrite -12.9 1.5 
MP-14 0.12 white carbonate Cyprideis sp. -3.3 -3.5 
MP-14 0.12 white carbonate Cyprideis sp. -3.1 -3.4 
MP-13 0.00 white carbonate < 45 μm micrite -12.8 1.5 
MP-13 0.00 white carbonate Cyprideis sp. -3.1 -5.7 
MP-13 0.00 white carbonate Cyprideis sp. -3.0 -5.3 
MP-13 0.00 white carbonate Heterocypris sp. -2.0 1.7 

Note: Samples are arranged in ascending stratigraphic order. 
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Supplemental Table 7. Microfossil data, southern Bouse Formation, Hart Mine Wash, AZ. 

 
Sample Height 

(m) 
Lith mass 

(gm) 
Cy 
(a) 

Cy 
(j) 

Ch 
(a) 

Ch 
(j) 

P 
(j) 

H 
(a) 

H 
(j) 

Ca 
(a) 

Ca 
(j) 

L D B+S Sf45 Sf Bf45 Bf 

Outcrop A (Fig. 5)                 
HM-116 4.93 BG n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
HM-115 4.11 BG 49.9 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
HM-114 4.01 BG 51.8 17 2 0 0 0 2 0 40 5 2 2 3 3 19 0 0 
HM-113 3.56 BG 35.8 77 184 168 78 0 94 13 0 0 0 0 67 72 212 2 0 
HM-112 2.95 BG 34.6 44 130 41 9 0 20 14 0 0 0 0 9 9 825 4 18 
HM-110 2.59 BL n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
HM-111 2.36 BL 32.3 27 142 0 4 0 0 0 0 0 0 0 0 58 3949 1 0 
HM-109 2.18 BL 30.2 22 30 4 0 0 0 0 0 0 0 0 14 10 386 0 0 
HM-108 2.11 BC 41.3 24 25 0 0 0 0 0 0 0 0 0 30 0 15 0 0 
HM-107 1.60 BC n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
HM-106 0.91 BC n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
HM-105 0.00 BC n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
                    
Outcrop B (Fig. 5)                 
HM-104 2.77 WC 48.4 13 27 0 2 0 2 2 0 0 0 0 6 0 3 0 0 
HM-103 2.56 WC 52.4 38 112 0 0 0 0 4 0 0 0 2 9 6 17 0 0 
HM-102 2.35 WC 56.5 6 19 33 2 0 0 0 0 0 0 0 87 5 16 0 0 
HM-101 2.14 WC 56.5 31 46 69 17 0 0 6 0 9 0 0 15 1 4 0 0 
HM-100 1.93 WC 58.2 8 27 41 4 0 4 1 0 3 0 0 14 1 11 0 0 
HM-99 1.72 WC 64.0 22 2 5 3 0 0 2 2 3 0 0 14 4 7 0 0 
HM-98 1.51 WC 58.7 28 43 55 38 0 6 4 7 6 0 0 10 2 25 0 0 
HM-97 1.30 WC 56.9 47 72 61 16 0 6 6 8 9 0 0 8 0 8 0 0 
HM-96 1.09 WC 60.4 35 76 74 8 0 8 12 5 2 0 0 6 6 22 0 0 
HM-95 0.88 WC 63.4 21 21 76 43 0 3 10 7 9 0 0 18 2 12 0 0 
HM-94 0.67 WC 49.8 9 15 268 42 0 2 0 0 1 0 0 9 0 7 0 0 
HM-93 0.46 WC 49.1 5 3 30 6 0 0 0 2 0 0 0 5 0 63 0 1 
HM-92 0.25 WC 38.6 12 24 36 42 0 0 0 0 0 0 0 0 6 996 1 0 
HM-91 0.00 WC 24.5 3 18 0 24 0 0 0 0 0 0 0 22 4 305 1 0 
                    
Outcrop C (Fig. 5)                 
HM-83 4.57 OXC 39.9 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
HM-82 4.17 OXC 36.4 0 0 0 0 0 0 0 0 0 0 0 445 7 25 0 0 
HM-81 3.86 OXC 40.4 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
HM-80 3.66 OXC 34.4 0 0 0 0 0 0 0 0 0 0 0 133 11 9 0 0 
HM-79 3.61 OXC 43.8 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
HM-78 3.51 OXC 36.3 0 5 1 1 0 0 0 0 0 0 0 35 2 5 0 0 
HM-77 3.40 OXC 38.4 52 346 2 1 0 12 34 0 0 0 0 74 12 28 0 0 
HM-76 3.35 OXC 35.6 2 24 0 0 0 0 2 0 0 0 0 44 0 0 0 0 
HM-75 3.05 WC 41.0 2 42 309 185 0 2 54 0 0 0 0 149 0 2 0 0 
HM-74 2.74 WC 36.9 11 129 64 12 0 0 3 1 30 0 0 0 1 5 0 0 
HM-73 2.44 WC 38.4 73 438 162 88 0 6 208 20 634 0 0 17 0 4 0 0 
HM-72 2.13 WC 36.9 23 197 194 122 0 0 20 0 84 0 0 5 0 0 0 0 
HM-71 1.83 WC 37.5 10 185 154 68 0 3 30 4 194 0 0 16 0 5 0 0 
HM-70 1.52 WC 37.5 13 221 145 39 0 2 14 2 67 0 0 23 1 2 0 0 
HM-69 1.22 WC 44.2 8 93 74 16 0 11 15 1 48 0 0 8 1 2 0 0 
HM-68 0.91 WC 33.5 5 72 62 30 0 2 2 1 30 0 0 4 1 1 0 0 
HM-67 0.61 WC 35.4 13 200 164 244 0 8 4 6 158 0 0 2 2 0 1 0 
HM-66 0.30 WC 38.2 7 68 18 4 0 1 3 3 60 0 0 1 0 2 3 0 
HM-84 0.08 OXC 36.7 0 28 14 4 0 0 2 1 27 0 0 0 1 3 1 0 
HM-65 0.00 WC 33.8 13 100 34 14 0 2 8 0 165 0 0 0 1 8 2 0 
                    
Outcrop D (Fig. 5)                 
HM-44 4.19 TC 46.9 7 122 490 284 0 1 25 11 89 0 38 13 8 19 11 1 
HM-43 3.89 TC 43.1 65 502 85 329 1 4 10 1 1 0 3 46 38 36 25 1 
HM-42 3.68 DCL 47.2 0 0 0 0 0 0 0 0 0 0 0 0 28 14 14 0 
HM-41 3.33 OXC 42.3 140 1026 8 52 0 0 0 0 0 0 0 165 5 6 3 1 
HM-40 3.13 OXC 42.8 35 572 83 304 0 5 1 0 0 0 0 59 50 318 46 15 
HM-39 2.92 OXC 40.8 0 3 0 0 0 0 0 0 0 0 0 858 24 7 10 0 
HM-38 2.77 OXC 41.2 4 39 0 4 0 0 2 0 0 0 0 116 175 220 819 35 
HM-37 2.57 OXC 44.6 0 2 0 0 0 0 0 0 0 0 0 326 23 7 9 1 
HM-36 2.39 OXC 47.3 52 270 2 1 0 0 7 0 0 0 0 45 21 19 61 4 
HM-35 2.11 OXC 46.5 4 39 1 18 0 0 0 0 0 0 0 936 24 32 4 0 
HM-34 1.80 OXC 8.5 0 2 0 0 0 0 0 0 0 0 0 4 0 0 0 0 
HM-33 1.73 OXC 43.7 0 63 3 10 3 0 0 0 0 0 0 1202 13 57 1 0 
HM-32 1.47 OXC 41.4 6 48 1 23 2 0 0 0 0 0 0 780 15 17 0 0 
HM-31 1.32 OXC 4.7 0 0 0 0 0 0 0 0 0 0 0 3 0 0 0 0 
HM-30 1.17 OXC 37.0 0 2 0 0 0 0 0 0 0 0 0 864 8 11 0 0 
HM-29 0.97 OXC 11.4 0 2 0 0 0 0 0 0 0 0 0 46 0 0 0 0 
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Supplemental Table 7 (cont’d). Microfossil data, southern Bouse Formation, Hart Mine Wash, AZ.. 

 
Sample Height 

(m) 
Lith mass 

(gm) 
Cy 
(a) 

Cy 
(j) 

Ch 
(a) 

Ch 
(j) 

P 
(j) 

H 
(a) 

H 
(j) 

Ca 
(a) 

Ca 
(j) 

L D B+S Sf45 Sf Bf45 Bf 

HM-28 0.79 OXC 32.9 37 508 93 160 0 2 15 0 0 0 0 33 10 9 0 0 
HM-27 0.56 WC 46.7 9 178 198 124 0 1 10 0 0 2 0 110 18 36 1 0 
HM-26 0.25 WC 40.7 19 135 290 1069 0 0 14 0 0 0 0 21 2 3 0 0 
HM-25 0.00 WC 35.9 15 191 288 1604 0 0 108 8 119 0 0 11 0 5 0 0 
                    
Outcrop E (Fig. 5)                 
HM-87 22.15 RCl 34.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
HM-88 21.79 RCl 35.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
HM-64 21.24 RCl 48.8 4 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 
HM-63 16.05 RCl 45.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
HM-62 13.31 RCl 43.7 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 
HM-61 9.35 RCl 45.1 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 
HM-60 4.78 RCl 46.2 0 9 0 2 0 0 0 0 1 0 0 2 1 0 0 0 
HM-59 4.57 GCl 50.6 0 0 0 0 0 0 0 0 2 0 0 19 0 4 0 3 
HM-58 3.30 GCl 42.5 0 6 1 0 0 0 0 0 0 0 0 6 1 4 0 3 
HM-57 2.69 GCl 49.8 2 6 0 3 0 0 0 0 0 0 0 91 3 32 1 33 
HM-56 2.34 GCl 47.6 0 17 10 26 0 0 0 0 9 0 0 69 18 7 0 6 
HM-55 1.98 TC 45.1 8 47 0 0 0 0 0 1 31 11 1 33 68 111 11 182 
HM-54 1.78 TC 43.2 5 78 161 546 0 0 0 2 24 0 3 8 10 0 0 0 
HM-53 1.50 TC 45.6 25 198 107 333 0 1 51 2 34 0 33 13 5 3 1 3 
HM-52 1.35 DCL 42.4 0 0 0 0 0 0 0 0 0 0 0 0 8 1 0 0 
HM-51 1.17 OXC 48.4 257 345 104 79 0 6 10 0 0 0 0 29 1 0 0 0 
HM-50 0.89 OXC 45.0 25 253 54 266 0 0 0 0 0 0 0 45 132 130 4 40 
HM-49 0.53 OXC 50.4 30 83 87 77 0 0 0 0 0 0 0 17 6 2 0 0 
HM-48 0.41 OXC 41.6 72 157 30 30 0 0 4 0 0 0 0 18 29 28 0 20 
HM-47 0.20 OXC 45.9 0 3 0 0 0 0 0 0 0 0 0 222 4 23 0 21 
HM-46 0.10 OXC 21.9 4 27 3 0 0 0 0 0 0 0 0 16 0 0 0 2 
HM-45 0.00 OXC 42.5 10 49 9 91 0 0 0 0 0 0 0 475 64 124 70 176 

Note: Samples at each outcrop are arranged in ascending stratigraphic order. HM-110, HM-111, HM-84, and HM-88 are out of sequential  
Numerical order. Microfossil counts performed on > 120 μm residue unless otherwise noted. Lith. – Lithology, Cy – Cyprideis sp., Cy –  
Cytheromorpha spp., P – Perissocytheridea sp., H – Heterocypris sp., Ca – Candona spp.,L – Limnocythere sp., D – Darwinula stevensoni, 
B+S – bone plus scale, Sf45 – spiral (benthic) foraminifers in a concentrated aliquot of 45-120 μm residue, Sf – spiraled (benthic) foraminifers,  
Bf45 – biserial foraminifers in a concentrated aliquot of 45-120 μm residue, Bf – biserial foraminifers, (a) – adult valves, (j) – juvenile valves,  
BC - bedded carbonate, BL – bioclastic limestone, BG – bioclastic-grainstone; WC – white carbonate, OXC – oxidized carbonate, DCL –  
distinctive clay layer, TC – transitional carbonate, GCl – green claystone, RCl – red claystone. 
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Supplemental Table 8. Stable isotope (
18

O, 
13

C) data, southern Bouse Formation, Hart Mine Wash, AZ. 

 
Sample Height 

(m) 
Lithology  Material 

18
O 

(‰, VPDB) 


13
C 

(‰, VPDB) 

Outcrop A (Fig. 5) 
HM-116 4.93 bioclastic-grainstone < 45 μm micrite -8.6 -1.8 
HM-115 4.11 bioclastic-grainstone < 45 μm micrite -9.1 -0.8 
HM-114 4.01 bioclastic-grainstone < 45 μm micrite -10.2 -0.3 
HM-114 4.01 bioclastic-grainstone Cyprideis sp. -7.9 -2.2 
HM-114 4.01 bioclastic-grainstone Cyprideis sp. -7.5 -2.8 
HM-114 4.01 bioclastic-grainstone Candona sp. -6.2 -1.0 
HM-114 4.01 bioclastic-grainstone Candona sp. -5.8 -1.2 
HM-113 3.56 bioclastic-grainstone < 45 μm micrite -7.5 -0.5 
HM-113 3.56 bioclastic-grainstone Cyprideis sp. -6.6 -2.6 
HM-113 3.56 bioclastic-grainstone Cyprideis sp. -6.9 -2.3 
HM-113 3.56 bioclastic-grainstone barnacle -8.4 -0.4 
HM-113 3.56 bioclastic-grainstone barnacle -8.8 -0.5 
HM-113 3.56 bioclastic-grainstone barnacle -8.5 -0.4 
HM-113 3.56 bioclastic-grainstone secondary calcite -9.4 -1.0 
HM-113 3.56 bioclastic-grainstone secondary calcite -9.4 -1.0 
HM-112 2.95 bioclastic-grainstone < 45 μm micrite -7.7 -0.8 
HM-112 2.95 bioclastic-grainstone barnacle -8.7 -0.6 
HM-112 2.95 bioclastic-grainstone barnacle -8.7 -1.1 
HM-112 2.95 bioclastic-grainstone barnacle -8.7 -0.6 
HM-110 2.59 bioclastic limestone < 45 μm micrite -8.9 -1.2 
HM-111 2.36 bioclastic limestone < 45 μm micrite -8.6 -1.1 
HM-111 2.36 bioclastic limestone barnacle -9.7 -1.7 
HM-111 2.36 bioclastic limestone barnacle -9.2 -1.5 
HM-111 2.36 bioclastic limestone barnacle -9.4 -1.8 
HM-109 2.18 bioclastic limestone < 45 μm micrite -8.5 -1.0 
HM-109 2.18 bioclastic limestone barnacle -8.7 -1.4 
HM-109 2.18 bioclastic limestone barnacle -9.8 -1.9 
HM-109 2.18 bioclastic limestone barnacle -9.1 -1.3 
HM-109 2.18 bioclastic limestone secondary calcite -8.8 -1.4 
HM-109 2.18 bioclastic limestone secondary calcite -8.9 -1.7 
HM-108 2.11 bedded carbonate < 45 μm micrite -9.1 -0.9 
HM-107 1.60 bedded carbonate < 45 μm micrite -9.5 -0.4 
HM-106 0.91 bedded carbonate < 45 μm micrite -10.2 -1.5 
HM-105 0.00 bedded carbonate < 45 μm micrite -8.8 -3.0 
      
Outcrop B (Fig. 5) 
HM-104 2.77 white carbonate < 45 μm micrite -6.6 0.0 
HM-103 2.56 white carbonate < 45 μm micrite -6.5 -0.8 
HM-103 2.56 white carbonate Cyprideis sp. -4.5 -3.3 
HM-103 2.56 white carbonate Cyprideis sp. -5.8 -2.5 
HM-102 2.35 white carbonate < 45 μm micrite -5.9 -1.2 
HM-101 2.14 white carbonate < 45 μm micrite -5.7 -0.9 
HM-101 2.14 white carbonate Cyprideis sp. -5.5 -2.5 
HM-101 2.14 white carbonate Cyprideis sp. -6.0 -2.0 
HM-100 1.93 white carbonate < 45 μm micrite -5.6 -0.1 
HM-100 1.93 white carbonate Cyprideis sp. -5.9 -2.3 
HM-100 1.93 white carbonate Cyprideis sp. -6.3 -2.5 
HM-99 1.72 white carbonate < 45 μm micrite -6.0 -0.5 
HM-99 1.72 white carbonate Cyprideis sp. -6.4 -2.0 
HM-99 1.72 white carbonate Cyprideis sp. -6.1 -2.6 
HM-98 1.51 white carbonate < 45 μm micrite -6.1 0.0 
HM-98 1.51 white carbonate Cyprideis sp. -6.0 -2.5 
HM-98 1.51 white carbonate Cyprideis sp. -5.9 -2.0 
HM-98 1.51 white carbonate Candona sp. -3.1 0.5 
HM-97 1.30 white carbonate < 45 μm micrite -5.2 -0.1 
HM-97 1.30 white carbonate Cyprideis sp. -5.8 -2.6 
HM-97 1.30 white carbonate Cyprideis sp. -5.8 -2.5 
HM-96 1.09 white carbonate < 45 μm micrite -5.7 -0.2 
HM-96 1.09 white carbonate Cyprideis sp. -5.5 -2.6 
HM-96 1.09 white carbonate Cyprideis sp. -5.3 -2.5 
HM-95 0.88 white carbonate < 45 μm micrite -5.8 -0.8 
HM-95 0.88 white carbonate Cyprideis sp. -6.1 -2.0 
HM-95 0.88 white carbonate Cyprideis sp. -5.3 -2.2 
HM-94 0.67 white carbonate < 45 μm micrite -6.1 -0.7 
HM-93 0.46 white carbonate < 45 μm micrite -5.9 -0.5 
HM-93 0.46 white carbonate Cyprideis sp. -7.7 -2.4 
HM-93 0.46 white carbonate Cyprideis sp. -6.3 -1.9 
HM-92 0.25 white carbonate < 45 μm micrite -5.8 -0.7 
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Supplemental Table 8 (cont’d). Stable isotope (
18

O, 
13

C) data, southern Bouse Formation, Hart Mine Wash, 

AZ. 

 
Sample Height 

(m) 
Lithology  Material 

18
O 

(‰, VPDB) 


13
C 

(‰, VPDB) 

HM-91 0.00 white carbonate < 45 μm micrite -7.5 -0.6 
      
Outcrop C (Fig. 5) 
HM-83 4.57 oxidized carbonate < 45 μm micrite -9.4 0.9 
HM-82 4.17 oxidized carbonate < 45 μm micrite -9.1 0.9 
HM-81 3.86 oxidized carbonate < 45 μm micrite -9.8 1.1 
HM-80 3.66 oxidized carbonate < 45 μm micrite -9.2 1.2 
HM-79 3.61 oxidized carbonate < 45 μm micrite -8.3 1.3 
HM-78 3.51 oxidized carbonate < 45 μm micrite -8.4 1.5 
HM-77 3.40 oxidized carbonate < 45 μm micrite -8.3 1.5 
HM-77 3.40 oxidized carbonate Cyprideis sp. -3.7 -3.5 
HM-77 3.40 oxidized carbonate Cyprideis sp. -3.9 -3.1 
HM-77 3.40 oxidized carbonate Heterocypris sp. juvenile -1.9 1.7 
HM-77 3.40 oxidized carbonate Heterocypris sp. juvenile -2.0 1.6 
HM-76 3.35 oxidized carbonate < 45 μm micrite -8.3 1.4 
HM-76 3.35 oxidized carbonate Cyprideis sp. -4.2 -3.8 
HM-76 3.35 oxidized carbonate Cyprideis sp. -3.8 -4.3 
HM-75 3.05 white carbonate < 45 μm micrite -8.7 1.1 
HM-75 3.05 white carbonate Cyprideis sp. -3.6 -4.2 
HM-75 3.05 white carbonate Cyprideis sp. -3.5 -3.7 
HM-75 3.05 white carbonate Heterocypris sp. -1.3 0.9 
HM-75 3.05 white carbonate Heterocypris sp. -1.3 0.9 
HM-74 2.74 white carbonate < 45 μm micrite -8.8 0.5 
HM-74 2.74 white carbonate Cyprideis sp. -3.9 -3.0 
HM-74 2.74 white carbonate Cyprideis sp. -3.6 -3.0 
HM-74 2.74 white carbonate Candona sp. -2.2 0.4 
HM-73 2.44 white carbonate < 45 μm micrite -9.5 0.4 
HM-72 2.13 white carbonate < 45 μm micrite -9.0 0.5 
HM-72 2.13 white carbonate Cyprideis sp. -3.5 -3.6 
HM-72 2.13 white carbonate Cyprideis sp. -3.6 -3.2 
HM-72 2.13 white carbonate Cytheromorpha sp. -6.1 -0.3 
HM-72 2.13 white carbonate Candona sp. -1.3 -1.3 
HM-72 2.13 white carbonate Heterocypris sp. juvenile -1.2 1.4 
HM-72 2.13 white carbonate Heterocypris sp. juvenile -1.6 1.4 
HM-71 1.83 white carbonate < 45 μm micrite -9.1 0.7 
HM-71 1.83 white carbonate Cyprideis sp. -3.8 -3.5 
HM-71 1.83 white carbonate Cyprideis sp. -3.7 -4.4 
HM-71 1.83 white carbonate Candona sp. -1.7 -0.3 
HM-71 1.83 white carbonate Candona sp. -1.9 0.2 
HM-71 1.83 white carbonate Heterocypris sp. juvenile -2.0 1.1 
HM-71 1.83 white carbonate Heterocypris sp. juvenile -1.8 1.4 
HM-70 1.52 white carbonate < 45 μm micrite -8.8 0.8 
HM-70 1.52 white carbonate Cyprideis sp. -3.7 -4.3 
HM-70 1.52 white carbonate Cyprideis sp. -3.7 -2.7 
HM-70 1.52 white carbonate Candona sp. -1.5 0.9 
HM-69 1.22 white carbonate < 45 μm micrite -8.5 0.7 
HM-69 1.22 white carbonate Cyprideis sp. -3.7 -4.0 
HM-69 1.22 white carbonate Cyprideis sp. -3.8 -2.8 
HM-69 1.22 white carbonate Cytheromorpha sp. -5.5 -1.6 
HM-69 1.22 white carbonate Heterocypris sp. -1.8 1.1 
HM-69 1.22 white carbonate Heterocypris sp. -1.9 1.0 
HM-68 0.91 white carbonate < 45 μm micrite -8.5 0.6 
HM-68 0.91 white carbonate Cyprideis sp. -4.1 -3.6 
HM-68 0.91 white carbonate Cyprideis sp. -4.0 -2.8 
HM-68 0.91 white carbonate Cytheromorpha sp. -6.1 -0.7 
HM-68 0.91 white carbonate Candona sp. -1.7 1.2 
HM-68 0.91 white carbonate Heterocypris sp. -2.2 1.2 
HM-68 0.91 white carbonate Heterocypris sp. -2.0 0.8 
HM-67 0.61 white carbonate < 45 μm micrite -8.4 0.6 
HM-67 0.61 white carbonate Cyprideis sp. -4.1 -3.3 
HM-67 0.61 white carbonate Cyprideis sp. -3.8 -3.9 
HM-67 0.61 white carbonate Candona sp. -1.8 0.5 
HM-67 0.61 white carbonate Candona sp. -2.1 0.2 
HM-67 0.61 white carbonate Heterocypris sp. -2.3 1.1 
HM-67 0.61 white carbonate Heterocypris sp. -2.2 0.7 
HM-66 0.30 white carbonate < 45 μm micrite -8.2 0.6 
HM-66 0.30 white carbonate Cyprideis sp. -4.1 -3.3 
HM-66 0.30 white carbonate Cyprideis sp. -4.2 -3.8 



163 
 

Supplemental Table 8 (cont’d). Stable isotope (
18

O, 
13

C) data, southern Bouse Formation, Hart Mine Wash, 

AZ. 

 
Sample Height 

(m) 
Lithology  Material 

18
O 

(‰, VPDB) 


13
C 

(‰, VPDB) 

HM-66 0.30 white carbonate Candona sp. -2.1 0.4 
HM-66 0.30 white carbonate Candona sp. -2.0 0.2 
HM-66 0.30 white carbonate Heterocypris sp. -2.3 0.4 
HM-66 0.30 white carbonate Heterocypris sp. -2.6 0.9 
HM-84 0.08 oxidized carbonate < 45 μm micrite -8.3 0.7 
HM-65 0.00 white carbonate < 45 μm micrite -8.6 0.7 
      
Outcrop D (Fig. 5) 
HM-44 4.19 transitional carbonate < 45 μm micrite -11.5 0.0 
HM-44 4.19 transitional carbonate Cyprideis sp. -12.5 -4.7 
HM-44 4.19 transitional carbonate Cyprideis sp. -10.7 -3.9 
HM-44 4.19 transitional carbonate Cytheromorpha sp. -10.4 -3.4 
HM-44 4.19 transitional carbonate Cytheromorpha sp. -9.5 -3.3 
HM-44 4.19 transitional carbonate Candona sp. -10.7 -3.9 
HM-44 4.19 transitional carbonate Candona sp. -10.7 -3.7 
HM-44 4.19 transitional carbonate benthic foraminifers -6.5 -1.1 
HM-44 4.19 transitional carbonate benthic foraminifers -6.8 -0.5 
HM-44 4.19 transitional carbonate benthic foraminifers -6.4 -1.0 
HM-43 3.89 transitional carbonate < 45 μm micrite -11.5 0.0 
HM-43 3.89 transitional carbonate Cyprideis sp. -9.6 -4.4 
HM-43 3.89 transitional carbonate Cyprideis sp. -9.5 -4.2 
HM-43 3.89 transitional carbonate Cytheromorpha sp. -8.1 -3.2 
HM-43 3.89 transitional carbonate Cytheromorpha sp. -7.4 -2.5 
HM-43 3.89 transitional carbonate benthic foraminifers -5.9 -0.8 
HM-42 3.68 distinctive clay layer < 45 μm micrite -8.8 -3.1 
HM-41 3.33 oxidized carbonate < 45 μm micrite -8.1 1.7 
HM-41 3.33 oxidized carbonate Cyprideis sp. -2.8 -3.8 
HM-41 3.33 oxidized carbonate Cyprideis sp. -2.1 -4.0 
HM-41 3.33 oxidized carbonate Cytheromorpha sp. -5.5 -0.6 
HM-41 3.33 oxidized carbonate Cytheromorpha sp. -6.2 -0.8 
HM-40 3.13 oxidized carbonate < 45 μm micrite -8.9 1.1 
HM-40 3.13 oxidized carbonate Cyprideis sp. -2.5 -3.7 
HM-40 3.13 oxidized carbonate Cyprideis sp. -2.4 -3.8 
HM-39 2.92 oxidized carbonate < 45 μm micrite -9.5 1.2 
HM-38 2.77 oxidized carbonate < 45 μm micrite -9.3 1.4 
HM-38 2.77 oxidized carbonate Cyprideis sp. -2.5 -5.3 
HM-38 2.77 oxidized carbonate Cyprideis sp. -1.8 -4.6 
HM-38 2.77 oxidized carbonate Cyprideis sp. -2.2 -5.6 
HM-38 2.77 oxidized carbonate benthic foraminifers -5.7 -1.9 
HM-38 2.77 oxidized carbonate benthic foraminifers -6.4 -1.2 
HM-38 2.77 oxidized carbonate “Streptochilus” spp. -3.2 -1.5 
HM-38 2.77 oxidized carbonate “Streptochilus” spp. -3.2 -1.4 
HM-38 2.77 oxidized carbonate “Streptochilus” spp. -3.1 -1.5 
HM-38 2.77 oxidized carbonate “Streptochilus” spp. -3.3 -1.5 
HM-37 2.57 oxidized carbonate < 45 μm micrite -10.3 0.2 
HM-36 2.39 oxidized carbonate < 45 μm micrite -9.4 1.6 
HM-36 2.39 oxidized carbonate Cyprideis sp. -2.6 -4.5 
HM-36 2.39 oxidized carbonate Cyprideis sp. -2.9 -3.8 
HM-36 2.39 oxidized carbonate Cyprideis sp. -2.6 -4.5 
HM-35 2.11 oxidized carbonate < 45 μm micrite -10.7 0.1 
HM-35 2.11 oxidized carbonate benthic foraminifers -7.7 -1.6 
HM-35 2.11 oxidized carbonate benthic foraminifers -8.5 -1.8 
HM-34 1.80 oxidized carbonate < 45 μm micrite -10.0 0.6 
HM-33 1.73 oxidized carbonate < 45 μm micrite -9.9 0.9 
HM-33 1.73 oxidized carbonate Cyprideis sp. -3.3 -5.1 
HM-33 1.73 oxidized carbonate Cyprideis sp. -2.7 -4.5 
HM-33 1.73 oxidized carbonate Heterocypris sp. -1.4 0.4 
HM-33 1.73 oxidized carbonate Heterocypris sp. -1.4 0.3 
HM-33 1.73 oxidized carbonate benthic foraminifers -7.9 -0.9 
HM-33 1.73 oxidized carbonate benthic foraminifers -8.0 -1.5 
HM-32 1.47 oxidized carbonate < 45 μm micrite -10.1 0.6 
HM-32 1.47 oxidized carbonate Cyprideis sp. -2.7 -4.8 
HM-32 1.47 oxidized carbonate Cyprideis sp. -2.9 -4.9 
HM-31 1.32 oxidized carbonate < 45 μm micrite -10.5 1.1 
HM-30 1.17 oxidized carbonate < 45 μm micrite -11.2 0.1 
HM-29 0.97 oxidized carbonate < 45 μm micrite -10.1 1.6 
HM-28 0.79 oxidized carbonate < 45 μm micrite -10.2 1.0 
HM-28 0.79 oxidized carbonate Cyprideis sp. -3.7 -4.6 
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Supplemental Table 8 (cont’d). Stable isotope (
18

O, 
13

C) data, southern Bouse Formation, Hart Mine Wash, 

AZ. 

 
Sample Height 

(m) 
Lithology  Material 

18
O 

(‰, VPDB) 


13
C 

(‰, VPDB) 

HM-28 0.79 oxidized carbonate Cyprideis sp. -3.4 -4.3 
HM-28 0.79 oxidized carbonate Cyprideis sp. -3.4 -5.6 
HM-27 0.56 white carbonate < 45 μm micrite -9.8 1.1 
HM-27 0.56 white carbonate Cyprideis sp. -3.9 -5.8 
HM-27 0.56 white carbonate Cyprideis sp. -3.7 -4.2 
HM-27 0.56 white carbonate Cytheromorpha sp. -4.8 -3.6 
HM-27 0.56 white carbonate Cytheromorpha sp. -4.7 -3.6 
HM-26 0.25 white carbonate < 45 μm micrite -9.3 1.0 
HM-26 0.25 white carbonate Cyprideis sp. -3.6 -5.3 
HM-26 0.25 white carbonate Cyprideis sp. -3.1 -4.6 
HM-26 0.25 white carbonate Cytheromorpha sp. -4.2 -3.2 
HM-26 0.25 white carbonate Cytheromorpha sp. -4.4 -3.1 
HM-26 0.25 white carbonate Heterocypris sp. -0.9 1.4 
HM-26 0.25 white carbonate Heterocypris sp. -0.7 1.2 
HM-25 0.00 white carbonate < 45 μm micrite -9.2 0.9 
HM-25 0.00 white carbonate Cyprideis sp. -3.6 -5.0 
HM-25 0.00 white carbonate Cyprideis sp. -3.6 -4.8 
HM-25 0.00 white carbonate Candona sp. -1.2 -0.1 
HM-25 0.00 white carbonate Candona sp. -1.3 -0.3 
HM-25 0.00 white carbonate Heterocypris sp. -1.9 1.8 
HM-25 0.00 white carbonate Heterocypris sp. -2.0 0.7 
      
Outcrop E (Fig. 5) 
HM-87 22.15 red claystone < 45 μm micrite -8.3 -4.8 
HM-88 21.79 red claystone < 45 μm micrite -8.3 -3.4 
HM-89 21.60 red claystone < 45 μm micrite -8.2 -4.2 
HM-64 21.24 red claystone < 45 μm micrite -9.4 -4.4 
HM-63 16.05 red claystone < 45 μm micrite -9.1 -3.6 
HM-90 14.75 red claystone < 45 μm micrite -8.2 -2.8 
HM-62 13.31 red claystone < 45 μm micrite -8.9 -2.7 
HM-61 9.35 red claystone < 45 μm micrite -8.6 -3.3 
HM-60 4.78 red claystone < 45 μm micrite -9.4 -3.7 
HM-59 4.57 green claystone < 45 μm micrite -9.2 -3.0 
HM-58 3.30 green claystone < 45 μm micrite -8.8 -2.9 
HM-57 2.67 green claystone < 45 μm micrite -10.3 -0.9 
HM-57 2.67 green claystone Cyprideis sp. -7.5 -3.6 
HM-57 2.67 green claystone Candona sp. -9.5 -2.9 
HM-57 2.67 green claystone Candona sp. -9.6 -3.3 
HM-56 2.34 green claystone < 45 μm micrite -10.4 -0.7 
HM-56 2.34 green claystone Candona sp. -11.7 -2.9 
HM-56 2.34 green claystone Candona sp. -11.6 -3.1 
HM-55 1.98 transitional carbonate < 45 μm micrite -11.0 -0.6 
HM-55 1.98 transitional carbonate Cyprideis sp. -14.4 -4.2 
HM-55 1.98 transitional carbonate Cyprideis sp. -11.3 -3.7 
HM-55 1.98 transitional carbonate Cyprideis sp. -8.8 -4.0 
HM-55 1.98 transitional carbonate Candona sp. -10.2 -3.8 
HM-55 1.98 transitional carbonate Candona sp. -10.2 -2.8 
HM-55 1.98 transitional carbonate Candona sp. -10.0 -1.0 
HM-55 1.98 transitional carbonate benthic foraminifers -6.1 -0.6 
HM-55 1.98 transitional carbonate benthic foraminifers -6.2 -1.3 
HM-55 1.98 transitional carbonate benthic foraminifers -6.8 -1.7 
HM-55 1.98 transitional carbonate benthic foraminifers -6.8 -1.4 
HM-55 1.98 transitional carbonate “Streptochilus” spp. -3.4 -2.1 
HM-55 1.98 transitional carbonate “Streptochilus” spp. -3.4 -1.7 
HM-55 1.98 transitional carbonate “Streptochilus” spp. -3.0 -1.7 
HM-54 1.78 transitional carbonate < 45 μm micrite -9.6 0.8 
HM-54 1.78 transitional carbonate Cyprideis sp. -4.2 -3.0 
HM-54 1.78 transitional carbonate Cyprideis sp. -13.2 -4.7 
HM-54 1.78 transitional carbonate Cyprideis sp. -8.6 -4.6 
HM-54 1.78 transitional carbonate Cyprideis sp. -11.1 -4.1 
HM-54 1.78 transitional carbonate Cytheromorpha sp. -10.2 -2.2 
HM-54 1.78 transitional carbonate Cytheromorpha sp. -9.6 -1.6 
HM-54 1.78 transitional carbonate Cytheromorpha sp. -9.5 -2.0 
HM-54 1.78 transitional carbonate Candona sp. -10.0 -3.1 
HM-54 1.78 transitional carbonate Candona sp. -9.9 -1.4 
HM-54 1.78 transitional carbonate Candona sp. -10.3 -2.2 
HM-53 1.50 transitional carbonate < 45 μm micrite -10.9 0.1 
HM-53 1.50 transitional carbonate Cyprideis sp. -10.3 -3.9 
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Supplemental Table 8 (cont’d). Stable isotope (
18

O, 
13

C) data, southern Bouse Formation, Hart Mine Wash, 

AZ. 
 
Sample Height 

(m) 
Lithology  Material 

18
O 

(‰, VPDB) 


13
C 

(‰, VPDB) 

HM-53 1.50 transitional carbonate Cyprideis sp. -9.7 -5.0 
HM-53 1.50 transitional carbonate Cyprideis sp. -9.5 -3.7 
HM-53 1.50 transitional carbonate Cyprideis sp. -8.9 -4.5 
HM-53 1.50 transitional carbonate Cytheromorpha sp. -8.3 -2.7 
HM-53 1.50 transitional carbonate Cytheromorpha sp. -8.5 -3.2 
HM-53 1.50 transitional carbonate Candona sp. -8.5 -1.0 
HM-53 1.50 transitional carbonate Candona sp. -8.7 -2.5 
HM-53 1.50 transitional carbonate Candona sp. -8.7 -2.2 
HM-53 1.50 transitional carbonate Heterocypris sp. -9.1 -1.5 
HM-53 1.50 transitional carbonate Heterocypris sp. -10.3 -1.1 
HM-53 1.50 transitional carbonate Heterocypris sp. -9.2 -2.0 
HM-52 1.35 distinctive clay layer < 45 μm micrite -8.0 -1.7 
HM-51 1.17 oxidized carbonate < 45 μm micrite -8.3 1.6 
HM-51 1.17 oxidized carbonate Cyprideis sp. -2.8 -3.8 
HM-51 1.17 oxidized carbonate Cyprideis sp. -3.0 -3.4 
HM-51 1.17 oxidized carbonate Cyprideis sp. -3.3 -3.0 
HM-51 1.17 oxidized carbonate Cyprideis sp. -3.2 -3.7 
HM-50 0.89 oxidized carbonate < 45 μm micrite -8.3 1.6 
HM-50 0.89 oxidized carbonate Cyprideis sp. -2.7 -3.8 
HM-50 0.89 oxidized carbonate Cyprideis sp. -2.7 -3.9 
HM-50 0.89 oxidized carbonate Cyprideis sp. -3.2 -3.6 
HM-50 0.89 oxidized carbonate Cyprideis sp. -2.9 -3.5 
HM-49 0.53 oxidized carbonate < 45 μm micrite -9.0 1.7 
HM-49 0.53 oxidized carbonate Cyprideis sp. -3.2 -3.6 
HM-49 0.53 oxidized carbonate Cyprideis sp. -3.6 -4.1 
HM-49 0.53 oxidized carbonate Cyprideis sp. -3.0 -4.0 
HM-49 0.53 oxidized carbonate Cyprideis sp. -3.3 -4.3 
HM-48 0.41 oxidized carbonate < 45 μm micrite -10.5 1.5 
HM-48 0.41 oxidized carbonate Cyprideis sp. -2.7 -4.3 
HM-48 0.41 oxidized carbonate Cyprideis sp. -2.9 -4.2 
HM-48 0.41 oxidized carbonate Cyprideis sp. -3.1 -4.4 
HM-47 0.20 oxidized carbonate < 45 μm micrite -9.3 1.5 
HM-46 0.10 oxidized carbonate < 45 μm micrite -9.4 1.6 
HM-45 0.00 oxidized carbonate < 45 μm micrite -10.6 0.5 
HM-45 0.00 oxidized carbonate Cyprideis sp. -2.4 -6.1 
HM-45 0.00 oxidized carbonate Cyprideis sp. -3.2 -5.0 
HM-45 0.00 oxidized carbonate Cyprideis sp. -2.3 -4.8 

Note: Samples at each outcrop are arranged in ascending stratigraphic order. HM-110, HM- 
111,HM-84, HM-88, HM-89, and HM-90 are out of sequential numerical order. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



166 
 

Supplemental Table 9. 
87

Sr/
86

Sr ratios in > 45 μm micrite, fish bone, and ostracode calcite, southern Bouse 

Formation, Hart Mine Wash, AZ 

 

 
Sample Height 

(m) 
Lithology  Material 

87
Sr/

86
Sr 

 
error 

(2) 

Outcrop C (Fig. 5)    
HM-82 4.17 oxidized carbonate fish bone 0.711085 0.000009 
HM-78 3.51 oxidized carbonate fish bone 0.711110 0.000010 
      
Outcrop D (Fig. 5)    
HM-39 2.92 oxidized carbonate fish bone 0.711072 0.000008 
HM-37 2.57 oxidized carbonate < 45 μm micrite 0.710701 0.000012 
HM-37 2.57 oxidized carbonate fish bone 0.710963 0.000026 
HM-35 2.11 oxidized carbonate fish bone 0.711057 0.000010 
HM-32 1.47 oxidized carbonate < 45 μm micrite 0.710987 0.000011 
HM-32 1.47 oxidized carbonate fish bone 0.710992 0.000015 
      
Outcrop E (Fig. 5)    
HM-53 1.50 transitional carbonate < 45 μm micrite 0.710973 0.000008 
HM-53 1.50 transitional carbonate fish bone 0.710843 0.000010 
HM-53 1.50 transitional carbonate Cyprideis sp. 0.711036 0.000018 
HM-51 1.17 oxidized carbonate < 45 μm micrite. 0.710914 0.000011 
HM-51 1.17 oxidized carbonate Cyprideis sp. 0.710962 0.000010 
HM-47 0.20 oxidized carbonate fish bone. 0.710950 0.000010 
HM-45 0.00 oxidized carbonate < 45 μm micrite 0.710755 0.000009 
HM-45 0.00 oxidized carbonate fish bone 0.711054 0.000011 
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Supplemental Table 10. Microfossil data, southern Bouse Formation, Marl Wash, AZ. 

 
Sample Height 

(m) 
Lithology mass 

(gm) 
Cy 
(a) 

Cy 
(j) 

Ch 
(a) 

Ch 
(j) 

H 
(a) 

H 
(j) 

Ca 
(a) 

Ca 
(j) 

L 
(j) 

B+S Barn Sf45 Sf Bf45 Bf 

MW-8 16.7 sand n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
MW-7 16.3 red claystone 64.0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 
MW-4 16.1 green claystone 55.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
MW-5 15.8 white carbonate 63.1 0 710 160 360 0 20 0 0 0 20 0 0 60 0 0 
MW-6 15.7 white carbonate 51.2 2 1 0 0 0 0 0 0 0 26 0 28 2 0 0 
MW-9 14.3 white carbonate 59.9 40 206 28 18 2 16 11 63 0 7 0 9 26 0 0 
MW-10 11.8 white carbonate 76.1 4 7 0 0 0 0 6 9 0 1 0 13 0 6 0 
MW-11 8.5 bioclastic-grainst  43.4 0 441 0 24 0 1 45 0 132 0 166 1 153 4 0 
MW-12 7.8 bed. carbonate 50.8 114 4 0 0 0 0 0 0 8 2 166 138 317 134 6 
MW-13 6.8 bed. carbonate 45.7 26 11 0 0 0 0 0 0 0 1 7 15 3 126 11 
MW-14 5.2 bed. carbonate 53.1 9 29 0 1 0 0 0 0 2 14 2 6 0 5 0 
MW-15 0.0 sandy carbonate 64.9 1219 626 22 41 0 0 0 0 0 0 0 4 0 4 0 

Note: Samples are arranged in ascending stratigraphic order. MW-7 and MW-8 are out of sequential numerical order. Microfossil counts performed on 
> 120 μm residue unless otherwise noted. Cy – Cyprideis sp., Cy – Cytheromorpha sp., H – Heterocypris sp., Ca – Candona sp., L – Limnocythere sp.,  
B+S – bone plus scale, Barn – barnacle fragments, Sf45 – spiral (benthic) foraminifers in a concentrated aliquot of 45-120 μm residue, Sf – spiral  
(benthic foraminifers), Bf45 – biserial  foraminifers in a concentrated aliquot of 45-120 μm residue, Bf – biserial foraminifers, (a) – adult valves, (j) –  
juvenile valves. 
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Supplemental Table 11. Stable oxygen (
18

O) and carbon (
13

C) isotope values from modern barnacle shells 

from the Salton Sea and Isla Montague and from fossil barnacle shells in the Blythe basin 

 

 
Sample Lat  

(°N) 
Long  
(°W) 

Elev. 
(masl) 

Material Context 
18

O 
(‰, VPDB) 


13

C 
(‰, VPDB) 

MSS N.D. N.D. N.D. modern barnacle shell beach, Salton Sea -0.96 -2.46 
MSS N.D. N.D. N.D. modern barnacle shell beach, Salton Sea 0.29 -2.22 
        
ECIM 31.67033 114.69017 0 modern barnacle shell low tide line, Isla Montague 0.31 -0.89 
ECIM 31.67033 114.69017 0 modern barnacle shell low tide line, Isla Montague 0.63 -0.72 
ECIM 31.67033 114.69017 0 modern barnacle shell low tide line, Isla Montague 2.24 -0.24 
ECIM 31.67033 114.69017 0 modern barnacle shell low tide line, Isla Montague 2.27 1.83 
        
PV6 33.30035 114.76010 124 fossil barnacle shell barnacle hash under tufa -12.36 -5.65 
PV6 33.30035 114.76010 124 fossil barnacle shell barnacle hash under tufa -12.01 -5.38 
PV6 33.30035 114.76010 124 micrite barnacle hash under tufa -9.81 -5.16 
PV6 33.30035 114.76010 124 micrite barnacle hash under tufa -9.52 -5.08 
        
PVc 33.29524 114.79090 170 fossil barnacle shell bioclastic limestone -5.99 0.50 
PVc 33.29524 114.79090 170 fossil barnacle shell bioclastic limestone -6.80 -0.81 
        
HM109 33.2930 114.6263 135 fossil barnacle shell bioclastic limestone -8.71 -1.43 
HM109 33.2930 114.6263 135 fossil barnacle shell bioclastic limestone -9.85 -1.94 
HM109 33.2930 114.6263 135 fossil barnacle shell bioclastic limestone -9.11 -1.32 
HM111 33.2930 114.6263 135 fossil barnacle shell bioclastic limestone -9.74 -1.73 
HM111 33.2930 114.6263 135 fossil barnacle shell bioclastic limestone -9.18 -1.48 
HM111 33.2930 114.6263 135 fossil barnacle shell bioclastic limestone -9.44 -1.82 
HM113 33.2930 114.6263 135 fossil barnacle shell oncoid sandy grainstone -8.36 -0.42 
HM113 33.2930 114.6263 135 fossil barnacle shell oncoid sandy grainstone -8.80 -0.47 
HM113 33.2930 114.6263 135 fossil barnacle shell oncoid sandy grainstone -8.46 -0.41 
        
HM120 33.28535 114.62225 171 fossil barnacle shell soft carbonate marl -5.98 -2.19 
HM120 33.28535 114.62225 171 fossil barnacle shell soft carbonate marl -6.04 -2.68 
HM120 33.28535 114.62225 171 micrite soft carbonate marl -6.75 -3.48 
        
HM123 33.28961 114.63246 112 fossil barnacle shell barnacle & oncoid grainstone -8.43 -1.09 
HM123 33.28961 114.63246 112 fossil barnacle shell barnacle & oncoid grainstone -8.31 -1.20 
HM124 33.28961 114.63246 112 fossil barnacle shell barnacle & oncoid grainstone -8.02 -0.78 
HM124 33.28961 114.63246 112 fossil barnacle shell barnacle & oncoid grainstone -8.44 -0.79 
HM125 33.28961 114.63246 112 fossil barnacle shell barnacle & oncoid grainstone -8.47 -0.74 
HM125 33.28961 114.63246 112 fossil barnacle shell barnacle & oncoid grainstone -7.06 -0.48 
HM126 33.28961 114.63246 112 fossil barnacle shell barnacle & oncoid grainstone -7.83 -0.65 
HM126 33.28961 114.63246 112 fossil barnacle shell barnacle & oncoid grainstone -6.64 -0.47 
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Supplemental Figures 

 

 

SUPPLEMENTAL FIGURE 1. Photograph of the bottom of the northern Bouse Formation 

outcrop in the Chemehuevi basin. Samples correspond to CHEM-1 through CHEM-6 in 

Supplemental Tables 1 and 2. Located at 34.447°N 114.401°W. View is to the north. Rock 

hammer is approximately 33 cm long. 
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SUPPLEMENTAL FIGURE 2. Photograph of the northern Bouse Formation outcrop in the 

Chemehuevi basin. Sample corresponds to CHEM-8 in Supplemental Tables 1 and 2. Located at 

34.447°N 114.401°W. View is to the east.  
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SUPPMENTARY FIGURE 3. Photograph of the upper portion of the northern Bouse Formation 

outcrop in the Chemehuevi basin. Samples correspond to CHEM-7 and CHEM-9 through 

CHEM-15 in Supplemental Tables 1 and 2. Located at 34.447°N 114.401°W. View is to the 

north.  
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SUPPLEMENTAL FIGURE 4. Photograph of the southern Bouse Formation outcrop near 

Parker, AZ, in the Blythe basin. Samples correspond to EARP-1 through EARP-3 in 

Supplemental Tables 3 and 4. Located at 34.1622°N 114.3023°W. View is to the northwest.  
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SUPPLEMENAL FIGURE 5. Photograph of the arroyo exposure of the southern Bouse 

Formation outcrop near Parker, AZ, in the Blythe basin. Samples correspond to EARP-11 

through EARP-30 in Supplemental Tables 3 and 4. Located at 34.1623°N 114.3021°W. View is 

to the north.  
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SUPPLMENTAL FIGURE 6. Photograph of the southern Bouse Formation outcrop at Milpitas 

Wash, CA, in the Blythe basin. Located at 33.259°N 114.730°W. View is to the west.  
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SUPPLMENTAL FIGURE 7. Photograph of the southern Bouse Formation outcrop at Milpitas 

Wash, CA, in the Blythe basin. Samples correspond to MP-13 through MP-35 in Supplemental 

Tables 5 and 6. Located at 33.259°N 114.730°W. Rock hammer is approximately 33 cm tall. 

View is to the west.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



182 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



183 
 

SUPPLMENTAL FIGURE 8. Photograph of the basal carbonate unit of the southern Bouse 

Formation at Hart Mine Wash, AZ, in the Blythe basin. Location corresponds to Outcrop A in 

Figure 5. Samples correspond to HM-105 through HM-116 in Supplemental Tables 7 and 8. 

Located at 33.2930°N 114.6263°W. View is to the west.  
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SUPPLMENTAL FIGURE 9. Photograph of the basal carbonate unit of the southern Bouse 

Formation at Hart Mine Wash, AZ, in the Blythe basin. Location corresponds to Outcrop B in 

Figure 5. Samples correspond to HM-91 through HM-104 in Supplemental Tables 7 and 8. 

Located at 33.2934°N 114.6281°W. View is to the west.  
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SUPPLMENTAL FIGURE 10. Photograph of the sampling scheme though the lower white marl 

of the southern Bouse Formation at Hart Mine Wash, AZ, in the Blythe basin. Location 

corresponds to Outcrop B in Figure 5. Samples correspond to HM-91 through HM-104 in 

Supplemental Tables 7 and 8. Located at 33.2934°N 114.6281°W. View is to the west.  
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SUPPLEMENTAL FIGURE 11. Photograph of the southern Bouse Formation at Hart Mine 

Wash, AZ, in the Blythe basin. Location corresponds to Outcrop C in Figure 5. Samples 

correspond to HM-65 through HM-84 in Supplemental Tables 7-9. Located at 33.2910°N 

114.6337°W. View is to the north.  
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SUPPLMENTAL FIGURE 12. Photograph of the southern Bouse Formation at Hart Mine Wash, 

AZ, in the Blythe basin. Location corresponds to Outcrop D in Figure 5. Samples correspond to 

HM-25 through HM-44 in Supplemental Tables 7-9. Located at 33.2907°N 114.6352°W. View 

is to the south.  
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SUPPLMENTAL FIGURE 13. Photograph of the southern Bouse Formation at Hart Mine Wash, 

AZ, in the Blythe basin. Location corresponds to Outcrop E in Figure 5. The significance of this 

outcrop is presented in Bright et al. (2016). New isotopic results on benthic and planktic 

foraminifers and on fish bone correspond to samples HM-45, HM-47, HM-51, HM-53 and HM-

55 in Supplemental Tables 8 and 9. Located at 33.2907°N 114.6364°W. View is to the south.  
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SUPPLMENTAL FIGURE 14. Google Earth image of microfossil sampling locations in Marl 

Wash. Sediments sampled at sites 4 through 14 roughly correspond to Section A20a through 

A20d in Homan (2014). 
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SUPPLMENTAL FIGURE 15. Photograph of the southern Bouse Formation at Marl Wash, AZ, 

in the Blythe basin. Located at 33.2646°N 114.6382°W. Samples correspond to MW-4 through 

MW-7 in Supplemental Table 10. Mechanical pencil is approximately 16 cm long. View is to the 

east.  
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SUPPLMENTAL FIGURE 16. Photograph of the southern Bouse Formation at Marl Wash, AZ, 

in the Blythe basin. Located at 33.2646°N 114.6383°W. Samples correspond to MW-4 through 

MW-10 in Supplemental Table 10. View is to the east.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



200 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



201 
 

SUPPLMENTAL FIGURE 17. Photograph of the southern Bouse Formation at Marl Wash, AZ, 

in the Blythe basin. Located at 33.2634°N 114.6393°W. Samples correspond to MW-11 through 

MW-14 in Supplemental Table 10. View is to the northeast.  
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SUPPLMENTAL FIGURE 18. Photograph of the southern Bouse Formation at Marl Wash, AZ, 

in the Blythe basin. Located at approximately 33.2612°N 114.6420°W. Sample corresponds to 

MW-15 in Supplemental Table 10. View is to the north.  
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SUPPLEMENTAL FIGURE 19. Photograph of the location of barnacle sample PVc in the Palo 

Verde Mountains, CA. Sample was a piece of fossil-rich limestone taken from an area disturbed 

by bulldozer cuts. Sample location is 33.29524°N, 114.79090°W. Vehicle is parked near 

Benchmark 538, NE¼ SW¼ NW¼ of Section 20, T10S, R21E, Palo Verde Mts. Calif. Quad 

(1953), or approximately 33.294427°N, 114.791401°W. Sample corresponds to PVc in 

Supplemental Table 11. 
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SUPPLEMENTAL FIGURE 20. Photograph of barnacle sample PV6 in the Palo Verde 

Mountains, CA. Sample was barnacle-rich sediments sandwiched between layers of tufa. Sample 

location is 33.30035°N, 114.76010°W. Sample corresponds to PV6 in Supplemental Table 11. 
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SUPPLEMENTAL FIGURE 21. Overview photograph of sediments in the vicinity of barnacle 

sample HM120 near Hart Mine Wash, AZ. Tufa-encrusted rocks in the foreground are overlain 

by bedded barnacle hash which in turn is overlain by soft white carbonate. Sample location is 

33.30035°N, 114.76010°W. Field notebook is 19 cm x 12 cm. 
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SUPPLEMENTAL FIGURE 22.  Photograph of barnacle sample HM120 near Hart Mine Wash, 

AZ. Sample was soft, white, carbonate-rich sediment containing visible barnacle fragments from 

near the top of a prominent hill. Barnacle-rich horizon and tufa-encrusted rocks are located 

downslope. Sample location is 33.30035°N, 114.76010°W. Field notebook is 19 cm x 12 cm. 

Sample corresponds to HM120 in Supplemental Table 11. 
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SUPPLEMENTAL FIGURE 23.  Photograph of samples HM109, HM111, and HM113 in Hart 

Mine Wash, AZ. Samples HM109 and HM111 are from the barnacle-rich ledge located mid face. 

Sample HM113 is from oncoid sandy grainstone. Sample location is 33.2930°N, 114.6263°W. 

Samples correspond to HM109, HM111, and HM113 in Supplemental Table 11. 
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SUPPLEMENTAL FIGURE 24. Photograph of sampling strategy (colored circles) through a 

critical exposure of sigmoidally bedded barnacle and oncoid grainstone interpreted by O’Connell 

et al. (2017) to be a spring-to-neap tidal bundle. Backpack and rock hammer for scale. Colored 

circles are the same as in Figure 8. Sample location is 33.28961°N, 114.63246°W. Samples 

correspond to HM123-HM126 in Supplemental Table 11. 
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SUPPLEMENTAL FIGURE 25. Digital photographs of acid leached barnacle fragments from 

the Blythe basin and the modern Salton Sea. a) reflected light view of an infilled barnacle 

fragment from site PV6, b) same as in a), but under transmitted light, c-e) transmitted light 

barnacle fragments from the modern Salton Sea showing internal growth lines, f-h) transmitted 

light fossil barnacle fragments from site PV6 showing similar internal growth lines. Infilled 

fragments like in a) and b) were excluded from study. Only thin fragments with well-preserved 

growth lines as in c) to h) were analyzed. See Figure 8 for location of site PV6 and Salton Sea. 

Scale bars in a and b = 0.5 mm. Scale bars in c-h = 0.25 mm. Images taken with an Olympus 

DP71 digital camera mounted on an Olympus SZX12 binocular microscope. Images modified 

for contrast and clarity using Photoshop CS6.  
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SUPPLEMENTAL FIGURE 26. Cartoon illustration of a hypothetical tidally-influenced lake 

scenario for Paleolake Blythe based on an analogy to Pitt Lake, British Columbia. Illustration 

based on an unidentified photograph located at www.peency.com/ocean-mountain-river-

wallpaper-4394 at the time of writing.  
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SUPPLEMENTAL FIGURE 27. Scanning electron images of foraminifer tests analyzed at Hart 

Mine Wash. All images are external views. A-H) Biserial foraminifers from sample HM55 

tentatively identified as Streptochilus spp. I-K) Biserial foraminifers from sample HM55 

identified as Bolivina spp. L-M) Benthic foraminifers from sample HM55. N) Oblique aperture 

view of test A. O) Oblique aperture view of test H. P-W) Biserial foraminifers from sample 

HM38 tentatively identified as Streptochilus spp. X-Bb) Biserial foraminifers from sampled 

HM55 identified as Bolivina spp. Cc-Ff) Benthic foraminifers from sample HM38. Foraminifer 

tests were coated with carbon and imaged on a Hitachi 3400N SEM. Original images were 

modified for contrast and clarity using Photoshop CS6. 
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SUPPLEMENTAL FIGURE 28. Compilation of stratigraphic columns and micrite and ostracode 


18

O values from Chemehuevi basin (lacustrine), and from Parker, Milpitas, and Hart Mine 

Wash in the Blythe basin (lacustrine, estuarine, or marine). MM – marginal marine ostracodes 

comprising Cyprideis, Cytheromorpha, and Perrisocytheridea. C – continental ostracodes 

comprising Candona, Darwinula, Heterocypris, and Limnocythere. Valve per gram values 

include adult plus juvenile valves. Dashed black line shows contact between the basal carbonate 

unit and the interbedded unit. Dashed grey line highlights an abrupt isotopic shift within the marl 

horizon in the Chemehuevi basin with a similarly abrupt isotopic shift at the basal carbonate-

interbedded unit contact at Milpitas and Hart Mine Wash. See Figure 1 for locations.  
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SUPPLEMENTAL FIGURE 29. Cross-plots of 
18

O and 
13

C values from “marls of the 

southern Blythe basin” and bivalves from the San Francisco Bay estuary. Data acquired from 

Crossey et al. (2015) Supplemental Tables. A – All samples identified in their Supplemental 

Table as “lower Blythe” marl, B – “lower Blythe” marls minus three analyses from fish-bearing 

marl, C – Marl Wash transect (red diamonds and red R
2 
value) and all remaining “lower Blythe” 

marls  (blue diamonds and blue R
2 
value), D – Marl Wash transect (red diamonds and red R

2
 

value) and remaining “lower Blythe” marls minus three analyses from fish-bearing marl (blue 

diamonds and blue R
2
 value), E – bivalves from San Francisco Bay estuary as tabulated in 

Crossey et al. (2015) Supplemental Table. Cross-plots constructed following Figure 16 in 

Crossey et al. (2015) for ease of comparison. Note that some of the data points in Figure 16 in 

Crossey et al. (2015) that are identified as belonging to the Marl Wash transect are incorrectly 

identified as such. Note that the R
2
 values for “marls of the southern Blythe basin” and for 

bivalves from San Francisco Bay estuary are reported as 0.66 and 0.50, respectively, in Crossey 

et al. (2015).  
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ABSTRACT  

 

The concept of brackish water, and how we interpret the flora and fauna that live in brackish 

water environments, is a topic of longstanding debate. Brackish water is often defined as having 

salinity lower than that of standard seawater but higher than that of freshwater, but less regard is 

given to the source of the salts involved. The simple dilution of standard seawater in a coastal or 

estuarine setting constitutes a brackish environment, but so do terminal lake basins where purely 

continental freshwater water is impounded and becomes more saline through a variety of solute 

evolution pathways. Brackish marine and brackish continental environments are fundamentally 

different. Brackish water environments generally lack the species richness of truly freshwater or 

fully marine systems – the classic holohalinicum (5 ppt to 8 ppt) “species minimum” concept of 

Remane – yet brackish water environments are populated by their own modestly diverse group of 

organisms. Brackish lake environments, hundreds of kilometers inland and fully isolated from 

any marine connection, can evolve towards sodium chloride-dominated, low alkalinity 

environments that mimic brackish marine environments. These types of lakes can harbor a 

variety of continentally invasive marine organisms, including but not limited to algae, 

foraminifera, mollusks, diatoms, and crustaceans. Differentiating between brackish marine and 

brackish lacustrine faunal assemblages in the geologic record can be difficult. In this paper, the 

enigmatic mixed marine and continental floral and faunal assemblage of the late Miocene and 

early Pliocene southern Bouse Formation of southern Arizona and California, USA, considered 

by many to represent a marine transgression into a continental basin along the lower Colorado 

River corridor, is discussed within a broad framework that incorporates geochemical, isotopic, 

biogeographical, and species niche concepts. This framework comprehensively unites a variety 

of seemingly irreconcilable ecological constraints and abundant but seemingly contradictory 
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stable and radiogenic isotope data that argue for a continental environment. Important 

differences between the compositional and isotopic characteristics of seawater environments, 

brackish marine environments, and brackish lacustrine environments are compared and 

contrasted. Critically, compositional and isotopic systems that are positively correlated in 

brackish marine environments, defined by variable mixing of their marine and continental end 

members, can be completely decoupled from each other in brackish lacustrine environments. 

This important realization provides a substantially more powerful interpretive paradigm that can 

comprehensively account for the enigmatic paleontologic and isotopic results at the heart of the 

southern Bouse Formation controversy. Furthermore, the importance of the nominally planktic 

foraminifer Streptochilus spp. in the southern Bouse Formation is discussed in the light of 

modern nomenclatural and genetic information. Streptochilus spp. in the southern Bouse 

Formation is congeneric with benthic Bolivina spp. This clarification substantially weakens one 

of the keystone arguments for a fully marine transgression along the lower Colorado River 

corridor. We demonstrate how the southern Bouse Formation was deposited in a sodium 

chloride-dominated, low alkalinity, mildly brackish (5-10 ppt) Colorado River-fed lacustrine 

setting that was populated by a variety of euryhaline, opportunistic, and continentally invasive 

marginal marine organisms.  

 

INTRODUCTION 

 

Marine transgressions into continental interiors are of great interest to geologists and 

biogeographers because the sediments left behind unequivocally require deposition at sea level. 

When well-dated marine deposits are found at elevations above sea level they provide critical 
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constraints on rates of uplift (e.g., Lundberg and Dorsey, 1990; Ritts et al., 2008; Wang et al., 

2008). Marine incursions are also thought to be important drivers of adaptive radiation and 

therefore play an important role in our understanding of biodiversity (e.g., Woodruff et al., 2003; 

Lovejoy et al., 2006; Hoorn et al., 2010; Hamilton et al., 2010; Albrecht et al., 2014). 

Differentiating marine from saline lake environments in the fossil record can be problematic, 

especially when encountering ambiguous faunal assemblages commonly referred to as 

“brackish” (e.g., Barnes, 1989). This is probably best exemplified in South America where 

numerous examples of controversial Tertiary marine incursions into the interior of the continent 

have received considerable attention (e.g., Räsänen et al., 1995; Wesselingh et al., 2001; 

Hovikoski et al., 2010; Gomez et al., 2009; Boonstra et al., 2015; Jaramillo et al., 2017; Linhares 

et al., 2017).  

Marine-lacustrine controversies are often characterized by either an unexpected mixture of 

organisms that are typically considered to represent mutually exclusive marine and freshwater 

environments (e.g., Sheppard and Bate, 1980; Hesse and Sawh, 1992; Keller et al., 2009; Gross 

et al., 2015), or by the abrupt appearance of marine organisms in an otherwise presumably 

lacustrine sedimentary sequence (e.g., Plaziat, 1991; Hou, et al., 2000; Gomez et al., 2009). A 

marine influence is commonly inferred from the presence of typically diagnostic marine 

sedimentary structures such as tidal rhythmites (e.g., Hovikoski et al., 2005), although similar 

structures can be found in lakes (Ainsworth et al., 2012). Tidal rhythmites often comprise 

rhythmically thickening and thinning sequences of laminated sediments that may record ~14 day 

and ~28 day spring-neap tidal cycles (e.g., Mazumder and Arima, 2005). However, lakes can 

also produce rhythmically thickening and thinning laminae with ~12 year and ~24 year 

periodicities (e.g., Zolitschka, 1992; Damnati and Taieb, 1995; Livingstone and Hajdas, 1999; 
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Shunk et al., 2006). Spectral analyses of tidally-derived (marine, daily) and presumably solar-

derived (lacustrine, annual) rhythmites can produce overlapping frequencies (1/12 ≈ 1/14 and 

1/24 ≈ 1/28) (e.g., Williams, 1990; Cowan et al., 1998; Milana and Lopez, 1998; Tang et al., 

2014). Mixed faunal assemblages may be accompanied by a variety of marine trace fossils such 

as Thalassinoides (e.g., Rebata et al., 2006), yet marine-like trace fossil assemblages can occur in 

nearshore lake environments (Buatois and Mángano, 2007; Scott et al., 2012), and continental 

trace fossils can occur in marginal marine environments (Buatois et al., 1997). In several 

instances, mollusk shells or ostracode valves from sediments interpreted as representing a marine 

environment have stable oxygen and carbon (
18

O, 
13

C) isotope values or strontium isotope  

ratios (
87

Sr/
86

Sr) that are consistent with a continental or freshwater origin (Wesselingh et al., 

2001; Vonhof et al., 1998, 2003; Gross et al., 2013). Consequently, some marine environmental 

interpretations have been countered by interpretations favoring brackish to freshwater lacustrine 

environments (e.g., Ruskin et al., 2001; Wesselingh et al., 2001).  

The late Miocene and early Pliocene Bouse Formation (Sarna-Wojcicki et al., 2011; Harvey, 

2014; McDougall and Miranda Martínez, 2014) exposed in the Blythe basin (Fig. 1) of 

southwestern Arizona and southeastern California, USA, is an excellent example of a 

controversial marine incursion into the southwestern U.S. along what is now the lower reaches of 

the Colorado River (e.g., Blair and Armstrong, 1979; Dorsey, 2006). This marine incursion was 

presumably associated with the opening of the northern Gulf of California (e.g., Smith, 1970; 

Lucchitta et al., 2001) roughly 7 Ma (McQuarrie and Wernicke, 2005; Bennett et al., 2015). The 

sediments in question will be referred to as the “southern Bouse Formation” in contrast to the 

“northern Bouse Formation” which is exposed in several basins north of Parker, Arizona (Fig. 1), 
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and is uncontestably lacustrine in origin (House et al., 2008; Reynolds, 2008; Pearthree and 

House, 2014; Reynolds et al., 2016). 

   Whether or not late Miocene seawater inundated the Blythe basin (Fig. 1) is a topic of 

considerable debate (e.g., Spencer et al., 2013; McDougall and Miranda Martínez, 2014). One 

interpretation suggests that basal southern Bouse Formation sediments were deposited in an 

“open marine” environment and that this environment became “less marine up section and from 

south to north” (p. 367; McDougall, 2008). The most convincing evidence supporting normal 

marine conditions is the presence of proposed tidal features (O’Connell et al., 2017) and several 

genera of planktic foraminifers, namely about a dozen combined identified tests of 

Neogloboquadrina sp., Globorotalia sp., Tenuitellita cf. T. iota, and several hundred tests of 

Streptochilus spp. (Table 1; McDougall and Miranda Martínez, 2014). Eventually, seawater 

presumably withdrew from the Blythe basin and the uppermost southern Bouse Formation 

sediments were deposited in an environment where seawater was “replaced with water from 

saline lakes and the Colorado River” (p. 368; McDougall, 2008). This transition occurs in 

sediments that are today exposed between about 110 and about 123 masl and is defined, in part, 

by a shift from a moderately diverse foraminifer assemblage in basal southern Bouse Formation 

sediments to a monospecific assemblage of Ammonia beccarii, coupled with an increase in the 

number of deformed Ammonia beccarii tests, and the appearance of charophyte oogonia 

(McDougall and Miranda Martínez, 2014). Recent work suggests that the basal carbonate 

sediments of the southern Bouse Formation were deposited in a strictly open marine embayment 

well before the arrival of the Colorado River (McDougall and Miranda Martínez, 2016). The 

marine interpretations have been disputed because bulk carbonates and various fossils from the 

Blythe basin do not display marine strontium isotope (
87

Sr/
86

Sr) ratios (Spencer and Patchett, 
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1997; Roskowski et al., 2010; Spencer et al., 2013; Bright et al., Appendix A). However, 

contributions from groundwater with concentrated and radiogenic 
87

Sr/
86

Sr ratios could have 

masked a marine Sr isotope signal (e.g., Bryant et al., 1995; Crossey et al., 2015). 

Recently, Bright et al. (2016) presented microfaunal and stable isotopic evidence from a 

suite of allegedly marine sediments in the 110-135 masl range at Hart Mine Wash (Fig. 1) that 

favored a catastrophic lake spill-over event (e.g., Blackwelder et al., 1934; Meek and Douglass., 

2001; House et al., 2008). This over-spill event may have opened the Chocolate-Laguna 

Mountains pass, through which the Colorado River has flowed since the early Pliocene (Winker 

and Kidwell, 1986).  The spill-over hypothesis was based on an abrupt appearance of fresh to 

brackish water continental ostracodes (Candona spp., Heterocypris sp.) coincident with an 

equally abrupt decrease in the 
18

O values in both marginal marine (Cyprideis sp. and 

Cytheromorpha sp. A) and continental ostracode valves (Candona sp., Heterocypris sp.) across a 

3-cm-thick distinctive clay layer (Bright et al., 2016, Appendix A). A similar shift from a slightly 

brackish to a fresher water ostracode fauna, coincident with a similar decrease in the 
18

O value 

in ostracode valves, has now been documented in lacustrine Bouse Formation sediments in the 

Chemehuevi basin (Fig. 1; Bright et al., Appendix A). This similar shift in isotopic values and 

ostracode faunal assemblages suggests a similar over-spilling lake origin for both the northern 

and southern Bouse Formation (Bright et al., Appendix A). It is possible that the paleontological 

evidence for the marine to saline lake (e.g., McDougall and Miranda Martínez, 2014, 2016) and 

the over-spilling lake hypotheses (e.g., Bright et al., 2016) are manifestations of the same 

hydrologic event, but interpreted in very different ways. The key difference is that a marine to 

saline lake hypothesis would require a standing water connection to the early Gulf of California 

whereas the over-spilling lake hypothesis would not.  
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Detailed interpretations of the isotopic composition of various inorganic and biogenic 

carbonates from the southern Bouse Formation are available in Spencer and Patchett (1997), 

Poulson and John (2003), Roskowski et al. (2010), Crossey et al. (2015), and Bright et al. (2016, 

Appendix A). A detailed interpretation of the southern Bouse Formation from a foraminifer- and 

sedimentology-based marine perspective is provided by McDougall and Miranda Martínez 

(2014, 2016) and by O’Connell et al. (2017), respectively. A complimentary, detailed lacustrine 

model that fully integrates the available stable and radiogenic isotope data, faunal data, and 

faunal ecological constraints is currently unavailable. Here we present the first detailed review of 

the ecological constraints and implications of the most abundant or controversial marine and 

freshwater biologic components of the southern Bouse Formation from a lacustrine perspective. 

We briefly discuss the expected isotopic and faunal characteristics of multiple working models 

that include normal marine, normal and salt wedge estuaries, and lacustrine scenarios. We 

provide insights into how numerous typically marine organisms were able to colonize a mildly 

brackish (5-10 ppt) lacustrine environment. Our interpretation advances our understanding of the 

late Miocene and early Pliocene evolution of the lower Colorado River corridor. 

 

BACKGROUND 

 

Geography and geology 

 

Lacustrine northern Bouse Formation sediments are exposed in the Cottonwood, Mohave, 

and Chemehuevi basins (Fig. 1). The contested southern Bouse Formation sediments are only 

exposed in the Blythe basin (Fig. 1). During the late Miocene and early Pliocene, the Blythe 
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basin was located between a series of developing Colorado River-fed lakes to the north (Fig. 1; 

House et al., 2008; Pearthree and House, 2014) and the marine environment of the early Gulf of 

California to the south (e.g., Karig and Jensky, 1972; Stock and Hodges, 1989). The body of 

water that deposited the southern Bouse Formation will be referred to as “Paleolake Blythe”, 

while recognizing there are strong arguments against an exclusively lacustrine environment of 

deposition for these deposits (e.g., Smith, 1970; McDougall, 2008, McDougall and Miranda 

Martínez, 2014, 2016). 

The Bouse Formation consists of bedrock-coating tufa, fossiliferous limestone, and marls 

that are overlain by fine grained terrigenous sediments (Metzger, 1968; Metzger et al., 1973). 

The maximum elevation of northern Bouse Formation outcrops decreases from about 560 masl 

in Cottonwood and Mohave basins (Fig. 1) to about 370 masl in the Chemehuevi basin (Fig. 1; 

Metzger and Loeltz, 1973; Pearthree and House, 2014). An outcrop of limestone and marl at 670 

masl in the Frenchman Mountains (Fig. 1; Castor and Faulds, 2001) has 
87

Sr/
86

Sr ratios similar to 

those reported from the northern Bouse Formation and thus, this outcrop may be correlative with 

the northern Bouse Formation (Spencer et al., 2013). Fish, snail, and mollusc fossils from the 

northern Bouse Formation are unambiguously continental and freshwater in origin (Reynolds, 

2008; Roeder and Smith, 2016, Reynolds et al., 2016). The southern Bouse Formation is 

discontinuously exposed between about 70 and 330 masl in the Blythe basin (Fig. 1).  

Bedrock-coating tufa is present in all Bouse basins but is most voluminous in the Blythe 

basin (Crossey et al., 2017). The origin of the tufa (or travertine as defined by Crossey et al. 

(2016)) in unclear and has only recently received focused attention (Crossey et al., 2016, 2017). 

The working model incorporates analogies with deposits from marine environments (i.e., Shark 

Bay), from the shorelines of lake basins (i.e., Pyramid and Mono Lakes), and from springs 
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(Crossey et al., 2017).  The currently preferred interpretation for the origin of the Bouse 

travertine is an environment similar to that found at Pyramid Lake, Nevada, although an 

estuarine origin was not excluded (Crossey et al., 2017). 

Metzger (1968) initially described the Bouse Formation’s limestone and marl intervals as a 

“basal limestone unit”, but because of the variety of carbonate facies present we prefer to use the 

term “basal carbonate unit”, following the detailed sedimentologic descriptions of Homan 

(2014). The basal carbonate unit reflects the initial flooding of the Bouse basins by either marine 

or lacustrine waters. The thickness of the basal carbonate unit ranges from less than 1 m to 

several tens of meters, depending on the location (e.g., Metzger, 1968; Homan, 2014).  

In contrast to the northern Bouse Formation, the southern Bouse Formation’s basal 

carbonate unit contains a mixed assemblage of fossils that represent typically marginal marine 

environments (i.e., ostracodes, barnacles, diatoms, foraminifers) and fresh to brackish water 

continental environments (i.e., freshwater clams, snails, fish, diatoms, ostracodes) (Metzger, 

1967; Smith, 1970, McDougall, 2008; Reynolds and Berry, 2008; McDougall and Miranda 

Martínez, 2014; Miller et al., 2014; Bright et al., 2016; Roeder and Smith, 2016; Bright et al. 

Appendix A).  

Overlying the basal carbonate unit in all Bouse basins is a thick sequence of fine grained 

terrigenous sediments, called the “interbedded unit” by Metzger (1968). The transition between 

the basal carbonate unit and the interbedded unit marks the first appearance of Colorado River-

derived clays into a siliciclastic-starved system that was precipitating abundant calcium 

carbonate (e.g., Homan, 2014). The interbedded unit consists of a basal horizon of dense green 

clays, which are overlain by reddish clays, silts, and sands (Homan, 2014). In some places the 

transition between the basal carbonate unit and the interbedded unit occurs as alternating beds of 



237 
 

marl and claystone (Homan, 2014; Bright et al., 2016). The reddish clays and silts are thought to 

represent fluvio-deltaic floodplain environments associated with the developing Colorado River 

(Homan, 2014). Some of the red clays and silts contain desiccation cracks and soils, suggesting 

intermittent subaerial conditions (Homan, 2014). Sandier intervals in the interbedded unit may 

represent channels and floodplain deposits (Homan, 2014).  The thicknesses of the individual 

horizons that comprise the interbedded unit are variable, but the entire interbedded unit can be up 

to two hundred meters thick, depending on the location (Metzger, 1968; Homan, 2014). A mixed 

assemblage of benthic and planktic foraminifers and marginal marine and continental ostracodes 

are variably present in the interbedded unit in the Blythe basin (e.g, McDougall and Mirnada 

Martínez, 2014; Bright et al., 2016, Appendix A).  

The basal carbonate unit and the interbedded unit in the Blythe basin are both conformably 

to unconformably overlain (depending on location and elevation) by a controversial bioclastic- 

and carbonate-rich deposit variously called the “upper bioclastic limestone unit” (Homan, 2014), 

the “upper limestone unit” (Dorsey et al., 2016) or the “upper bioclastic unit” (Gootee et al., 

2016). This unit contains several lithofacies ranging from calcarenite to sandy and pebbly quartz 

arenite to locally derived gravels (Dorsey et al., 2016; Gootee et al., 2016). Fossils of calcareous 

algae, barnacles, and bivalves are variably present (Dorsey et al., 2016). The origin of this unit is 

debated. One interpretation favors a second inundation of the Blythe basin by either a lake or 

marine estuary (Dorsey et al., 2016) whereas a competing interpretation favors an off-lap 

sequence of basin marginal sediments that were reworked towards the basin axis across 

sediments of the basal carbonate and interbedded units that were exposed by the draining of 

Paleolake Blythe (Gootee et al., 2016).  
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Several wells located along a north-south transect bisecting the Blythe basin (Fig. 1) have 

penetrated possible southern Bouse Formation sediments at depths of up to 200 m below sea 

level (Metzger, 1968). However, the modern elevation of subsurface southern Bouse Formation 

sediments along the valley axis have likely been modified by some degree of syn- and post-

depositional subsidence and basinal sagging (i.e., compaction) (Howard et al., 2015). All but one 

of the subsurface wells terminate in either fanglomerate or basalt (Metzger, 1968; Metzger et al., 

1973). A variably thick horizon of carbonate directly overlies the subsurface fanglomerate or 

basalt, and that carbonate is in turn overlain by up to several hundred meters of predominantly 

fine-grained siliciclastic sediments (Metzger, 1968; Metzger et al., 1973). The subsurface 

carbonate and siliciclastic sediments are likely the same southern Bouse Formation sediments 

that are exposed in the surface outcrops, but this correlation has not been fully investigated.  

The southern Bouse Formation likely exists in the subsurface in Danby and Cadiz sub-basins 

(Fig. 1), based on the presence of similar invertebrate fossil assemblages (Smith, 1970; Brown 

and Rosen, 1995). To our knowledge, sediments that might correlate with the southern Bouse 

Formation have not been identified in the subsurface of Bristol sub-basin (Fig. 1; Brown and 

Rosen, 1995), but an outcrop of the basal carbonate unit is exposed in Bristol sub-basin near the 

town of Amboy (Fig. 1; Miller et al., 2014). 

The proximity of the Blythe basin to late Miocene seawater is not contested. Late Miocene 

(6.4 to 6.2 Ma) marine sedimentary rocks of the Imperial Formation (or Imperial Group of 

Winker and Kidwell, 1996) are exposed to the south of the Blythe basin at Split Mountain Gorge 

(Fig. 1; Dorsey et al., 2007, 2011; McDougall, 2008). The Imperial Formation is also exposed 

near Laguna Salada (Fig. 1; Axen and Fletchter, 1998; Martín-Barajas et al., 2001). Additional 

exposures of the Imperial Formation (6.5 to 6.3 Ma) are exposed at several locations near the San 
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Bernardino Mountains (Fig. 1) about 150 kilometers west of the Blythe basin (e.g., Powell, 1985; 

McDougall et al., 1999), and in the Santa Rosa Mountains (Fig. 1; King et al., 2002). These 

outcrops have been displaced by post-Miocene translation along the San Andreas fault zone (e.g., 

Dillon and Ehlig, 1993). Their original positions can be palinspastically restored to what is now 

the northern Gulf of California (e.g., Winkler and Kidwell, 1986; McQuarrie and Wernicke, 

2005; Umhoefer, 2011; Bennett et al., 2016).  Additional unnamed Miocene marine rocks 

underlie proposed Bouse Formation sediments in wells near Yuma, Arizona (Fig. 1; Olmsted et 

al., 1973; McDougall, 2008). Thus, during the late Miocene, seawater extended up the Salton 

Trough to at least to the area of present day Yuma, within 60 km of the Blythe basin, and may 

have been within 25 km of the Blythe basin across a low pass located immediately southwest of 

Buzzard Peak (Fig. 1).  

 

CHALLENGING THE MARINE-ESTUARY INTERPRETATION 

 

Basal evaporite deposits 

 

The Blythe basin differs from several other uncontested marine basins in the Salton Trough 

in that there are no known evaporite deposits associated with the southern Bouse Formation, 

either in outcrop or in subsurface wells (Fig. 1; e.g.., Metzger, 1968; Metzger et al., 1973). 

Several basins in the Salton Trough that record the first arrival of late-Miocene (< 7 Ma) 

seawater (e.g., Escalona-Alcázar et al., 2001; Bennett et al., 2015) contain basal evaporite 

deposits, notably gypsum (Durham and Allison, 1960; Ingle, 1974; Escalona-Alcázar et al., 

2001) and halite (Miller and Lizzarralde, 2013). These evaporites likely represent the episodic 
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flooding and evaporation of seawater in the basins before the basins were permanently flooded 

(e.g., Miller and Lizzarralde, 2013), although alternative interpretations have been proposed 

(Jefferson and Peterson, 1998). The lack of evaporite deposits at the base of the southern Bouse 

Formation (e.g.., Metzger, 1968; Metzger et al., 1973) may suggest that the Blythe basin was 

never inundated by seawater. However, the composition of sediments in the depocenter of the 

basin, and both the composition and lateral extent of adjacent or interfingering units in the 

subsurface are still largely unknown. Abundant evaporite deposits younger than 3.65 Ma do exist 

in the subsurface of Bristol sub-basin (Fig. 1; Brown and Rosen, 1995; Rosen, 2000), and 

sediment cores from Danby and Cadiz sub-basins (Fig. 1) contain abundant evaporite deposits 

that overly potential Bouse Formation sediments (Smith, 1970; Brown and Rosen, 1995). The 

evaporite deposits in Bristol, Danby, and Cadiz sub-basins are likely groundwater related or 

lacustrine in origin (Brown and Rosen, 1995; Rosen, 2000) rather than marine. Nearly 2.5 km of 

middle and late Miocene lacustrine halite occurs in Hualapai basin (Fig. 1; Faulds et al., 1997, 

2016), near the upper reaches of the lower Colorado River corridor. A marine incursion is not 

required to explain salt deposits in the Blythe basin, should they exist.  

 

A depauperate marine fauna 

 

The southern Bouse Formation contains an intriguing assemblage of typically marine and 

marginal marine organisms that could imply a connection between the Blythe basin and the early 

Gulf of California. The southern Bouse Formation contains 24 species of benthic foraminifers 

and eight species of planktic foraminifers (Smith, 1970; McDougall, 2008; McDougall and 

Miranda Martínez, 2014), numerous genera of marine and estuarine diatoms (Miller et al., 2014), 
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abundant remains of the barnacle Amphibalanus subalbidus (Zullo and Businig, 1989; Van Syoc, 

1992), common occurrences of the intertidal grazing snail Batillaria californica (Taylor, 1983), 

branching tufa-like structures identified  as the calcareous green alga Halamida (Dorsey et al., 

2016), sparse Thalassinoides burrows (O’Connell et al., 2017), and rare occurrences of the 

typically marine fish Colpichthys regis (Todd, 1976). Note, however, that fossil remains of the 

freshwater fish Gila cypha (humpback chub) have recently been identified in the Blythe basin 

(Roeder and Smith, 2016). References to several genera of marine clams and snails can be found 

in early studies (e.g., Smith, 1970; Winterer, 1975) but they have not been reported from more 

recent collections. Reynolds and Berry (2008) found only one genus of marine snail (Batillaria 

spp.) in their survey of the basal carbonate unit. Instead, they reported several genera of 

freshwater clams (Pisidium sp., Sphaerium californica) and freshwater snails (Fulminicola sp., 

Amnicola longinqua, Tyronia protea), sometimes in association with barnacles and Batillaria 

spp. Several authors have suggested that many of the earlier marine clam and snail 

identifications are inaccurate (Winterer, 1975; McDougall and Miranda Martínez, 2014). A 

variety of typically marine fossils, such as foraminifers and rare barnacles, have been found in 

the Cadiz and Danby cores, where they are mixed with ostracodes, clams, and charophyte 

oogonia (Bassett et al., 1959). Only the foraminifers from Cadiz and Danby basins have been 

studied in any detail (Smith, 1970). Fossils have not been found in the subsurface of Bristol sub-

basin (Bassett et al., 1959; Brown and Rosen, 1995). 

The proposed marine or estuarine origin for the southern Bouse Formation’s marine fauna 

(e.g., Winterer, 1975; McDougall, 2008; McDougall and Miranda Martínez, 2014) highlights an 

interesting peculiarity that has been largely ignored in previous studies. If the southern Bouse 

Formation represents an extension of the early Gulf of California, as either open marine or as 
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restricted estuarine conditions, then its marine fauna is considerably more depauperate than 

might be expected (Smith, 1970). As the southern Bouse Formation was being deposited, the 

age-equivalent marine and marginal marine environment in the early Gulf of California was 

being preserved as the Imperial Formation (e.g., Dorsey et al., 2007, 2011). The Imperial 

Formation’s faunal list is impressively diverse, comprising 202 genera and 287 species 

(Reynolds et al., 2008), and is unequivocally marine to marginal-marine in nature. Similarly, the 

modern northern Gulf of California is host to a diverse assemblage of marine macrofauna. The 

Biosphere Reserve, located at the Colorado River estuary, contains 1457 taxa, and the larger 

faunal region of the entire northern Gulf of California contains 2802 taxa (Brusca et al., 2005). 

Many of the mollusc shells found in Holocene middens near Bahia la Choya (Fig. 1), such as 

Strobus gracilior, Dosinia ponderosa, Arca pacifica, Glycymeris maculata, and others (Mitchell 

and Foster, 2000) are also present in the Imperial Formation (Reynolds et al., 2008) 

demonstrating that these (and similar) marine organisms have persisted in the Gulf or California 

for considerable time, yet similar molluscs are completely absent in the southern Bouse 

Formation. If the proposed foraminifer age constraints for the southern Bouse Formation are 

correct (McDougall and Miranda Martínez, 2014, 2016) then the Blythe basin could have been a 

marine extension of the Gulf of California for at least 700,000 years. This begs the question of 

why so few marine organisms colonized the Blythe basin over such a lengthy period of time. 

 

A shallow sill 

 

One possibility is that the connection between the northern Gulf of California and the Blythe 

basin was very shallow. The benthic foraminifer assemblages in the basal, and presumably 
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oldest, southern Bouse Formation indicate inner neritic (< 50 m) water depths, and are similar to 

the inner neritic benthic foraminifer assemblages found in the modern Gulf of California 

(McDougall and Miranda Martínez, 2014). Perhaps a 50 m deep sill prevented the Imperial 

Formation’s deeper water marine fauna from invading the Blythe basin. Several exposures of the 

Imperial Formation also record inner neritic water depths and these exposures contain other 

marine organisms, like bivalves and gastropods, in addition to benthic foraminifers (e.g., Powell, 

1985, 1995, 2008). Living representatives of all but one of the marine ostracodes from the 

Imperial Formation occur today in the modern Gulf of California in water depths of less than 50 

m (Swain, 1967), and nearly half of the Imperial Formation’s ostracode fauna has been reported 

from late Pleistocene estuary sediments in southern California (Kern, 1971). There is no obvious 

reason why a variety of shallow water marine organisms would not have been able to enter the 

Blythe basin along with the benthic foraminifers. For example, seawater from the Gulf of 

California apparently flooded Laguna Salada basin (Fig. 1) in the early Holocene, based on the 

presence of rare planktic foraminifers (Globigerina bulloides) and the persistent occurrence of 

several strictly marine ostracodes such as Puriana, Pterygocythereis, and Caudites in a sediment 

core taken from the northern end of that basin (Romero Mayén, 2008). “Strictly marine” 

ostracodes are defined here as those genera and species not known to live in continental 

environments, such as lakes. [Note: our examination of the photographs of Cyprideis castus 

valves provided in Romero Mayén (2008) reveals that they are incorrectly identified and are 

instead Cyprideis salebrosa, a continentally invasive species (e.g., Stout, 1971; Jayko et al., 

2008)].  The proximity of the Laguna Salada core site to the Gulf of California during the early 

Holocene is unknown, but it is presently located nearly 100 km inland (Fig. 1). It is unclear why 

a comparatively brief influx of seawater could introduce strictly marine ostracodes into Laguna 
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Salada during the early Holocene, but not into the Blythe basin over potentially hundreds of 

thousands of years during the late Miocene and early Pliocene. 

Numerous studies that document marine transgressions or fluctuating sea levels in coastal 

environments report diverse ostracode assemblages that are characterized by alternating and 

nearly mutually exclusive occurrences of continental and strictly marine ostracode taxa (e.g., 

Mazzini et al., 1999; Carboni et al., 2002; Kristensen and Knudsen, 2006), yet this is not the case 

with the southern Bouse Formation (Bright et al., Appendix A.).  

Other than the foraminifers, the barnacle Amphibalanus subalbidus, and the snail Batillaria 

californica, no other shallow water or inner neritic invertebrates have been identified from the 

southern Bouse Formation. We find this to be intriguing. Benthic foraminifers do not swim, and 

therefore are not efficient active dispersers (Alve, 1999). Their embryonic juveniles are planktic, 

however, and are easily passively dispersed by currents (Alve, 1999). Under a marine 

interpretation, passive transport of juveniles (e.g., Alve, 1999) is the most likely dispersal 

mechanism that allowed benthic (and planktic) foraminifers to colonize the Blythe basin. 

However, many marine organisms, such as clams and crustaceans, also have planktic or nektic 

larval and juvenile stages (e.g., Mann et al., 1991; McEdward and Miner, 2001; Anger, 2006) 

that would have been passively dispersed along with the foraminifers, yet their absence in the 

Blythe basin suggests that this was not the case.  

The southern Bouse Formation’s marine vertebrate fauna currently consists of only one 

small marine fish, Colpichthys regis (Todd, 1976), and conspicuously lacks the diversity of 

larger, mobile marine animals found in the Imperial Formation. Several of the sharks and rays 

identified in the Imperial Formation have been identified in Miocene estuary deposits in Texas 

(Westgate, 1989) for example, demonstrating that estuaries are not outside of their ecological 
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tolerances. Similar animals are completely absent in the southern Bouse Formation. Given the 

diversity of marine vertebrates that presumably would have been living within the upper 50 m of 

the water column in the northern Gulf of California during the late Miocene (e.g., Reynolds et 

al., 2008; Jefferson et al., 2016), the near absence of similar animals in the southern Bouse 

Formation is perplexing. 

 

Inhospitable initial conditions 

 

An alternative explanation for the lack of marine organisms in the Blythe basin is that the 

southern Bouse Formation represents the initial flooding of the basin, where prevailing harsh 

conditions would have limited the colonizing faunal assemblage to something that is not directly 

comparable to the Imperial Formation as a whole. This idea bears similarities with the Time-

Stability model of Sanders (1969). Briefly, the Time-Stability model suggests that stressed or 

young environments will have lower species diversity than stable or old environments. This 

ecological model has been robustly critiqued (Abele and Walters, 1979a,b). Invoking harsh 

initial conditions to explain the depauperate marine fauna in the southern Bouse Formation 

seems implausible for two reasons. One, the planktic foraminifers that are present in the southern 

Bouse Formation are very sensitive to environmental conditions and, thus, are not indicative of a 

harsh environment (e.g., Kucera, 2007). And two, when just basal Imperial Formation sediments 

from basins in the northern Gulf of California are considered, they contain a fairly diverse fully 

marine assemblage. Basal Imperial Formation sediments near Split Mountain Gorge, near 

Laguna Salada, and in the Santa Rosa Mountains (Fig. 1) that have been interpreted to represent 

shallow intertidal deposits and nearshore environments, sometimes interfingering with  non-
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marine sediments, contain oysters, pectens, bryozoans, marine gastropods, barnacles, echinoids, 

corals, crustaceans, as well as isolated teeth from sharks and skates or rays (Bell, 1980; Watkins, 

1992; Martin-Barajas et al., 2001; King et al, 2002). Younger marine strata in the Santa Rosa 

Mountains contain shark and ray teeth, but also reworked Cretaceous coccoliths (King et al., 

2002) suggesting that they were deposited after the arrival of the early Colorado River (e.g., 

McDougall, 2008). The arrival of the Colorado River did not deter sharks and rays from 

exploiting the area, however. Oysters, pectens, and a variety of marine organisms are also 

present in the Salton Trough in pro-delta and delta-front sediments of the Colorado River (i.e., 

Deguynos Formation; Jefferson et al., 2012), indicating that the arrival of the river was not 

detrimental to the survival of these animals. These findings challenge our understanding of how 

resilient certain organisms may actually be. Nonetheless, basal Imperial Formation sediments in 

the Salton Trough that were deposited under presumably harsh conditions contain a distinctly 

marine fossil assemblage that is conspicuously absent in the Blythe basin. 

It is difficult to visualize an ecological barrier within the upper 50 m of a marine water 

column that would allow several genera of ecologically sensitive planktic foraminifers and 24 

species of benthic foraminifers to colonize the Blythe basin, but that simultaneously excluded a 

diverse range of associated inner-neritic organisms, such as marine fish (and other mobile 

animals), marine gastropods, marine molluscs, and marine ostracodes, as well as other 

presumably easily dispersed marine organisms that have planktic or nektic larval and juvenile 

stages.  

The depauperate nature of the southern Bouse Formation’s marine fauna has not gone 

unnoticed. In a written communication to P. Smith in 1970, D. Taylor noted “…qualitatively the 

fauna is certainly not like that one would expect in an estuary here: there are no oysters, 
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Mytilidae, Littorinidae, or other mollusks….There are a few genera otherwise known from 

marine, not brackish-water, habitats, but they occur in an unusual association as an impoverished 

fauna. The only suggestion I can make in explanation is that perhaps the total salinity of this 

former embayment was much like that of the sea, but with different relative abundances of the 

common ions” (p. 1414, Smith, 1970). This is a slight modification of an earlier opinion where 

he noted that the water of Paleolake Blythe “….was definitely more brackish than marine” (p. 

D133, Metzger et al. (1968)). This concept of an environment with a marine-like salinity but a 

non-marine ionic composition is the foundation of this paper and will be expanded on in greater 

detail in subsequent sections. Note that although the southern Bouse Formation contains 24 

species of predominantly inner neritic benthic foraminifers (McDougall and Miranda Martínez, 

2014), which could be interpreted as strong evidence for a marine environment, comparably 

diverse benthic foraminifer assemblages have been reported in sediments from Salt Lake, Hawaii 

(n = 41 species; Resig, 1974), Lake Tecopa (n = 25 species; Patterson, 1987), Lake Quarun (20 

species; Abu-Zied et al., 2007, 2011) and the Salton Sea (n = 17 species; Arnal, 1958), even 

though all four locations are land-locked and have never been connected to the ocean. Thus, 

diverse benthic foraminifer faunas do occur, albeit rarely, in lacustrine basins. Rather than a 

shallow sill or inhospitable initial conditions, we suggest that the overall lack of marine 

organisms in the southern Bouse Formation argues for either no connection (e.g., Spencer et al., 

2013) or an extremely steep salinity barrier (e.g., Telesh and Khlebovich, 2010) between a 

mildly brackish lacustrine environment in the Blythe basin and a fully marine environment in the 

northern Gulf of California. Dry ground or a steep salinity gradient between the Blythe basin and 

the Salton Trough would have presented an obvious and insurmountable ecological barrier for 

the majority of the marine taxa found in the Imperial Formation. 
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A continental rather than normal marine ostracode fauna 

 

The southern Bouse Formation contains a mix of nominally marginal marine and continental 

ostracodes (Metzger, 1968; Bright et al., 2016, Appendix A). The marginal marine ostracode 

fauna consists of Cyprideis sp. and Cytheromorpha spp., and rare occurrences of 

Perissocytheridea sp. (Metzger, 1968; Smith, 1970; Bright et al., Appendix A), all of which have 

been documented as continentally invasive genera (e.g., Oviatt et al., 1988; Jayko et al., 2008; 

Pérez et al., 2011). The typically continental ostracode fauna consists of Candona spp., 

Limnocythere sp., Darwinula cf. D. stevensoni, Ilyocypris cf. I. bradyi, and Heterocypris sp. 

(Metzger, 1968; Smith, 1970; Bright et al., 20016, Appendix A). No strictly marine ostracode 

genera have been reported from the southern Bouse Formation (Metzger 1968; Smith, 1970; 

Miller et al., 2014; Bright et al., 2016, Appendix A). This is in stark contrast to diverse fossil 

(Miocene to Recent) and modern marine ostracode assemblages that have been described from 

deep water, lagoonal, and intertidal environments around the Gulf of California (e.g., Benson, 

1959; Benson and Kaesler, 1963; McKenzie and Swain, 1967; Caballero et al., 2005) and 

southern California (e.g, LeRoy, 1943; Crouch, 1949; Frame et al., 2007). Stable isotope (
18

O, 


13

C) data suggest that the marginal marine and continental ostracodes of the southern Bouse 

Formation are not a mixed assemblage (Bright et al., Appendix A) where the continental 

ostracodes were being washed into a marginal marine environment as proposed by Turak (2000) 

and Miller et al., (2014). Instead, the continental ostracodes were calcifying their valves in the 

same water mass as the marginal marine ostracodes (Bright et al., Appendix A).  

The southern Bouse Formation’s ostracode fauna is instead very similar to those 

documented from the late Pliocene to middle Pleistocene St. David Formation (4.5 to 0.5 Ma) 



249 
 

that is exposed in the San Pedro Valley of southern Arizona (Lindsay, 1984), to late Miocene to 

late Pleistocene sediments of Ridge Basin, California (Forester and Brouwers, 1982), or to mid 

Holocene and younger (< 4200 
14

C yr) sediments from Lake Pontchartrain (Willard et al., 2000). 

The St. David Formation is a record of shallow ponding events in a terminal continental basin 

that gave way to more fluvially-dominated environments (Lindsay, 1984). Several of the 

ostracode genera found in the St. David Formation, such as Cyprideis sp., Candona sp., 

Darwinula sp., Limnocythere sp., and Heterocypris sp., are present in both the northern and 

southern Bouse Formation (Bright et al., 2016, Appendix A). A very Bouse-like Cyprideis-

Cytheromorpha-Candona-Limnocythere-Darwinula fauna has also been described from various 

late Miocene to late Pleistocene sedimentary units that comprise Ridge Basin, California 

(Forester and Brouwers, 1982). There, this ostracode fauna was interpreted as representing a 

dilute (below 3,000 mg L
-1

) low energy, sodium and chloride-dominated pond or lacustrine 

environment, but where the Cyprideis and Cytheromorpha might be indicative of a connection to 

the ocean (Forester and Brouwers, 1982). And finally, since the mid-Holocene, the ostracode 

fauna in Lake Pontchartrain has transitioned from a brackish-marine (15 to 25 ppt) fauna unlike 

anything reported from the southern Bouse Formation, comprising Paracytheroma stevensoni, 

Cytherura radialirata, Megacythere repexa, and Cytheromorpha paracastanea, to a much 

fresher water (1 to 5 ppt) Bouse-like Candona-Darwinula-Cyprideis-Perissocytheridea fauna 

that is found in association with a variety of benthic foraminifera (Willard et al., 2000). A 

similarly conspicuous transition from a fully marine to a brackish or freshwater ostracode 

assemblage should be evident in the southern Bouse Formation following the marine to saline 

lake interpretation of McDougall and Miranda Martínez (2014, 2016), yet this is not the case 

(Bright et al., 2016; Appendix A). 
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A portion of the marine interpretation is based on foraminifer faunal analyses of well 

cuttings from the subsurface of the Blythe basin (Smith, 1970; McDougall and Miranda 

Martínez, 2014). Nearly 200 m of southern Bouse Formation exist in the subsurface, but other 

than the foraminifer analysis, there is little additional discrete microfaunal information available 

for the subsurface. In the 1970s, Smith reported Cyprideis, Cytheromorpha, and Candona from 

the same subsurface well samples as the foraminifers. All three ostracode genera, in addition to 

several other continental ostracode genera, variably co-occur in surficial southern Bouse 

Formation sediments exposed at Hart Mine Wash, Milpitas Wash, and Marl Wash (Fig. 1), and 

Cyprideis, Candona, and small numbers of foraminifers co-occur in lacustrine northern Bouse 

Formation sediments in the Chemehuevi basin (Fig. 1; Bright et al., Appendix A). Thus, there is 

no convincing evidence in the well cuttings to suggest that a fully marine or substantially 

different paleoenvironment from what is expressed in surface outcrops exists in the subsurface of 

the basin. 

 

Conflicting paleoecological and stable isotope indicators 

 

The marine-to-saline lake interpretation is based on a variety of paleoecological indicators 

that suggest that southern Bouse Formation sediments now positioned below about 126 masl 

were deposited in a normal marine or estuarine environment, whereas sediments currently 

positioned above ~110 to ~123 masl were deposited during a subsequent saline lake phase 

(McDougall and Miranda Martínez, 2014). This interpretation is challenged by the rare 

freshwater Candona encountered in the subsurface (Smith, 1970), and by a variety of 

disarticulated freshwater clams and snails reported from the basal carbonate unit exposed in the 
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73-146 masl range (Reynolds and Berry, 2008); clams and snails that presumably would not live 

in anything but the freshest part an estuary (e.g. Sousa et al., 2007) or in a mildly brackish lake 

(e.g., Mwambungo, 2004; Mischke and Zhang, 2011). Detailed analysis of nearly 25 m of 

southern Bouse Formation sediments in the Hart Mine Wash area (Fig. 1) demonstrated that a 

variety of freshwater to moderately brackish water continental ostracodes were present in 

sediments that are exposed over the 110 to 135 masl range (Bright et al., 2016, Appendix A).   

The marine interpretation does not adequately explain the association of planktic 

foraminifers, which are categorically marine (e.g, Kucera, 2007), and freshwater organisms (e.g., 

Reynolds and Berry, 2008; Bright et al., 2016). The most obvious explanation would be to 

invoke a reworked mixed faunal assemblage, where the freshwater organisms lived outside of the 

marine or estuarine embayment and were washed in (e.g., Turak, 2000; Reynolds and Berry, 

2008; Miller et al., 2014), or that perhaps lived farther up the Bouse estuary where fresher water 

conditions prevailed and were then flushed or reworked post-mortem into more saline parts of 

the estuary. Alternatively, if Blythe basin was originally at sea level (e.g., O’Connell et al., 2017) 

then perhaps elements of a marine fauna could have been periodically washed into a more dilute 

lake environment, like what occurs at Lake Pontchartrain (Darnell, 1962). The reworking of 

freshwater and marine taxa is a testable hypothesis. If there was a Bouse estuary, and if enough 

biologic carbonate samples were analyzed for their 
18

O values, then the results should display a 

clear and consistent mixing trend between marine and freshwater endmembers, assuming a static 

estuary (e.g, Ingram, 1996; Sampei et al., 2005). Alternatively, if the freshwater fossils were 

living in freshwater environments outside of a Bouse marine embayment or estuary then they 

should have low, more meteoric 
18

O values. The stable isotope data from the southern Bouse 

Formation do not define an estuarine mixing trend, the 
18

O values from freshwater ostracodes 
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do not suggest calcification in an extra-basinal freshwater environment, and the 
18

O values from 

foraminifer test do not suggest calcification in normal sea water (Bright et al., 2016, Appendix 

A).  

The marine interpretation also does not adequately explain some of the peculiarities in the 

stable isotope and faunal data from the southern Bouse Formation, for instance, why articulated 

fossils of the marine fish Colpichthys regis are found in marl that has a very non-marine 
18

O 

value of about -13‰ VPDB, or why some barnacle fragments have 
18

O values as low as -10‰ 

VPDB (Roskowski et al., 2010) and -12‰ VPDB (Bright et al., Appendix A).  

The persistent difficulty in reconciling the southern Bouse Formation’s mixed faunal 

assemblage with the stable isotope data suggests that there may be problems with 

conceptualizing the depositional environments of the southern Bouse Formation from the 

viewpoint of modern outcrop elevations (e.g., McDougall and Miranda Martínez, 2014; Howard 

et al., 2015). Some southern Bouse Formation outcrops contain evidence of syn- and post-

depositional faulting (Homan, 2014), which may now complicate the correlation of distantly 

spaced surface outcrops. There may also be inconsistencies in how various workers are 

interpreting the paleohydrologic requirements and paleoenvironmental implications of the Blythe 

basin fauna. The problem may lie in the underlying interpretive restrictions imposed by a 

marine-oriented approach to the interpretations.  
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KEY DIFFERENCES BETWEEN MARINE, ESTUARINE, AND LACUSTRINE 

ECOSYSTEMS 

 

A portion of the southern Bouse Formation controversy is probably due to ambiguity in 

terms like “freshwater” and “marine”, or terms like “brackish” or “saline”, and the difficulties 

that arise when trying to assign particular organisms to a particular salinity category (e.g., 

Hammer, 1986). The term “marine” typically refers to oceanic ecosystems (i.e., salt marshes, 

intertidal zones, lagoons, etc.) whereas “freshwater” typically refers to continental aquatic 

ecosystems (i.e., streams, ponds, lakes, wetlands, etc.). Estuaries represent one kind of interface 

between marine and freshwater ecosystems. To avoid confusion in the following section, we 

refer to “freshwater” ecosystems as “continental” ecosystems.  

The terms “freshwater”, “brackish”, and “saline” are descriptions of salt content, or salinity. 

The term “saline” is a vague term that describes water with salinity above freshwater but less 

than normal seawater, which is roughly 35 ppt. The term “hypersaline” is used to refer to salt 

content above that of normal seawater. The term “brackish” is also a vague term describing water 

that is more salty than freshwater but less salty than seawater. Some workers place the boundary 

between “freshwater” and “saline” lakes at about 3 ppt (e.g., Williams, 1964; Forester and 

Brouwers, 1982). Thus, a “saline” Paleolake Blythe (e.g., McDougall and Miranda Martínez, 

2014, 2016) is a vague idea that would encompass any lake with a salt content between 3 ppt and 

about 35 ppt. There are more complex salinity classifications, however, that might be of greater 

use when considering the depositional environment of the southern Bouse Formation. 

 This paper will use the “Venice System” (Anonymous, 1959) classification scheme where 

“freshwater” is defined as having an upper salinity limit of roughly 0.5 ppt, followed by 
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“oligohaline” to about 5 ppt, “mesohaline” to about 18 ppt, “polyhaline” to about 30 ppt, 

“euhaline” to 30-40 ppt, which would cover normal ocean salinities, and “hyperhaline” for 

salinities that exceed 40 ppt.  Remane’s (1934) classic study on the distribution of animals along 

a salinity gradient in the Baltic Sea suggested the presence of a “species-minimum” at salinities 

of about 5 to 8 ppt; freshwater species rarely extended past this zone into more saline waters and 

marine species rarely extended beyond this zone into fresher water. The broader application of 

Remane’s “species minimum” concept to phyto- and zooplankton or to other estuary systems has 

been challenged, however (e.g., Attrill, 2002; Telesh et al., 2011). The “species-minimum” zone 

is, in fact, populated by a relatively diverse suite of brackish water species (Deaton and 

Greenberg, 1986). A more detailed statistical treatment of the salinity-fauna relationship in 

estuaries found that the oligohaline (5 ppt) and mesohaline (18 ppt) boundaries are in fact 

significant to a wide variety of aquatic organisms (Bulger et al., 1993). The majority of 

organisms considered as having “freshwater” salinity tolerances live below the freshwater 

boundary (Bulger et al., 1993). Some of the more saline-tolerant freshwater organisms extend to 

the upper oligohaline boundary, but rarely beyond (Hammer, 1986; Bulger et al., 1993). Marine 

organisms with little tolerance for low salinity environments are largely confined above the 

lower polyhaline boundary and are rarely found below the lower mesohaline boundary (Bulger et 

al., 1993). A few strongly euryhaline freshwater and marine organisms, those with very broad 

salinity tolerances, can extend to nearly euhaline and oligohaline environments, respectively 

(Bulger et al., 1993). Similar faunal salinity barriers have been documented in inland seas, such 

as the Aral and Caspian Seas (Plotnikov and Aladin, 2011). The upper oligohaline and upper 

mesohaline salinity boundaries of Bulger et al. (1993) will become important as we continue to 

discuss the southern Bouse Formation fauna. 
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It is important to note that the “Venice System” was developed through studies that 

associated changes in faunal communities with changes in salinity within marine-estuarine 

ecosystems (e.g., Den Hartog, 1974). Continental lake ecosystems can span the same range of 

salinity categories as seawater and estuaries, thus the concept of “brackish” can also apply to 

lakes, but lacustrine ecosystems are fundamentally very different from marine ecosystems. This 

difference is partially rooted in the hydrochemical differences between the two ecosystems. 

 

Marine, estuarine, and lacustrine hydrochemical differences 

 

Normal seawater has a uniform and predictable composition, where the salinity is typically 

between 33 to 37 ppt and where sodium (Na
+1

) and chloride (Cl
-1

) comprise about 85% of the 

solutes. The concentrations and relative proportions of other solutes such as calcium (Ca
+2

), 

magnesium (Mg
+2

), or sulfate (SO4
-2

) are also very uniform in seawater, therefore ionic ratios 

(e.g., Ca
+2

:Na
+1

) are also very stable. Normal seawater has a characteristically high and stable 

Ca
+2

 to carbonate alkalinity (HCO3
-1

 + CO3
-2

) ratio (Ca/ALK) of about 9. The composition of 

estuaries and some near-shore coastal areas that receive surface runoff from streams can 

generally be described as a simple dilution of seawater, where salinity decreases, but where 

(Na
+1

 + Cl
-1

) still dominate the solute composition. The dilution of seawater gives an estuary its 

characteristic salinity structure, from nearly freshwater at the head to nearly normal seawater at 

the mouth. Estuary salinities fluctuate at a variety of frequencies, largely in response to 

variability in river discharge (e.g., Ingram et al., 1996; Cronin et al., 2005; McGann, 2008), but 

other variables may also be important (e.g., Surge and Lohmann, 2002).  Estuaries also 

experience daily salinity fluctuations in response to tidal cycles, with large fluctuations of several 
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ppt occurring in the central portion of the estuary (e.g. Attrill, 2002; Attrill and Rundle, 2002). 

Although the overall salinity in an estuary varies, the ionic ratios in an estuary may remain 

relatively stable because the constituent solutes are simply being diluted from seawater. More 

complex estuary models do exist, however (e.g., Pritchard, 1989), including those that involve 

large contributions from groundwater (e.g., Surge and Lohmann, 2002).  

Continental lake ecosystems encompass salinities that can also be described as “freshwater”, 

“brackish”, and “saline”, but they are often compositionally distinct from seawater-dominated 

environments. Lake chemistries and their salinity spectra are derived from the composition of 

surface runoff and groundwater sources within each particular hydrologic watershed. Once 

impounded as a lake, the resultant water composition may undergo significant changes through a 

variety of reactions, or “brine evolution”, as different mineral phases reach saturation and 

precipitate from the lake water (Eugster and Hardie, 1978; Eugster and Jones, 1979). Brine 

evolution is particularly important in terminal, or closed-basin, lakes (Eugster and Hardie, 1978; 

Eugster and Jones, 1979). Terminal lakes possess a variety of dominant solute combinations 

where a (Na
+1

 + Cl
-1

) dominated solution describes just one of the many potential brine 

evolutionary pathways (Eugster and Hardie, 1978; Eugster and Jones, 1979).  

A key influence in the distribution of organisms in continental water appears to be the 

relationship between salinity and Ca/ALK (Forester, 1983, 1986; Potapova and Charles, 2003). 

Using North American continental ostracodes an example, ostracode species diversity is highest 

in fresh to oligohaline waters that are dominated by Ca
+2

 and HCO3
-1

 and that are near or below 

the calcite saturation point (Forester et al., 2005). The calcite saturation point is composition-

dependent, but often occurs around 300 ppm (Sharp and Forester, 2008; Ito and Forester, 2009). 

In North America, continental ostracode species diversity quickly decreases in higher salinity 
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waters that are above calcite saturation (Forester et al., 2005). The formation of calcite consumes 

Ca
+2

 and ALK, and depending on the initial composition, either Ca
+2

 or ALK will be the limiting 

reagent. After calcite precipitates, the remaining water will have a high Ca/ALK ratio or a low 

Ca/ALK ratio (Eugster and Jones, 1979). Continental ostracode species that have evolved to live 

in high Ca/ALK waters (i.e., hard water) will find low Ca/ALK water (i.e., alkaline water) lethal, 

and vice versa (e.g., Forester, 1983, 1986). Water composition and ionic ratios, including the 

concentration of carbonate alkalinity (or Ca/ALK), also influences the distribution of mollusks 

(Sharpe and Forester, 2008), brine flies (Bowen et al., 1985; Herbst, 2001), diatoms (Blinn, 

1993; Gasse et al., 1995), and a variety of zooplankton (Derry et al., 2003; Herbst, 2001).  

Some terminal lakes may reach marine-like salinities but they rarely have normal marine 

compositions. In contrast to seawater, terminal lakes may be characterized by a high degree of 

variability in their compositions, in their specific ionic ratios (e.g., Ca
+2

:Na
+1

), and in their total 

salinities (e.g., Eugster and Hardie, 1978). Lake salinities also fluctuate on seasonal (and longer) 

scales in response to rainy season or spring snowmelt runoff (e.g., Stephens, 1990), but lake 

compositions and salinities do not fluctuate at the ppt scale on daily cycles like estuaries do.  

Thus, two critical hydrochemical differences between marine-estuarine and lake environments 

are the frequency and magnitude of salinity variations, which is possibly more important than the 

specific salinity value itself (e.g., Bulger et al., 1993; Attrill, 2002), and differences in the 

dominant cation and anion solute compositions and ionic ratios (e.g., Forester and Brouwers, 

1985; Potapova and Charles, 2003). These critical differences may easily be overlooked when 

comparing “brackish” or “saline” marine-estuarine and lacustrine ecosystems. It is important to 

consider that lacustrine ionic ratios, especially low Ca/ALK, may be intolerable or even lethal to 

many marine organisms (e.g., Herbst, 2001; Sharpe and Forester, 2008). Similarly, the 
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dominance of (Na
+1

 + Cl
-1

) and the large daily fluctuations in salinity that characterize marine 

and estuarine ecosystems, respectively, may be intolerable to many continental organisms (e.g., 

Attrill and Rundle, 2002), especially weak osmoregulators. This ecological distinction between 

marine and continental faunas is rooted in their evolutionary history. 

Many lacustrine organisms ultimately have marine ancestries, but they have been separated 

from the marine realm long enough that they have evolved into diagnostically continental faunas 

(e.g., Adolph, 1925; Gray, 1988; Taylor, 1988; Miller and White, 2007; Bennett, 2008; Strong et 

al., 2008). Marine organisms evolved under a very stable marine composition that has a 

predictable salinity dominated by (Na
+1

 + Cl
-1

) and with a predictably high and stable Ca/ALK of 

about 9. The evolutionary transition to continental habitats required adapting to more variable 

salinities and to water chemistries that are dominated by ions other than (Na
+1

 + Cl
-1

) and that 

have variable Ca/ALK (e.g., Forester and Brouwers, 1985; Boomer and Eisenhauer, 2002; 

Bennett, 2008; Augusto et al., 2009). Even though the salinity and some ionic ratios of seawater, 

estuaries, and some lakes overlap, only a relatively small number of marine or marginal-marine 

organisms are found in lakes, and only a relatively small number of continental organisms are 

found living in normal seawater or the saline portion of estuaries (e.g., Bulger et al., 1993). For 

the Ostracoda, the nearly mutually-exclusive distribution of marine-estuarine and lacustrine 

species is well documented (e.g., Forester and Brouwers, 1985; Yozzo and Steineck, 1994; 

Mazzini et al., 2000; Smith and Horne, 2002). Continental ostracodes and molluscs have been 

reported from estuaries and coastal waters, but they are overwhelmingly found under freshwater 

and oligohaline conditions (e.g., Swain, 1955; Elliot et al., 1966; Forester and Brouwers, 1985; 

Bruyndoncx et al., 2002; Sousa et al., 2005, 2007).  
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When marine organisms are found in lakes the species present typically have broad salinity 

tolerances (e.g., strong osmoregulators) and the lakes they invade predictably have elevated 

(Na
+1

 + Cl
-1

) compositions and elevated Ca/ALK, much like seawater (e.g., Anadón, 1992; 

Plaziat, 1993).  

 

MULTIPLE WORKING MODELS FOR THE SOUTHERN BOUSE FORMATION 

 

Normal marine model 

  

 Normal marine water can be considered to be compositionally and isotopically stable. The 

salinity of seawater typically varies between 33 and 37 parts per thousand (ppt) and its 

composition, as well as its proportions of major ions, is relatively invariant (Sverdrup et al., 

1942). Seawater has 
18

O and 
13

C values that fluctuate near 0‰ (SMOW) (Sverdrup et al., 

1942). Tertiary marine carbonates have 
18

O and 
13

C values that largely fluctuate near 0 ± 2‰ 

and 2 ± 2‰ (VPDB), respectively (Prokoph et al., 2008). Thus, in a normal marine basin, 

carbonates with 
18

O and 
13

C values near 0‰ (VPDB) are expected to have formed in normal 

marine salinities of about 35 ppt. Numerous 
18

O and 
13

C analyses on southern Bouse 

Formation carbonates reveal obvious “non-marine” values (Poulson and John, 2003; Roskowski 

et al., 2010; Bright et al., 2016, Appendix A). There is also a mounting body of evidence that the 

inferred marine ecology of an organism is not reflected in the associated 
18

O value of encasing 

sediments, or in some instances where barnacle shells, foraminifer tests, and ostracode valves 

have been analyzed, the inferred marine ecology of the organism is not reflected in the 
18

O 

value of its calcite (e.g., Roskowski et al., 2010; Bright et al., 2016, Appendix A). Furthermore, 
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valves from the continental ostracode genera Candona and Heterocypris at Hart Mine Wash and 

Milpitas Wash in the Blythe basin (Fig. 1) consistently have marine-like 
18

O and 
13

C values, 

despite neither genus being known from normal marine environments (Bright et al., Appendix 

A). A normal marine interpretation for the southern Bouse Formation is becoming increasingly 

implausible from an isotopic perspective. 

Critically, Bright et al. (2016, and this dissertation, Appendix A) detailed how the 
18

O 

values from benthic ostracodes in the southern Bouse Formation abruptly decrease by roughly 

8‰ across a distinctive clay layer that separates the basal carbonate unit from the overlying 

interbedded unit. They interpreted this abrupt change to have happened over tens to hundreds of 

years (Bright et al., 2016).  It is difficult to conceive of a marine or tectonic process that could 

account for such a large, rapid, and unidirectional change in the isotopic characteristics of a 

marine embayment (Bright et al., 2016).   

Bright et al. (2016, Appendix A) preferred catastrophic failure of a proposed Chocolate 

Mountain paleodam and the draining of a large lake to explain the abrupt change in the ostracode 

fauna and in the ostracode 
18

O values across the distinctive clay layer. McDougall and Miranda 

Martínez (2016) have suggested that a paleodam failure somewhere upstream of the Blythe basin 

might be also a viable explanation. In this explanation, fluvial discharge to the Blythe basin was 

initially non-existent, and the basal limestone unit was deposited in a normal marine embayment 

that extended to Parker (Fig. 1). An upstream paleodam failure (e.g, Topock; Fig. 1) abruptly 

initiated a mega-flood into the Blythe basin of such a volume that the sea water was permanently 

flushed out and a more fluvially-dominated or freshwater lacustrine environment was formed in 

a geological instant. Although this idea is thought-provoking, it is unlikely for several reasons.  



261 
 

The largest upstream paleolake (Paleolake Mohave) had an estimated volume of roughly 

700-800 km
3
 (Spencer et al., 2008). The estimated volume of the Blythe basin is on the order of 

1500 km
3
 (Spencer et al., 2008). Even if Paleolake Mohave completely and instantaneously 

drained it seems unlikely that the volume of water released could fully flush the Blythe basin. 

The principle counterargument to this idea is that the actual configuration, and thus volume, of 

the late Miocene Blythe basin is not well constrained.  

It is currently unclear how deep the Blythe basin may have been at ~5 Ma, or what its 

morphometry might have been. Presently, the southern Bouse Formation extends from roughly -

200 to roughly +330 masl (Spencer et al., 2013), and at face value suggests that the basin was, or 

is, about 500 m deep. Recent recognition of syn- and post-depositional warping and tilting of the 

basin floor suggests that the Blythe basin originally may not have been this deep during 

deposition of the southern Bouse Formation (Homan, 2014; Howard et al., 2015). The actual pre-

inundation configuration of the basin is unknown but the modern configuration constrains the 

original basin geometry to no more than 500 m deep, and possibly much less. Nonetheless, the 

density contrasts between seawater and freshwater still render a flushing scenario implausible.  

Seawater within the upper few hundred meters of the ocean has an average density of 1.027 

gm cm
-3

, but ranges from 1.020 to 1.029 gm cm
-3 

depending on temperature and salinity. In 

contrast, the density of freshwater at normal earth surface temperatures ranges from 0.992 gm 

cm
-3 

at 40 °C to a maximum of 1.000 gm cm
-3

 at 4 °C. If we suppose that the Blythe basin was 

moderately deep (100-200 m), then dense seawater would have remained in the lowest portions 

of the basin while fresh flood waters exited the basin over the top, possibly much like the modern 

Bosphorus and Black Sea relationship (Özsoy et al., 2001; Murray et al., 2007). With 

progressively deeper basin configurations (to 500 m) it would become increasingly more difficult 
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for low density fresh water to be able to abruptly flush dense seawater completely out of the 

basin. In the Paratethys region of the Mediterranean, the well-studied Lake Pannon system 

provides an analog for a restricted marine basin that transitioned to a lacustrine basin through 

time (e.g., Harzhauser et al., 2007, and references therein). Biologic carbonates from Lake 

Pannon do not show any abrupt changes in the isotopic composition of the lake during this 

process. Instead, the 
18

O and 
13

C values from foraminifers, ostracodes, and mollusks gradually 

shift from a discrete cluster of high values near (
18

O = 0‰,
13

C = 0‰) during the restricted 

marine phase to a more linear, estuary-like 
18

O and 
13

C data array as the basin became more 

lacustrine (Harzhauser et al., 2007). The estuary-like 
18

O and 
13

C data array for Lake Pannon 

is expected if one considers that the transition from a restricted marine basin to a lacustrine basin 

involved the simple mixing of relict seawater and inflowing river water. Presumably, increased 

discharge or a paleoflood down the Colorado River into a moderately deep the Blythe basin 

would have had created a similar mixing environment, rather than an abrupt flushing event. 

Alternatively, if the Blythe basin was fairly shallow (10’s of m) then perhaps a large mega-

flood could have permanently forced sea water out of the basin, but this also seems unlikely. 

Modeling the effect of a Lake Agassiz mega-flood (3700 km
3
 for one month) on the salinity 

profile for the St. Lawrence Seaway (Champlain Sea) illustrates this concept (Katz et al., 2011). 

The model results show overall salinity decreases less than 11 ppt and only for a very short 

period of time, higher salinity water remains at the bottom of the estuary while lower salinity 

water passes above, and salinity in the seaway quickly increases to pre-flood levels as soon as 

the mega-flood ends (Katz et al., 2011). If the Blythe basin was at sea level, then there is no 

obvious reason why a geologically brief mega-flood would have abruptly and permanently 
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transformed the Blythe basin from a fully marine environment to a lacustrine environment (e.g., 

Bright et al., 2016; McDougall and Miranda Martínez, 2016).  

 

Normal estuary model 

 

Estuaries are places where normal marine water and continental freshwater, usually as 

rivers, meet and mix to some extent (e.g., Potter et al., 2010). Many of the hydrochemical and 

isotopic characteristics of an estuary can be expressed as simple two-ended linear mixing 

equations. Specifically, and most relevant to this discussion, the salinity and the 
18

O value of an 

estuary are often linearly correlated (e.g., Ingram et al., 1996; Cronin et al., 2005; Sampei et al., 

2005). We assume that the late Miocene version of the developing Colorado River was the 

freshwater endmember for the proposed Bouse estuary.  For this exercise the modern Colorado 

River will be used as an analog for the late Miocene Colorado River. The modern Colorado 

River has a much lower salinity (< 1 ppt; Irelan, 1971) and a much lower 
18

O value (-16‰ 

VSMOW; Guay et al., 2004) than seawater. Mixing the two end member solutions produces a 

predictable result. For example, mixing equal volumes of seawater and Colorado River water 

produces water with a salinity of 18 ppt and a 
18

O value of -8‰ VSMOW. The salinity and 


18

O value of any mixture is both restricted and predictably defined by the salinities and 
18

O 

values of the two end member solutions. A similar linear to sub-linear mixing line is produced 

when mixing sea water and river water 
13

C values (e.g., Fry, 2002).  

A well-mixed estuary-oriented approach to interpreting the southern Bouse Formation does 

not explain instances where freshwater organisms are found in sediments with “marine-like” 


18

O values, or when marine organisms are found in sediments with low, non-marine 
18

O 
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values, unless there has been significant reworking of the faunas or the sediments around them. 

Consider an example of where fossils of the marine fish Colpichthys regis are encased in 

carbonate that has a 
18

O value of -13‰ VPDB (Roskowski et al., 2010). If we assume that the 

marl formed at 30 °C, using the clumped isotope geothermometer (Huntington et al., 2010), and 

given the seawater-Colorado River water salinity-
18

O mixing relationship outlined above (e.g., 

Dettman et al., 2004), and using the temperature dependent calcite-water fractionation 

relationship of Friedman and O’Neil (1977), then the marl was formed at a salinity of about 14 

ppt; a value well below the normal marine environment implied by the fish’s presumed 

ecological constraints. The problem is compounded further still if the late Miocene Colorado 

River was ponded for any significant length of time in upstream basins (e.g., House et al., 2008). 

Ponding of the river in upstream lakes would potentially evaporatively enrich its water in 
18

O 

and the river would have had a higher 
18

O value by the time it entered the Blythe basin. 

Increasing the 
18

O value of the Colorado River endmember decreases the calculated salinity 

estimate. Recalculating the previous marine fish and carbonate example with a higher river end 

member 
18

O value of -12‰ VSMOW produces a salinity estimate of about 7 ppt when the 

encasing marl was formed. The salinity estimates above are somewhat subjective because the 

salinity and 
18

O value of the late Miocene Colorado River are not known, but they highlight the 

salinity-
18

O constraints imposed by the linear mixing model inherent to an estuary-oriented 

interpretive framework.  

The weakness of a well-mixed estuary interpretation is that salinity and 
18

O values (and to 

a lesser extent 
13

C values) should covary linearly (e.g., Mook, 1971; Sampei et al., 2005; 

Cronin et al., 2005). The stable isotope data from the southern Bouse Formation exhibit 

considerable scatter and do not form a linear, mixing-model data array (Bright et al., 2016, 
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Appendix A). An alternative estuarine explanation that might explain how marine organisms and 

carbonate with non-marine 
18

O values might be associated centers on a density driven salt 

wedge estuary model.  

 

Salt-wedge estuary model 

 

Salt-wedge estuaries are typically characterized by strong salinity gradients as a tongue of 

dense seawater extends inland along the floor of the estuary as a layer of lower density 

freshwater flows out to the sea above (e.g. Geyer and Chant, 2006). The density and salinity 

contrast of the inflowing seawater tongue can sometimes extend for considerable distances 

inland. Because estuary salinity and water 
18

O values tend to covary linearly (Ingram et al., 

1996; Fry, 2002; Cronin et al., 2005), salt-wedge estuaries exhibit strong 
18

O gradients as well. 

However, calcite formed at the surface of an isotopically stratified estuary could record a 

freshwater-dominated 
18

O value while the benthic biologic calcite could simultaneously record 

a seawater-dominated 
18

O value, provided the density contrast between the two water masses 

was large enough to inhibit mixing.  

There are several difficulties with a salt-wedge estuary interpretation for the southern Bouse 

Formation. First, the large offset in 
18

O values between marl (-15‰ VPDB) and ostracode 

calcite (-2‰ VPDB) at Parker (Bright et al., Appendix A) would require a tongue of normal 

seawater with a marine-like 
18

O value to extend from the proposed estuary mouth near the 

Chocolate Mountains all the way to Parker (Fig. 1), a distance of over 100 km, without any 

appreciable mixing with freshwater. Saltwater wedges can extend considerable distances inland 

(see below), but this is likely facilitated by deep, drowned river valleys that formed during low  
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(-120 m) sea level during the last ice age (e.g., Nichols et al., 1991; Dabrio et al., 2000). An 

analogous deep, drowned Colorado River valley/estuary configuration likely did not exist during 

the late Miocene. Second, benthic 
18

O values are expected to be highest near the mouth of an 

estuary and should decrease inland. The 
18

O values of benthic ostracodes are slightly higher at 

Parker (Fig. 1) than they are at Hart Mine Wash (Fig. 1; Bright et al., Appendix A), which seems 

to negate an estuary interpretation. It is possible that the deposits at Hart Mine Wash and Parker 

are not time-correlative and a direct comparison is unwarranted. However, the deeply incised 

bedrock canyon at the Aubrey paleodam (Fig. 1) seemingly dictates that the Colorado River 

would always be discharging into the Blythe basin from the north, regardless of when sediments 

at other parts of the basin were deposited. Thus, the freshest part of a proposed Bouse estuary 

should have always been to the north of the Chocolate Mountains (Fig. 1). Third, the proportion 

of freshwater present in an estuary varies at different time scales because river discharges 

fluctuate on annual, decadal, century, and millennial frequencies. Annual fluctuations in river 

discharge occur in response to spring runoff or to large rainfall events (e.g., Simetstad et al., 

1990; Ralston et al., 2008; Watanabe et al., 2014). Lower frequency fluctuations in river 

discharge (decadal and longer) are tied to climatic fluctuations that increase or decrease 

precipitation in the watershed of the river (e.g, Cronin et al., 2005). Fluctuations in river input 

can be tracked by measuring the 
18

O values of estuarine carbonates (e.g., benthic foraminifers), 

and this technique has been used in numerous studies to create paleo-discharge records (e.g., 

Ingram et al., 1998; Cronin et al., 2005; McGann, 2008). Several studies suggest that the 

southern Bouse Formation was deposited over 10’s to 100’s of thousands of years (Spencer et 

al., 2008, 2013; McDougall and Miranda Martínez, 2016). The discharge of the early Colorado 

River should have fluctuated at a variety of climatic frequencies over these time scales, yet there 
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is no isotopic evidence for such fluctuations (Bright et al., Appendix A). The 
18

O values from 

ostracodes at Parker are stable and the 
18

O values from ostracodes at Hart Mine Wash show a 

slight, nearly linear, increase up section; neither location shows any sort of fluctuating isotopic 

behavior that might be expected in an estuary (Bright et al., Appendix A).  

Further complicating the issue is the abrupt 8‰ decrease in 
18

O values in benthic 

ostracodes across a distinctive clay layer that separates the basal carbonate unit from the 

overlying interbedded unit in Blyth basin (Bright et al., 2016, Appendix A). Explaining this 

isotopic event by an abrupt increase in discharge on the Colorado River or by abruptly flushing 

the Bouse estuary with floodwater while the basin was at sea level is still problematic. A review 

of several large North American estuaries illustrates the problem.  

The Columbia River has a shallow (~ 15 m maximum depth) estuary. Average and peak 

flows are about 5,500 and 17,500 m
3
 s

-1
, respectively (Simenstad et al., 1990). During low flow 

conditions, a saltwater wedge penetrates anywhere from 8 to 40 km upstream, depending on the 

tides (Jay and Smith, 1990). Similarly, the Hudson River estuary (~ 20 m maximum depth), with 

average and peak flows of about 100 and 2,000 m
3
 s

-1
, respectively, experiences tide-dependent 

saltwater wedge intrusions 20 to 100 km  upstream (Geyer and Chant, 2006). The Mississippi 

River can effectively keep seawater from entering its estuary, but only during peak flood 

discharges of about 8,400 m
3
 s

-1
 (Balloffet and Borah, 1985).  Under lower flow regimes, the 

saltwater wedge on the Mississippi River estuary can extend as far as 180 km inland (Ballofet 

and Borah, 1985). Even very small rivers display the same behavior. In Japan, the Yura River, 

with an average discharge of less than 50 m
3
 s

-1
, can effectively flush its estuary with freshwater 

during peak flows, but once the peak flow wanes, a saltwater wedge extends up to 20 km inland 

(Watanabe et al., 2014). In each example, the least intrusive saltwater wedge is typically 
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associated with the lowest tidal range and peak river discharge, which is a short-lived event (e.g., 

spring snowmelt season). Low flow and base flow conditions prevail at all other times of the 

year and saltwater wedges extend 10’s of kilometers upstream. If the Blythe basin was situated at 

sea level, and given the density contrast between sea water and freshwater, then increased flow 

on the early Colorado River or an impulse event like a mega-flood should have been followed by 

an rapid return to estuarine conditions (e.g., Katz et al., 2011), but this apparently was not the 

case (Bright et al., 2016, Appendix A). 

 

Lacustrine model 

 

 Lake environments can provide a more complex hydrochemical and isotopic framework 

than a stable marine environment or the limited linear mixing framework inherent in an estuary. 

A lake-centered model may provide a better explanation for both the faunal associations and the 

isotopic complexities of the southern Bouse Formation. Salinity and 
18

O values in lakes, and 

especially closed-basin lakes, can covary much like estuaries (Talbot, 1990). It is not uncommon, 

however, for the salinity, ionic composition, and isotope systems in a lake to be decoupled from 

each other (e.g., Anadón et al., 2002; Ito and Forester, 2009; Liu et al., 2009; Shapley et al., 

2010). Consider a terminal lake where the composition of the lake’s inflow and of the lake itself 

is dominated by calcium (Ca
+2

), magnesium (Mg
+2

), and ALK ions. The inflow contains 

additional ions like Na
+1

, K
+1

, and Cl
-1

, but they are in dilute quantities. Evaporation 

preferentially removes 
16

O-enriched water vapor from the lake and enriches the residual lake 

water in 
18

O, increasing the lake’s 
18

O value. Evaporation also concentrates the solutes in the 

lake to the point that calcite saturation is reached. The salinity-
18

O relationship in the lake prior 
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to reaching calcite saturation will be positively and linearly correlated because at that point the 

lake is conservatively concentrating solutes and 
18

O. Once calcite saturation is reached the 

precipitation of calcite removes two dominant ions (Ca
+2

 and ALK) from solution. The 

evaporation process is unaffected by the calcite precipitation, so the lake continues to be 

enriched in 
18

O and its 
18

O value continues to increase. As long as the lake is actively losing 

dissolved solutes through the production of solid calcite then the total salinity of the lake is no 

longer linearly coupled to the 
18

O value of the water. Calcite-precipitating lakes can have water 

masses that produce calcium carbonate with high, “marine-like” 
18

O and 
13

C values while the 

water mass retains at relatively low salinity. Two examples that highlight this relationship are 

from Lake Bonneville in Utah-Idaho, USA, and from Villarroya Lake, Spain. 

 Lake Bonneville, during its Late Pleistocene highstand, was nearly 300 m deep and covered 

more than 51,000 km
2
 (Smith et al., 1968). Lake Bonneville produced abundant calcium 

carbonate (e.g., Oviatt et al., 1994). Its highstand fauna and flora consisted of freshwater fish 

(e.g., Smith et al., 1968), freshwater diatoms (Setty, 1963), and a Candona-dominated ostracode 

fauna (Oviatt, 2015) that implies freshwater to slightly brackish conditions prevailed. In spite of 

the near freshwater conditions, the 
18

O and 
13

C values in Candona spp. calcite from pre- and 

post-highstand sediments are very high, and when cross-plotted fall near where carbonate formed 

in a normal marine environment would be located (Fig. 2). Lake Bonneville provides an 

excellent example of a nearly freshwater terminal lake that produced continental ostracode 

valves with nearly marine-like 
18

O and 
13

C values.  

A similar scenario is observed in Pliocene Villarroya Lake, Spain. Villarroya Lake was 

initially (~ 3.6 Ma) a carbonate producing terminal lake that eventually over-spilled to open-

basin conditions by about 3.0 Ma (Anadón, 2008). This transition was recorded as a shift from 
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carbonate-rich sediments to siliciclastic-rich sediments (Anadón, 2008). A similar 

sedimentological transition occurs in the southern Bouse Formation at the contact between the 

basal carbonate unit and the overlying interbedded unit (e.g., Metzger, 1968; Homan, 2014). 

Candona spp. valves from Villarroya Lake’s closed-basin, brackish, and carbonate-rich lake 

phase have marine-like
18

O and 
13

C values (Fig. 2).  The 
18

O and 
13

C values in Candona 

spp. valves then decreased by several per mille when Villarroya Lake transitioned to a through-

flowing environment (Fig. 2). When cross-plotted, the 
18

O and 
13

C values from the open-basin 

Candona spp. valves plot as a discrete second population, rather than as a linear population 

extending away from the closed-basin 
18

O and 
13

C values (Fig. 2). A similarly abrupt shift in 

ostracode isotope values is observed across the distinctive clay layer in the Blythe basin (Bright 

et al., 2016, Appendix A) 

Along the lower Colorado River corridor, both the southern and northern Bouse Formations 

(Fig. 1) were deposited in a system that produced abundant carbonate (e.g., Metzger, 1968), and 

many of the continental ostracode valves (e.g., Candona spp.) in Chemehuevi and Blythe basins 

initially have “marine-like” 
18

O and 
13

C values (Bright et al., Appendix A). A similar, abrupt, 

several-per mille decrease in 
18

O and 
13

C values in Candona spp. valves occurs in both basins 

(Fig. 1; Bright et al., Appendix A), much like that observed in Villarroya Lake (Fig. 2). The 

abrupt decreases in Candona spp. 
18

O and 
13

C values in both Chemehuevi and Blythe basins 

might imply that a similar geologically rapid and unidirectional event occurred in each basin, 

such as terminal lake breaking its containment (e.g., Bright et al., 2016). Geomorphic and 

stratigraphic evidence for a lacustrine sill breach has been documented at the Pyramid paleodam 

(Fig. 1) (House et al., 2005, 2008). The stable isotope and faunal data from the southern Bouse 



271 
 

Formation provides strong evidence that similar breaching events also occurred at the Aubrey 

and Chocolate Mountain paleodams (Fig. 1; Bright et al., Appendix A).  

   

SALINITY IMPLICATIONS OF THE SOUTHERN BOUSE FORMATION’S FAUNA 

AND FLORA 

 

Fragments of the barnacle Balanus subalbidus (formerly B. canabus; Zullo and Buising, 

1989; updated to Amphibalanus subalbidus, Pitombo, 2004) are extremely abundant in some 

southern Bouse Formation sediments and in places create a barnacle hash (Zullo and Buising, 

1989). Notably, Zullo and Buising (1989) observed, among other morphological characteristics, 

that the shells of A. subalbidus in the Blythe basin were uncharacteristically thin. The abnormal 

morphological characteristics were used by Zullo and Buising (1989) to initially describe the 

barnacles as Balanus canabus. Van Syok (1992) later reexamined the material and synonymized 

B. canabus with A. subalbidus, attributing the unexpected shell morphologies to environmental 

stress. Detwiler et al. (2002) noted that the barnacles in the Salton Sea (Amphibalanus amphitrite 

saltonensis) are experiencing stress due to a variety of factors, including but not limited to, water 

composition and a lack of tides. When Amphibalanus amphitrite saltonensis are cultured in 

normal seawater off the coast of San Diego, California, they grow to normal adult Amphibalanus 

amphitrite amphitrite (Raimondi, 1992). Thus, the non-marine environment of the Salton Sea, 

and the stress that it induces, is apparently responsible for the morphological differences between 

Amphibalanus amphitrite saltonensis and Amphibalanus amphitrite amphitrite (Raimondi, 

1992). Zullo and Buising (1989) concluded that low salinity was responsible for the 

morphological variability and the abnormally thin shells of Amphibalanus subalbidus in the 
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Blythe basin. A strong negative correlation between the size of modern Amphibalanus 

subalbidus and salinity has been documented in coastal Louisiana and Mississippi (Porrier and 

Partridge, 1979). Zullo and Buising (1989) also noted that although low salinity was the likely 

cause for the morphological variations, the Bouse barnacle shells are not corroded, as is common 

in other brackish water barnacles. The lack of corrosion suggests to us that the composition of 

the Bouse water body was not simply diluted (i.e., “brackish”) seawater. Nonetheless, 

Amphibalanus subalbidus has been found living at salinities that range between normal sea water 

(Van Soyc, 1992) and about 0.5 ppt (Porrier and Partridge, 1979). This particular barnacle has a 

salinity tolerance that spans the euhaline to freshwater categories.  

The snail Batillaria californica (Taylor, 1983) is uniquely described from fossil material 

from the Blythe basin, thus there are no modern ecological constraints for it. Its ecological 

equivalent is probably Cerithidea californica, which lives on tidal flats along the northwest coast 

of North America and is now competing with introduced Batillaria attramentaria (Byers, 2000). 

Other living species of Batillaria may provide meaningful salinity tolerance estimates for B. 

californica. Batillaria australis, from the Swan River Estuary, Australia, have been exposed to 

diluted seawater with salinities of 18 ppt and 9 ppt for two weeks without suffering any mortality 

(Thomsen et al., 2010). Batillaria minima was classified by Ross et al. (2000) as a “marine 

species with toleration for low salinity” (p.104), and it has been found living in large numbers in 

Bartram’s Pond, Bermuda, at salinities below 1 ppt (Williams and Williams, 1998). Several 

species of the ecologically similar Cerithidea, including C. californica, also display similarly 

large salinity tolerances (e.g., Scott and Cass, 1977; Race, 1981; Roy and Nandi, 2012). Thus, it 

is reasonable to assume that Batillaria californica could probably have survived and persisted in 

Paleolake Blythe at salinities that reached the mesohaline to oligohaline categories.  
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Dorsey et al. (2016) provide photographic evidence that the coastal marsh clam Polymesoda 

sp. and a variety of marine calcareous algae are present in the controversial “upper limestone 

unit” of the southern Bouse Formation. Whether the “upper limestone unit” represents a second 

standing body of water in the Blythe basin with its own in situ fossil assemblage (Dorsey et al., 

2016) or whether it contains reworked fossils from the basal carbonate unit (Gootee et al., 2016) 

is a topic of current debate. The genus Polymesoda is nested within the family Corbiculidae, 

which are typically considered freshwater to brackish water clams (Glaubrecht et al., 2007). 

Their shells are morphologically similar to the genus Corbicula, which is important because 

Dorsey et al. (2016) identify the bivalve in their photograph as being “likely Polymesoda” (p. 

148). If instead they are Corbicula, then their environmental significance changes slightly. 

Corbicula are highly invasive (Pigneur et al., 2011), and although modern C. fluminea are 

thought to have been introduced to western North America in the 1920s or 1930s (Burch, 1944, 

Counts, 1981, 1985), fossil Corbicula spp. are present in Miocene and Pliocene brackish water 

deposits in central California (Hanna, 1923; Keen and Bentson, 1944). Corbicula spp. can be 

found in freshwater ecosystems including lakes (e.g., Baba et al., 1999; Ravazzi et al., 2005; 

Zhang et al., 2008), rivers (e.g., Hassett et al., 2017), and dilute (< 8 ppt) estuaries (McMahon, 

1983).  Nonetheless, numerous species within Polymesoda are equally capable of living in low 

salinity environments. For example, Polymesoda caroliniana thrives in an irregularly flooded 

tidal marsh in Mississippi, USA, where salinity rarely exceeds 8 ppt (Hackney, 1983). This 

species also lives in tidal rivers of Florida where salinities range from 1 to 20 ppt, but peak 

productivities are highest at 5 ppt (Montagna et al., 2008). Rare specimens of P. caroliniana 

have been reported from Lake Pontchartrain, Louisiana, USA, where salinities range from 3 ppt 

to 8 ppt (Darnell, 1962). Polymesoda solida (as P. arctata; Severeyn et al., 1994) live in Tablazo 
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Bay, Venezuela (Ten Broek, 1950; Rodríguez, 2001), where salinities range from 6 ppt to nearly 

25 ppt, depending on the time of year (Rodríguez, 1999).  The same species thrives in Ciénega 

Poza Verde, Colombia, where the salinity remains below 1 ppt for the majority of the year 

(Rueda and Urban, 1998). And finally, Polymesoda maritima is a low salinity indicator (5 to 12 

ppt) in the Florida Everglades (Murray et al., 2010).  Thus, the potential occurrence of 

Polymesoda sp. in “upper limestone unit” of the southern Bouse Formation suggests that the 

salinity of Paleolake Blythe, or of a possible second standing body of water, remained in the 

mesohaline to oligohaline categories.  

The recognition of potentially marine calcareous algae, such as Halimeda, in the “upper 

limestone unit” is intriguing. Dorsey et al. (2016) note that they have not found Halimeda in the 

older basal carbonate unit, but several authors of this paper (JB, AC, PP) have found equivalent 

Halimeda remains in that unit.  Halimeda typically inhabit intertidal to ~ 150-m-deep marine 

environments and they are a primary carbonate producer in tropical and sub-tropical reef 

environments (Wefer, 1980; Verbruggen et al., 2005; Reuter et al., 2012). Their presence in the 

southern Bouse Formation seemingly requires fully marine conditions. At least some species of 

Halimeda possess a modestly broad salinity tolerance that, based on experiments and natural 

observations, span the upper mesohaline to euhaline categories (approximately 20 to 40 ppt) 

(Biber and Irlandi, 2006). Halimeda failed to grow under experimental conditions at 10 ppt and 

their growth rate at salinities of 20 ppt and 35 ppt were lower than they were at similar salinities 

in a natural environment (Biber and Irlandi, 2006). This suggests that the experimental 

conditions were not optimal for growth, and therefore, inferences about the effect of salinity on 

Halimeda drawn from this experiment should be formed with caution. Nonetheless, although 

nominally marine, a variety of calcareous marine algae have been reported from a Permian lake 
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deposit in Germany (Schneider, 1993), including several “halimediform” genera (p. 455), 

suggesting that some marine calcareous algae are capable of colonizing lacustrine environments.   

The southern Bouse Formation’s foraminifer fauna is compiled in Table 1, using data 

presented in McDougall and Miranda Martínez (2014). A total of 200 samples were analyzed, of 

which 69 of 111 surface samples and 74 of 89 well cutting samples contained foraminifers. 

Original foraminifer abundance data that were tabulated as R (Rare, n = 1), F (Frequent, n = 2-

10), C (Common, n = 11-20) were assigned the maximum values of 1, 10, and 20, respectively, 

as outlined in McDougall and Miranda Martínez (2014). Assigning the minimum values of the 

respective ranges does not change the outcome of this exercise. The original A (abundant) and 

AA (very abundant) designations were given the discrete values of 21 and 51, respectively, 

because there is no way to know the actual count value other than “greater than 20” or “greater 

than 50” (McDougall and Miranda Martínez, 2014). Only 15 foraminifer counts in the original 

data set were tabulated as A or AA, and none of those were planktic species, so the values 

assigned here do not impact the outcome of this exercise. In total, roughly 27,000 foraminifers 

have been identified from 200 samples (Table 1).  

The most abundant benthic foraminifers in the southern Bouse Formation is Ammonia 

beccarii, which comprises nearly 92% of the assemblage (Table 1). The four next most abundant 

foraminifers are, in descending order, Rosalina columbiensis, Eponidella palmerae, Bolivina 

subexcavata + Bolivina cf. B. subexcavata, and Elphidium cf. E. gunteri (Table 1). Together 

these five species account for 99.5% of the benthic foraminifer assemblage.  

Ammonia beccarii is an order of magnitude more abundant than all of the other foraminifers 

reported from the southern Bouse Formation combined (Table 1). The striking dominance of 

Ammonia over all other genera may suggest a marginal marine mudflat environment like those 
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currently found at the northern end of the Gulf of California (e.g., Barbieri, 2001), or it may 

suggest an environment where salinity was well below that of normal seawater (e.g., Otovos, 

1978), but it is also equally consistent with a lake interpretation (e.g., Cann and De Deckker, 

1981; Anadón et al., 1986). In laboratory experiments, the salinity tolerance of Ammonia 

beccarii ranged from 67 ppt to 7 ppt, and reproduction occurred between 40 ppt and 13 ppt 

(Bradshaw, 1957). In a natural setting, Ammonia beccarii is one of the most common 

foraminifers in Lake Pontchartrain, Louisiana, where the salinity over a large part of the lake is 

below 10 ppt, and may be as low as 2 to 3 ppt, for much of the year (Otovos, 1978). Ammonia 

(as Rotalia) beccarii has also been reported in freshwater environments (Boltovskoy, 1976, their 

Fig. 56). Thus, the salinity tolerance of Ammonia spp. spans the hyperhaline to freshwater 

categories and its reproduction requirements can be met in meshohaline conditions.  

The second most abundant foraminifer, Rosalina columbiensis (Table 1), has been reported 

in offshore sediments near Florida where salinities range from 30 to 16 ppt (Otovos, 1984), or 

extending to the mesohaline category. It has also been reported living in waters off the coast of 

Massachusetts where salinities reach as low as 8 ppt, or nearly to the oligohaline category (Todd 

and Lowe, 1961). Small numbers of R. columbiensis have been reported from Pleistocene lake 

sediments in Tecopa basin, California (Patterson, 1987). 

The third most abundant foraminifer, Eponidella palmerae (Table 1), is likely a misnomer. 

Eponidella palmerae Bermudez 1949 is not an accepted taxonomic name because of 

nomenclatural priority issues (Poag, 1978). Eponidella palmerae, sensu strico, is an 

ecophenotype of Palmerinella palmerae (Poag, 1978), which is a distinctive but minor 

component of foraminifer assemblages from low salinity estuaries and deltas (Poag, 2015). 

Nonetheless, McDougall and Miranda Martínez (2014; Supplemental Information) state that 
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Eponidella palmerae Bermudez 1949 indicate moderately to strongly brackish nearshore marine 

environments.  

The fourth and fifth most abundant foraminifers are Bolivina subexcavata (now B. 

variabilis; Le Coze and Hayward, 2017) and Elphidium cf. E. gunteri (Table 1). Small numbers 

of Bolivina subexcavata have been recovered from an oligohaline cenote in Mexico (van 

Hengstum et al., 2008). Bolivina variabilis are currently living in Lake Quran, Egypt (Abu-Zied 

et al., 2007). Elphidium gunteri has been found at salinities ranging from normal sea water 

(euhaline) to nearly freshwater (0.8 ppt) in an estuary in Argentina (Boltovskoy, 1976, their Fig. 

56). Elphidium gunteri has also been reported at low salinities (1 to 2 ppt) in Lake Winnipegosis, 

Canada (Boudreau et al., 2001) and from several saline lakes in Argentina (García, 1999). A 

second Elphidium species, Elphidium poeyanum (now Cribroelphidum poeyanum; Le Coze and 

Gross, 2016), also occurs in the southern Bouse Formation in low numbers (Table 1). Elphidium 

poeyanum occurs in Lake Pontchartrain at salinities well below seawater (Otovos, 1978).  

Not all of the remaining benthic foraminifers in the southern Bouse Formation (Table 1) 

have been identified to species level, so we prefer to not draw conclusions about what their 

presence may imply. McDougall and Miranda (2014; Supplemental Information) provide 

additional ecological information for many of the foraminifer species in the southern Bouse 

Formation. It is clear that the most common benthic foraminifers found in the southern Bouse 

Formation can live at salinities well below that of normal seawater and have reproductive 

tolerances that extend to at least the mesohaline category. The salinity implications of the 

planktic foraminifers from the southern Bouse Formation will be discussed later in the paper. 

Southern Bouse Formation diatoms have only been identified at the Amboy location (Fig. 1) 

by Miller et al. (2014). The Amboy diatom flora contains abundant “freshwater” species (~ 31%; 
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Fig. 3). Diatom species that fall into a “freshwater-brackish” category account for another ~7% 

of the flora (Fig. 3). On the opposite end of the spectrum, diatom species that fall into “brackish-

marine” and “marine” categories account for about 8% and 13% of the flora, respectively (Fig. 

3). Bridging the gap between “freshwater” and “marine” are diatom species that fall into a very 

broad “freshwater-to-marine” category. The “freshwater-to-marine” category accounts for about 

40% of the flora (Fig. 3). Similarly, the diatoms that were identified only to genus level are 

dominated by “freshwater” types (i.e., Fragilaria spp., ~56%; Fig.  3). Genera that fall in to the 

“freshwater-to-marine” category account for another 33% of the flora (Fig. 3). We acknowledge 

that identifying diatoms only to the genus level reduces our ability to infer detailed 

paleoecological conditions. Although diatoms that are presumably restricted to the higher salinity 

“brackish-marine” and “marine” categories are present, as a group they are a relatively small 

portion of the overall flora and their implication for marine-like salinity values is debatable.  

The most abundant marine diatom in the southern Bouse Formation, Actinocyclus 

octonarius (Miller et al., 2014), has been reported from marine environments where salinities 

range from 32 to 16 ppt (e.g., Gameiro et al., 2004), and in another study, A. octonarius was 

found in seawater where the salinity was as low as 11 ppt (Matishov et al., 2007). Austin et al. 

(2007) identified fossil Actinocyclus octonarius from sediments that were interpreted to represent 

oligohaline to mesohaline conditions in the land-locked Aral Sea. Thus, the most abundant 

marine diatom in the southern Bouse Formation can apparently persist in entirely continental-

lacustrine environments and at salinities that would fall within the mesohaline to oligohaline 

categories.  

The second most abundant marine diatom in the southern Bouse Formation, Biremis 

circumtexta (Miller et al., 2014), has been reported at conductivities below 4 μS cm
-1

 (e.g., 
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Potapova and Charles, 2003; Taboda et al., 2014), which would translate to salinities of 

approximately 4 ppt, or within the oligohaline category.  

It may be instructive to note that Blair and Armstrong (1979) reported Melosira 

moniliformis?, Amphora hyalina, and Amphora arcus var. sulcate in the 12 to 6 Ma spring-fed 

and lacustrine Hualapai Limestone (Faulds et al., 2001; Crossey et al., 2015) in the Grand Wash 

Trough area (Fig. 1). These three diatoms are considered marine and are common in estuaries 

and coastal environments, yet they are present in the lacustrine Hualapai Limestone.  

The most common marginal marine ostracodes in the southern Bouse Formation are 

Cyprideis sp. and Cytheromorpha spp. (Bright et al., Appendix A). Rare Perrisocytheridea sp. 

valves have also been reported (Bright et al., Appendix A). All three genera occur in estuaries 

(e.g., Kern, 1971; Forester and Brouwers, 1982) and in continental lakes (e.g., Oviatt, 1988; 

Pérez et al., 2011). Salinity tolerances for Cyprideis span hyperhaline to freshwater (e.g., 

Sandberg, 1964; Forester and Brouwers, 1982; Marco-Barba et al., 2012). Cytheromorpha 

tolerances span normal sea water (euhaline) to oligohaline (e.g., Forester and Brouwers, 1982; 

Cronin et al., 2000; Tibert et al., 2012). And Perrisocytheridea tolerances span hyperhaline to 

freshwater (Swain and Gilby, 1967, Keyser, 1977; Garbett and Maddocks, 1979; Pérez et al., 

2011). Although all three ostracode genera possess broad salinity tolerances, they are generally 

most productive in mesohaline to polyhaline environments rather than fully marine (euhaline) 

environments (e.g., Sandberg, 1964; Keyser, 1977; Garbett and Maddocks, 1979; Frenzel and 

Boomer, 2005; Evangelista Nogueira and Feijó Ramos, 2016). 

The presence of a nominally marine silverside fish, Colpichthys regis, in the Blythe basin 

has interesting implications. Colpichthys regis is endemic to the northern Gulf of California 

(Todd, 1976). Modern populations of Colpichthys regis are discontinuously dispersed across the 
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northern Gulf and appear to be restricted to normal marine to brackish nearshore environments 

(Todd, 1976; Crabtree, 1989). An endemic sister species, Colpichthys hubbsi, is also restricted to 

the northern Gulf but populations of C. hubbsi extend up the lower Colorado River estuary where 

it lives in salinities much lower than normal sea water and that at times approach freshwater 

(Crabtree, 1989). From an evolutionary perspective, it seems reasonable to hypothesize that an 

ancestral population (or populations) of C. regis colonized the Colorado River estuary and 

subsequently speciated into the freshwater-estuary taxon C.  hubbsi. This hypothesis would 

imply that Pliocene C. regis was a euryhaline fish species and was not categorically restricted to 

normal marine environments (e.g., Lucchitta, et al., 2001). It has not been established how 

closely related C. regis and C. hubbsi are, but an interesting analogy might be found in another 

pairing of sister fish taxa found at the northern Gulf of California; Gillichthys mirabilis and G. 

detrusus.  

The marine fish genus Gillichthys has a broad distribution that comprises esteros and coastal 

lagoons on the coast of California, both coasts of the Gulf of California, the outer coast of the 

Baja California peninsula, and the Colorado River delta (Swift et al., 2011). Though nominally 

marine, some species of Gillichthys can tolerate freshwater conditions for at least several weeks 

(Miller, 1952).  

Gillichthys detrusus is one of only two fishes that are endemic to the Upper Gulf of 

California and Colorado River Biosphere Reserve (Swift et al., 2011), the other being C. hubbsi 

(Hastings and Findley, 2007; Swift et al., 2011). Genetic testing suggests that G. detrusus 

speciated from G. mirabilis approximately 5 Ma (Swift et al., 2011), or roughly coincident with 

the integration of the Colorado River and the Gulf of California. It seems reasonable to suggest 

that the colonization of the newly formed Colorado River estuary and delta by an ancestral 
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population of G. mirabilis, which then speciated to G. detrusus, might be mirrored by a similar 

colonization event where an ancestral population of C. regis speciated to C. hubbsi within the 

estuary. The degree of mitochondrial divergence between G. mirabilis and G. detrusus is 

comparable to the divergence in C. regis and C. hubbsi (Lau, 2017). Silverside fishes, such as 

Colpichthys, have repeatedly colonized freshwater environments and apparently have little 

trouble crossing the marine-freshwater boundary that is so formidable to a large number of 

organisms (Campanella et al., 2015). Thus, it is plausible that populations of C. regis could have 

colonized an oligo-to-mesohaline lake environment in the Blythe basin after being introduced by 

birds (e.g., Spencer and Patchett, 1997). The observation of dead G. detrusus near a pelican 

rookery at the Salton Sea (Miller, 1952) demonstrates the ability of birds to transport fish nearly 

200 km inland from the northern Gulf of California. 

And finally, the Thalassinoides burrows in the Blythe basin (O’Connell et al., 2017) are also 

intriguing. These burrows are thought to be made by marine thalassinoidean shrimps (e.g., 

Hasiotis et al., 2012) such as the Ghost Shrimp Callianassa (e.g., Swainbanks and Luternauer, 

1987). Other small marine crustaceans, such as crabs and lobsters, can also produce 

Thalassinoides burrows (e.g., Neto de Carvalho, 2016). The Thalassinoides burrows in the 

Blythe basin that have been observed to date are smaller than usual, and are associated with a 

low diversity burrowing assemblage (S.T. Hasiotis, pers. comm., 2017). These characteristics are 

indicative of an environment that may have been salinity stressed (Pemberton and Wightman, 

1992); an observation mirrored in the description of the barnacles from the Blythe basin (see 

previous discussion). Low-diversity marine burrow assemblages have been reported from low 

salinity fluvial-tidal environments, such as the Lower Permian Mackeller Formation, Antarctica 

(Jackson et al., 2016), the Lower Miocene Chenque Formation, Argentina (Carmona et al., 2009) 
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and the Lower Cretaceous Middle McMurray Formation in Alberta, Canada (Jablonski and 

Dalrymple, 2016; Shchepetkina et al., 2016), for example. Laboratory tests using diluted 

seawater suggest that Callianassa californiensis, a shrimp common on the west coast of North 

America, find salinities less than about 9 or 10 ppt lethal (Thompson and Pritchard, 1969; Posey, 

1987). Other species have higher tolerances for low salinity.  Callianassa louisianensis, common 

in estuary communities of the Gulf of Mexico, are often found in oligohaline environments 

(Felder and Lovett, 1989). Adult Callianassa kraussi have been found living in very low salinity 

environments (i.e., 1 to 2 ppt) but the development of their egg and juvenile phases seem to 

require salinities on the order of 17 ppt to 20 ppt, or within the mesohaline category (Forbes, 

1978); the low salinity adult populations are apparently maintained by sub-adult migrants from 

higher salinity environments (Forbes, 1978, 1979). While nominally marine, Ghost Shrimp 

burrows have been identified from lacustrine sediments of Lake Pannon (Upper Miocene) at a 

time when the salinity was thought to have been about 10 to 15 ppt (Hyžný et al., 2015). Thus, 

we propose that the low diversity trace fossil assemblage and the smaller than usual 

Thalassinoides burrows thus far recognized in the Blythe basin could have been produced under 

mesohaline to possibly upper oligohaline conditions.  

It seems prudent at this time to discuss an often overlooked complexity in determining the 

salinity tolerance of a marine organism based on laboratory tests and then applying those results 

to potentially brackish lacustrine environments. For example, the occurrence of Ammonia 

beccarii in oligohaline waters of Lake Pontchartrain (Otovos, 1978) seems at odds with its 

apparent inability to reproduce at salinities below 13 ppt in Bradshaw’s (1957) laboratory 

experiments. Muller and Lee (1969) reported viable laboratory culture populations of the 

foraminifer Quinquiloculina lata that reproduced at salinities below 10 ppt. In the Muller and 
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Lee (1969) experiment, the ability to reproduce was enhanced by the addition of live food. In 

contrast, the foraminifer Rosalina leei did not reproduce over a nearly 8-month-long laboratory 

experiment where the culture solutions were maintained at 25, 30, and 35 ppt (Nigam et al., 

2008). Thus, the correlation of reproduction and salinity in laboratory experiments may not be 

robust. Laboratory experiments are valuable tools for testing the ecological tolerances of a 

particular organism, but by design they do not capture the multi-variate complexities of an 

organism’s actual ecological constraints. Multiple inter-related variables undoubtedly control the 

survival and reproduction of foraminifers in the wild and in laboratory cultures for example 

(Muller and Lee, 1969), but typically only a single variable such as salinity or temperature is 

tested while all other variables are held constant. Laboratory culture experiments are not 

designed to mimic the inherent complexity found in natural environments.  

It is also worth noting that much of the cited literature reports the use of diluted seawater for 

low-salinity culture experiments on marine organisms, for example foraminifers (e.g., Bradshaw, 

1957; Bijma et al., 1990), shrimp (Thompson and Pritchard, 1969), and coralline algae (e.g., 

King and Schramm, 1982; Biber and Irlandi, 2006). Diluting sea water to low salinities reduces 

the concentration of all constituent solutes in a linear fashion. Any one (or combinations) of the 

solutes may be critical to the survival of the organism being tested. For example, low Ca
+2

 

concentrations in a dilute seawater solution have a negative impact on foraminifer calcification 

and reproduction (Saraswat et al., 2015). Consider that the Caspian Sea contains a variety of 

foraminifers (Sadough et al., 2013), has a salinity of about 12.5 ppt, or roughly one third that of 

normal seawater, and its Ca
+2

 concentration is about 340 ppm (Peeters et al., 2000). Diluting 

normal seawater to 12.5 ppt would result in a Ca
+2

 concentration of about 140 ppm. Caspian Sea 

water contains nearly 2.5 times more Ca
+2

 than diluted seawater would contain at a similar 
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salinity. Thus, a dilute seawater experiment would not accurately reflect the solute composition 

of the Caspian Sea and would not be a reasonable tool to interpret how salinity might influence 

foraminifers there.  

A second critical issue with salinity and diluted seawater experiments is evident in a 1982 

study by King and Schramm. They studied the effect of salinity (10 ppt, 20 ppt, 30 ppt) on the 

calcification of the marine coralline alga Phymatolithon calcareum. As expected, calcification 

rates were positively correlated with salinity. However, when total salinity was reduced but Ca
+2

 

concentrations were maintained at their initial levels, there was no measureable effect on 

calcification rates until a salinity of 13 ppt was reached, and calcification continued at a lower 

rate at a total salinity of 6.5 ppt (King and Schramm, 1982). King and Schramm (1982) 

concluded that it was Ca
+2

 concentrations and not simply overall salinity that affected the 

calcification rate. This marine coralline alga could survive and calcify in the mesohaline 

category, albeit with elevated Ca
+2

 concentrations. Numerous studies have demonstrated how a 

variety of marine algae can survive at typically lethally low salinity levels if the concentration of 

Ca
+2

 in the surrounding medium remains high (Yarish et al., 1980, and references therein).  Thus, 

caution is required when invoking salinity constraints derived from dilute seawater-based 

laboratory experiments to explain the presence or absence of nominally marine organisms in 

potentially Ca
+2

-rich lacustrine environments, such as we propose for the southern Bouse 

Formation (recall the lack of corrosion in the Bouse barnacle shells discussed earlier). Lacustrine 

environments can have very different salinity and solute characteristics than diluted seawater 

(see previous section).  

In contrast to the marine faunal components, the majority of the continental organisms 

reported from the southern Bouse Formation, such as the bivalves Sphaerium californica and 
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Pisidium sp. (Reynolds and Berry, 2008), or the snails Fluminicola sp., Physa(?) sp., and 

Amnicola longinqua (Reynolds and Berry, 2008), or the ostracodes Candona and Ilyocypris 

(Smith, 1970; Bright et al., 2016), are restricted to the mesohaline to freshwater categories. For 

example, the snails Lymnaea peregra and Valvata cristata have been reported from a coastal 

lake where salinities range from 1 to about 9 ppt (Homes et al., 2010). The bivalve Pisidium 

subtruncatum has been reported from Ulungur Lake, China, where the salinity is about 2.5 ppt 

(Mischke and Zhang, 2011). In their treatment of the relationship between solute composition 

and salinity on North American mollusk distributions, Sharpe and Forester (2008) reported 

mollusks (Pisidium, Sphaerium, Lymnaea) in waters with salinities up to about 7 ppt. This 

salinity limit may be an artifact of their sampling, however, because their dataset only included a 

limited number of lakes with salinities above 10 ppt. Laboratory experiments on a variety of 

freshwater invertebrates, including the snail Lymnaea ovata and the bivalve Pisidium amnicum, 

demonstrate that survival rates noticeably decrease when salinities reach 4 to 8 ppt (Berezina, 

2003), or roughly the oligohaline-mesohaline boundary.  And finally, some species of 

continental ostracodes within the genera Candona, Ilyocypris, Darwinula, and Limnocythere 

have been found living at salinities as high as about 16 ppt, but most are restricted to salinities 

below 5 to 10 ppt (e.g., DeDeckker, 1981; Anadón et al., 1986; Meisch, 2000; Forester et al., 

2005). A few candonid and limnocytherid ostracode species, such as Fabaeformiscandona 

rawsoni, Limnocythere staplini, and Limnocythere sappaensis have very broad salinity tolerances 

that range from freshwater to hyperhaline (e.g., Forester et al., 2005), but these types of 

euryhaline ostracodes have not been reported from the southern Bouse Formation (e.g., Bright et 

al., 2016, Appendix A).  
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Charophyte oogonia have been reported from the southern Bouse Formation (e.g., Metzger, 

1968; Homan, 2014; McDougall and Miranda Martínez, 2014), but they have not been identified 

to genus or species. Charophytes are continental algae that have fairly broad salinity tolerances, 

depending on the species (Burne et al., 1980; García, 1994; Blindow, 2000), but there are no 

known marine charophyte species (e.g., Wood and Imahori, 1965). Many salt-tolerant 

charophytes extend to the oligohaline and mesohaline categories (Burne et al., 1980; Blindow, 

2000; Soulié-Märsche, 2008), and the most salt tolerant charophytes (i.e., Chara halina and 

Lamprothamnium spp.) extend to the euryhaline category and beyond (García, 1994; Garcia and 

Chivas, 2004).  Note that although Lamprothamnium spp. occur in both lakes and coastal waters 

(e.g., García and Chivas, 2004; Soulié-Märsche, 2008) it requires influxes of freshwater in order 

to germinate and it does not tolerate persistently high salinities as might be found in a normal 

marine environment (Soulié-Märsche, 1991, 2008). The charophytes from the southern Bouse 

Formation have not been identified, but from a probability standpoint, they likely suggest 

mesohaline or lower salinities.  

A salinity-only approach to defining the paleoenvironment of Paleolake Blythe becomes 

slightly more complicated when considering that the benthic foraminifer and ostracode faunas 

might not provide an accurate salinity estimate of the water mass in question. In some aquatic 

systems, sediment pore water is more saline than the overlying water mass (e,g., Jones et al., 

1969; Wardlaw and Valentine, 2005). This might allow benthic marine organisms to survive 

under a water mass that is less saline than what the faunal assemblage would typically imply. 

The occurrence of benthic foraminifers in dilute waters of the Pennar Estuary, India, has been 

interpreted to reflect such a situation (Reddy and Rao, 1984). These concepts, which have been 

overlooked in previous paleontological interpretations (Smith, 1970; Winterer, 1975; 
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McDougall, 2008; McDougall and Miranda Martínez, 2014; Miller et al., 2014), could have a 

significant impact on how the salinity constraints of the fauna of the southern Bouse Formation 

are interpreted. 

Spencer et al. (2008, 2013) modeled the progression of (Na
+1

 + Cl
-1

) in a terminal lake fed 

by dilute Colorado River inflow to a marine-like salinity value of about 35 ppt under the 

assumption that the marginal marine fauna in the Blythe basin could imply a marine salinity. 

This modeling exercise may have been excessive. Paleolake Blythe would not have needed a 

marine-like salinity to account for the marine organisms present, given the broad salinity 

tolerances of the most common and abundant marine taxa present. The fact that the most 

abundant marine or marginal marine organisms found in the southern Bouse Formation are not 

stenohaline (narrow salinity tolerance) species but instead are euryhaline species that have 

salinity tolerances that range from normal seawater to nearly freshwater is likely significant. The 

modern Colorado River has a Ca/ALK value of 1.5 ± 0.3 (n = 80), and (Na
+1

 + Cl
-1

) comprises 

about 28% ± 3% (n = 80) of the major dissolved ions (Irelan, 1971; Gloss et al., 1981; Stanford 

and Ward, 1990). The Ca/ALK value above unity suggests that a lake formed with this water 

would produce a high Ca/ALK environment. There is no obvious reason why the majority of the 

marine and continental taxa of the southern Bouse Formation could not have coexisted if 

Paleolake Blythe had high (Na
+1

 + Cl
-1

) and high Ca/ALK, and if the overall salinity was in the 

upper oligohaline to mid-mesohaline range (e.g., 8 ± 4 ppt).  

The northern Bouse Formation in the Chemehuevi basin (Fig. 1) may provide an important 

clue regarding the development of such a lake. 
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The importance of Cyprideis sp. and rare foraminifers in the Chemehuevi basin 

 

Bright et al. (Appendix A) reported small numbers of juvenile valves from the marginal 

marine ostracode Cyprideis sp. as well as rare foraminifers in the basal marl of the northern 

Bouse Formation in the Chemehuevi basin (Fig. 1). This is the first occurrence of a marginal 

marine fossils north of the Blythe basin and provides an important constraint that potentially ties 

the northern and southern Bouse Formations together in one cohesive hydrochemical system.  

The known late Miocene and early Pliocene ostracode assemblages from Bouse Formation 

sediments along the lower Colorado River corridor, and also within the Imperial Formation in 

the Salton Trough, are depicted in Figure 4. The Hualapai Limestone (Blair and Armstrong, 

1979) is included because it is exposed in several basins in the Grand Wash Trough area (Fig. 1). 

The Hualapai Limestone was deposited in several large, groundwater-fed lakes prior to the 

arrival of the early Colorado River, and these lakes may have been a source of water for 

downstream Bouse basins (Crossey et al., 2015). Blair and Armstrong (1979) mention the 

presence of ostracodes that “resemble” (p. 8) Candona in the Hualapai Limestone, but an 

additional report more definitively states that Cyprideis sp. occurs “to the exclusion of other 

forms….in some parts of the Hualapai Limestone Member” (p. 1140; Blair and Bradbury, 1979). 

We have included both ostracode genera as being present in the Hualapai Limestone in Figure 4 

and acknowledge that further work is needed to clarify the issue.  

A few reconnaissance samples of northern Bouse Formation sediments from northwestern 

Mohave Valley (Fig. 1) have been examined and they did not contain any ostracodes (Bright, 

unpublished data). Northern Bouse Formation sediments east of Bullhead City (Fig. 1) contain 

small numbers of broken valves of Candona sp. and Limnocythere sp., in association with 
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charophytes (Bright, unpublished data). Northern Bouse Formation sediments from the southern 

end of Mohave Valley, at Park Moabi (Fig. 1), contain broken and corroded valves of the 

continental ostracodes Candona sp. and Limnocythere sp. (Bright, unpublished data). No 

marginal marine ostracode species were found in the Mohave basin. In the Chemehuevi basin 

(Fig. 1), a thick sequence of northern Bouse Formation sediments contains broken valves of the 

continental ostracodes Candona sp., Darwinula cf. D. stevensoni, and Limnocythere, but the 

lowest sediments also contain juveniles of the marginal marine ostracode Cyprideis sp. and rare 

foraminifers (Bright et al., Appendix A.). Finally, in the Blythe basin, the southern Bouse 

Formation contains a similar assemblage of continental ostracodes (Candona spp., Darwinula cf. 

D. stevensoni., Limnocythere sp., Heterocypris sp.) and a slightly more diverse marginal marine 

ostracode fauna (Cyprideis sp., Cytheromorpha spp., and rare juveniles of Perissocytheridea sp.; 

Bright et al. in prep.), as well as barnacles and foraminifers (Bright et al. Appendix A). 

 We interpret the southward progression in the diversity of the ostracode fauna, and 

especially the progressive southward increase in the number of salinity tolerant (i.e., 

Limnocythere) and marginal marine species (i.e., Cyprideis), to represent not only a progressive 

southward increase in salinity, but also a progressive southward increase in the relative 

proportion of (Na
+1

 + Cl
-1

) and increased Ca/ALK in each basin. Elevated (Na
+1

 + Cl
-1

) and 

elevated Ca/ALK in the Chemehuevi basin reached appropriate levels to allow small numbers of 

a few marginal marine organisms to initially colonize the lake. Additional chemical enrichment 

in Paleolake Blythe allowed colonization by several typically marine organisms that had broad 

salinity tolerances and strong osmoregulatory abilities. In this interpretation, the lack of 

foraminifers and barnacles north of the Chemehuevi basin may be partly explained by low 

salinity, but overall water composition, especially the Ca/ALK ratio, of the northern lakes also 
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must be considered (e.g., Forester and Brouwers, 1985) because it may have been equally as 

important as low salinity for excluding marine organisms from those basins.  

The interpretation that the southern Bouse Formation could have been deposited in an 

environment where solute evolution processes created a water composition that was dominated 

by (Na
+1

 + Cl
-1

), where Ca/ALK was high, and where the overall salinity was mesohaline or less 

does not necessarily negate a marine influence in the Blythe basin (i.e., an dilute estuary), but it 

does present a viable alternative explanation that does not require a marine influence. This 

cascading chain-of-lakes interpretation (e.g., House et al., 2008; Pearthree and House, 2014) 

compliments earlier stable isotope and 
87

Sr/
86

Sr ratio studies that favor a lacustrine origin for the 

entire Bouse Formation (e.g., Spencer and Patchett, 1997; Roskowski et al., 2010; Crossey et al., 

2015).  

 

A Salton Sea-type terminal basin analog for the southern Bouse Formation 

 

Finding diverse and typically marine organisms in an isolated lacustrine environment is not 

without precedent. Representatives of the southern Bouse Formation’s marine faunal groups 

have occasionally been found, either living or as fossils, in lacustrine or wetland environments in 

other locations around the world (e.g., Anadón, 1992; Perthuisot, 1995). For example, a variety 

of marine bivalves and snails have been reported from continental environments in Europe and 

North Africa, sometimes a considerable distance from the nearest coastline (Fontes et al., 1985; 

Petit-Marie, 1989; Plaziat, 1991, 1993; Anadón, 1992; Anadón et al., 1998; Abu-Zied et al., 

2011). Both benthic foraminifers and marine diatoms have been found in several modern and 

fossil lake deposits (e.g., Resig, 1974; Gasse et al., 1987; Patterson et al., 1997; Levy et al., 
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1995; Lange and Tiffany, 2002). And finally, even though barnacles are rare in lacustrine 

environments (Anadón, 1992), living populations occur in the Salton Sea (Fig. 1; Detwiler et al., 

2002), the Caspian Sea (Grigorovich et al., 2003), in Lake Qarun and the Siwa Oasis in Egypt 

(Omer-Cooper, 1937; Nilsson-Cantell, 1948; Holdich and Tolba, 1985), and fossils are known 

from Tayma oasis, Saudi Arabia (Engel et al., 2012; Pint et al., 2017). The barnacles at Tayma 

oasis are roughly 250 km inland from the nearest seawater and predate permanent human 

settlement at the oasis (Engel et al., 2012), thus, in contrast to the Salton Sea and Caspian Sea 

examples, they were most likely introduced by birds rather than by humans. The transport of 

barnacles to inland habitat may seem highly improbable because of their immobile life style. 

However, their larval and juvenile stages are free floating (e.g., de Wolf, 1973), and like many 

planktic organisms (e.g., Figuerola and Green, 2000; Frish et al., 2007; Brochet et al., 2010) they 

are apparently susceptible to transport by migrating birds (Tøttrup et al., 2010). Note that in the 

Tøttrup et al. (2010) example, the barnacles had attached to metal identification rings on the 

birds’ legs. A literal comparison to late Miocene and early Pliocene birds is not being suggested. 

The fact that juvenile barnacles were able to attach to the metal rings and then grow to adulthood 

regardless of the daily activity of the birds, which likely included prolonged exposure of the 

barnacles to subaerial conditions, simply highlights the resiliency and survivability of juvenile 

barnacles. 

Many of the marine and marginal-marine organisms found in the southern Bouse Formation 

can be found in the extant Salton Sea (Fig. 1) (Table 2). Understanding the solute composition 

and evolution of the Salton Sea may provide valuable insights into why numerous marine 

organisms are found, sometimes abundantly (e.g., Amphibalanus subalbidus, Ammonia beccarii), 

in the southern Bouse Formation. 
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The Salton Sea (Fig. 1) is a land-locked lake lying below sea level in the Salton Trough, on 

the northwestern flank of the Colorado River delta. The Colorado River delta forms a 

topographic high that separates the Salton basin from the Gulf of California. Since the early 

Pleistocene, the distributary channels of the Colorado River have periodically flowed to the 

northwest, flooding the Salton basin and forming freshwater to brackish terminal lakes (Babcock, 

1974; Waters, 1983). Eventually the Colorado River would reestablish its path to the Gulf of 

California and the lakes in Salton basin would evaporate, leaving behind salt deposits (e.g., 

Carplean, 1958). The modern Salton Sea formed between 1904 and 1907 after an irrigation ditch 

failed and most of the Colorado River’s flow was diverted into Salton basin (Hely et al., 1966). 

From 1907 to 1923, a span of only 16 years, the salinity of the Salton Sea increased from about 3 

ppt to a very marine-like value of 38 ppt (Hely et al., 1966). During this time (Na
+1

 + Cl
-1

) 

dominated the solute composition regardless of the salinity, and Ca/ALK increased from about 

two to a marine-like value of about 12 (Hely et al., 1966). The Salton Sea’s pre-1940s salinity 

and solute composition was largely derived from evaporation and brine evolution of Colorado 

River water and the dissolution of salts from earlier lake cycles, but that changed after the 1940s 

when the expansion of agriculture and increased irrigation runoff added additional solutes to the 

lake (Arnal, 1961; Hely et al., 1966; Holdren and Montaño, 2002; Wardlaw and Valentine, 

2002).   

By the time ecological surveys were conducted in the 1950s, the Salton Sea contained at 

least 17 species of benthic foraminifers (compared to 24 in the southern Bouse Formation) and 

the invasive barnacle Amphibalanus amphitrite had become established (Arnal, 1958; Detwiler et 

al., 2002). With the exception of Saccammina sphaerica, the benthic foraminifer assemblage in 

the Salton Sea consists of species found in coastal marshes to inner neritic water depths (e.g, 
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Phleger, 1970; Sen Gupta et al., 2009). The barnacle Amphibalanus amphitrite occurs in 

impressive numbers, possibly due to a complete lack of invertebrate predators (i.e., carnivorous 

snails) and competitors (Detwiler et al., 2002). The abundance of Amphibalanus amphitrite in the 

Salton Sea may be an excellent example of the “enemy release hypothesis” where invasive 

species experience unusual success because their natural enemies (predators, competitors, 

parasites) are left behind in the invasive species’ native habitat (e.g., Colautti et al., 2004; Troost, 

2010). The validity of the enemy release hypothesis has been questioned recently, but limited 

empirical evidence suggest that it is a viable, although not singular, explanation for the success 

of some invasive marine species (Jeschke et al., 2012; Heger and Jeschke, 2014).  Carnivorous 

marine snails (i.e., Connell, 1970; Barnett, 1979) are also absent in the southern Bouse 

Formation and may partly account for the incredibly abundant remains of Amphibalanus 

subalbidus there. In addition to the benthic foraminifers and barnacle, the Salton Sea is populated 

by an unexpectedly diverse suite of typically marine diatoms (Lange and Tiffany, 2002) of which 

several also occur in the southern Bouse Formation (Table 2), the marginal-marine ostracode 

Cyprideis beaconensis, and a variety of other typically marine, coastal, and estuarine organisms 

(Detwiler et al., 2002). To our knowledge, there are no strictly marine ostracode species in the 

Salton Sea.  

Many of the marine organisms in the Salton Sea were probably introduced by humans (e.g., 

Detwiler et al., 2002), but additional introductions by birds cannot be ruled out. The modern 

Salton Sea is an important habitat for migrating birds (Shuford et al., 2002). Between 0.5 million 

and 3.5 million birds use the Salton Sea during a single winter (Shuford et al., 2002). Even 

sporadic or infrequent introduction of marine organisms by birds seems inevitable (e.g., 

Hayward and Hollis, 1994; Frisch et al., 2007; Riedel et al., 2011).  Several of the ostracode, 
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benthic foraminifer, and marine diatom species in the modern Salton Sea are also present in 

“Lake Cahuilla” sediments deposited during the Holocene (Table 2; van de Kamp 1973; Whistler 

et al., 1995), and at that time would have almost certainly been introduced by birds rather than by 

humans.  

 Large numbers of immigrants are not required to colonize a new environment. Strongly 

invasive or strongly opportunistic species often have similar biologic characteristics, such as 

rapid maturation to reproductive age and the ability to produce large numbers of offspring (e.g., 

Sakai et al., 2001; McMahon, 2002). Foraminifers and continental ostracodes commonly 

reproduce asexually (Butlin et al., 1998; Alve and Goldstein, 2010). Only a single individual or a 

few individuals can potentially start a new colony. Balanamorph barnacles like Amphibalanus, 

and sphaeriid clams like Pisidium, are hermaphrodites (Grigorovich et al., 2000; Trøttop et al., 

2010) and therefore do not require the dispersal of both male and female individuals to be 

successful. Once established, strongly opportunistic species can quickly become very abundant 

and can rapidly expand their range (e.g., Levinton, 1970; van den Brink et al., 1993; Strayer et 

al., 1996; McGann et al., 2010). Thus, neither large numbers nor the introduction of both male 

and female organisms is required for an invasive species to establish new populations. 

Lake Cahuilla’s sediments are similar to the southern Bouse Formation in that they also 

contain an interesting mix of continental and marginal-marine ostracode species (i.e., a likely 

Cyprideis sp. that was misidentified as “Cyprinotus torosa”), freshwater to marine diatoms, and 

several benthic foraminifer species (van de Kamp 1973; Whistler et al., 1995). As with the 

southern Bouse Formation, no strictly marine ostracodes have been reported from Lake Cahuilla 

sediments (Whistler, 1995). The similarity in faunal components between Lake Cahuilla and 

both the modern Salton Sea and the southern Bouse Formation (Table 2) suggests that these 
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environments were compositionally similar, where (Na
+1

 + Cl
-1

) dominated the solute 

composition and Ca/ALK was high, but the salinity of Lake Cahuilla (and Paleolake Blythe) may 

have been lower than in the modern Salton Sea.  

We draw specific attention to the composition of the Salton Sea and Lake Cahuilla because 

several other continental lakes and wetlands that support marine and marginal marine taxa cover 

a range of salinities, but they consistently have chemistries that are dominated by (Na
+1

 + Cl
-1

).  

For example, Salt Lake, Hawaii (Lyons, 1891; Resig, 1974; Maciolek, 1982), the Aral Sea 

(Friedrich and Oberlansli, 2004; Riedel et al., 2011), the Caspian Sea (Peeters et al., 2000; 

Sadough et al., 2013), Lake Qarun, Egypt (Plaziat, 1991; Abu-Zied et al., 2007, 2011; Abdel-

Satar et al., 2010), Siwa Oasis, Egypt (Nilsson-Cantell, 1948; Abdel-Shafey et al., 1992), and 

several salt springs on the shore of Lake Winnipegosis, Manitoba, Canada (McKillop et al., 

1992) fit this description. Lakes that have chemistries dominated by (Na
+1

 + Cl
-1

) may be more 

accessible to a wider variety of invasive marine species than are lakes dominated by other ions 

(e.g., Anadón, 1992). 

In contrast to the Salton basin, there is no evidence for extensive salt deposits in the Blythe 

basin prior to the deposition of the southern Bouse Formation (Metzger, et al., 1973) and we 

acknowledge that our analogy with the Salton Sea is not perfect. We cannot fully exclude the 

possibility that playa sediments or other potentially salt-rich groundwater-related deposits may 

have been present in the Blythe basin prior to its flooding. If there were pre-exiting playa or 

evaporatively enriched groundwater deposits (e.g., Rosen, 1994) in the basin, then a moderately 

saline lake could have formed as soon as early Colorado River water entered the basin and 

dissolved the salt, much like the 1907- to 1910-era Salton Sea (Hely et al., 1966). Late Miocene 

regional groundwater sources (e.g., Faulds et al., 1997, 2016) may have provided additional 
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(Na
+1

 + Cl
-1

) to Paleolake Blythe as well (e.g., Crossey et al., 2015). At a minimum, Spencer et 

al. (2008, 2013) demonstrated that simple evaporation of modern Colorado River water in a 

terminal Paleolake Blythe could produce moderately high concentrations of (Na
+1

 + Cl
-1

) in only 

a few thousand years. 

 

SALINITY AND HABITAT IMPLICATIONS OF PLANKTIC FORAMINIFERS 

 

Planktic foraminifers are the only organisms in the southern Bouse Formation’s floral and 

faunal assemblage that are considered stenohaline, in that they do not tolerate large fluctuations 

in salinity (Kucera, 2007). Planktic foraminifers have survived in diluted seawater for several 

days in laboratory cultures, at salinities as low as 20 ppt (Hemleben et al., 1990; Bijma et al., 

1990). Their ability to reproduce was drastically reduced and their survival time was about half 

that of cohorts cultured at salinities closer to standard seawater (Bijma et al., 1990). In nature, 

there are no known examples of modern planktic foraminifers living at salinities much lower 

than normal seawater (Kucera, 2007). There are paleosalinity reconstructions that suggest some 

planktic foraminifers are capable of persisting at salinities that approach 15 to 20 ppt (Aksu, et 

al., 2002; Lee, 2007; Kido et al., 2007). However, the southern Bouse Formation does not 

contain any planktic foraminifers that live (or that have been found) at salinities below that of 

normal sea water (McDougall and Miranda Martínez, 2014). Planktic foraminifers “…common 

in normal marine salinities like Streptochilus…” (p. 849, McDougall and Miranda Martínez, 

2014) are present instead. The strictly stenohaline marine requirement for planktic foraminifers 

conflicts with the oligohaline to mesohaline nature of other faunal elements that are often found 

in association with them in the southern Bouse Formation (e.g., Bright et al., 2016, Appendix A). 
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It is also at odds with an estuarine interpretation, especially when considering the portions of an 

estuary where salinities drop below about 24 ppt. Planktic foraminifers are rare in estuarine 

environments, likely because of fluctuations in salinity and other variables that separate estuaries 

from open ocean habitats (e.g., Bandy, 1961; Frerichs, 1971).  However, planktic foraminifers 

may be drawn considerable distances up estuaries by currents (e.g., Ghosh et al., 2009), at which 

point they may be considered an exotic faunal component within an otherwise in situ estuary 

faunal community (e.g., Wang and Murray, 1983; Pinxian, 1992).  

To our knowledge, there are no modern or fossil analogues where unequivocal planktic 

foraminifers have been found in unequivocally lacustrine environments. Mageed (2005) reported 

the planktic foraminifer Globigerina bulloides living in Lake Qarun, Egypt, and van de Kamp 

(1973) reported rare fossil Globigerinoides sp. from Lake Cahuilla sediments near the Salton Sea 

(Fig. 1) but these occurrences can be questioned. In the southern Bouse Formation, planktic 

foraminifers previously identified as Globigerina sp. (Smith, 1970) are now considered juveniles 

of the benthic foraminifer Ammonia beccarii (McDougall and Miranda Martínez, 2014).  This is 

important because various species of Ammonia are very abundant in both Lake Qarun (Abu-Zied 

et al., 2007) and in Lake Cahuilla sediments (van de Kamp, 1973). It is possible that these 

lacustrine examples of Globigerina bulloides and Globigerinoides sp. are similar 

misidentifications of juvenile Ammonia spp.  

Based on the previous discussion about some of the primary differences between lake and 

marine-estuarine hydrochemistry, there appears to be a significant disconnect between the 

ecological constraints imposed by the planktic foraminifers and a potentially lacustrine setting 

that is supported both by the upstream evidence for a lake spill-over event (e.g,, House et al., 

2008) and by the nearly identical stable isotope stratigraphy and core ostracode faunas preserved 
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in northern and southern Bouse Formation sediments (e.g., Bright et al., Appendix A). Perhaps 

the presence of planktic foraminifers in a lake, or alternatively, the presence of a variety of 

freshwater and oligohaline taxa in a normal marine environment, represents a “first appearance” 

of one or both of these groups in a previously unrecognized habitat. To our knowledge, the 

ecological requirements of these two groups of organisms do not overlap (e.g., Bulger et al., 

1993), but perhaps they did in the past. Although thought-provoking, there is probably no way to 

adequately or satisfactorily test this idea with the current data set, and there are established 

evolutionary reasons for why this is unlikely (e.g., Gray, 1988). An alternative and equally 

thought-provoking answer in keeping with the lacustrine interpretation may be found in the 

composition of the southern Bouse Formation’s planktic foraminifer fauna and understanding 

why certain organisms live where they do. The concept of whether planktic foraminifers 

“cannot” or “do not currently” live in lakes is central to this discussion. 

 

The concept of niche space and its importance to the southern Bouse Formation debate 

 

Establishing the difference between habitat where an organism “cannot” and “does not 

currently” live is critical to resolving the faunal issues with the southern Bouse Formation. 

Conceptually, the ecology of every organism can be broken down into its fundamental and 

realized niche space (Hutchinson, 1957). We describe the fundamental niche as representing the 

sum of the ecological conditions that would allow a species to persist indefinitely and is defined 

by numerous inter-related environmental and biotic parameters (temperature, dissolved oxygen, 

pH, salinity, food, etc.) that must be present in the appropriate combination for an organism to 

establish and maintain a viable population. The ability to establish and maintain a viable 
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population also includes the survival of larval and juvenile life stages and requires the presence 

of physical or chemical indicators that might trigger key life events like molting, migration, and 

reproduction. An organism’s fundamental niche boundaries can change, but only through 

evolutionary processes (e.g., Colwell and Rangel, 2009). The “cannot” criterion, then, would 

equate to ecological space outside of an organism’s fundamental niche; the organism cannot live, 

or it can live but not reproduce, in this space. Nested within an organism’s fundamental niche is 

the organism’s realized niche; the ecological space where the organism “currently does” reside. 

The boundaries of an organism’s realized niche are set by a variety of complex biotic and abiotic 

factors, such as inter- and intra-species competition, existing resource distributions and the 

patchiness or continuity of those resources, and the organism’s dispersal ability (e.g, Soberón 

and Nakamura, 2009). An organism’s realized niche may change though time for a variety of 

reasons, such as changing climatic states (e.g., Colwell and Rangel, 2009; Sexton et al., 2009. 

Veloz et al., 2012) or by vicariant processes that create or eliminate dispersal routes (e.g., 

Marshall et al., 1982). And finally, the “does not currently” criterion implies that whereas a 

particular organism does not currently persist (or has yet to be found) in a particular 

environment, the organism could persist there if favorable conditions were to develop and if the 

organism could be transported to that environment. The “does not currently” criterion, then, 

would equate to ecological space within an organism’s fundamental niche but outside of its 

currently defined realized niche (e.g., Jackson and Overpeck, 2000). This available but currently 

unoccupied niche space might be described as the organism’s “potential niche” (Jackson and 

Overpeck, 2000). 

Our perceived boundaries of an organism’s realized niche are based entirely on field 

collections (modern and fossil) and may change as new populations are found. For instance, the 
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realized niche for the planktic marine diatom Cyclotella stylorum abruptly expanded in 1987 

when Gasse et al. reported them for the first time in North African continental waters. Prior to 

1987, a claim that Cyclotella stylorum could be found in a continental lake might have been met 

with skepticism. Since 1987, Cyclotella stylorum has been reported from numerous lake 

environments (e.g., Krebs et al., 1987; Ҫelik and Ongun, 2008; Trexler et al., 2009). Similarly, 

the realized niche of the Echinodermata (brittle stars, sea stars, etc.) was considered confined to 

strictly normal marine salinity environments because they lack osmoregulatory organs (Russel, 

2013). A more recent review shows that they actually inhabit a wide variety of brackish to nearly 

freshwater habitats (Russel, 2013). The gastropod Tryonia porrecta, which is typically 

distributed in thermal springs, has recently been found living in several artificial lakes (Herschler 

et al., 2015). The marine palynomorph Radiosperma corbiferum (Leroy and Albay, 2010), the 

marine algae Enteromorpha flexuosa (Lougheed and Stevenson, 2004), and the marine microbe 

Prymnesium parvum (Hambright et al., 2015) have all been reported from freshwater 

environments. The marine diatoms Tryblionella (Nitzschia) apiculata and Pleurosigma 

delicatulum have been reported in modern surface sediments from the freshwater Utah Lake, 

Utah (Grimes and Rushforth, 1983). Consider that reef communities are usually thought of as 

occupying a narrow range of environmental conditions consisting of warm, clear, and fully 

marine salinity waters (e.g., Kleypas et al., 1999), yet diverse reef assemblages have been 

documented thriving under extreme conditions at the mouth of the Amazon River (Moura et al., 

2016) and in the macrotidal (~ 11 m) Kimberley Bioregion of northwestern Australia (Wilson et 

al., 2011; Richards et al., 2015). And finally, considerable attention has been focused on 

significant invasions of euryhaline and nominally marine organisms into the purely freshwater (< 

250 ppm; Chapra et al., 2012) ecosystems of the North American Great Lakes (e.g., Ricciardi 
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and MacIsaac, 2000; Horvath et al., 2001; Nicholls and MacIsaac, 2004; Grigorovich et al., 

2005; Drake and Lodge, 2007). For example, in the shallow water of Lake Michigan, the Ponto-

Caspian invasive copepods Heteropsyllus nr. nunni (a marine genus, but possibly a new species) 

and the euryhaline Schizopera borutzkyi outnumber the native freshwater copepods (Horvath et 

al., 2001).  Thus, our understanding of the fundamental and realized niches of a variety of 

typically brackish and marine organisms has expanded considerably in the past 30 years. 

Defining an organism’s realized niche space is not without its own set of difficulties. Niche 

spaces are defined by a complex suite of inter-related and often confounding variables. Whereas 

salinity tolerance is undoubtedly a major component in aquatic faunal distributions (e.g., 

Hammer, 1986) it is not necessarily the only component. For example, in the Thames estuary, 

salinity is positively correlated with, and therefore confounded with, the percentage of mud in 

the sediment (Attrill, 2002). Organisms that prefer a certain substrate composition might be 

restricted to a particular part of the Thames estuary, in which case their distribution might be 

dictated more by substrate availability than by salinity. Barnacles, for instance, require a solid 

substrate to colonize (e.g., Foster, 1987), such as rocks, shells, or reeds, and may be absent in 

environments that lack that particular trait even though the salinity and other ecological 

requirements might be optimal for their survival. This particular issue potentially exists in the 

southern Bouse Formation. The number of foraminifer species and marginal-marine ostracode 

species increases towards the southern end of the Blythe basin (McDougall and and Miranda 

Martínez, 2014; Bright et al., Appendix A). This may be evidence for an estuarine environment 

as proposed by Crossey et al. (2015) and Miller et al. (2014), or perhaps for reworking of marine 

shells and tests upstream in a tidally influenced river, but stable isotope results on carbonate 

sediments and ostracode valves from the northern and southern ends of the Blythe basin do not 
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support these interpretations (Bright et al., Appendix A). The foraminifer and ostracode species 

distributions may instead reflect patchy habitat preference within a large lake (e.g., Dermott, 

1978), where perhaps the southern part of the Blythe basin, far from the inflow of the early 

Colorado River, was more hospitable to marginal marine organisms for any number of reasons, 

such as turbidity, temperature, or substrate characteristics; reasons that were not necessarily 

directly related to salinity (e.g., Otovos, 1978; Lehmkuhl, 1972; Cohen, 1986; Rasmussen, 

1988). Perhaps the distribution of microfauna in the southern Bouse Formation is an excellent 

example of a “lacustrine estuary” (Herdendorf, 1990; Odum, 1990). 

 

Southern Bouse Formation’s planktic foraminifers and the importance of Streptochilus 

 

 Planktic foraminifers are absent in saline lake environments today that are not, or have never 

been, connected with the ocean (e.g., McDougall and Miranda Martínez, 2014). By this 

interpretation saline lakes are at least outside of the realized niche space (“do not currently”) of 

planktic foraminifers. To assert that planktic foraminifers categorically “cannot” live in lakes 

would imply that lakes are outside of their fundamental niche as well. In contrast, benthic 

foraminifers are often reported from lakes and other inland settings (e.g., Levy et al., 1995). 

Lakes are therefore within both the fundamental (“can”) and realized (“currently do”) niche 

space of numerous species of benthic foraminifers. Although the presence of planktic 

foraminifers in the southern Bouse Formation is a powerful argument for marine conditions, we 

suggest that a less conservative approach to interpreting the foraminifer assemblage is warranted 

based on the following observations.  
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Of the nearly 27,000 foraminifers compiled in Table 1, the planktic foraminifers are 

dominated by 414 tests of Streptochilus spp., followed by low numbers of Neogloboquadrina (n 

= 6), Globorotalia (n = 4), and Tenuitellita (n  =1) that collectively account for another eleven 

tests, or 0.04% of the total fauna. Of those eleven planktic foraminifer tests, four tests occur in 

just three out of 111 surface samples and the remaining seven tests occur in just three out of 89 

subsurface samples (McDougall and Miranda Martínez, 2014) (Table 1). Of the three surface 

samples that contain planktic foraminifers, two of those samples come from one outcrop in Hart 

Mine Wash (Mf11682, Mf11683) and the third sample was located about 40 km southwest of 

Parker (Fig. 1). Of the seven planktic foraminifer tests found in the subsurface, five tests occur in 

a single sample (Mf11676, -106.68 m) from well LCRP22 (Fig. 1). The remaining two 

subsurface planktic foraminifers occur in one additional sample from well LCRP22 and in one 

sample from well LCRP20 (Fig. 1). Ignoring Streptochilus for a moment, it is obvious that the 

other eleven uncontested planktic foraminifers are found in a limited number of samples (6/200) 

and comprise an incredibly small portion of the overall foraminifer fauna. Their presence is 

fascinating and certainly requires an explanation, but to imply that the southern Bouse Formation 

represents a marine environment based on such a minor faunal component may warrant 

reconsideration.  

The most abundant planktic foraminifer in the southern Bouse Formation, Streptochilus 

spp., has interesting implications. The genus Streptochilus was erected in 1971 by Brönnimann 

and Resig to include a group of small, planktic, biserial foraminifers that are morphologically 

very similar to the benthic foraminifer genus Bolivina. Streptochilus are common in surficial 

ocean waters and are considered indicative of open ocean environments (Resig and Kroopnick, 

1983; Smart and Thomas, 2006); their presence in the southern Bouse Formation is strong 
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evidence for an open marine environment (e.g., McDougall and Miranda Martínez, 2014, 2016). 

The test morphology of Streptochilus overlaps with the test morphology of Bolivina, however, 

and there is debate and uncertainty over the morphological characteristics that distinguish the 

two genera and whether or a planktic or benthic designation can be assigned based on test 

morphology alone (see discussion in Smart and Thomas (2007) and Darling et al. (2009)). 

Bolivina spp. are routinely found in plankton tows (Smart and Thomas, 2007, and references 

therein) and recent DNA studies indicate that extant planktic Streptochilus globigerus and 

benthic Bolivina variabilis (previously B. subexcavata; Le Coze and Hayward, 2017) are 

genetically identical (Darling et al., 2009). This requires that these distinct morphological 

“species”, placed in different genera, are a singular, albeit dimorphic biological species with 

regular gene flow between the benthic Bolivina and planktic Streptochilus populations (Darling 

et al., 2009). Notably, both “species” may be able to grow to adulthood, thus expressing both test 

morphologies, in both the benthos and the plankton (Darling et al., 2009). Rather than being 

considered strictly planktic and benthic, this particular pairing of Streptochilus/Bolivina is the 

first documented example of a tychoplanktic foraminifer (Darling et al., 2009; Seears et al., 

2012), although there may be others (Leckie, 2009). 

Tychoplankton are benthic organisms that when disturbed by waves or currents can be lofted 

into, and subsequently live in, the plankton. The most common tychoplankton are diatoms and 

other algae, although other organisms exhibit this behavior (e.g., Sheath and Hellebust, 1978, 

Maulood and Hinton, 2007; del Carmen Merino-Virgilio et al., 2013). Alternatively, 

Streptochilus globigerus and Bolivina variabilis may be meroplaktic, as are many marine 

organisms (Metaxas, 2001) such as echinoderms (Banse, 1986), decopod crustaceans 

(McConaugha, 1992; Anger, 2006), and bivalves (Williams and Porter, 1971). Meroplankton are 
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benthic organisms that have planktonic larval and juvenile stages that are morphologically 

distinct from the final benthic adult stage (e.g., Anger, 2006). The available 
18

O and 
13

C data 

and trace element (Mg/Ca) ratios suggest that at least some Streptochilus spp. individuals spend 

their entire life as plankton rather than migrating from the benthos to the plankton (Resig and 

Kroopnick, 1983; Smart and Thomas, 2006; Darling et al., 2009), however, these data sets are 

fairly small and we are not aware of any large, systematic comparisons of isotopic or trace 

element data from large numbers of Streptochilus spp. or from planktic Bolivina spp. tests that 

could definitively exclude meroplanktic behavior. In their review of the morphology of Bolivina 

and Streptochilus tests, Smart and Thomas (2007) noted that the juvenile chambers of some 

Streptochilus tests have a Bolivina-like pore pattern, whereas the adult chambers on the same test 

have a Streptochilus-like pore pattern. Similarly, Darling et al. (2009) noticed a consistent shift 

from higher, warm water (28.7° C) Mg/Ca ratios in the first seven juvenile chambers to lower, 

cooler water (26.0° C) Mg/Ca ratios in the adult chambers of some Streptochilus tests. The 

combination of these two observations may suggest that at least some individuals spend a 

juvenile phase (possibly as Bolivina) in warm, shallow shelf environments before migrating at a 

specific time in their development to deeper, slightly colder water for their adult (possibly as 

Streptochilus) phase. Additional studies are clearly needed to detail the life cycle of this 

particular Bolivina-Streptochilus pairing and the geochemistry of their tests. Nonetheless, there 

appears to be regular genetic flow between extant benthic Bolivina variabilis and extant planktic 

Streptochilus globigerus populations, indicating that they are the same biological “species”.   

There is no genetic information on the various fossil Streptochilus and Bolivina species 

found in the southern Bouse Formation because the required molecular information can only be 

recovered from living foraminifers (Darling and Wade, 2008),  but we raise the possibility here 
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that they may  have also been tychoplanktic. The foraminifers Bolivina subexcavata (now B. 

variabilis) and Bolivina cf. B. subexcavata together comprise 99% of the Bolivina tests identified 

in the southern Bouse Formation (Table 1). It may not be unreasonable or unexpected to find 

Streptochilus spp. tests as well. Tests of Streptochilus spp. from Hart Mine Wash (Fig. 1) have 


18

O and 
13

C values that are nearly identical to those from benthic ostracode valves (Bright et 

al., Appendix A). This isotopic similarity provides additional support for a benthic habit for the 

Streptochilus from Hart Mine Wash. If Darling et al. (2009) are correct in their hypothesis that 

both Streptochilus and Bolivina test morphologies can occur in the plankton but also in the 

benthos, then the Streptochilus spp. in the southern Bouse Formation may be the first 

documented example of a benthic Streptochilus population.  

We recognize that there are no modern analogues for a lacustrine occurrence of 

Streptochilus spp., but Bolivina spp. have been found in lakes (Arnal, 1958; Resig, 1974; 

Patterson, 1987) and the Bolivina variabilis (previously B. subexcavata) has been reported from 

Lake Qarun (Abu-Zied et al., 2007). Thus, at least one modern lake is within both the 

fundamental (“can”) and realized (“currently does”) niche spaces of Bolivina variabilis, the 

benthic bolivinid that can produce Streptochilus tests (Darling et al., 2009). Drawing on the work 

of Darling et al. (2009), we propose that some lakes should at least be within the fundamental 

niche space (“can”) of Streptochilus spp. 

This specific hypothesis concerning B. variabilis and S. globigerus does not account for the 

S. latus and S. macdougallae found in the southern Bouse Formation (McDougall and Miranda 

Martínez, 2014; Miranda-Martínez et al., 2017). It is well known that some species of bolivinid 

foraminifers display considerable intra-specific plasticity in their test morphologies (Smith, 

1963; Gary et al., 1989) whereas others produce two distinctly different test morphologies 
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dependent on whether they are reproducing sexually or asexually (.g., Smith, 1963; Sliter, 1970; 

Staines-Urías and Douglass, 2009).  Fordham (1986) considers S. latum (S. latus) to be a 

morphological variant of S. globulosum. Both S. globulosum and S. globigerus (S. globigerum) 

are currently living in the Indo-Pacific and may actually be smooth-test and perforate-test 

variations of a single species, S. globigerus (Smart and Thomas, 2007). Thus, perhaps the tests of 

S. latum, S. globulosum, and S. globigerus are all morphological variations of a single species, S. 

globulosum, and differentiating between them depends on the age of the sediments and the 

classification scheme used (e.g., Fordham, 1986; Resig, 1993; Smart and Thomas, 2007; Darling 

et al., 2009). Regardless, there is a distinct possibility that the Streptochilus spp. tests in the 

southern Bouse Formation are simply morphological variations of benthic Bolivina spp. (e.g, 

Darling et al., 2009). And critically, Bolivina spp. are known to colonize lakes (Arnal, 1958; 

Resig, 1974; Patterson, 1987; Abu-Zied et al., 2007). Interpreting the Streptochilus spp. in the 

southern Bouse Formation as being morphological variants of Bolivina spp. in a lacustrine 

environment appears isotopically (Bright et al., Appendix A), ecologically, and nomenclaturally 

feasible. This interpretation would be a significant advance towards reconciling the marine 

versus lake debate that has plagued the southern Bouse Formation for decades.  

The remaining eleven planktic foraminifer tests (Table 1) are admittedly difficult to explain 

with a lacustrine model. Planktic foraminifers can be reworked and transported considerable 

distances (Otovos and Bock, 1976), and the few found in the southern Bouse Formation may be 

reworked from older marine deposits in the northern Gulf of California (e.g., McDougall, 2008; 

Bennett et al., 2015). If they were reworked by an aquatic mechanism, such as long-shore drift or 

tidal currents (e.g., Bennett et al., 2015; Bright et al., Appendix A), then a slackwater connection 

with the Gulf of California is still required. The tidal features described by O’Connell et al. 
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(2017) and the presence of Thalassinoides burrows present a compelling argument for some type 

of physical connection between the Blythe basin and the Gulf of California. The callianasid 

shrimp that create Thalassinoides burrows have planktic juvenile stages that are dispersed by 

ocean and tidal currents (e.g., Sandifer, 1973; Felder and Lovett, 1989; Johnson and Gonor, 

1982). The juvenile phases of some intertidal snails, such as Batillaria, are known to float during 

flood or high tides (Adachi and Wada, 1999). The juveniles of some molluscs, such as Corbicula 

and Macoma, have special adaptations that facilitate dispersal by (tidal) currents (Prezant and 

Chalermwat, 1984; Beukema and de Vlas, 1989). Thus, we must consider the possibility that a 

potential slackwater connection could have allowed exotic planktic foraminifers (and a limited 

number of other marine taxa) to rarely or opportunistically enter a low salinity, continental 

environment in the Blythe basin (e.g., Bright et al., Appendix A). If a slackwater connection did 

exist, then we contend that only a limited number of the most euryhaline invasive benthic marine 

species (i.e., Ammonia beccarii, Amphibalanus subalbidus, Batillaria californica) were ever able 

to successfully colonize the basin in significant numbers.  

Alternatively, the rare planktic foraminifera were reworked into the Blythe basin by some 

other process. Several studies have documented foraminifer tests, as well as other marine 

microfossils, in continental aeolian deposits (Goudie and Sperling, 1977; Rao et al., 1989; Li and 

Zhou, 1993; Murray, 2009). Rao et al. (1989) found delicate and well-preserved planktonic 

foraminifers in dune fields of northwestern India, over 200 km from the most likely marine 

source. There, planktic foraminifers variably accounted for 0.2% to nearly 17% of the 

foraminifers in the dunes (Rao et al., 1989). Well-preserved planktic foraminifers can apparently 

be transported considerable distances by wind. Planktic foraminifers are largely confined to the 

southern end of the Blythe basin (e.g., McDougall and Miranda Martínez, 2014) which might 



309 
 

imply episodic transport of aeolian material from the northern Salton Trough area into the more 

proximal southern part of the Blythe basin. Modern winds are actively reworking Lake Cahuilla 

shoreline sediments in an east-southeasterly direction and depositing them along the western 

flank of the Chocolate and Cargo Muchacho Mountains as the Algodones (or Imperial) Dune 

Field (Fig. 1; Sweet, et al., 1988; Muhs et al., 1995; Derickson et al., 2008). A low pass in the 

Chocolate Mountains separates the Algodones Dune Field from the Buzzard Peak area of the 

Blythe basin (Fig.1), a mere 25 km to the northeast, where Bouse Formation sediments are 

exposed (Spencer et al., 2013). Similarly, the “Gran Desierto” dune field of the Altar basin (Fig. 

1) is comprised of reworked Colorado River delta sands, and extensive coastal dune fields near 

Bahia La Cholla (Fig. 1) contain abundant reworked shell fragments of marine molluscs (Ives, 

1959). If the northern Gulf of California opened < 7 Ma (Bennett et al., 2015) and if the southern 

Bouse Formation is >6.0 Ma to 4.8 Ma in age (Sarna-Wojcicki et al., 2011; Harvey, 2014; 

Miranda-Martínez et al., 2017) then the reworking of rare planktic foraminifers from older, fully 

marine sediments in the northern Salton Trough area into younger lake sediments in the Blythe 

basin would at least be temporally plausible. The currently available isotope data on foraminifers 

in the southern Bouse Formation (Bright et al., Appendix A) can neither support nor refute 

reworking of the few (n = 11) uncontested planktic foraminifers. Additional work is needed to 

address this question. 
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CONCLUSIONS 

 

We have reviewed and detailed several key criteria that allow for a comprehensive and 

internally consistent lacustrine explanation for the mixed marginal marine and continental flora 

and fauna of the southern Bouse Formation:  

1) The depauperate marginal marine fauna of the southern Bouse Formation can be 

accounted for by a land or steep salinity barrier between a mildly brackish lake environment in 

the Blythe basin and a fully marine environment in the early Gulf of California. The nearly 

complete absence of mobile vertebrates (i.e., fish) and coastal to inner neritic organisms, other 

than large numbers of one benthic foraminifer, one intertidal snail, one euryhaline barnacle, and 

rare examples of one nominally marine fish, suggest that Paleolake Blythe was not an open 

marine embayment of the early Gulf of California. 

2) The decoupling of salinity, ionic ratios, and stable isotope systems in a lacustrine 

Paleolake Blythe can fully account for the perplexing association of marine organisms (e.g., 

barnacles) with low, “non-marine” 
18

O values or freshwater to oligohaline ostracodes (e.g., 

Candona) with “marine-like” 
18

O values. The linear covariance of 
18

O values and salinity in 

marine and estuarine environments is unable to account for these peculiarities. The more 

complex relationships between salinity, ionic ratios, and stable isotope systems in a terminal lake 

environment adequately explain the apparent disconnect between the ecology (e.g., salinity 

tolerances) and 
18

O values of many southern Bouse Formation fossils. 

 3) The solute evolution of Colorado River water in a lacustrine environment can produce a 

(Na
+1

 + Cl
-1

) dominated, high Ca/ALK, and lower mesohaline to oligohaline water composition 

that would be tolerable to both the marine and continental organisms found in the Blythe basin. 
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This water composition was foreshadowed nearly 50 years ago when Taylor stated “… The only 

suggestion I can make in explanation is that perhaps the total salinity of this former embayment 

was much like that of the sea, but with different relative abundances of the common ions” (p. 

1414; Smith, 1970). Taylor’s notion of a marine-like salinity can be updated to require salinities 

in the lower mesohaline to oligohaline categories.  

 4) The extremely abundant remains of barnacles in the southern Bouse Formation are 

mirrored in the extremely abundant remains of introduced barnacles at the modern Salton Sea. A 

predator-release interpretation satisfactorily explains both occurrences and suggests a similar 

invasive origin for the barnacles in the Blythe basin. 

5) The moderately diverse shallow water to inner neritic benthic foraminifer assemblage (n 

= 24 species) in the Blythe basin is mirrored in comparably diverse shallow water benthic 

foraminifer assemblages in Salt Lake sediments (n = 41 species), Lake Tecopa sediments (n = 25 

species), Lake Qarun sediments (n = 20 species), and in the modern lacustrine Salton Sea (n = 17 

species). Thus, a lacustrine interpretation for the southern Bouse Formation’s diverse benthic 

foraminifer assemblage is valid. 

6) The planktic foraminifers in the Blythe basin, a keystone in the open marine 

interpretation, are dominated (97%) by Streptochilus spp. DNA evidence has shown that extant 

Streptochilus globigerus and extant benthic Bolivina variabilis (previously B. subexcavata) are 

one and the same species. Bolivina variabilis produces two morphologically distinct tests. The 

Streptochilus spp. tests in the southern Bouse Formation at Hart Mine Wash can be re-interpreted 

as morphological variants of benthic Bolivina spp. in a lacustrine environment. Thus, of the 

nearly 28,000 foraminifers identified from the southern Bouse Formation, there are only 11 

uncontested planktic foraminifers, and nearly half of those occur in a single sample. 
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Categorically open marine interpretations for the foraminifer assemblage in the southern Bouse 

Formation need to be reconsidered. Long distance aeolian transport of well-preserved planktic 

foraminifers has been documented elsewhere and exotic planktic foraminifers can be transported 

considerable distances up estuaries by currents. Either scenario may provide a reasonable 

explanation for the rare planktic foraminifers occurring in the southern Bouse Formation. 

 Combining the above points into a single, comprehensive, internally consistent, lacustrine 

framework provides a powerful and detailed model for how a relatively diverse mixed marginal 

marine and continental flora and fauna could coexist in a lacustrine Paleolake Blythe. Critically, 

the decoupling of solute and isotopic systems, which is a hallmark of lacustrine systems rather 

than marine systems, provides a robust and established explanation for the long perplexing 

relationship between the normal marine ecological constraints implied by the foraminifer 

assemblage and the non-marine ecological constraints imposed by a variety of co-occurring 

continental fossils and by the stable and radiogenic isotope values contained in the fossils 

themselves or in the encasing sediments.  
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FIGURES 

 

Figure 1. Location map showing the relationship between the Colorado River, Cottonwood, 

Mohave, Chemehuevi, and Blythe basins, the Salton Sea, the Gulf of California, and the Pacific 

Ocean. Inset map shows the study area in relation to North America. Cb – Cottonwood basin, 

Mb – Mohave basin, Chb – Chemehuevi basin, Bb – Blythe basin. Numbers enclosed in 

parentheses denote maximum elevation of Bouse Formation sediments in each basin. Yellow 

stars are sites referred to in the text; FM – Frenchman Mountain, CU – unpublished Cottonwood 

Valley ostracode locality, BHC – unpublished ostracode locality near Bullhead City, PM – 

unpublished ostracode locality near Park Moabi, CHM – Chemehuevi, PK – Parker, A – Amboy, 

HMW – Hart Mine Wash, BP – Buzzard Peak, SMG – Split Mountain Gorge, LS – Laguna 

Salada. Other locations mentioned in text; GWT – Grand Wash Trough, Hb – Hualapai basin, 

Bsb – Bristol sub-basin, Csb – Cadiz sub-basin, Dsb – Danby sub-basin, BM – Big Maria 

Mountains, ADF – Algodones Dune Field, SRM – Santa Rosa Mountains, BC – Bahia la Choya. 

Black bars are proposed paleodams; Py – Pyramid, Tk – Topock, Ay – Aubrey, Ch – Chocolate 

Mountain. White squares are the cities of Las Vegas (LV) and Yuma (Y). Black dots are 

locations of well sites. Numbers next to black dots in the Blythe basin correspond to LCRP wells 

described in Metzger et al. (1973). Base map from Global Multi-Resolution Topography 

(GMRT) Synthesis (Ryan et al., 2009), http://www.geomapapp.org. 
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Figure 2. Cross-plot comparing the 
18

O and 
13

C values (‰, VPDB) from middle Miocene and 

late Miocene to early Pliocene marine planktonic foraminifers and calcareous nannofossils from 

the Pacific Ocean to fresh and brackish water Candona spp. valves from Lake Bonneville, Utah-

Idaho (Jack Oviatt, unpublished data), and Lake Villarroya, Spain (Anadón et al., 2008). Planktic 

foraminifer and nannofossil data compiled from, Douglas and Savin (1971, 1975, 1978), 

Keigwin (1979, 1982), Barrera et al. (1985), Cannariato and Ravelo (1997), and Prokoph et al. 

(2008). Late Miocene and early Pliocene data span 6.4 to 4.2 Ma when discrete ages were given 

or are data described as being Late Miocene, Upper Miocene, early Pliocene, or Lower Pliocene 

in age, as outlined in the various sources. 
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Figure 3. Pie charts depicting ecological classification of diatoms identified from Amboy (Fig. 

1) location. a) Diatoms that were identified to species level. b) Diatoms that were identified to 

genus level. The FW-B category in (b) comprises 0.2% of the total diatoms and is not visible at 

this scale. FW – freshwater, B- Brackish, M- Marine. Ecological classifications based on 

information from www.algaebase.org, www.marinespecies.org, www.fcelter.fiu.edu, or 

www.westerndiatoms.colorado.edu.  
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Figure 4. Geographical distribution of ostracode faunas reported along a north-south transect 

from the Hualapai Limestone in Grand Wash Trough, from the northern and southern Bouse 

Formations located along the lower Colorado River corridor, and from the Imperial Formation in 

the Salton Trough. Refer to Figure 1 for geographical context. Figure modified from Crossey et 

al. (2015). Ostracode genera compiled from Blair and Armstrong (1979), Blair and Bradbury 

(1979), Jefferson et al (2016), Bright et al. (Appendix A), and Bright (unpublished data).  
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TABLES 

 

TABLE 1. FORAMINFER ABUNDANCES IN THE SOUTHERN BOUSE FORMATION 

ALL SAMPLES   WELL SAMPLES   

Genus-species count percent habitat Genus-species count percent habitat 

Ammonia beccarii 24731 91.583 Benthic Ammonia beccarii 1162 55.360 Benthic 

Rosalina columbiensis 760 2.814 Benthic Eponidella palmerae 400 19.057 Benthic 

Eponidella palmerae 451 1.670 Benthic Elphidium cf. E. gunteri 197 9.385 Benthic 

Streptochilus latus 265 0.981 Planktic Rosalina columbiensis 152 7.242 Benthic 

Bolivina subexcavata 201 0.744 Benthic Bolivina cf. B. subexcavata 109 5.193 Benthic 

Elphidium cf. E. gunteri 198 0.733 Benthic Bolivina subexcavata 48 2.287 Benthic 

Bolivina cf. B. subexcavata 109 0.404 Benthic Quinqueloculina sp. 13 0.619 Benthic 

Streptochilus subglobigerum-latus 76 0.281 Planktic Cribroelphidium? sp. 5 0.238 Benthic 

Protoelphidium sp. 56 0.207 Benthic Neogloboquadrina sp. 4 0.191 Planktic 

Streptochilus sp.  54 0.200 Planktic Cibicides sp. 2 0.095 Benthic 

Elphidium cf. E. poeyanum 20 0.074 Benthic Globorotalia sp. 2 0.095 Planktic 

Streptochilus subglobigerum 18 0.067 Planktic Buliminella sp. 1 0.048 Benthic 

Neoconorbina tequemi 14 0.052 Benthic Haplophragmoides sp. 1 0.048 Benthic 

Quinqueloculina sp. 13 0.048 Benthic Streptochilus cf. S. subglobigerum 1 0.048 Planktic 

Neogloboquadrina sp. 6 0.022 Planktic Tenuitellita cf. T. iota vars. 1 0.048 Planktic 

Cribroelphidium? sp. 5 0.019 Benthic Uvigerina peregrina 1 0.048 Benthic 

Globorotalia sp. 4 0.015 Planktic     

Cibicides fletcheri 3 0.011 Benthic     

Cibicides lobatus 3 0.011 Benthic     

Bolivina pacifica 2 0.007 Benthic     

Cibicides sp. 2 0.007 Benthic     

Haplophragmoides sp. 2 0.007 Benthic     

Spinilia vivipara 2 0.007 Benthic     

Bolivina sp. 1 0.004 Benthic     

Buliminella sp.  1 0.004 Benthic     

Cymbaloporetta cf. C. milletti 1 0.004 Benthic     

Eponidella sp. 1 0.004 Benthic     

Lenticulina sp. 1 0.004 Benthic     

Streptochilus cf. S. subglobigerum 1 0.004 Planktic     

Tenuitellita cf. T. iota vars. 1 0.004 Planktic     

Trochammina sp. 1 0.004 Benthic     

Uvigerina peregrina 1 0.004 Benthic     

TOTAL 27004 100.000  TOTAL 2099 100.000  

   Note: Streptochilus species are planktic as reported in McDougall and Miranda-Martinez (2014). See Miranda-Martinez et al. (2017) for 

updated nomenclature and discussion. Genetic evidence and morphologic details indicate that Streptochilus is a junior synonym of Bolivina 

(Smart and Thomas, 2007; Darling et al., 2009). Bolivina are benthic foraminifers. 
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TABLE 2. SHARED FLORA AND FAUNA BETWEEN THE MODERN SALTON SEA 

(SALTON TROUGH), LAKE CAHUILLA (SALTON TROUGH), AND THE SOUTHERN 

BOUSE FORMATION. X = genus, x = species. 
 
Genus species Habitat* 

 
Habitat

† 
 

Modern  
Salton Sea 

Holocene 
Lake Cahuilla 

southern Bouse  
Formation 

DIATOMS        
Caloneis (aff.) westii

 
 M M/F Xx - Xx 

Nitzschia (Tryblionella) granulata M M/F Xx Xx Xx 
Surirella striatula M M/B/F Xx Xx X 
Terpsinoë musica M M/F

§
 Xx Xx X 

Cocconeis placentula M/F M/F Xx Xx Xx 
Diploneis smithii M/F M/B/F Xx - Xx 
Campylodiscus clypeus? M/F M/F - Xx X 
Navicula clementis? M/F M/F X Xx X 
Navicula palpebralis B B X Xx X 
Nitzschia etchegoinia? B - X Xx X 
Diploneis bombus B/F B/F Xx - Xx 
Campylodiscus bicostatus B/F B/F Xx - X 
Cyclotella kuetzingiana? F M/F X Xx X 
Epithemia argus F F/T - Xx X 
Epithemia turgida F M/F - Xx Xx 
Mastogolia elliptica F M/F - Xx X 
Navicula ergadensis F F X Xx X 
Pinnularia viridis F F/T - Xx X 
Synedra  (Bacillaria) ulna? F F X Xx X 
Tetracyclus lacustris F M/F Xx Xx X 
Cyclotella meneghiniana F F Xx - Xx 
Nitzxchia (Tryblionella) punctata F M/F Xx - Xx 
Rhopalodia gibba F/T M/F X Xx Xx 
Amphora spp. undifferentiated X - X 
Cymbella spp. undifferentiated X - X 
Rhopaloidia spp. undifferentiated X - X 
Surirella spp. undifferentiated X - X 
Tabularia spp. undifferentiated X - X 
      
FORAMINIFERA      
Ammonia beccarii or A. tepida M M Xx Xx Xx 
Bolivina striatula M M Xx Xx X 
Buliminella elegantissima M M Xx Xx Xx 
Elphidium  gunteri M M Xx X Xx 
Quinqueloculina bellatula M M Xx Xx X 
      
OSTRACODA      
Cyprideis beaconensis or C. sp. M/B/F M/B/F Xx X Xx 
Limnocythere ceriotuberosa B/F B/F X Xx X 
Candona caudata B/F B/F - Xx X 
Darwinula stevensoni B/F B/F - Xx Xx 
      
MOLLUSCA      
Pisidium casertanum ? B/F  - Xx X 
Tyronia protea B/F  - Xx Xx 
Amnicola longinqua B/F  - Xx Xx 
Flumnicola sp. B/F  - X X 
      
CIRRIPEDIA      
Amphibalanus subalbidus  M M - - Xx 
Amphibalanus amphitrite M M Xx - - 
      
Charophyte   B/F B/F - X X 

   Note: Diatom flora from Whistler et al. (1995), Lange and Tiffany (2002), and Miller et al. (2014). Foraminifer 
fauna from Arnal (1958), Van der Kamp (1973), Whistler et al. (1995), McDougall and Miranda Martinez (2014, 
2016). Ostracode fauna from Whistler et al. (1995), Detwiler et al. (2002), Forester et al. ( 2005), Miller et al. 
(2014), Bright et al. (2016, Appendix A), and Palacios-Fest (2015). Mollusc data from Whistler et al. (1995) and 
Reynolds and Berry (2008). Barnacle data from Van Syok (1992) and Raimondi (1992). 
  * www.algaedatabase.org – applies only to diatom species. 
   †

 www.marinespecies.org – applies only to diatom species. 
   §

 www.westerndiatoms.colorado.edu – applies only to diatom species. 
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ABSTRACT 

The Olorgesailie Drilling Project drilled the Koora Plain, SE Kenya, to bedrock and 

recovered 216 m of sediment from two core sites separated by approximately 800 m. Core 

OLO12-1A, located approximately 25 km south of the outcrops of the Olorgesailie Formation 

and with a total length of 166 m, contains a highly continuous sedimentary record spanning 0.07 

Ma to 1.10 Ma. The core was analyzed for its microfossil content at on average a 3.3 ka 

resolution. A step-wise increase in aridity in SE Kenya was identified; recurrent deep water 

environments dominate the record from 0.98 Ma to 0.46 Ma; fluctuating moderately deep and 

shallow water environments dominate the record from 0.46 Ma to 0.23 Ma; and persistently 

shallow water environments punctuated by brief deeper water environments dominate the record 

from 0.23 Ma to 0.07 Ma. The ostracode fauna comprises seven species, of which only one, 

Limnocythere africana, is especially abundant. Ostracode valves were only present or preserved 

in seven discrete shallow water intervals between 0.46 Ma and 0.22 Ma. Deep water 

environments prior to 0.46 Ma may have been too dilute or too acidic to preserve ostracode 

valves and persistent shallow water environments younger than 0.22 Ma may have been too 

alkaline for calcite-producing organisms to inhabit or their skeletal remains to be preserved. 

Strontium isotope ratios (
87

Sr/
86

Sr) in five fish bone samples from both ostracode-bearing and 

non-ostracode-bearing sediments dated to between 0.39 Ma and 0.19 Ma are similar (0.7051 to 

0.7055) and suggest a single source of water, probably located to the north of the core site 

supported wetlands and lakes in the Koora Plain at this time. A prominent transition from 

persistently deep to fluctuating deep and shallow lake levels at about 0.46 Ma may imply an 

abrupt increase in aridity at that time and may be correlative with a major faunal turnover in East 

Africa that occurred between about 0.50 and 0.35 Ma. Neither the termination of the Acheulean 
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stone tool technology and the development of Middle Stone Age stone tool technology at nearby 

Olorgesailie nor the appearance of anatomically modern Homo sapiens in East Africa are 

convincingly correlative with other abrupt transitions in lake levels or with another implied 

increase in aridity at about 0.23 Ma in the Koora Plain.  

 

INTRODUCTION 

 

Few topics spark our scientific imagination and such vigorous debate as the evolution of 

our species, Homo sapiens. A key area of debate in paleoanthropology today is the extent to 

which climate change has played a role in hominin evolution (deMenocal, 2014; Cohen et al., 

2016). A number of hypotheses have been put forward in recent decades that attempt to explain 

potential linkages. The Turnover Pulse Hypothesis proposes that pulses of climate change are 

could have redistributed resources on the landscape, promoting isolation of populations, which in 

turn would result in extinctions and originations, or “turnovers”, in species assemblages, 

including hominins (Vrba, 1985, 1993, 2007). The Variability Selection Hypothesis argues that 

most key events in human evolution occur within predictable windows of prolonged enhanced 

environmental variability (e.g., Potts, 1996, 1998; Potts and Faith, 2015). Variants of ideas 

emphasizing climatic variability as opposed to directional change include the Pulsed Climate 

Variability Hypothesis, wherein brief periods of rapid and extreme environmental variability 

during at least three, and possibly as many as seven, periods of rift valley lake formation might 

have spurred hominin evolution through increased speciation and dispersal events (Maslin and 

Trauth, 2009; Trauth et al., 2010; Maslin et al., 2014) and the Accumulated Plasticity Hypothesis 

of Grove (2015a,b) wherein the ability of an organism to react to its environment (plasticity) will 
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lead to increased tolerance of environmental variability. It follows, then, that populations may 

accumulate high levels of environmental tolerance during highly variable climatic phases. 

Modeling results suggest that contested mechanisms within various competing, but not mutually 

exclusive, hypotheses might be a function of scale and may be reconcilable (Grove, 2011a,b). 

Testing the climatic and environmental drivers as outlined within these various hypotheses 

requires complete and detailed regional-scale records of climate and environmental variability in 

East Africa during key intervals of hominin evolution.  Sediments preserved in East African 

paleolakes can provide such records. 

Several important hominin sites are preserved along the margins of extinct paleolakes 

within the East African Rift Valley (see review in Campisano et al., 2017). Paleolake sediments 

are routinely targeted for paleoclimate studies because lakes are often sensitive to changes in 

precipitation and evaporation (e.g., Kwiecien et al., 2014) and they potentially preserve 

continuous and detailed records of environmental change within their watersheds (Kashiwaya et 

al., 2000; Jimenez-Moreno et al., 2007; Ivory et al., 2016).  However, erosion and diagenesis 

prevail once lake sediments are exposed at the surface and consequently, our understanding of 

the environments under which our East African ancestors evolved has depended heavily on the 

analysis of typically degraded or incomplete terrestrial outcrop records (e.g., Behrensmeyer et 

al., 2002; DiMaggio et al., 2015). Land-based drilling technology provides an unparalleled 

opportunity to recover continuous, high-resolution paleoclimate records from thick sequences of 

previously inaccessible and pristine subsurface paleolake sediments. Between 2012 and 2014, 

the Hominin Sites and Paleolakes Drilling Project (HSPDP), including the Olorgesailie Drilling 

Project (ODP), recovered approximately 2 km of cored sediments with nearly 91% recovery 

from six key hominin sites in the East African rift valley (Cohen et al., 2016; Deino et al., 2016; 
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Campisano et al., 2017). The Koora Plain, located approximately 25 km south of the important 

Olorgesailie archaeological site in southern Kenya was one of the target locations (Fig. 1). In 

2012, the OPD drilled the central Koora Plain to bedrock and recovered a total of approximately 

216 m of sediments from two core sites located roughly 860 m apart.   

Although hominin fossils at Olorgesailie are rare (Potts et al., 2004), Olorgesailie does 

preserve a world-class record of the potentially oldest transition from Acheulean hand axe 

technology to Middle Stone Age technology at about 0.4 Ma (Potts, 1989; Brooks et al., 2007; 

Haradon, 2010; Dommain et al., 2014). Fossils from Olorgesailie and the nearby Lainyamok 

outcrops also document a major mid-Pleistocene transition in the large mammal fauna of East 

Africa. By about 0.35 Ma, the East African mammalian faunal assemblage had changed from 

one dominated by extinct species to one dominated by extant species (e.g., Potts and Deino, 

1995; Potts, 1998; Faith et al., 2012). Environmental factors could have played an important role 

in both of these transitions. However, previous studies have disagreed on the degree of 

environmental and habitat variability at Olorgesailie during the mid-Pleistocene (Trauth et al., 

2005; Owen et al., 2008; Trauth and Maslin, 2009; Owen et al., 2009a), in large part because of 

the discontinuous nature of the outcrop paleoenvironmental records there.  

One of the Koora Plain cores, OLO12-1A, is the focus of this study. This paper provides 

a  high resolution (average sample spacing ≈ 3300 years) microfauna-based paleoenvironmental 

reconstruction of the Koora Plain using sediments that were deposited between approximately 

0.98 Ma and 0.07 Ma; roughly the same time interval represented by deposition at neighboring 

Olorgesailie (Deino et al., 2016).  The Koora Plain core can provide insights into hydrology and 

environmental variability across a major turnover in East African mammalian communities and 
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encompassing the first appearance of our species, Homo sapiens, in Africa (e.g., Richter et al., 

2017). 

 

BACKGROUND 

  

 The Koora Plain (850 masl; Fig. 1) is located in the southern Kenya rift valley, 

immediately to the south of Mount Olorgesailie (Fig. 1b). The bedrock surrounding the basin 

consists of Early Pleistocene (1.2 Ma to 0.8 Ma) Magadi (or Plateau) trachytes (Baker, 1976; 

Guth and Wood, 2014). The Magadi trachytes are broken by numerous north-south trending sub-

parallel normal faults that formed between 0.8 Ma and 0.4 Ma (Baker, 1976). The Koora Plain is 

flanked to the north by the Pliocene volcano Mt. Olorgesailie (Fig. 1c), which is comprised of 

nephelinite and other volcanic rock types (Guth and Wood, 2014), and to the west by the late 

Pleistocene (~ 0.7 Ma; Baker, 1976) Ol Doinyo Nyokie ignimbrite complex (ODN; Fig. 1c). 

 The Koora Plain watershed is bounded to the to the west and south by prominent fault 

scarps and to the east by a more gradual ascent across several small, north-south trending troughs 

to high topography dominated by a prominent ridgeline that defines the eastern rift flank (Fig. 

1b). The north-south trending trough orientations do not promote east-west drainage patterns, the 

exception being the Ol Keju Neru River (ONKR) to the northeast of Mt. Olorgesailie (Figs. 

1b,c). To the north of the Koora Plain, however, a broad topographic amphitheater is dominated 

by the trachytic volcanic rocks of Mt. Suswa (Scott and Skilling, 1999) and by the high 

topography of the Mau Escarpment to the northwest and the Kinangop Plateau to the northeast 

(Fig. 1b). The Ol Njorowa Gorge (Fig. 1b) connects the Mt. Suswa amphitheater to a series of 

high-elevation basins that contain the lakes Naivasha, Nakuru, and Elmenteita (Fig. 1b). This 
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gorge may have been cut between roughly 10 ka and 6 ka (Washbourn-Kamau, 1977), but an 

earlier origin at about 100 ka has also been proposed (Baker, 1986). The older age estimate is 

problematic because there is good evidence for a +100 m-deep-lake in the Naivasha basin that 

probably formed during the African Humid Period between 10 ka and 6 ka (Washbourn-Kamau, 

1977). The overspill point for the Ol Njorowa Gorge is about +50 m above the modern lake. It 

would be nearly impossible to contain a +100-m-deep lake in the Naivasha basin during the early 

Holocene if the Ol Njorowa Gorge had been incised by the late Pleistocene, unless pre-Holocene 

infilling or some other mechanism had blocked the gorge. Nonetheless, the modern and paleo-

watershed of the Koora Plain may encompass a considerable area to the north of the basin. 

The Koora Plain is an area of active deposition today which has intermittently held lakes 

throughout the past 1 Ma. The Early to Mid-Pleistocene lake beds of the Olorgesailie Formation 

are exposed approximately 25 km to the north (Fig. 1c) and at an elevation of about 1000 masl. 

The Olorgesailie Formation provides dramatic evidence for ancient lake-marginal environments 

in an area that is now semi-desert. Average annual regional rainfall is about 430 mm yr
-1

 whereas 

evaporation rates are on the order of 1600 to 1800 mm yr
-1

 (Armstrong, 2002). In the northern 

highlands around Lake Naivasha (Fig. 1b), precipitation (1250-1500 mm yr
-1

) may marginally 

exceed evaporation (1400 mm yr
-1

) (Armstrong, 2002). 

 The Olorgesailie Formation (~1.2-0.5 Ma) outcrops are an approximately 80-m-thick 

sequence of volcaniclastic, fluvial, wetland, and lake sediments (Behrensmeyer et al., 2002). 

Shallow lakes and wetlands dominate the record, but deeper lake cycles occurred at 

approximately 0.98 Ma, 0.73 Ma, and 0.55 Ma (Owen et al., 2008, 2009b, 2011, 2014). Younger 

sediments of the Olkesiteti and Oltepesi formations overlie the Olorgesailie Formation 

(Behrensmeyer et al., 2002; Behrensmeyer et al., 2007). These sediments were deposited from 
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roughly 0.35 Ma to about 0.04 Ma (Deino and Potts, 1990; Behrensmeyer et al., 2002; 

Behrensmeyer et al., 2007). The Olkesiteti and Oltepesi formations are dominated by spring, 

shallow lake, wetland, and soil-forming environments (Owen et al., 2014). Extended periods of 

erosion and non-deposition (Behrensmeyer et al., 2002) render the outcrop record at Olorgesailie 

incomplete, particularly over the interval between about 0.50 Ma and 0.36 Ma. Subsurface 

sediments in the Koora Plain were drilled in an effort to provide a more continuous and complete 

record that would shed additional light on the environmental conditions in the Olorgesailie 

throughout the Middle and Late Pleistocene. 

 Core OLO12-1A (1.791° S, 36.4011° E; 850 masl; Fig. 1b,c) was recovered in 2012 

(Cohen et al., 2016). The core was drilled to a total depth of 166 m and consists of an upper 27 m 

of augured drilled and bagged sediments plus an additional 139 m of continuous core to bedrock. 

The continuous core contains sediments that were deposited between about 1.070 Ma and 0.070 

Ma (Deino et al., 2016). Several weakly developed paleosols have been identified in the lower 

half of the core (Fig. 2). The paleosols indicate periods of subaerial exposure, but the amount of 

time represented by each paleosol is unknown. The core has been extensively sampled for a 

variety of paleoenvironmental indicators, including charcoal abundance, clay mineralogy, diatom 

floras, phytoliths, and isotope geochemistry (Potts et al., in prep.). 

 Age control for the core is provided by twenty-one 
40

Ar/
39

Ar dates on volcanic ash (Fig. 

2). A comprehensive age model is available for the core, the details of which are presented in 

Deino et al. (in prep.). The age control from 161 to 105 mbs imparts an average sampling 

interval of approximately 7000 ± 7500 years (n = 103 samples). The age control from 105 to 27 

mbs is more precise, with higher mean rates of sedimentation in the upper part of the core, 

imparting an average sampling interval of approximately 1000 ± 1500 years (n = 167 samples).   
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METHODS 

 

Microfossil Analysis 

 

 Core OLO12-1A was sampled at roughly 30 cm resolution (n = 271) in 2014. A small 

aliquot of sediment from each sample was weighed, dried overnight at 40 °C, and reweighed to 

determine percent water content. Roughly 2 gm (2.0 ± 0.5 gm) from all of the samples were 

processed for their microfossil content. Sediments were disaggregated by soaking in a weak 

aqueous solution of sodium hexametaphosphate and sodium bicarbonate for roughly 4 days. The 

sediment slurries were frozen and thawed a maximum of three times before being washed with 

hot reverse osmosis (RO) water over a 125 µm stainless steel sieve. The > 125 µm residues were 

scanned under binocular microscope at 25x to 80x. Microfauna and other organic remains were 

identified as thoroughly as possible.  

 A constrained cluster analysis using the CONISS function (Grimm, 1987) within the 

TILIA software package was used to identify statistically significant microfossil zones within the 

core.  

 

87
Sr/

86
Sr Ratio Analysis of Fish Bone 

 

 Fish bones from five sediment horizons (129.2, 123.0, 111.1, 99.9, and 54.8 mbs; Fig. 2) 

were analyzed for their 
87

Sr/
86

Sr ratios. The sample from 54.8 mbs was analyzed in duplicate. 

Fresh sediment was disaggregated using only RO water and repeated freeze-thaw cycles. Fish 
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bones were collected and submitted to the W.M. Keck Isotope Laboratory at the University of 

California at Santa Cruz for analysis.  

 The fish bone samples (0.5 to 5 mg) were digested completely in doubly-distilled 

concentrated HNO3. Strontium (Sr) was separated with Sr resin (Eichrom, USA) following 

Horowitz et al. (1992). Sr isotopes (
87

Sr, 
86

Sr) were measured by TIMS (Isotopx, UK) using 

single Re filaments and a Ta activator. Measurements are made in three-sequence dynamic 

mode. Data were corrected for Rb interference and internal mass bias to 
87

Sr/
86

Sr = 

0.1194.Repeated analysis of NBS-987 yields an 
87

Sr/
86

Sr ratio of 0.701247 ± 0.000004 (2).  

 

Stable Oxygen (
18

O) and Carbon (
13

C) Isotope Analysis of Biologic Calcite 

 

 Fragments of snail opercula and ostracode valves (Cypridopsis sp. and Limnocythere 

africana) from 111.4 and from two adjacent samples at approximately 99.9 mbs were analyzed 

for their 
18

O and 
13

C values. All samples (n = 10) were analyzed at the University of Arizona’s 

Environmental Isotope Laboratory using an automated KIEL-III carbonate preparation device 

coupled to a Finnigan MAT252 gas-ratio mass spectrometer. The samples were reacted with 

dehydrated phosphoric acid under vacuum at 70°C. The isotope ratio measurement is calibrated 

on repeated measurements of NBS-18 and NBS-19 standards. The stable isotope results are 

reported in standard delta () notation where ‰ = [(Rsample/Rstandard)-1] x 10
3
; and R = the ratio 

of 
18

O:
16

O and 
13

C:
12

C. Rstandard refers to the standard Vienna Peedee belemnite (VPDB). 

Precision for 
18

O and 
13

C measurements are ±0.1‰ and ±0.08‰, respectively. 
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RESULTS 

 

Microfossil abundances 

 

 The abundances of 17 microfossil components are presented on a “per gram of dry 

sediment” basis in Figure 2. Standardizing the microfossil content by sample mass allows for 

direct comparison of the actual abundance of each component in any sample. Fossils identified 

consist of sedge remains, algae (i.e., Botryococcus), degraded organic material, fish bone and 

scale, diatom frustules (unidentified), sponge spicules (unidentified), snail opercula fragments, 

and eight genera of ostracodes (Fig. 2).  

 Some fossils, such as sedge and algae, are distributed fairly continuously throughout the 

core (Fig. 2). Other fossils, such as fish bones and scales, diatom frustules, and sponge spicules 

are more abundant in the lower half of the core, below about 105 mbs (Fig. 2).  The remains of 

animals that produce biologic calcite, such as snails and ostracodes, typically occur together and 

are only present in discrete and intermittent intervals between about 130 mbs and 65 mbs (Fig. 

2). Ostracode valves are most abundant in two intervals at roughly 113 mbs and 100 mbs (Fig. 

2). 

 The CONISS analysis divided the core into two first order zones (161-121 mbs and 121-

27 mbs) (Fig. 2).  Each of the first order zones is then further subdivided into three additional 

zones (Fig. 2). Zone 1 (Z1) spans 161-152 mbs and is characterized by abundant diatoms and 

sponge spicules. Zone 2 (Z2) spans 149-135 mbs and is characterized by abundant diatoms and 

sponge spicules but augmented with an increase in degraded plant material and fish bone and 

scale. Zone 3 (Z3) spans 135-121 mbs is similar to Z2, but is characterized by the first 
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appearance of limited ostracode valves and snail opercula. Zone 4 (Z4) spans 121-95 mbs and is 

characterized by a noticeable decrease in the abundance of fish bone, diatom frustules, and 

sponge spicules. Ostracode valves and snail opercula are more abundant and occur in two 

prominent horizons. Zone 5 (Z5) spans 95-49 mbs and is characterized by an increase in 

Botryococcus and other unidentified algae and by continued low abundances of fish bone, diatom 

frustules, and sponge spicules. Ostracode valves and snail opercula are limited to two brief 

intervals. Zone 6 (Z6) spans 49-27 mbs and is characterized by abundant Botryococcus and other 

algae and by low abundances of fish bone, diatom frustules, and sponge spicules. Ostracode 

valves and snail opercula are absent.  

 

Ostracode fauna 

 

The ostracode fauna in core OLO-12-1A is comprised of eight genera and eight species. 

However, one species, Limnocythere africana, is one to two orders of magnitude more abundant 

than any other species (Fig. 2). All ostracode-bearing intervals contain abundant Limnocythere 

africana (Fig. 2) whereas the other seven species are only intermittently present (Fig. 2). Thus, 

for all intents and purposes, the ostracode fauna can be considered a monospecific assemblage. 

Ostracode species richness in any given sample ranges from one (e.g., 66 mbs; Fig. 2) to a 

maximum of five (e.g., 101 mbs - 97 mbs; Fig.  2). Ostracode valves are generally well preserved 

(Fig. 3). 
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87
Sr/

86
Sr ratios in fish bone 

 

 The 
87

Sr/
86

Sr ratios from five samples of fish bones are similar and range from 0.705120 

to 0.705502. Fish bone from the three horizons that contained ostracode valves (123.0, 111.4, 

99.9 mbs; Fig. 2) produced 
87

Sr/
86

Sr ratios of 0.705499, 0.705292, and 0.705130, respectively. 

Fish bone from the two horizons that did not contain ostracode valves (129.2, 54.8 mbs; Fig. 2) 

produced 
87

Sr/
86

Sr ratios of 0.705120 and 0.705490, respectively. A duplicate sample from 54.8 

mbs produced a 
87

Sr/
86

Sr ratio of 0.705502.  Thus, the 
87

Sr/
86

Sr ratios in samples of fish bones 

spread over 75 m of core  (~ 0.20 Ma to 0.40 Ma; Fig. 4) are similar, and the 
87

Sr/
86

Sr ratios in 

fish bone from ostracode-bearing sediments are not significantly different from the 
87

Sr/
86

Sr 

ratios in fish bone from non-ostracode-bearing sediments (ANOVA, p-value = 0.719). All 

87
Sr/

86
Sr ratios and their standard errors are presented in Table 1. 

 


18

O and 
13

C values (VPDB) in biologic calcite 

 

 Two aliquots of Limnocythere africana valves from 111 mbs produced 
18

O values of 

+1.0‰ and +1.5‰ and 
13

C values of -1.0 ‰ and -1.2‰.  Limnocythere africana valves, 

Cypridopsis sp. valves, and fragments of snail opercula from two adjacent samples at about 100 

mbs produced a wider range of values that cluster by the various animals. Four aliquots of 

Limnocythere africana valves produced 
18

O values between +1.7‰ and +3.0‰ and 
13

C values 

between -0.5‰ and +0.2‰. Two aliquots of Cypridopsis sp. valves produced 
18

O values of 

+1.6‰ and +2.8‰ and 
13

C values of +3.0‰ and +3.4‰. Two aliquots of snail opercula 
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fragments produced 
18

O values of -1.1‰ and -2.0‰ and 
13

C values of -0.66‰ and +0.71‰. 

All individual 
18

O and 
13

C values are presented in Table 2. 

 

DISCUSSION 

 

Koora Plain ostracode species and ecology 

 

Limnocythere africana, the most abundant ostracode in the core, inhabits alkaline lakes. 

Modern specimens have been reported in Africa from Lake Turkana (Lindroth, 1953; Cohen, 

1986), and possibly from Lake Zwai, Ethiopia, as Limnocythere thomasi thomasi (Martens and 

Tudorancea, 1999). Fossil occurrences have been reported from Holocene lake sediments in 

Mali, (Petit-Marie, 1989), from Holocene lake sediments at Lake Bogoria, Kenya, (Vincens et 

al., 1986), from early Holocene lake sediments at Lake Asal, Djibouti (Gasse and Fontes, 1989), 

and from Middle Pleistocene sediments near Lake Baringo, Kenya (Johnson et al., 2009). 

Limnocythere africana has the highest documented tolerance for alkalinity (ALK) of any of the 

African Rift lake ostracodes (Cohen et al., 1983). In highly alkaline waters (ALK > 30 meq L
-1

), 

L. africana may be the only ostracode present (Cohen et al., 1983).  Limnocythere africana has 

been reported living in Lake Turkana to a depth of ~40 m, but displayed a maximum population 

density at about 5-10 m water depth (Cohen, 1986). In Lake Turkana, the deep-water (> 30 m) 

occurrences of L. africana were associated with other ostracode genera common in deep water in 

African lakes, such as Gomphocythere (Cohen, 1986).  

Ilyocypris gibba has very broad hydrochemical tolerances. It typically occurs in shallow 

but permanent water bodies, such as springs, streams, and temporary ponds (Meisch, 2000), as 
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well as the littoral zone of lakes. Ilyocypris gibba was reported from the littoral zone (1.5 m - 5 

m water depth) of Lake Turkana (Cohen, 1986). 

In general, Cypridopsis spp. are very common ostracodes with wide ecological tolerances 

(e.g., springs, ponds, swamps, littoral zones of lakes; Meisch, 2000). They are strong swimmers 

and are commonly found living within stands of submerged vegetation (Meisch, 2000).  

Oncocypris spp. have been collected from the vegetated shorelines of several African rift 

lakes, and have been found suspended under the surface film of water in both shallow, temporary 

ponds and in deep lakes (e.g., Lake Malawi; Rumes, 2010 and references therein). They have a 

preference for water with pH values > 7 and moderate ALK values (Cohen, 1986; Rumes, 2010). 

In his survey of East African lakes, Rumes (2010) did not find Oncocypris (or any other 

ostracodes) in lakes where TDS values exceeded about 7,000 ppm.   

Darwinula stevensoni are very common ostracodes with very wide ecological tolerances 

ranging from springs, streams, ponds, and lakes (Meisch, 2000). McGreggor (1969) reports 

collecting Darwinula stevensoni in water depths of 0 to 12 m, with a maximum density at 6 m. 

Darwinula stevensoni are rare in Lake Turkana, but display a maximum population density at 

about 5 to 10 m water depth (Cohen, 1986). Darwinula stevensoni often inhabit water with TDS 

values of about 2,000 ppm or less (Gandolfi et al., 2001a; Holmes et al., 2010). Where salinity 

values are stable, Darwinula stevensoni has been reported at salinities as high as 15,000 ppm 

(Gandolfi et al., 2001a; Holmes et al., 2010). The eggs of Darwinula cannot withstand 

desiccation (DeDeckker, 1982), and with a lengthy life cycle of three to four years (Gandolfi et 

al., 2001b), Darwinula stevensoni are indicative of permanent water (DeDeckker, 1982).  

Potamocypris spp. are very common ostracodes with very wide ecological tolerances. 

Martens (1984) lists 21 species of Potamocypris from inland African waters. We tentatively 



424 
 

identify the Potomocypris sp. from the Koora Plain core as Potamocypris palludum, based on 

images from Rumes (2010). In general, Potamocypris spp. inhabit ponds, springs, and the littoral 

zones of lakes, typically in areas with abundant macrophytes. Their distribution in lakes may be 

defined by areas of subaqueous groundwater discharge (e.g., Meisch, 2000).  

Candonopsis and Hemicypris? were only recovered as fragments and won’t be discussed 

further.  

  

Lake level fluctuations and ostracode-based hydrochemistry implications 

 

 Five microfossil components that we consider to be strong indicators for lake levels in the 

Koora Plain (abundances of sedge, Botryococcus, diatom frustules, sponge spicules, and 

“biologic calcite”) are plotted by age in Figure 4. Limnocythere africana valves and opercula 

fragments (Fig. 3) generally occur together in the core (Fig. 2) and will be collectively referred to 

in our discussion as “biologic calcite”. We include a preliminary record of sediment calcium 

content as inferred from x-ray fluorescence analysis (XRD; Stockhecke et al., in prep.) and a 

preliminary diatom-based lake level reconstruction (Owen et al., in prep.).The CONNIS zones 

from Figure 2 are included for reference. In Figure 4 we compare the Koora Plain record against 

a variety of local, regional and global records. We include insolation (eccentricity modulated 

precession) over the past 1.10 Ma (Berger and Loutre, 1991; Berger, 1992) with two periods of 

predicted high climate variability (Potts and Faith, 2015) highlighted, a 0.80 Ma Dome C 

deuterium isotope (H) record from Antarctica (Jouzel et al., 2007), a 1.10 Ma paleolake level 

record from Lake Malawi (Fig. 1a) (Ivory et al., 2016), and two roughly 0.17-Ma-long  local lake 

level reconstructions from Lake Challa (Fig. 1a) (Moernaut et al., 2010) and a composite record 
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from Lakes Naivasha, Elmenteita, and Nakuru (NEN) (Fig. 1b) (Trauth et al., 2003). Key events 

in African mammalian and hominin evolution are included in Figure 4 for comparative purposes. 

 

0.98 Ma to 0.46 Ma (161 to 135 mbs) – Recurring deep water environments 

 

Sediments deposited between about 0.98 Ma and about 0.46 Ma correspond to 

microfossil zones Z6 and Z5. This interval generally lacks any shallow water indicators (sedge, 

Botryococcus) and completely lacks biologic calcite (Fig. 4). This interval is also defined by the 

lowest calcium content in the core (Fig. 4). The lack of shallow water indicators is convincing 

evidence for recurring moderate to deep lake conditions throughout this interval, consistent with 

the inference from the diatom assemblages (Owen et al., in prep.). There does not appear to be 

any consistent relationship in this interval between diatom-inferred lake levels and global climate 

transitions as expressed in the Dome C deuterium record (Fig. 4). Low lake levels at about 0.69 

Ma may be correlated with peak interglacial conditions during Marine Isotope Stage (MIS) 17 

(Fig. 4). 

Geomorphic evidence for deep lakes exists at the southern end of the Koora Plain.  A 

gorge cut into bedrock at the southern end of the basin (Fig. 1c; Baker, 1986) has a modern spill-

over elevation of about 850 masl, which is roughly 65 m above the adjacent basin floor. The age 

of the gorge is unknown, however, as is the elevational relationship of this gorge with respect to 

the basin floor over the past million years. The lowest elevations in the modern Koora Plain are 

south of the core site and adjacent to this spillover channel (Fig. 1c). Using modern topography 

as a guide, the southern Koora Plain must have experienced minimally 65-m-deep lakes that 

breached this overspill threshold in the past (Baker, 1986). It is also notable that three intervals 
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of deep water environments at Olorgesailie (Fig. 1c) occur within the same temporal window as 

the early persistently deep water environments in the Koora Plain (Fig. 4).  

The lack of biologic calcite in the Koora Plain from 0.98 to 0.46Ma (Fig. 4) is interesting, 

and when coupled with low overall calcium content, suggests that lake environments during this 

interval were poorly suited to either produce or preserve calcite. A dilute lake phase may be a 

reasonable explanation. Ostracodes expend energy to calcify their valves and can successfully 

live in water where salinities are measured in 10’s of mg L
-1

 (e.g., Schneider et al., 2016), and 

where the surrounding water is undersaturated with respect to calcite (e.g., Keatings et al., 2002). 

Once ostracodes die, however, the biologic constraints are removed and their valves become 

susceptible to dissolution. Ostracodes may be present in a dilute lake, but their valves are 

typically dissolved post-mortem under these conditions. This undersaturated state may fully be a 

function of low salinity, or it may also be the product of increased acidity in the benthos due to 

the decomposition of organic matter on the lake floor. For example, in Lake Malawi, ostracodes 

and mollusks are abundant in shallow (< 20 m) water (Blome et al., 2014), but their abundance 

decreases quickly in water depths greater than 20 m. Below 30 m, living ostracodes are rare and 

empty ostracode valves are absent, but the thicker, more massive mollusc shells persist (Blome et 

al., 2014). The relationship between water depth and ostracode valve production and subsequent 

preservation in Lake Malawi is apparently controlled by pH and the degree of calcite saturation 

in shallow versus deeper water. Shallow water in Lake Malawi has a pH of about 8.7 and the 

water is saturated with respect to calcite, but water below about 30 m has a pH of about 8.0 and 

is undersaturated with respect to calcite (Blome et al., 2014). Increased acidity and calcite 

undersaturation in deeper water remove biologic calcite from the sedimentary record. Thus, the 

production and preservation of ostracode valves in Lake Malawi is a function of water depth 
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(Blome et al., 2014). A similar situation may have existed in the Koora Plain during the deep 

lake environments that existed from 0.98 Ma to 0.46 Ma.  

In addition to a lake’s calcite saturation state and salinity characteristics, ostracodes also 

require oxygen and food to survive. Lakes where the bottom water is permanently anoxic do not 

typically support abundant benthic organisms. The difference between anoxic and oxic bottom 

water can also be a function of water depth. For example, modern Lake Oloidien, Kenya (Fig. 

1b), has a water depth of 6 to 8 meters and its bottom water is hypoxic (Verschuren et al., 2000). 

Lake Oloidien’s bottom water is more oxygenated when lake levels are lower, however 

(Verschuren et al., 2000). The water depth in Lake Oloidien also affects the proportion and 

availability of certain substrates and also alters the vegetative community around the lake 

(Verschuren et al., 2000). Both of these parameters also affect the abundance and distribution of 

benthic organisms (Verschuren et al., 2000). If a similar water depth-oxygenation relationship 

existed in the Koora Plain then hypoxic or anoxic bottom water during moderate to deep lake 

cycles could have severely restricted or eliminated benthic ostracode populations.  

A visual inspection of the core sediments that were deposited between 0.98 and 0.46 Ma 

reveal segments where the sediments retain fine microlaminations (Fig. 5a). However, 

laminations are not observed in the majority of sediments deposited in this interval.  When 

microlaminations are preserved, it undoubtedly requires the absence of burrowing or infaunal 

organisms (e.g., Cohen, 1984). This could be accomplished by a variety of factors, including 

anoxic conditions at the lake floor or immediately below the sediment-water interface or a lack 

of food for benthic organisms (Cohen, 1984). There is no specific water depth required for the 

preservation of microlaminations though, as the occurrence of anoxia is affected by such factors 

as basin morphometry, fetch, and salinity. In Lake Turkana (> 80 m deep), fine-scale (0.5- to 2-
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cm-thick) laminations are only present in the deeper parts of the lake (Cohen, 1984). In contrast, 

microlaminated sediments are preserved in a small lake in China that has a maximum water 

depth of only 12 m (Chu et al., 2008). Nonetheless, between 0.98 Ma and 0.46 Ma in the Koora 

Plain, there is sedimentologic evidence that the benthos during inferred moderate to deeper water 

environments were at least periodically unproductive and at least periodically lacked burrowing 

organisms, like at Lake Turkana (Cohen, 1984), or those environments may have been 

completely anoxic or hypoxic, like at Lake Oloidien (Verschuren et al., 2000). The combination 

of potentially inhospitable benthic conditions and dilute or undersaturated lake water likely 

inhibited or excluded benthic organisms from colonizing the Koora Plain from 0.98 Ma to 0.46 

Ma. If ostracodes did colonize the lake, or if snail shell material was reworked into deeper water, 

then their calcitic remains were not preserved in the sedimentary record.  

 

0.46 Ma to 0.23 Ma (134 to 94mbs) – Variably deep and shallow water environments 

 

This interval coincides with microfossil zones Z4 and Z3. Sediments deposited in this 

interval contain more abundant sedge remains, the calcium content in the sediments is higher, 

and biologic calcite is preserved in seven discreet intervals (Fig. 4). The abundance of 

Botryococcus conspicuously increases at about 0.26 Ma. Six intervals of weak pedogensis are 

recognized in the core descriptions (Fig. 4). Thus, there is strong evidence to suggest that water 

levels in the Koora Plain were persistently lower after about 0.46 Ma than they were previously. 

Notably, the diatom-based lake level curve (Owen et al., in prep.) shows a conspicuous shift at 

0.46 Ma, from the previous interval of persistent moderate to deep lake environments to an 

interval of dominantly shallow lake environments that is punctuated by episodes of moderately 
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deep lake environments (Fig. 4). Shallow water environments in this interval may correlate with 

peak interglacial conditions as expressed in the Dome C deuterium record (Fig. 4). For example, 

low lake levels at about 0.42 Ma, 0.33 Ma, and 0.24 Ma appear to be associated with MIS 11, 9, 

and 7, respectively (Fig. 4). However, other low lake levels, such as at 0.35 Ma and 0.28 Ma 

(Fig. 4), are not associated with interglacial conditions. Also note that the onset of low lake 

levels at about 0.42 Ma precedes MIS11 by at least 0.2 Ma (Fig. 4). Thus, there is compelling 

evidence for more complex interactions between lake levels in the Koora Plain and glacial-

interglacial cycles.  

The increase in the abundance of sedge at about 0.46 Ma (Fig. 4) likely suggests that 

shallow water or even wetland type conditions were near or encroaching on the core site. Sedges, 

(e.g., Cyperus spp.), and other terrestrial macrophytes do not grow in hypersaline (elec. cond. > 

6000 μS/cm), “soda” (pH > 9.6) lakes because the conditions are inhospitable (Matagi, 2004). 

Sedges, however, are strong colonizers and are the dominant emergent vegetation in tropical 

African wetlands, along African rift lake margins, or near where streams discharge into saline 

lakes (Gaudet, 1977; Ashley et al., 2004, Matagi, 2004). At Lake Naivasha, Kenya (Fig. 1b), 

sedges are restricted to areas where flood ranges are on the order of 0.7 to 2.0 m (Gaudet, 1977). 

Similarly, at Loboi Swamp, Kenya, Cyperus spp. is most common in water depths of about 1.5 m 

(Ashley et al., 2004). The largest peaks in sedge abundances in the core convincingly correspond 

to low lake levels as inferred from the diatom assemblage (Fig. 4).   

The conspicuous increase in Botryococcus at about 0.26 Ma (Fig. 4) is also notable. 

Botryococcus is a highly adaptive and resilient freshwater algae (Guy-Ohlson, 1992). It is 

successful in shallow water and in areas that experience a wide range in annual climatic 

conditions and where rainfall is relatively low (Guy-Ohlson, 1992). The increase in 
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Botryococcus above about 0.26 Ma (Fig. 4) likely represents more persistent shallower water 

conditions, which broadly supports the diatom-inferred lake level curve (Fig. 4). 

Only nine intervals of biologic calcite occur in the Koora Plain core, and seven of them 

occur between 0.46 Ma and 0.23 Ma (Fig. 4). The intervals of biologic calcite are clearly 

associated with low water levels as inferred from the diatom-based lake level curve (Fig. 4). 

When present, the ostracode fauna is almost always mono-specific populations of L. africana 

(Fig. 2), which implies a high degree of environmental stress (e.g., DeDeckker, 1983; Fürsich et 

al., 2012; Castillo-Escrivà et al., 2016). The dominance of L. africana, coupled with the overall 

rarity of ostracodes in general (Fig. 2), may suggest that the core site was a stressed, alkaline 

environment whenever it was inundated. When additional species of ostracodes are present, 

those species also consistently indicate shallow water or even wetland type environments. The 

mixture of snail opercula with a likely saline-indicating ostracode fauna may suggest reworking 

of lake marginal material to the core site.  

Preliminary stable isotope (
18

O) analyses of opercula fragments and ostracode valves 

(Fig. 6) indicate that these materials were either reworked at the core site or that the isotopic 

composition of water at the core site was variable. The 
18

O value of calcite is controlled 

primarily by the 
18

O value of the water the calcite formed in and the temperature of that water 

(e.g., Leng and Marshall, 2004). Water with a low 
18

O value will produce calcite with a low 


18

O value, and the 
18

O value in calcite decreases about 1‰ for every 4° C increase in water 

temperature (e.g., Craig, 1965; Leng and Marshall, 2004). The 
18

O values from ostracode 

valves and associated opercula fragments from sediments deposited at about 0.24 Ma (Fig. 6) 

demonstrate that the snails were not calcifying in the same environment as the ostracodes. The 

lower 
18

O values in the opercula could imply that they calcified in slightly fresher water (i.e., 
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less evaporated), such as a spring-fed lake marginal or wetland environment, before being 

subsequently reworked into a more saline lacustrine environment. The timing of when the 

various animals calcified may also have been a factor. Limited data on 
18

O values in 

precipitation from near Nairobi (Fig. 1a) reveal inter-annual variability on the order of 6‰ 

VSMOW (IAEA/WMO, 2017).  If similar variability existed in the past, then the similarity in the 


18

O values within the opercula and within the ostracode valves (Fig. 6) would imply that each 

group of animals consistently calcified in water with a particular isotopic composition, which 

may imply calcification during a particular season or in a particular habitat. For comparison, the 


18

O value of Lake Tanganyika (Fig. 1a) surface water ranges between +3.6‰ and +3.2‰ 

VSMOW whereas groundwater fed streams around the lake have 
18

O values closer to -4‰ 

VSMOW (Dettman et al., 2005).  Thus, a 6‰ difference in 
18

O values between open water and 

lake-marginal groundwater environments at the Koora Plain might be reasonable. 

The temperature of the water at the time an organism calcifies its shell also impacts the 

shell 
18

O value (Craig, 1965). However, the 3‰ to 4‰ difference in the 
18

O values between 

the opercula and the ostracode valves (Fig. 6) at the Koora Plain is probably too large to explain 

by water temperatures alone. If we assume that the snails and ostracodes were calcifying in the 

same water mass with the same isotopic composition, then a 3‰ to 4‰ difference would require 

a 12° C to 16° C difference in water temperature at the time of calcification (Craig, 1965). This 

would require a substantially larger seasonal temperature range than what presently defines the 

local region. For example, the modern difference between mean summer and winter temperatures 

in Nairobi, Kenya (Fig. 1a), is only about 4° C (en.climate-data.org/location/541/). Thus, the 

difference in 
18

O values between the opercula fragments and ostracode valves most likely 

suggests that there may have been a large difference in the 
18

O value of water between lake-
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margin and open-lake environments, or perhaps that there was significant variability in the 

isotopic composition of water at the core site (e.g., Dettman et al., 2005). The lack of biologic 

calcite during implied deeper water environments (Fig. 4) unfortunately eliminates the possibility 

of using ostracode valves or snail shell to compare the isotopic composition of water at the core 

site during shallow lake versus deeper lake cycles. Discussion of potential climatic factors that 

might be driving those changes in water level will require analysis of other paleoindicators. 

Biologic calcite is again absent during the diatom–inferred deeper lake cycles at about 

0.38 Ma and 0.32 Ma (Fig. 4).  These deeper water intervals are again associated with 

microlaminated sediments. For example, deeper water sediments that were deposited at about 

0.32 Ma lack biologic calcite (Fig. 4) and are microlaminated (Fig. 5b), whereas in contrast, the 

biologic calcite-bearing sediments that were deposited in shallower water environments at about 

0.39 Ma, 0.29 Ma, and 0.24 Ma (Fig. 4) are more massive or preserve only faint laminations 

(Figs. 5c,d,e).  

The appearance (or preferential preservation) of biologic-calcite-producing organisms 

during shallow lake environments in the Koora Plain is probably controlled by multiple and often 

inter-related factors. Abiotic factors such as salinity, specific aqueous ionic ratios (e.g., the ratio 

of calcium to ALK), water temperature, substrate, and food availability must be considered (e.g., 

Cohen, 1986; Forester, 1986; Kiss, 2007; Dügel et al., 2008; Park and Cohen, 2011; Pint et al., 

2015; Castillo-Escrivà et al., 2017), as must biotic factors such as inter- and intra-species 

competition for space and resources (e.g., Louette and De  Meester, 2007). The episodic 

occurrences of biologic calcite associated with shallow water environments likely cannot be 

explained by a change in any single variable. Nonetheless, the antithetic relationship between 
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inferred water depth and the presence of biologic calcite in the Koora Plain is one of the more 

striking aspects of the record. 

 

0.23 Ma to 0.07 Ma (94 to 27 mbs) – Predominantly shallow water environments  

 

 This interval coincides with microfossil zones Z2 and Z1. Sediments deposited between 

0.23Ma and 0.07 Ma contain abundant sedge and algae with lower abundances of diatoms and 

sponge spicules, but calcium content is generally low.  Biologic calcite is almost completely 

absent except for two brief occurrences at about 0.22 and 0.21 Ma that seem to bracket an 

episode of low lake level (Fig. 4). There is a conspicuous absence of many microfossil indicators 

between about 0.18 and 0.14 Ma (Fig. 4). The core description indicates a dominantly sandy 

lithology at this time, perhaps implying more common terrestrial environments. The diatom-

inferred lake level curve suggests shallow water environments dominated the interval from 0.23 

Ma to 0.07 Ma, but several brief, moderately deep, lake cycles occurred (Fig. 4). The prominent 

deeper lake cycles at about 0.19 Ma and 0.13 Ma (Fig. 4) again correspond to sediments that 

retain faint microlaminations (Fig. 5f,g), suggesting that deeper water environments were again 

inhospitable to benthic organisms. A prominent interval of low lake level from about 0.13 Ma to 

0.12 Ma coincides with peak interglacial conditions during MIS 5 (Fig. 4), and further supports 

the notion that peak interglacial climates are often associated with increased aridity in the Koora 

Plain (Fig. 4).   

Although shallow water environments dominate this interval, the general lack of biologic 

calcite is in stark contrast to the correlation between shallow water environments and biologic 

calcite preservation observed in the previous core interval (Fig. 4). The low calcium content (Fig. 
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4) suggests that the environment may have been too alkaline to produce calcite, or that post-

depositional dissolution in a dilute environment removed the calcite from the sedimentary 

record. The dissolution issue has been discussed previously; environmental alkalinity affects the 

production of calcite as follows. Ostracodes and other calcite-producing organisms, require free 

calcium to calcify their valves. The availability of free calcium in East African lakes is driven by 

water rock reactions followed by subsequent chemical evolution within the lakes themselves 

(e.g., Hecky and Kilham, 1973; Kilham, 1990). The bedrock that comprises much of the East 

African Rift Zone, and in particular, the Magadi trachytes that surround the Koora Plain, are rich 

in sodium and potassium, but contain comparatively little free calcium (Baker, 1976).  As a 

result, East African rift lakes typically have sodium-chloride-ALK compositions where free 

calcium is removed from solution as solid calcite (Hecky and Kilham, 1973; Cohen et al., 1983).  

It follows then, that in highly alkaline environments, there is not enough free calcium for 

ostracodes, or other calcite-producing organisms, to survive (e.g., Cohen et al., 1983). In the 

Koora Plain core, the low calcium content indicates that some calcium was being produced, 

albeit in limited amounts. This calcite production (i.e., in soils or in lake marginal groundwater 

discharge environments) might have depleted the environment of free calcium such that biologic 

calcite-producing organisms could not survive, and thus, they are nearly absent in this interval, 

regardless of water depth.  

 

Increased aridity in southern Kenya over the past 1 Ma 

 

 The transition from recurring deep lake environments (0.98 Ma to 0.46 Ma), to deep lake 

environments interrupted by several shallow, and possibly more saline lake environments (0.46 
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Ma to 0.23 Ma), to a dominantly shallow and alkaline environment punctuated by several brief 

intervals of deeper water (0.23 Ma to 0.07 Ma) suggests that southern Kenya has become 

progressively drier over the past 1.1 Ma. Alternative explanations that invoke tectonism (e.g., 

Steinbrugge and Cloud, 1962; Strecker et al., 1991) or basin infilling (e.g., Rasmussen and 

Anderson, 2005) to produce this transition but that do not incorporate a decrease in effective 

moisture seem unsatisfactory. For example, if the Koora basin became deeper over time as the 

result of tectonic subsidence, and assuming no change in effective moisture, then a reasonable 

expectation might be for a change from freshwater, possibly open-basin, lake configurations 

early in the record towards a higher tendency for terminal-basin configurations later in the 

record. Deep lake cycles should still persist, perhaps becoming even deeper as the basin subsided 

and accommodation space increased. There is no obvious reason why a simply deeper basin, in 

the absence of a reduction in effective moisture, would promote what appears to be an overall 

shift towards predominantly shallower and more saline or alkaline lake environments. Additional 

complexities arise with explanations that invoke infilling of the Koora Plain by sediments; 

infilling would act to reduce the space available for lakes, unless the rate of infilling was offset 

or exceeded by the rate of tectonic subsidence. If the rate of subsidence exceeds the rate of 

infilling, then the previous discussion about a simply deeper basin still applies. If the rate of 

infilling exceeds the rate of subsidence, however, then a shift towards shallower lakes might be 

expected (e.g., Rasmussen and Anderson, 2005). But in the absence of a reduction in effective 

moisture, the infilling of the basin would also lead to a loss of accommodation space, which in 

turn might increase the likelihood of lakes overspilling the basin, and thus, the expectation might 

be for a shift towards more open-basin, fresher, lakes, rather than towards more saline or alkaline 

environments. These alternative explanations, in the absence of a reduction in effective moisture, 
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do not adequately account for what we interpret to be an overall transition towards shallower and 

more saline or alkaline environments over the past one million years.  

The only tectonically driven explanation for the inferred progressive shallowing of lakes 

that occupied the Koora Plain seems to require that the central portion of the Plain, where the 

core site is located (Fig. 1c), be progressively tilted such that deeper water environments shifted 

to the north or to the south, away from the core site. Tilting of the trough would result in the 

water depth at the core site becoming progressively shallower. A recent study on the Olorgesailie 

beds (Fig. 1c), located to the north of the Koora Plain, suggests that Mt. Olorgesailie (Fig. 1c) 

may have influenced the formation and demise of lakes there (Kübler et al., 2015). Subsequent 

tilting of the lake beds may also be related to Mt. Olorgesailie (Kübler et al., 2015). The Mt. 

Olorgesailie volcanic rocks were erupted between 2.6 and 2.2 Ma (Baker et al., 1971; Fairhead et 

al., 1972), and thus, predate the sediments at Olorgesailie and in the Koora Plain core by a little 

more than a million years. Perhaps as the sediments at the core site were being deposited, the 

Koora Plain was affected by subsidence or uplift related to Mt. Olorgesailie (e.g., Kübler et al., 

2015). Subsidence processes could include, but are not limited to a loss of magma from the 

magma chamber or contraction of the magma chamber due to cooling or melt crystallization 

(e.g., Poland et al., 2006, and references therein).  Uplift processes would most likely be related 

to magmatic inflation (e.g., Ruch et al., 2008). If the Koora Plain was being progressively tilted 

during the deposition of the core sediments then the oldest lacustrine sediments in the core might 

be tilted in relation to the youngest lacustrine sediments. However, there is nothing in the core 

descriptions that would suggest any obvious tilting of the oldest lake sediments has occurred. 

Therefore, although tectonic and basin infilling processes must be taken into account, these 

processes on their own seem inadequate to explain the inferred progressive shallowing of lakes 
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that occupied the Koora Plain over the past 0.98 Ma. The more likely explanation is that there 

has been a progressive decrease in overall effective moisture within the Koora Plain watershed 

that limited the amount of water available to create and sustain lakes in the basin. The climatic 

conditions and moisture delivery patterns capable of creating deep lakes in the Koora Plain 

clearly became less common over the past 0.98 Ma and were replaced by progressively drier 

conditions (e.g., Cerling et al., 2011; Levin et al., 2011). 

 

87
Sr/

86
Sr ratios and potential sources of water  

 

One of our research goals is to determine the source of water that supported the lakes and 

wetlands that occupied the Koora Plain over the past 0.98 Ma. Measuring the 
87

Sr/
86

Sr ratio in 

fish bone is one method that is often used to reconstruct the 
87

Sr/
86

Sr ratio of the water that the 

fish lived in (e.g., Kennedy et al., 2002; Jordaan et al., 2016). This technique has been used to 

track climatically driven changes in river discharge to the Turkana basin (Fig. 1a) in northeastern 

Kenya (Joordens et al., 2011). The 
87

Sr/
86

Sr ratio of a lake or wetland is derived from the 

87
Sr/

86
Sr ratio of the water sources that feed the water body in question (e.g., Hart et al., 2004; 

Placzek et al., 2011). These water sources include surface runoff, such as river and streams 

within the geographic watershed (e.g., Hart et al., 2004), and dust sources (e.g., Banner et al., 

1996), but they also include sub-surface groundwater sources which may originate outside of the 

geographic watershed (e.g., Winter et al., 2003; Güler and Thyne, 2006). Groundwater may be 

sourced a considerable distance from the watershed in question and can be transmitted to the 

watershed along faults or fractures (e.g., Güler and Thyne, 2006). Finally, the 
87

Sr/
86

Sr ratio of 

surface or subsurface water is derived from water-rock interactions such that the 
87

Sr/
86

Sr ratio of 
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the water is a cumulative representation of the 
87

Sr/
86

Sr ratios that can be leached from the 

bedrock, or from a variety of bedrock sources, along the water’s flow path (e.g., Palmer and 

Edmond, 1992; Semhi et al., 2000; Raiber et al., 2009). Strontium isotopes are not measurably 

fractionated during water-rock interactions (Faure and Powell, 1972) or biological processes 

(Capo et al., 1998), and thus are a powerful tool for determining water sources. Thus, if there 

were appreciable changes in the relative contributions of available strontium sources influencing 

the Koora Plain through time, then these changes should be manifested as changes in the 

87
Sr/

86
Sr ratios of the fish bones (e.g., Joordens et al., 2011). There is debate over the degree that 

food sources might influence the 
87

Sr/
86

Sr ratio preserved in fish remains (e.g., Kennedy et al., 

2000, 2002) but counterarguments demonstrating that 
87

Sr/
86

Sr ratios are derived from the 

surrounding water, at least in marine fish, have been made (Walther and Thorrold, 2006).  

We analyzed five samples of fish bone from the section of core where the first clear 

fluctuations between moderately deep and shallow water environments began appearing (0.45 – 

0.21 Ma) (Fig. 4). The five 
87

Sr/
86

Sr ratios fall within the relatively narrow range of 0.70512 to 

0.70550 (Table 1). In comparison, the 
87

Sr/
86

Sr ratios from ~ 2 Ma fish bones from Lake Turkana 

(Fig. 1a) range from 0.7047 to 0.7056 (Joordens et al., 2011); nearly twice the range observed in 

the Koora Plain. The narrow range in 
87

Sr/
86

Sr ratios from the Koora Plain suggests that either a 

similar point source, or alternatively, a consistently similar mixture of multiple strontium 

sources, was present in the basin over the nearly 0.20 Ma that separates the oldest and youngest 

fish bone samples analyzed in this study (Fig. 4; Table 1).  

 To test for potential source areas, we compiled approximately 600 
87

Sr/
86

Sr ratio analyses 

on whole rock or mineral separates from Eastern Kenyan Rift Valley from 35 peer-reviewed 

publications (Fig. 7a). An additional ten 
87

Sr/
86

Sr ratio analyses on surface and sub-surface 
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waters from the Lake Naivasha area (Fig. 1b) were also obtained (Fig. 7a). Only 33 (6%) of the 

compiled whole rock and mineral separate analyses fall within the range of 
87

Sr/
86

Sr ratios 

measured in the Koora Plain fish bones; the vast majority (83%) of the 
87

Sr/
86

Sr ratios are lower 

and a small number (11%) are higher (Fig. 7a). Thus, potential point source areas for the 

87
Sr/

86
Sr ratios recorded in the Koora Plain fish bone appear to be limited. We have identified 

several locations that are located less than 200 km to either the north or south of the core site. To 

the north, the Silali, Menengai, and Naivasha volcanic centers (Fig. 8) each produced multiple 

87
Sr/

86
Sr ratios of the appropriate range to be considered a potential source area (Fig. 7b). Less 

likely point sources (Lemangnut, Sadiman, Ngorongoro, Burko, Lashaine) were identified to the 

south of Lake Natron (Figs. 7b and 8). It is unlikely that the southern locations provided water to 

the Koora Plain (850 masl) because the Natron basin (605 masl) should be the terminus for any 

surface or groundwater that could potentially move north. This reasoning assumes that the 

Natron basin was at a lower elevation than the Koora Plain as the core sediments were being 

deposited. However, we include the southern sites for regional context.  Volcanic bedrock in the 

immediate vicinity of the Koora Plain (e.g., Mt. Olorgesailie, Ol Tepesi volcanics) produced 

87
Sr/

86
Sr ratios that are too low (~ 0.704; Rogers et al., 2000) to be considered a point source. 

Interestingly, four water analyses from the Lake Naivasha area to the north of the Koora Plain 

(Figs. 1b, 8), including Lake Naivasha itself, overlap with the 
87

Sr/
86

Sr ratios measured in the 

fish bones (Fig. 7b).  

 The 
87

Sr/
86

Sr ratios from water analyses from Lake Naivasha and its surrounding 

watershed are intriguing because of the proximity to the core site (Figs. 1b and 8). Lake 

Naivasha is located about 105 km to the north (Fig. 1b) and at an elevation of about 1890 masl 

(Ojiambo and Lyons, 1996), or nearly 1000 m higher than the Koora Plain. Water from Lake 
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Naivasha is known to have overspilled to the south (Baker and Mitchell, 1976; Baker, 1986), 

potentially reaching the Koora Plain. For example, the Kedong Flood, a late Quaternary (~0.10 

Ma) paleoflood, discharged from Lake Naivahsa (Fig. 1b) and passed through the Koora Plain 

before presumably terminating at Lake Magadi (Fig. 1b; Baker, 1986). Several extreme lake 

highstands over the past 1 Ma have been recognized in the Lake Naivahsa area (Bergner et al., 

2009), thus multiple over-spilling events might have occurred. This would seemingly require that 

the cutting of the Ol Njorowa Gorge (Fig. 1b) was either a relatively recent event (i.e., 6-10 ka; 

Washbourn-Kamau, 1977) or that earlier stages of the gorge were repeatedly blocked to allow 

deep lakes to repeatedly fill the basin. Similarly, modern Lake Naivasha is also known to leak 

considerable amounts of water to the sub-surface as groundwater (Gaudet and Melack, 1981; 

Ojiambo and Lyons, 1996). As much as 90% of the groundwater seepage from the lake is to the 

south (Darling et al., 1990), towards the Koora Plain. Groundwater from Lake Naivasha feeds 

hot springs at Mt. Suswa (Fig. 1b; Darling et al., 1990) before also presumably terminating at 

Lake Magadi (Fig. 1b; Darling et al., 1990).  

Given the available information, we hypothesize that water sourced to the north of the 

Koora Plain (Fig. 1b) may have been largely responsible for the consistent 
87

Sr/
86

Sr ratios 

measured in the Koora fish bones. This hypothesis assumes that similar 
87

Sr/
86

Sr ratios and 

southerly surface or groundwater flow paths were in existence at the time the Koora Plain 

sediments were deposited. This hypothesis seems reasonable given that fractures in the 

underlying Magadi trachytes, and which pre-date sedimentation in the Plain, trend in a north-

south direction. This hypothesis could be tested by looking for similar 
87

Sr/
86

Sr ratios in either 

shell material or fish bones within the Olorgesailie, Olkesiteti, and Oltepesi sediments, and by 

analyzing the 
87

Sr/
86

Sr ratio in shell or fish bone in extreme highstand deposits in the Lake 
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Naivasha area (e.g., Bergner et al., 2009). Alternative hypotheses that rely on mixing various 

source areas that have higher and lower 
87

Sr/
86

Sr ratios to produce the narrow range of Koora 

Plain 
87

Sr/
86

Sr ratios are more complex and are not immediately testable given the water data that 

is currently available, but they must also be considered.  

 

Environmental change in the Koora Plain and its association with a major East African faunal 

turnover and the evolution of Homo sapiens 

 

The Koora Plain record can be compared against a ~1.30 Ma-long lake-level record from 

Lake Malawi, located nearly 900 km to the southeast (Fig. 1a) and the closest continuous 

million-year-long paleoclimate record available for comparison. Lake Malawi was only 

infrequently a closed-basin lake prior to about 0.80 Ma (Ivory et al., 2016), thus, potentially very 

different limnologic and geomorphic conditions of the lake prior to about 0.80 Ma precludes an 

easy comparison for the early part of its record. Also, the age constraints on the Koora Plain 

record from 0.98 Ma to about 0.80 Ma are less precise and are based on only a few widely 

spaced tie points (Fig. 2; Deino et al., in prep). Nonetheless, at a regional scale, there are several 

interesting observations to be made between water level fluctuations in the Koora Plain and at 

Lake Malawi (Fig. 4). Most notably, the inferred progression of aridity in the Koora Plain record 

is absent in the Lake Malawi record (Fig. 4).  Furthermore, several of the microfossil Zone 

boundaries in the Koora Plain record correlate remarkably well with first-order transitions in the 

Lake Malawi record. The boundaries of Microfossil Zone 4 (transition from low to high lake 

levels), for example, shows a strong temporal correlation with period of persistent high lake 

levels at Lake Malawi at about 0.46 Ma to 0.35 Ma (Fig. 4), and the boundaries of microfossil 



442 
 

Zone 3(transition from high to low lakes levels) show an equally strong temporal correlation 

with a period of gradual decline in lake levels at Lake Malawi at about 0.35 Ma to 0.25 Ma (Fig. 

4).  Similarly, the boundaries of microfossil Zone 1 (generally low lake levels with several brief 

high lake cycles) largely coincide with a late Pleistocene mega-drought in the Lake Malawi 

watershed (Fig. 4) (Cohen et al., 2007; Ivory et al., 2016).   

Our data also reveal that, at times, the Koora Plain and Lake Malawi appear to have been 

antiphased with respect to lake levels. For example, several deep water intervals at the Koora 

Plain at about 0.50 Ma, 0.20 Ma, and 0.11Ma are coincident with shallow water intervals at Lake 

Malawi (Fig. 4). Conversely, low water levels in the Koora Plain at about 0.43 Ma, 0.23 Ma, and 

again at about 0.13 Ma coincide with high water levels at Lake Malawi (Fig. 4). The apparent 

anti-phasing of lake levels at shorter time scales may not be surprising because prior studies have 

already demonstrated considerable inter-regional climate differences in Africa during the late 

Pleistocene, particularly when comparing equatorial with southern tropical/subtropical regions 

(e.g., Blome et al., 2012; Salzburger et al., 2014). The similarity in the timing of larger-scale 

(i.e., 0.1-Ma-scale) features in the two records suggests that both watersheds may be responding 

to similar large scale global teleconnections in climate, but the direction of the response in the 

two regions (i.e., wet versus dry) was different.   

The Koora Plain record can be compared to shorter (< 0.17 Ma) lake level 

reconstructions from the more proximal Lake Challa (Fig. 1a; Moernaut et al., 2010) and from 

the more proximal Lake Naivasha area (Fig. 1b; Trauth et al., 2003). Lake Challa has 

experienced high water levels for most of the last 0.14 Ma, with the exception of a conspicuous 

decline in water level at about 0.11 Ma (Fig. 4). The Lake Naivasha has experienced variably 

high and low lake levels over most of the past 0.17 Ma with only one period of sustained high 
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lake level at about 0.13 Ma (Fig. 4); a pattern that is slightly different from the Koora Plain and 

Lake Challa records (Fig. 4). The abrupt transition from shallow to deeper water environments at 

about 0.11 Ma in the Koora Plain record seems to coincide with low water levels at Lake Challa 

and in the Lake Naivasha area, as it did in the Lake Malawi record (Fig. 4). A similar low stand 

also occurred at about the same time in Lake Tanganyika (Fig, 1a) (Scholz et al., 2007; McGlue 

et al., 2008). Collectively, these data suggest that this prominent deeper lake cycle in the Koora 

Plain coincides with a convincing drought signal elsewhere in the region. Widespread aridity in 

southeast Africa at about 0.11 Ma may have resulted from a slight northward shift in the average 

summer position of the Intertropical Convergence Zone (ITCZ) (e.g., Salzburger et al., 2014). 

Such a shift would have reduced the amount of intense summer rainfall in southeastern Africa, 

and is expressed as the near desiccation of many lakes in southeast Africa at this time 

(Salzburger et al., 2014). Lakes farther to the north that remained within the annual migration of 

the ITCZ, such as Lake Turkana (Fig. 1a), were not affected (e.g., Salzburger et al., 2014). This 

model suggests that strong north-south gradients in precipitation can exist between the Koora 

Plain region and the Lake Malawi region. The Koora Plain record may generate interesting new 

hypotheses about the position of the of ITCZ over longer time scales and its role in southeast 

African  lake level fluctuations; lake levels at the Koora Plain and Lake Malawi over the past 

0.50 Ma can now be directly compared (Fig. 4).  

If the proposed trend towards progressively shallower lakes and towards more transitory 

deep water environments in Koora Plain over the past 0.98 Ma (Fig. 4) can be attributed to 

dominantly climatic causes, then it is reasonable to conclude that the region around the Koora 

Plain became overall drier at roughly 0.46 Ma and perhaps drier again after roughly 0.23 Ma 

(Fig. 4). Within the confines of the age model, the step-wise increase in aridity at about 0.46 Ma 
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may coincide with a major East African faunal turnover recorded at Lainyamok (Fig. 1b) 

between about 0.50 Ma and 0.40 Ma (Faith et al., 2012). Two significant events in human 

evolution, namely the latest age for the transition from Acheulean technology to Middle Stone 

Age technology (~ 0.32 Ma; Haradon, 2010) and the first appearance of anatomically modern 

Homo sapiens in Africa (~ 0.315 Ma; Richter et al. (2017)), overlap with the onset of a period of 

predicted high environmental variability at about 0.36 Ma (Fig. 4) (stage H2 in Potts and Faith, 

2015).  The Koora basin record also suggests, however, that these major events in mammalian 

and human evolution during the late Pleistocene in southeast Africa, or more specifically, around 

Olorgesailie, occurred against a backdrop of overall increasing aridity.  

 

CONCLUSIONS 

 

 A ~ 135-m-long continuous core (max. age ~ 1 Ma) from the Koora Plain of southern 

Kenya was analyzed at roughly 7000 to 1000 year resolution for paleoecological records. The 

core contains convincing evidence for three broad paleoenvironmental intervals: recurrent deep 

water environments from 0.98 Ma to 0.46 Ma; fluctuating moderately deep and shallow water 

environments from 0.46 Ma to 0.23 Ma; and persistently shallow water environments punctuated 

by brief deeper water environments from 0.23 Ma to 0.07 Ma. 

The ostracode fauna in the Koora Plain core is composed of a nearly monospecific 

assemblage of Limnocythere africana that occur in several discreet intervals. Six other shallow 

water ostracode species were observed, but they occur in very low numbers. Biologic calcite 

production or preservation (i.e., ostracode valves) generally coincides with shallow lake or 

wetland intervals as defined by a preliminary diatom-based lake level reconstruction. Deeper 
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water intervals may have been too dilute or too acidic to preserve biologic calcite. The 

observation that microlaminated sediments often coincide with inferred deep water environments 

suggests that benthic environments during deeper water intervals were potentially inhospitable 

and devoid of burrowing organisms. 

Strontium isotope ratios (
87

Sr/
86

Sr) in five fish bone samples spanning 0.39 Ma to 0.19 

Ma and from both ostracode-bearing and non-ostracode-bearing sediments are similar (0.7051 to 

0.7055) and suggest a single source of water. The Lake Naivasha area, roughly 105 km north of 

the Koora Plain, produces water with similar 
87

Sr/
86

Sr ratios and is known to have discharged 

both surface water and groundwater to the south. East African Rift Valley sources between the 

Lake Naivasha area and the Koora Plain is a likely source of water that supported the wetlands 

and shallow lakes in the Koora Plain between 0.46 Ma and 0.23 Ma.  

Our paleoenvironmental record for the Koora Plain was compared to a 1.1 Ma-long lake 

level record from Lake Malawi as well as to < 0.17 Ma long records from more proximal lakes in 

the Lake Naivasha area and at Lake Challa. At face value, the long Koora Plain paleolake level 

reconstruction bears little resemblance to the Lake Malawi record. However, compelling 

similarities do exist in the timing of significant environmental transitions (but not their direction) 

between several microfossil Zone boundaries in the Koora Plain record and the Lake Malawi 

record. Several shallow water intervals in the Koora Plain record show a compelling correlation 

with peak interglacial periods, although other shallow water intervals do not. The relationship 

between lake levels in the Koora Plain and global climate transitions is complex and cannot be 

fully explained by invoking simple associations with glacial and interglacial climate modes. A 

conspicuous shift towards shallow water environments occurs at about 0.11 Ma at Lakes Malawi 

and Challa, and possibly at Lake Naivasha. An inverse transition from shallow water to a brief 
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deep water environment is evident in the Koora Plain record at about 0.11 Ma, which within the 

confines of the Koora Plain age model may suggest anti-phasing in regional lake level records at 

this particular time. Additional intervals of apparent anti-phasing of lake level are also evident in 

older sediments.  

The Koora Plain contained variably shallow lakes, wetlands, or dry ground between 

0.500 Ma and 0.310 Ma. These sediments were deposited during a prominent hiatus in 

deposition at the neighboring Olorgesailie early hominin site and provide much needed 

information on the paleoenvironmental conditions in the Olorgesailie region at this time. A 

prominent increase in aridity in the Koora Plain region at about 0.46 Ma appears at the local 

scale to coincide with a major faunal turnover in the southern Kenya Rift that occurred between 

0.50 and 0.35 Ma (Potts and Deino, 1995; Potts, 1998; Faith and Potts, 2012). Abrupt increases 

in aridity at about 0.46Ma and again at about 0.23 Ma do not correlate with the demise of the 

Acheulean stone tool technology and the development of Middle Stone Age stone tool 

technology at nearby Olorgesailie or with the first appearance of anatomically modern Homo 

sapiens in East Africa, although these events do overlap with the onset of an interval of predicted 

high environmental variability at about 0.036 Ma. The Koora Plain core provides compelling 

evidence for a general increase in East African aridity through the period of these critical events 

in human evolution.  
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FIGURES 

 

Figure 1. Maps showing the location of (a) the study area in relation to East Africa,  (b) the 

Koora Plain (white infilling outlined in orange) and the core site in relation to the southern 

Kenya Rift, and (c) the core site in relation to Mt. Olorgesailie, the Olorgesailie beds, and Lake 

Magadi. Contour intervals in (b) and (c) are in 75 m increments over the intervals 750 to 2000 

masl and 750 to 1600 masl, respectively. LE – Lake Elmenteita, LNk – Lake Nakuru, LNa -  

Lake Naivasha, LO – Lake Oloidien, OKNR – Ol Keju Neru River, ODN - Ol Doinyo Nyokie 

ignimbrite complex. Index map traced from Google Maps. Aerial image modified from Google 

Earth. Topographic base maps modified from Global Multi-Resolution Topography (GMRT) 

Synthesis (Ryan et al., 2009), http://www.geomapapp.org. 
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Figure 2. Graph of individual 
40

Ar/
39

Ar ages, primary sedimentology based on smear slide 

analyses, individual 
87

Sr/
86

Sr sampling locations, and the results of the microfossil analyses on a 

per gram basis from core OLO12-1A. All items are plotted by depth (meters) below surface 

(MBS). V – volcaniclastics, D – diatomite, L. af. -  Limnocythere africana, juv – juvenile, Pot – 

Potamocypris sp., Cyp – Cypridopsis sp., Hem? – Hemicypris ?, Dar – Darwinula stevensoni, 

Cnp – Candonopsis sp., Ily. – Ilyocypris sp., Onc – Oncocypris sp.  Microfossil zones Z1 

through Z6 are identified.  
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Figure 3. Digital photographs of ostracode valves and a gastropod operculum fragment 

encountered in core OLO12-1A from the Koora Plain. Group A – Limnocythere africana (i) 

male, right valve, (ii) male, left valve, (iii) female, right valve, (iv) female left valve. Group B – 

Ilyocypris gibba (i) adult valve, (ii) juvenile valve. Group C – Hemicypris sp. (?). Group D – 

Cypridopsis sp. (i) right valve, (ii) left valve. Group E – Potamocypris sp. (i) right valve, (ii) left 

valve. Group F – Oncocypris sp. (i) right valve, (ii) left valve. Group G – Darwinula stevensoni, 

juvenile right valve. Group H – top view of an operculum fragment. Images were taken under 

transmitted light using an Olympus DP71 digital camera mounted on an Olympus SZX12 

binocular microscope. Images were modified for contrast and clarity using Photoshop CS3.  
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Figure 4. Graph of key microfossil indicators, sedimentary calcium content based on x-ray 

fluorescence (XRF), and a preliminary diatom-inferred lake level curve plotted by age from core 

OLO12-1A from the Koora Plain. Insolation curve from Berger and Loutre (1991) and Berger 

(1992). Dome C Antarctic H record from Jouzel et al. (2007). Lake Malawi lake level curve 

from Ivory et al. (2016). Lake Challa lake level curve from Moernaut et al. (2010). Composite 

lake level curve from lakes Naivasha, Elmenteita, and Nakuru (NEN) from Trauth et al. (2003). 

Key events in mammal and hominin evolution in the Olorgesailie region are plotted on the far 

right. Blue horizontal lines represent deep water environments inferred from diatom analysis of 

the Olorgesailie beds (Owen et al., 2008, 2009b, 2011). Sge – sedge, Bot – Botryococcus, Diat – 

diatom frustrules, Spng – sponge spicules, “biologic calcite” – ostracode  valves and snail 

opercula, Ca XRF – calcium content derived from x-ray fluorescence. Five solid black circles 

adjacent to the “biologic calcite” panel represent fish bone 
87

Sr/
86

Sr isotope ratio samples. Z1 to 

Z6 are microfossil zones produced from a constrained cluster analysis (see Fig. 2). Orange 

intervals in insolation panel are predicted periods of high environmental variability (Potts and 

Faith, 2015). Small numbers in Dome C panel are Marine Isotope Stages. Black star with A – 

First Appearance of Homo sapiens (Richter et al., 2017), B – transition from Acheulean to 

Middle Stone Age tool technology, C – period of major faunal turnover in southern Kenyan Rift 

(Potts and Deino, 1995; Faith et al., 2012). 
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Figure 5. Photographs of sediments from the OLO12-1A core from the Koora Plain. a) 

microlaminated sediments from drive 1A-77Q-1 that  were deposited during deep water 

conditions at about 0.52 Ma, b) microlaminated sediments from drive 1A-63Q-2 that were 

deposited in deep water conditions at about 0.32 Ma, c) massive sediments from drive 1A-70Q-3 

that were deposited during shallow water conditions at about 0.40 Ma, d) faintly laminated 

sediments from drive 1A-61Q-3 that were deposited in shallow water conditions at about 0.29 

Ma, e) massive sediments from drive 1A-56Q-1 that were deposited during shallow water 

conditions at about 0.24 Ma, f) microlaminated sediments from drive 1A-39Q-2 that were 

deposited in deep water conditions at about 0.19 Ma, g) faintly microlaminated sediments from 

drive 1A-35Q-2 that were deposited in deep water conditions at about 0.13 Ma. Major ruler 

gradations at the right of each image are in cm.  
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Figure 6. Cross-plot of stable oxygen (
18

O) and stable carbon (
13

C) values from co-occurring 

opercula fragments (green circles), Limnocythere africana valves (green and orange triangles), 

and Cypridopsis sp. valves (green squares) from sediments deposited in the Koora Plain 

approximately 0.24 Ma. 
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Figure 7. Cross-plots showing distribution of bedrock 
87

Sr/
86

Sr ratios versus 
143

Nd/
144

Nd ratios 

from (7a) the Eastern Kenyan Rift and their relationship to the narrow range of 
87

Sr/
86

Sr ratios in 

fish bone from the Koora Plain core (vertical orange bar). Individual localities (7b) that produced 

bedrock 
87

Sr/
86

Sr ratios that overlap the 
87

Sr/
86

Sr ratios in fish bone from the Koora Plain core 

are potential source areas. The 
87

Sr/
86

Sr ratios in water sources from the Lake Naivasha area are 

of particular interest. See text for discussion. Data compiled from Aulbach et al., 2008, 2011; 

Bell and Blenkinsop, 1987; Bell and Peterson, 1991; Bell and Powell, 1970; Bell and Simonetti, 

1996; Bell and Tilton, 2001; Bell et al., 1973; Black et al., 1998; Class et al., 1994; Cohen et al., 

1984; Davies and Macdonald, 1987; Dawson, 1994; Furman et al., 2004, 2006; Heuman and 

Davies, 2002; Kalt et al., 1997; Keller and Kraft, 1990; Koornneef et al., 2009; le Roex et al., 

2001; Macdonald et al., 1994, 1995; Mollel, 2008; Mollel et al., 2009, 2011; Nelson et al., 1988; 

Norry et al., 1980; Ojiambo et al., 2003; Paslick et al., 1995; Rock, 1976; Rogers et al., 2000; 

Rudnick et al., 1993; Simonetti et al., 1994, 1995; Späth et al., 2001.  

 

 

 

 

 

 

 

 

 



490 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



491 
 

Figure 8. Map of eastern Africa showing key volcanic centers that have 
87

Sr/
86

Sr analyses on 

bedrock. Black diamonds – locations with multiple 
87

Sr/
86

Sr ratios that overlap with the 
87

Sr/
86

Sr 

ratios in fish bones from the Koora Plain, grey diamonds – locations with one 
87

Sr/
86

Sr ratio that 

overlap with the 
87

Sr/
86

Sr ratios in fish bones from the Koora Plain, empty diamonds – locations 

with 
87

Sr/
86

Sr ratios that do not overlap with the 
87

Sr/
86

Sr ratios in fish bones from the Koora 

Plain. See Figure 7b for a visual display of the 
87

Sr/
86

Sr ratios from the locations with black and 

grey diamonds. ODE – Ol Doinyo Eburru, Shom – Shombole, Lndt – Lenderut, ODL – Ol 

Doinyo Lengai, Keri – Kirikiti, Lmgnt – Lemagurut, Sad – Saidman, Lmsn – Loolmalasin, Ngro 

– Ngorongoro; Bko – Burko, Ess – Essimingor, Tar - Tarasero, KJO – Mt. Kilimanjaro. 
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TABLES 

 

Table 1. Strontium isotope (
87

Sr/
86

Sr) ratios in fish bones from the Koora Plain. 

raw depth 
(MBS) 

Age 
(Ma) 

Sample Identification Mean stdev 

(1) 

n* Ostracodes 
present? 

54.80 0.193 OLO12-1A-39Q-1  101.5-104.5 cm 0.705502 0.000020 118 no 
54.80 0.193 OLO12-1A-39Q-1  101.5-104.5 cm (d) 0.705490 0.000023 116 no 
99.89 0.241 OLO12-1A-56Q-2  38.5-44.5 cm 0.705130 0.000027 114 yes 

111.42 0.282 OLO12-1A-61Q-2  105-111 cm 0.705292 0.000016 120 yes 
122.94 0.350 OLO12-1A-65Q-1  47-53 cm 0.705499 0.000017 120 yes 
129.24 0.388 OLO12-1A-70Q-2  41.4-47.5 cm 0.705120 0.000017 121 no 
   *Sample solutions were read 128 times. Any 

87
Sr/

86
Sr ratios that fell outside 2 of the original mean were removed and the  

remaining readings were averaged again. This process was only performed once. 
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Table 2. Stable oxygen (
18

O) and stable carbon (
13

C) values from biologic calcite from the 

Koora Plain. 

 
raw depth 
(MBS) 

Age 
(Ma) 

Sample Identification Material 
18

O 
(‰, VPDB) 


13

C 
(‰, VPDB) 

99.87 0.241 OLO12-1A-56Q-2  38.5-41.5  cm Lim. africana 3.00 0.16 
99.87 0.241 OLO12-1A-56Q-2  38.5- 41.5 cm Lim. africana 2.35 -0.29 
99.87 0.241 OLO12-1A-56Q-2  38.5- 41.5 cm Lim. africana 2.07 -0.07 
99.87 0.241 OLO12-1A-56Q-2  38.5-41.5  cm Cypridopsis sp. 1.65 2.99 
99.89 0.241 OLO12-1A-56Q-2  38.5-44.5 cm opercula  -1.12 -0.66 
99.89 0.241 OLO12-1A-56Q-2  38.5-44.5 cm opercula  -2.04 0.71 
99.90 0.241 OLO12-1A-56Q-2  41.5-44.5  cm Lim. africana 1.89 -0.49 
99.90 0.241 OLO12-1A-56Q-2  41.5-44.5  cm Cypridopsis sp. 2.84 3.45 

111.42 0.282 OLO12-1A-61Q-2  108-111  cm Lim. africana 1.50 -1.02 
111.42 0.282 OLO12-1A-61Q-2  108-111  cm Lim. africana 1.04 -1.19 

 


