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 10 

Abstract 11 

 Sediment cores taken near extant springs along the western margin of Soda Lake playa, 12 

as well as from the playa center, reveal dramatic hydrologic changes that occurred in the 13 

central Mojave Desert during the late Quaternary. Results of stratigraphic, chronologic, 14 

physical, chemical, and microfossil analyses of seven cores, ranging in length from 5 to 23 m, 15 

help refine the timing and character of the final stages of pluvial Lake Mojave during the late 16 

Pleistocene and define distinct periods of wetland development in the early and late Holocene. 17 

Evidence shows that an incipient lake occupied the central Soda Lake basin by at least 25.0 ka 18 

(ka = thousands of calibrated 14C years before present), and a fully developed Lake Mojave was 19 

present between 20.5 ka and 12.8 ka, before receding and ultimately yielding to playa 20 

conditions by 11.0 ka. Organic-rich “black mats” appear in several cores along the playa margin 21 

between 10.7 ka and 9.0 ka, suggesting that spring-fed wetlands persisted in this area long after 22 

the lake had regressed. The basin remained relatively dry throughout most of the Holocene 23 
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until wetland ecosystems expanded along the margins between 0.73 ka and 0.18 ka, coincident 24 

with part of the Medieval Climate Anomaly and Little Ice Age. Overall, our results demonstrate 25 

that buried sediments surrounding extant and extinct springs can be used to reconstruct past 26 

hydrologic conditions in desert environments on a variety of spatial and temporal scales, and 27 

provide important baseline information for effective management of limited desert resources. 28 

 29 

Keywords: groundwater discharge deposits; wetlands; radiocarbon dating; paleohydrology; 30 

Mojave Desert; Soda Lake 31 

 32 

Introduction 33 

  Management of hydrologic resources in arid environments has become increasingly 34 

important in recent decades due to the effects that growing human populations and changing 35 

climate conditions have on fragile desert ecosystems, as well as the severe societal and 36 

economic impacts of extended droughts (Griffin and Anchukaitis, 2014; Wan et al., 2017). 37 

Understanding how desert ecosystems responded to climatic events in the past and defining 38 

the time scales on which the responses took place provides critical baseline information that 39 

can be used as part of effective resource management. Today, researchers are monitoring 40 

extant springs and wetlands on federal lands throughout much of the western U.S., 41 

documenting hydrologic changes on seasonal, annual, and interannual timescales (Patten et al., 42 

2008; Dekker and Hughson, 2014). Understanding the implications of these changes, however, 43 

requires a longer temporal context that can only be obtained through examination of 44 

complementary paleohydrologic records. This approach allows land and water managers to 45 
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determine whether changes observed in springs or wetlands fall within known extremes, and to 46 

answer questions such as, when was the last time that hydrologic conditions were similar to 47 

today? When did they change? How fast did they change? And, ultimately, what caused them 48 

to change?  49 

 In the central Mojave Desert of southern California, paleohydrologic studies have 50 

focused largely on pluvial lakes, particularly Lake Manix (Jefferson, 2003; Reheis and Redwine, 51 

2008; Reheis et al., 2012), Harper Lake (Garcia et al., 2014), Coyote Lake (Miller et al., 2018), 52 

and Lake Mojave (Ore and Warren, 1971; Brown, 1989; Enzel et al., 1989; 1992; Wells et al., 53 

2003; Kirby et al., 2015). These studies have led to detailed understanding of regional 54 

hydrologic conditions during much of the late Quaternary, including the specific climatic 55 

conditions required to sustain large, open-water bodies in what is now an exceptionally arid 56 

environment.  57 

 Sediments deposited in and around springs and desert wetlands, collectively called 58 

groundwater discharge (GWD) deposits, have also been investigated in the Mojave Desert and 59 

surrounding regions to determine hydrologic variability during the recent geologic past (Quade, 60 

1986; Quade and Pratt, 1989; Quade et al., 1995; 1998; 2003; Pigati et al., 2011; 2019; Springer 61 

et al., 2015; 2018). Most of these studies are based on examination of geologic outcrops, and 62 

the results have shown that springs and desert wetlands responded dynamically to past 63 

changes in climate (e.g., Springer et al., 2015; 2018; Pigati et al., 2019).  64 

In 2011, our research group took a different approach to investigating paleowetland 65 

deposits and used a hydraulic soil sampler to collect sediment cores near a series of extant 66 

springs along the western edge of Soda Lake playa in the Mojave National Preserve, California 67 
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(Fig. 1). Our hypothesis was that because wetland ecosystems expand during periods of 68 

increased effective precipitation and contract during drier times, cycles of wetland expansion 69 

and contraction should be recorded in the sediments surrounding the springs, assuming the 70 

nature of the system is more aggradational than erosional. If successful, this approach could 71 

allow researchers to obtain paleohydrologic information for springs and wetlands in areas 72 

where outcrops of GWD deposits are not available.  73 

Although the results of this initial study provided some insights into paleohydrologic 74 

conditions in the Soda Lake basin (Pigati et al., 2016), the interpretations and conclusions were 75 

ultimately limited by moderate-to-poor core recovery in dry sediments, and essentially no 76 

recovery in saturated sediments. In the current study, we adopted a similar approach, but 77 

employed a hydraulic coring system that is capable of recovery in both wet and dry conditions. 78 

We collected a series of cores along the extant springs, as well as from the playa center, with 79 

the intent of constraining the timing and spatial scale of hydrologic changes that occurred in 80 

the basin during the late Quaternary, thus providing additional insight into the sensitivity of 81 

desert wetland ecosystems in the central Mojave Desert. 82 

 83 

Study area 84 

 The Mojave Desert is the driest region in North America and is transitioning to an even 85 

drier climate (Seager et al., 2007). Long-term, average annual precipitation rates for the Mojave 86 

Desert range from 44 to 309 mm yr-1 (Hereford et al., 2006), and the region has been identified 87 

as a “climate change hotspot” based on the increasingly variable amount of precipitation from 88 

year to year (Diffenbaugh et al., 2008). General circulation models suggest temperatures in the 89 
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Mojave Desert will continue to increase over the next century, but predicting changes in 90 

precipitation and the potential effects on landscapes, ecosystems, and biota is more difficult 91 

(Maloney et al., 2014). 92 

 Soda Lake, and its neighbor to the north, Silver Lake, are playas located near the center 93 

of the Mojave Desert (Fig. 1). During the late Pleistocene, Lake Mojave occupied these two 94 

adjoining basins (Thompson, 1929; Ore and Warren, 1971; Brown, 1989; Wells et al., 2003). 95 

Today, they are the termini of the Mojave River, which flows eastward from the San Bernardino 96 

Mountains through the largest watershed in the Mojave Desert (Cox et al., 2003). The 97 

headwaters of the Mojave River, in the San Bernardino Mountains, currently receive up to 840 98 

mm yr-1, whereas the Soda Lake basin receives only 100 mm yr-1 on average (Daly et al., 2008), 99 

resulting in a flow regime characterized by a combination of flashy episodes of surface flow that 100 

occasionally flood the two basins, and perennial, shallow subsurface flow. Silver Lake playa is 101 

about 7 m lower than Soda Lake playa, and floods only when the hydrological input is great 102 

enough to overtop a topographic ridge near Baker, California (Fig. 1).  103 

 Soda Lake is a hydrologically open, through-flow playa. The subsurface water in the 104 

basin is typically shallow and interacts with the ground surface via capillary action to produce a 105 

variable and dynamic surface of efflorescent salts, hosted by silts and sands (Reynolds et al., 106 

2007; Goldstein et al., 2017). Soda Lake basin also supports intermittent, channelized surface 107 

flow through a system of meandering, braided channels that coalesce before flowing north into 108 

Silver Lake playa (Fig. 2A). Input into Soda Lake, both surface and subsurface, is predominantly 109 

through the Mojave River system, which is most active following upstream storm events in the 110 



6 
 

winter and spring, as well as infrequent, but intense precipitation events during the summer 111 

(Enzel et al., 1989; 1992; Enzel and Wells, 1997). 112 

 Soda Lake playa occupies the Soda Lake basin, which is thought to be a trans-tensional 113 

tectonic basin that links the Soda-Avawatz fault system with the Bristol-Granite Mountain fault 114 

system of the Eastern California shear zone (Langenheim and Miller, 2017). A series of active 115 

springs are aligned near the bedrock-playa interface at the western margin of the playa (Fig. 116 

2A), and include some small perennial pools that support the endangered Mojave tui chub (Gila 117 

bicolor mohavensis) and other endemic flora and fauna (Woo and Hughson, 2004; Barthel, 118 

2008). These springs are fed by groundwater that likely moves up from a relatively deep aquifer 119 

through a fault (or series of faults), as water emanating from the springs is chemically distinct 120 

from shallow groundwater present just below the playa surface (Barthel, 2008) and the springs 121 

persist year-round, despite seasonal weather extremes and extended periods of drought. 122 

Springs are not present in the alluvial fans or at the bedrock-fan interface above the Soda Lake 123 

springs, further suggesting a deep aquifer as the source.  Nearly all springs in the area, including 124 

those at the margin of Soda Lake playa, have been altered by humans during prehistoric and 125 

historic times (Woo and Hughson, 2004; Barthel, 2008), but the sediments surrounding the 126 

springs near Soda Lake appear to be largely intact. 127 

 Emergent groundwater continually saturates the sediments surrounding the Soda Lake 128 

springs and occasionally supports localized surface flow (Fig. 2B). The thickness of the saturated 129 

zone decreases away from the spring orifices, and the depth and extent of the zone fluctuates 130 

seasonally, usually expanding during the winter and contracting during the summer. The 131 
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continuous source of spring water supports wetland vegetation that is dominated by a salt 132 

marsh community, with halophytes occupying the drier fringe areas. 133 

 134 

Methods 135 

Sediment cores and soil pits 136 

 We used a Geoprobe (model 6610DT) direct push system to recover sediment in 4 cm 137 

diameter, 1.5 m long drives. Core locations were chosen by proximity to the extant spring 138 

discharge centers and criteria set forth by the Mojave National Preserve permitting regulations. 139 

The cores are grouped into a northern suite (Z21, Z22, and Z23; Fig. 2B), a southern suite near 140 

the Desert Studies Research Center (Z16, Z17 and Z18; Fig. 2C), and a single core (Z24) near the 141 

center of the current Soda Lake playa (Fig. 2A). The locations and elevations of the core sites 142 

were recorded using a differentially corrected GPS system with a vertical accuracy of ±20 cm 143 

(Table 1). Bore depths were recorded using the drill stem and compared to the amount of 144 

recovered sediment to determine the percent recovery for each drive. When possible, cores 145 

were taken as pairs to provide additional material for dating and to cover any gaps in the 146 

recovered sediment. 147 

 In the laboratory, the cores were bisected, cleaned of smeared material, and 148 

photographed. One half was retained as an archive reference, and the other half was described 149 

at the centimeter scale based on color, grain size, bedding, contacts, sorting, and other 150 

sedimentary structures. Testing for the presence/absence of carbonates was carried out at 151 

regular intervals using 1.2N hydrochloric acid (HCl). The presence or absence of organic matter 152 

was noted, and plant and animal remains were investigated using stereomicroscopy. Samples 153 
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for radiocarbon dating, as well as physical, chemical, and microfossil analyses, were each given 154 

a unique identification number (e.g., Z16-1-2-25,26, where Z16 is the site number, 1 is the 155 

borehole number at that site, 2 is the drive number within that bore, and 25,26 denotes that 156 

the sample was taken between 25 and 26 centimeters below the lip of the liner for that drive). 157 

When not in use, the cores are wrapped in plastic, placed in plastic boxes, and kept in cold 158 

storage to minimize desiccation.  159 

 In addition to the sediment cores, we hand-dug a series of soil pits to examine the 160 

uppermost 0.5 to 1.0 m of sediment in areas around the drill sites and extant springs (Fig. 2D). 161 

The main purposes of this effort were to (1) establish the relationship between modern 162 

depositional environments and their representative sediments in the cores, (2) determine the 163 

spatial extent of distinct wetland units encountered in the upper part of the cores, and (3) 164 

determine how those units vary with distance from the spring epicenters. Sediments exposed in 165 

the pits were described in the field and sampled in a similar manner as the cores, and global 166 

positioning system data were used to determine their locations. 167 

 168 

Radiocarbon dating 169 

 We used radiocarbon (14C) dating of bulk organic material, shell fragments of the 170 

freshwater bivalve Anodonta sp. (likely A. californiensis), and concentrated organic matter 171 

(plant microfossils) to establish age control for both the sediment cores and soil pits. Bulk 172 

organic material was pretreated using standard acid-base-acid (ABA) procedures, whereas shell 173 

material was cleaned and etched with dilute HCl to remove 30-50% of the total mass prior to 174 

hydrolysis.  175 
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Samples with low organic carbon content were treated using organic concentration 176 

methods based in part on processes used in palynological analyses (Brown, 2008). Mineral-rich 177 

samples were soaked in deionized (DI) water overnight and screened at 150 µm using copious 178 

amounts of deionized water. The samples were then stirred in beakers, given 3 to 5 seconds to 179 

settle, and the supernatant liquid (which contained the majority of the organic material) was 180 

decanted and saved. This procedure removes silicates and other minerals that are denser than 181 

typical organic matter, thereby reducing the amount of acid required in subsequent steps. The 182 

samples were then centrifuged to isolate particles larger than 8 µm in diameter and the 183 

supernatant was discarded. This step was repeated until the supernatant was clear. 184 

 The resulting 8-150 µm fraction was treated initially with 1.2N HCl at room temperature 185 

until the reaction was visually complete (~1 hr). The samples were then centrifuged, decanted, 186 

and treated overnight with 12N HCl at room temperature to ensure complete removal of all 187 

carbonate minerals. After rinsing, centrifuging, and decanting again, a small amount (usually ~5 188 

ml, to prevent a violent reaction) of 28.9N hydrofluoric acid (concentrated HF) was added to 189 

the sample and stirred using a vortex mixer to begin dissolving siliciclastic minerals. After 1 190 

hour, an additional 15 ml of concentrated HF was added to the solution and allowed to react 191 

for at least 12 more hours. The acidic solution was then decanted after centrifugation. 192 

Concentrated HF was then reintroduced, mixed with the sediment on the vortex mixer, and 193 

placed in a hot water bath at 80 °C for 4 hours to further remove silicates. The samples were 194 

once again centrifuged and decanted, and 6N HCl was introduced to the sample for 1 hour at 195 

room temperature to prevent the precipitation of fluoride compounds. Finally, the samples 196 
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were centrifuged, decanted, and rinsed repeatedly with ASTM Type 1, 18.2 MΩ water before 197 

being placed in glass vials or beakers and dried overnight at 60 °C. 198 

 Concentration of organic matter in this manner allows the combustion, extraction, CO2 199 

purification, and graphitization steps to proceed without the difficulties of small-sample 200 

analyses, and also permits the direct application of standards and blank corrections (e.g., 201 

Donahue et al., 1990). A secondary effect of the processing is that labile and partially degraded 202 

organic matter is removed during pretreatment, further concentrating the targeted carbon 203 

pool. Previous efforts have shown that 14C ages of organic material concentrated using the 204 

procedures employed in this study are similar to ages derived from terrestrial plant 205 

macrofossils collected from the same stratigraphic horizons (Pigati et al., 2016).  206 

 Pretreated organic samples were combusted online in the presence of excess high-207 

purity oxygen, whereas shell carbonate was converted to carbon dioxide (CO2) using American 208 

Chemical Society (ACS) reagent grade 44.4N phosphoric acid (H3PO4) under vacuum at 80 °C 209 

until the reaction was visibly complete (~1 hour). Water and other contaminant gases were 210 

removed using a combination of cryogenic separation and high-temperature fine-wire copper 211 

and silver traps. Frequently, for samples subjected to the organic concentrate procedure 212 

(denoted as plant microfossils in Table 2), these purification steps do not always completely 213 

eliminate sulfur-containing gases, of which mere traces will interfere with graphitization. 214 

Therefore, the CO2 from these samples was exposed to 400 °C iron powder under vacuum for 215 

20 minutes, during which the sulfur combines with the iron to make iron sulfide, removing it 216 

from the gas. For all samples, the clean CO2 gas was measured manometrically and converted 217 

to graphite using the standard hydrogen reduction process (e.g., Vogel et al., 1984) and 218 
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submitted for AMS 14C analysis. Finally, for samples processed at the U.S. Geological Survey’s 219 

radiocarbon laboratory (denoted by CAMS numbers in Table 2), a second aliquot of purified CO2 220 

was submitted for δ13C analysis to correct the measured 14C activity of the shell carbonate for 221 

isotopic fractionation. This was not required for samples processed by Aeon Laboratories, LLC 222 

(denoted by Aeon numbers in Table 2). 223 

 Radiocarbon ages were calibrated using the IntCal13 dataset and CALIB 7.1 (Stuiver and 224 

Reimer, 1993; Reimer et al., 2013). Ages are presented in calibrated years BP (Before Present; 0 225 

yr BP = 1950 A.D.), and uncertainties are given at the 95% (2σ) confidence level. If multiple 226 

ranges were permitted during calibration, ages discussed in the text and shown in the figures 227 

are based on the mean of the ranges weighted by their probabilities and are presented without 228 

uncertainties. For example, an age of a single calibrated range would be given as 10.66 ± 0.08 229 

ka, whereas it would be presented as ca. 10.7 ka if multiple ranges were permitted. Age-depth 230 

models for the cores were generated using the resulting ages, depth measurements, and Bacon 231 

age-modeling software v. 2.2 (Blaauw and Christen, 2011). 232 

 233 

Physical and chemical analyses 234 

 The organic carbon content of 84 samples was measured at the Soil, Water and Plant 235 

Testing Laboratory at Colorado State University. Samples were chosen for analyses based on 236 

their physical characteristics (primarily darkness of color), and to explore possible relationships 237 

between organic content and specific depositional facies as discussed below. Samples were 238 

dried at 105 °C then combusted in a muffle furnace at 550 °C for at least 4 hours, to determine 239 

the percentage of organic matter reported as percentage of the dry mass (Dean, 1974).  240 
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 Particle-size distributions of 122 samples were determined using laser diffraction. 241 

Samples were chosen for particle-size analysis (PSA) based on visual textural changes and to 242 

evaluate environmental interpretations. Prior to analysis, samples were treated with 30% 243 

hydrogen peroxide (H2O2) to remove organic matter, 1.2N HCl to remove carbonates, and 244 

sodium hexametaphosphate (Na6P6O18) to prevent clay flocculation. Results are reported as 245 

volume percentages of sand (2000-63 µm), silt (63-4 µm), and clay (4-0.1 µm). 246 

 Mineral identifications of 125 bulk samples were determined by x-ray diffractometry 247 

(XRD) using peak location for mineral identification and peak intensities for semi-quantitative 248 

abundances (Moore and Reynolds, 1989). Clay mineralogy was also examined using XRD 249 

methods. For the clay samples, carbonates were removed with 1.2N HCl, organic material was 250 

removed using 30% H2O2, biogenic silicates were removed using concentrated acetic acid 251 

buffered with sodium acetate (C2H3NaO2) to a pH of 5, and Na6P6O18 was used to prevent clay 252 

flocculation and enhance dispersion. Standard settling procedures were used to separate the 253 

sand and silt fractions (Moore and Reynolds, 1989). Clay samples were analyzed after air drying, 254 

ethylene glycol solvation, and heating at 550 °C for 1 hour. 255 

 We note that samples for physical and chemical analyses were chosen at irregularly 256 

spaced intervals in order to examine the relationships between various parameters and the 257 

facies interpretations as described below. Therefore, these data should be viewed as a guide for 258 

what we might expect for the different environments, but should not be taken as absolute 259 

values required for assignment to a given facies.  260 

 261 

Microfossil analysis 262 
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 Ostracode assemblages were determined for 129 samples from the sediment cores and 263 

16 samples from soil pit SL44. Samples were collected from each drive, and where sediments 264 

were noticeably different to explore or verify environmental interpretations. Samples were 265 

disaggregated in a weak solution of Na6P6O18 and sodium bicarbonate (NaHCO3) for 1 to 4 days, 266 

with gentle stirring daily. The resulting slurries were washed over a 90 µm sieve using hot 267 

water, with the >90 µm fraction retained for analysis. Ostracodes were identified to species 268 

when possible. In addition to ostracodes, the presence of other biological remains (small 269 

gastropods, diatoms, fish scales and bones, insect remains) and any unusual mineralogic or 270 

sedimentologic characteristics were noted for each sample. 271 

 272 

Results 273 

Coring details and recovery 274 

 We recovered 128 meters of sediment from a total of 9 sites, including 7 cores that we 275 

described in detail: Z16-1, Z17-1, Z18-1, Z21-2, Z22-1, Z23-1, and Z24-1 (Table 1). Recovery for 276 

all cores ranged from 71.6 to 95.6%, which is significantly better recovery than that obtained by 277 

Pigati et al. (2016) at similar locations. Recovery can be affected by several processes that occur 278 

during drilling, including compaction of soft sediment, expansion of sediment when pressure is 279 

released, bore-swell between drives, and failure of the coring point to release, also known as 280 

‘blow-by.’ In this study, compaction is the most likely source of negative error in recovery 281 

(resulting in the apparent, but not actual, loss of material), whereas bore-swell is the most likely 282 

positive error (resulting in the collection of more length of core than sediment pushed 283 

through). Depth below the ground surface was measured using the drill stem for each drive, 284 
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which prevents false accumulation errors over the length of the core. Although we observed 285 

slight variations in unit appearance and depths between cores, many units could be traced 286 

laterally between drilling locations, and the stratigraphy between adjacent cores proved to be 287 

strikingly similar. This suggests that little, if any, sediment was actually lost during the coring 288 

process and recovery was probably closer to complete than the percent recovery values in 289 

Table 1 indicate. 290 

 291 

General observations - sediment cores 292 

 Sediment cores were examined, sampled, and described in detail to make 293 

interpretations of the environment of deposition. Depictions of the sedimentologic, 294 

chronologic, and microfossil data are shown in the figures, whereas detailed descriptions of 295 

sediments recovered in each drive, from each core, are presented in Section S1. In general, 296 

younger sediments exhibit more oxidized colors (typically grayish brown to pale olive with hues 297 

of 10YR, 2.5Y, and 5Y), in contrast to older sediments that exhibit more reduced colors (typically 298 

green to bluish gray with hues of 5Y and 10Y, as well as gleyed colors). Fine-grained, gypsum 299 

masses and crystals up to 1 cm in diameter are occasionally present in the oxidized sediments, 300 

as are nodules and small amorphous masses of carbonate. Gypsum is not present in the older, 301 

reduced sediments, and positive carbonate tests in the older sediments typically result from the 302 

presence of biogenic carbonate and fine-grained detrital carbonate, rather than precipitated, 303 

carbonate nodules or masses. Very dark gray to black (Gley 1 2.5/10Y to 10YR 2/1, dry) organic-304 

rich, clayey, silt units, referred to informally as “black mats,” are common in desert wetland 305 
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sediments (Quade et al., 1998; Haynes, 2008; Harris-Parks, 2016) and are present in all cores 306 

except Z24 (the playa-center core). 307 

 In general, the texture of the younger, oxidized sediments is coarser than the older, 308 

more reduced sediments. The oxidized sediments consist primarily of silt and sand with minor 309 

clay, whereas the reduced sediments consist of clay and silt with minor sand. Small gravel 310 

lenses and isolated gravel clasts occur occasionally within the northern and southern suites of 311 

cores but are absent in core Z24. The finest-grained units are found in the older, reduced 312 

sediments of the cores, which contain up to 30% clay. Overall, the color and grain size 313 

relationship holds true for all cores except Z24, where both oxidized and reduced colors are 314 

associated with finer-grained sediments. 315 

 Unit boundaries were assigned based on color and textural changes, contact location 316 

and types, bedding, sorting, and organic content. Sediments are predominantly massive, but 317 

where bedding is present, the beds are typically 1 mm to 2 cm thick and appear as changes in 318 

color rather than grain size or texture. Fining-upward sequences are typically a few millimeters 319 

to several centimeters thick and consist of silty sand that fines upwards to sandy silt capped by 320 

massive, reddish clayey silt. Occasional cross bedding is highlighted by dark-colored mineral 321 

grains in the sandy silt and silty sand units. We observed what appear to be desiccation cracks 322 

in a few places, but were careful not to overinterpret the presence or absence of small or subtle 323 

features such as these due to the small diameter of the cores and the potential for 324 

misattributing artefact of coring to sedimentological processes. 325 

 326 

General observations - soil pits 327 
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 Two dozen soil pits were dug in the area surrounding the large spring discharge center 328 

at the northern end of the study site (Fig. 2D). In March 2015, standing water surrounded the 329 

vegetated area for roughly 20 m on the playa side, whereas the water table was routinely 330 

encountered at depths between 0.5 to 1.0 m below the surface just 10 to 20 m farther toward 331 

the playa center. In contrast, in October 2016, the ground surface near the spring was dry, and 332 

the water table was generally below 1 m in the same areas. Sediments below the active surface 333 

layer were predominantly composed of massive sandy silts and occasional, fine-grained clayey 334 

silts. The active surface layer consisted of loose, dry, sandy silt and salt crystals, capped by a 335 

more durable crust of silts and salt. Cross bedding was visible in some of the coarser units. Most 336 

notable was a thin, dark-colored, organic-rich black mat that occurred between 0.1 and 0.3 m in 337 

soil pits SL09, SL10, SL13, SL14, SL16, SL23, SL24, SL34 and SL44. 338 

 339 

Sedimentary facies 340 

 We identified eight distinct sedimentary facies in the core sediments and soil pits 341 

including dunes with colluvium, phreatophyte flats, wet meadows, wetlands, mudflats, playas, 342 

beaches, and lakes (Fig. 3). Assignment to a particular facies is based on sedimentologic 343 

characteristics (i.e., grain size, rounding, sorting, and bedding), relative organic content, 344 

redoxymorphic state, and microfossil assemblages using sediments from modern depositional 345 

environments in the Soda Lake basin as guides (Fig. 4). We recognize that there may be 346 

variations within each facies as well as considerable overlap between facies parameters, 347 

especially in transitional zones, in both modern and ancient environments. Therefore, we 348 
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consider trends in the sedimentary sequences to be as important as identifying precise facies 349 

when reconstructing hydrological conditions.  350 

 Sediments attributed to the dune/colluvium facies consist of massive, fine to coarse 351 

sand with some colluvial debris up to gravel size introduced from adjacent bedrock outcrops. 352 

Dune sediments in this facies are moderately to well rounded, and contain root-like organic 353 

material, suggesting that dense vegetation facilitated the accumulation of eolian sediment. We 354 

did not find any microfossil remains (ostracodes, diatoms) in the dune facies. 355 

The phreatophyte flat facies typically consists of massive to faintly stratified sands and 356 

silts with occasional gravels and minor clay. Coarser stratified alluvial sediments are typically 357 

interbedded with massive eolian deposits. Sediments in this facies exhibit oxidized colors, and 358 

although roots and root voids are common, microfossil remains are absent. We interpret the 359 

phreatophyte flat facies to represent areas marginal to active wetlands where groundwater had 360 

not breached the ground surface, but plants were able to access relatively shallow water tables. 361 

This environment is currently present at the distal toe of alluvial fans along the Soda Lake 362 

margin, where alluvial sediments are periodically deposited and phreatophyte plant 363 

communities thrive. The plants act as catchments for eolian material, allowing the aggradation 364 

of silt and fine sand, following the depositional model of Quade and Pratt (1989) and Quade et 365 

al. (1995) for desert wetland ecosystems. 366 

 The wet meadow and wetland facies are closely related and sometimes difficult to 367 

distinguish in the cores, with the quantity of plant remains being the primary distinguishing 368 

factor (after Harris-Parks, 2016). Organic material is more abundant in the wetland facies where 369 

concentrations approach ~5% by weight, and the sediments sometimes exhibit peaty textures. 370 
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Sediments of both wet meadow and wetland facies are moderately to well sorted and consist 371 

of massive to faintly laminated, clayey silt to fine sands that exhibit reduced (greenish) to black 372 

hues depending on the amount of organic material present. Insect remains and diatoms are 373 

common in sediments attributed to wet meadow and wetland facies, but ostracodes were not 374 

found in wetland units and only occasionally in wet meadow units. Occasional fish bones were 375 

found in the wet meadow units, but it is unclear whether these are reworked materials or 376 

represent brief periods of lacustrine conditions or shallow spring pools. Overall, we interpret 377 

the wet meadow facies to represent an environment where standing water is present for some 378 

portion of the year supporting grass communities, whereas the wetland facies represents an 379 

environment with perennial standing water and dense vegetation, including reeds and other 380 

wetland plants, similar to active spring discharge centers in the area today. The spatial extent of 381 

wet meadow and wetland facies appears to be highly variable and tracks the expansion and 382 

contraction of wetland ecosystems in response to changing environmental conditions. 383 

 The mudflat facies is the least distinct facies in this study and was often difficult to 384 

distinguish from the wet meadow facies. Mudflat sediments consist of clayey silts to clayey fine 385 

sands that are faintly laminated, faintly banded or massive and often display faint greenish hues 386 

characteristic of reduced environments. Organic content in this facies is typically lower than the 387 

wet meadow facies (Section S3). We interpret sediments of this facies as being deposited in 388 

areas subject to highly variable moisture conditions, such as those surrounding modern wet 389 

meadows and wetlands, particularly at the playa interface. In 2015, for example, the mudflat 390 

area adjacent to the large wetlands shown in Figure 4A experienced variable moisture 391 

conditions, ranging from standing water during the spring to a water table depth of more than 392 
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1 m below the ground surface during the fall. Shrink-swell processes resulting from expandable 393 

clay content, coupled with bioturbation during moist or transitional times, result in the massive 394 

nature of the mudflat sediments. Ostracodes are occasionally present in the mudflat sediments, 395 

as are diatoms, which suggests that hydrological conditions represented by this facies include 396 

shallow, short-lived bodies of standing water, episodic wet or moist ground conditions, as well 397 

as drier conditions. 398 

 The playa facies is directly comparable to sediments of the modern Soda Lake playa 399 

surface, and consists of clayey silt to silty sand that can be massive, finely laminated, or finely 400 

cross-bedded. These sediments are consistent with the current surface environments on the 401 

playa with silt-rich sediments associated with channelized surface flow and overbank deposits, 402 

as well as episodic flood deposits. Eolian input and wind scour are also a part of the current 403 

surface dynamics, and eolian material can collect in depressions or on saturated sediments. 404 

Fining-upward sequences that are typically a few millimeters to several centimeters thick are 405 

occasionally visible in the playa facies and represent episodic flood events. Within the cores, 406 

these fining-upward sequences are usually capped by clay-rich layers. Grayish brown, dark 407 

brown, and dark olive brown hues (10YR to 2.5Y) are typical of playa sediments in both the 408 

cores and soil pits, suggesting dominantly oxidizing conditions. Within the playa facies, a fine-409 

grained playa subfacies is observed in core Z24. This subfacies is massive with oxidized colors 410 

and although several samples contained ostracodes, no fish remains were found in it. The 411 

sediments from this roughly 2 m section of this subfacies in core Z24 are similar to the 412 

millimeter to centimeter thick, clayey silts that cap the fining upward sequences in the playa 413 

facies units. We suggest that the fine-grained playa facies represent shallow, flooded 414 
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conditions, although it is not clear whether the 2 m section in core Z24 (Fig. 5) was deposited in 415 

a single flood episode or during repeated flood events. 416 

 Sediments attributed to the beach facies lie directly above lacustrine sediments (which 417 

represent the lake facies, see below) and consist of loose, moderately to well rounded, well 418 

sorted, massive, sand, lacking organic material, clay, and silt. The beach facies is only found in 419 

core Z17, and as a thin horizon in core Z18 and does not contain either organic material or 420 

microfossils.  421 

 Finally, the lake facies consists of clayey silt with distinct dark, greenish gray (Gley-1) 422 

hues. The lake facies contains few bedding features, but do exhibit occasional changes in 423 

sediment color, up to 2 cm thick, and rare sand lenses. The sediments from this facies typically 424 

contain abundant aquatic vertebrate and invertebrate remains, including fish scales and bones, 425 

diatoms, and numerous ostracode valves. These distinctive sediments were previously 426 

interpreted as having a lacustrine origin (Muessig et al., 1957; Dickey et al., 1979; Wells et al., 427 

2003; Pigati et al., 2016), and the thickness of these facies in the present study are consistent 428 

with previous findings (see discussion below).  429 

Within the lake facies, we recognize three additional subfacies; “near-shore” lacustrine, 430 

“less-reduced” lacustrine, and “oxidized” lacustrine. The near-shore lacustrine subfacies is 431 

similar in color to the typical lacustrine sediments and contains similar microfossil assemblages, 432 

but is coarser grained, consisting mostly of silt and fine to medium sand, with lesser amounts of 433 

clay. Sediments of the less-reduced lacustrine and oxidized lacustrine subfacies are composed 434 

of the same clayey silts as the typical lacustrine sediments, but the less-reduced lacustrine 435 

subfacies exhibit olive gray (5Y 4/2) to very dark greenish gray (Gley 1 3/10Y) and the oxidized 436 
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lacustrine sediments are very dark grayish brown (2.5Y 3/2) to dark gray (5Y 4/1). The three 437 

lacustrine subfacies exhibit visibly different colors, but all contain diatoms, ostracodes, and fish 438 

remains. Finally, although the stratigraphic positions of the less-reduced and oxidized lacustrine 439 

subfacies are typically above the lacustrine sections and may indicate shallowing lake 440 

conditions, there is not enough information to quantify the relationship confidently at this time. 441 

 442 

Radiocarbon dating 443 

 The sediments from the Soda Lake cores span the last glacial period to the latest 444 

Holocene. In all, we obtained 36 calibrated 14C ages from the sediment cores and 7 calibrated 445 

14C ages from the soil pits (Table 2; Figs. 5, 6) that range from ca. 0.18 ka near the top of core 446 

Z17 to 20.5 ± 1.4 ka near the bottom of core Z24. All ages derived from organic matter maintain 447 

stratigraphic order, except for minor reversals in core Z18 (ca. 12.59 ka at 3.68 m and 11.97 ± 448 

0.15 ka at 4.12 m; Fig. 5) and in core Z21 (9.48 ± 0.05 ka at 2.97 m and 8.89 ± 0.13 ka at 3.26 m; 449 

Fig. 5). Sample material in both reversals consists of plant microfossils, which previously yielded 450 

ages that are indistinguishable from plant macrofossils, bulk organic matter, and humic acids at 451 

the same sampling interval (Pigati et al., 2016). We tested this again in the present study using 452 

paired samples, which yielded similar results. Specifically, we obtained ages of ca. 10.73 ka for 453 

concentrated organic matter, 10.66 ± 0.08 ka for humic acids, and ca. 10.75 ka for bulk organic 454 

matter at a depth of 4.19 m in core Z21, and ages of 10.23 ± 0.03 ka for concentrated organic 455 

material and 10.20 ± 0.03 ka for bulk organic matter at a depth of 4.26 m in core Z22. Thus, we 456 

are confident that the methods we used to concentrate the organic matter do not introduce 457 

contaminants or bias ages, and believe the ages presented in Table 2 represent the true age of 458 
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the carbon species present in the sample. We speculate that the cause of the minor reversals in 459 

cores Z18 and Z21 may be related to either reworking or bioturbation within the wet meadow 460 

facies. 461 

 In addition to the ages from organic material, we obtained four ages from shell 462 

fragments of Anodonta sp., including two specimens that are significantly younger than their 463 

associated organic matter ages, and do not maintain stratigraphic order (Table 2). In core Z18, 464 

for example, shell fragments at 5.27 m yielded an age that is ~0.3 14C ka younger than plant 465 

microfossils more than a meter higher in the core (at 4.12 m), and in core Z24, shell fragments 466 

at 18.36 m yielded an age that is ~1.1 14C ka younger than plant microfossils, also more than a 467 

meter higher in the core (at 16.91 m). (Note that we did not calibrate ages derived from the 468 

Anodonta shells to avoid introducing questionable calibrated ages into the literature.) The 469 

reason for these anomalously young ages is unknown but may be the result of chemical 470 

exchange with bicarbonate or another source of young carbon in the groundwater below the 471 

playa surface during burial. Regardless, these data call into question the two other ages that we 472 

obtained for Anodonta shell fragments at 8.09 and 8.26 m in core Z17 (13.18 ± 0.03 14C ka and 473 

13.69 ± 0.04 14C ka, respectively). Even though these ages maintain stratigraphic order and fall 474 

within bounds permitted by ages of organic material from above and below, we are uncertain 475 

about their veracity and therefore did not calibrate them and have excluded them from our 476 

age-depth models (see Section S2 for details).  477 

 The chronologic framework generated from the radiocarbon ages is consistent between 478 

the coring locations and shows that the Soda Lake basin was occupied by pluvial Lake Mojave 479 

between ~20.5 and 12.8 ka, before transitioning to playa conditions by 11.0 ka. The ages also 480 
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show that wetlands occupied the basin margins between 10.7 and 9.0 ka, well after the lake 481 

had begun receding at the end of the Pleistocene, as well as during the latest Holocene 482 

between 0.73 and 0.18 ka.  483 

 484 

Physical and chemical analyses 485 

 Organic carbon content represents the amount of biologic material in sediment, both 486 

autochthonous and allochthonous, and is a useful property in characterizing both wetland and 487 

lake deposits. In these settings, organic content values are primarily a function of two 488 

parameters: (1) the amount of vegetation originally present in the depositional setting, and (2) 489 

the degree of preservation, which depends on the redox state during burial as organic matter is 490 

preferentially preserved in reducing conditions compared to those that are more oxidizing. The 491 

highest organic content values in our study are observed in the wet meadow (n=7), wetland 492 

(n=7), and lacustrine (n=30) facies, where they range from 1% to 5% (Section S3). These values 493 

are slightly higher than the mudflat (n=4) and playa (n=21) facies, which yielded values ranging 494 

between 0.7% and 3.8%. The phreatophyte flat (n=12) facies yielded the lowest values in our 495 

study, averaging 1.3%. Although samples from the beach facies were not analyzed, their organic 496 

content is presumed to be negligible based on visual inspection. 497 

 Particle size analysis (PSA) shows that the sediments in this wetland-playa system are 498 

dominated by silt-sized material (Section S4). The majority of the PSA data are from core Z24 499 

and show that the lacustrine facies (n=16) is the most fine grained, with sand, silt, and clay 500 

averaging 3.5%, 76.9%, and 19.6%, respectively. The fine-grained playa facies sediments are 501 

slightly coarser with averages of 12.7% sand, 70.6% silt, and 16.7% clay (n=37). Sediments of 502 
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the playa facies are coarser still, yielding average values of 34.8% sand, 57.2% silt, and 8.0% clay 503 

(n=49). In contrast, sediments deposited near springs on the edge of the basin, including those 504 

attributed to mudflat (n=5), wet meadow (n=5) and wetland (n=7) facies, collectively exhibit 505 

values of 17.6% sand, 73.5% silt, and 8.9% clay, which fall between the lacustrine and playa 506 

average values.  507 

 XRD data show that feldspars, particularly plagioclase, and quartz are the dominant 508 

minerals in the Soda Lake sediments (Section S5). Minor amounts of calcite, hornblende, 509 

dolomite, and pyrite are also present. Micas (biotite and muscovite) are prevalent in nearly all 510 

sediments investigated in this study, with concentrations exceeding 5% when present in lenses 511 

or mica-rich beds. Clay minerals were examined to determine if they could be used to 512 

distinguish depositional facies. Although smectitic clays are slightly more common than micas in 513 

the lacustrine facies, we did not observe any consistent patterns between clay mineralogy and 514 

sedimentary facies. Finally, XRD results show that efflorescent salts in the active surface layer 515 

consist of a combination of halite (NaCl), thenardite (Na2SO4), calcite (CaCO3), and anhydrite 516 

(CaSO4). 517 

 518 

Microfossil analysis 519 

 Samples for microfossil analysis were collected from each sedimentary facies, as well as 520 

above and below many unit contacts to aid in facies determination (see Section S6 for details). 521 

Ostracodes are mainly present in the lacustrine facies, with assemblages dominated by 522 

Limnocythere ceriotuberosa and, to a lesser extent, L. bradburyi, both of which are common in 523 

alkaline lake sediments in the Mojave Desert (Jayko et al., 2008; Reheis et al., 2012; Garcia et 524 
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al., 2014). Small numbers of an unidentified Candona species are present in the lacustrine 525 

facies, as well as in a few samples from sediments attributed to the mudflat and wet meadow 526 

facies (e.g., Forester et al., 2017). Finally, fragments or unidentified valves of Potamocypris, 527 

Heterocypris, Pelocypris, as well as adult and juvenile valves of L. sappaensis are present but 528 

rare, indicating wetland settings or ephemeral, alkaline lake environments (e.g., Forester et al., 529 

2017). Overall, the ostracode assemblages are indicative of lacustrine to wetland settings and 530 

correspond well with our facies designations. In addition, the presence of diatoms was noted 531 

and used as supporting evidence to infer wet conditions for the lacustrine, wetland, and wet 532 

meadow facies. Fish bones and scales were also found, which are diagnostic markers of 533 

lacustrine conditions or possibly spring pool deposits. The sediments interpreted as 534 

representing drier environments, including the phreatophyte flat, playa, mudflat and beach 535 

facies, contained very few vertebrate or invertebrate remains. Occasional ostracode valves 536 

found in these facies are assumed to represent periodic inundation or reworking from other 537 

units. 538 

 539 

Discussion 540 

Previous work in Soda Lake and Silver Lake basins 541 

 Previous investigations of the sedimentological record, geomorphic features, and 542 

integration of watersheds of the Mojave River upstream from Soda Lake, particularly in the 543 

Manix basin and Afton Canyon areas, have shed light on the long-term hydrologic history of the 544 

region (Meek, 1999; Enzel et al., 2003; Jefferson, 2003; Reheis and Redwine, 2008; Miller et al., 545 

2010; Reheis et al., 2012; Garcia et al., 2014; Reheis et al., 2014; Miller et al., 2018). A number 546 
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of other studies have focused on pluvial Lake Mojave, which filled both Soda Lake and Silver 547 

Lake basins, and serve as a foundation upon which much of this study was built (Ore and 548 

Warren, 1971; Brown, 1989; Enzel et al., 1989; Enzel et al., 1992; Wells et al., 2003; Kirby et al., 549 

2015). Collectively, these researchers have shown that Lake Mojave was present in Soda Lake 550 

basin during full-glacial times, persisted at various levels through much of the late glacial 551 

period, and finally disappeared from the landscape during the late Pleistocene or early 552 

Holocene. Specifically, Wells et al. (2003) found that an incipient lake was present in the Silver 553 

and Soda Lake basins as early as 26.7 ka1 and was followed by two lake high stands, including 554 

Lake Mojave I (22.3 to 20.0 ka) which is associated with the highest shoreline (shoreline A) at 555 

287-288 m asl, and Lake Mojave II (16.5 ka to 13.2 ka) which produced shoreline B at 285.5 m 556 

asl (Fig. 7). A period of lower lake level and desiccation occurred between these two high 557 

stands, with a significant dry phase centered around 18.8 ka. These researchers also found that 558 

lake levels fell after ~13.2 ka, and by 9.7 ka the lake ceased to exist (Wells et al., 2003).  559 

 To further refine the understanding of late Holocene hydrological conditions, Kirby et al. 560 

(2015) examined physical and chemical properties of sediments from a core taken near the 561 

depocenter of the Silver Lake basin. In addition to Lake Mojave II, which they dated to between 562 

14.4 and 13.6 ka, they found evidence of lower lake levels and infrequent, but high intensity, 563 

runoff events between 13.6 and 11.7 ka, as well as a perennial lake (or series of lakes) between 564 

11.7 and 7.5 ka. Their results indicated peak aridity and desiccation of the basin from 7.5 to 4.0 565 

ka, followed by ephemeral lake or playa conditions between 4.0 and 1.5 ka (Fig. 7). Finally, 566 

                                                        
1 Ages discussed in this and subsequent sections are derived from reported 14C ages that we calibrated using the 
IntCal13.14C dataset and CALIB 7.1.html (Stuiver and Reimer, 1993; Reimer et al., 2013). All ages discussed herein 
are given in thousands of calibrated 14C years before present (ka). 
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Enzel et al. (1989, 1992, 2003) examined post-Lake Mojave conditions in Soda and Silver Lake 567 

basins and found evidence of several, short-lived lake events, the two most recent dating to 4.0 568 

ka and 0.4 ka.  569 

 The current study supports and augments these studies by focusing on deposits 570 

associated with springs and wetlands along the western edge of Soda Lake, as well as the 571 

lacustrine record itself in the center of the Soda Lake basin. It is important to note that earlier 572 

studies have primarily focused on sediment records from Silver Lake, which is downstream from 573 

Soda Lake, and there may have been episodes when the two basins did not respond to regional 574 

hydrological changes in the same manner. With this potential complexity in mind, and as 575 

discussed in detail in the following sections, the multifaceted approach taken here reveals 576 

important hydrologic information for areas and time periods that could be overlooked or 577 

missed altogether when focusing solely on the lake sediments. 578 

 579 

Late Quaternary hydrologic events in the Soda Lake basin 580 

Early Lake Mojave 581 

Sediment cores taken from the center of Soda Lake basin in 1952 and 1953 by the U.S. 582 

Geological Survey encountered green, lacustrine sediments between depths of 9 to 37 m, which 583 

Muessig et al. (1957) attributed to Lake Mojave. Age dating was not conducted as part of that 584 

study, but Reheis et al. (2015) later extracted ostracode valves from archived core sediments at 585 

depths between 25.3 and 37.8 m and submitted them for 14C dating. The results indicate that 586 

lacustrine conditions were present in Soda Lake basin by at least 25.0 ka (Reheis and Redwine, 587 

2008; Reheis et al., 2015), similar to the findings of Wells et al. (2003).  588 



28 
 

 The oldest lake sediments that we encountered are present at the bottom of core Z17, 589 

located near the western margin of the playa, and at the base of core Z24, located in the center 590 

of the playa (Fig. 2). In core Z17, concentrated organic matter yielded ages of 20.49 ± 0.25 ka 591 

and 20.39 ± 0.30 ka at depths of 13.99 m and 13.80 m, respectively (Fig. 5, Table 2). We 592 

consider these to be minimum ages for the onset of the lake because they were obtained from 593 

sediments deposited at the edge of the basin, which is higher in elevation than the center of 594 

the basin and would only have been subject to lacustrine conditions after the basin center had 595 

already been filled with water. In core Z24, organic material in lacustrine sediment yielded the 596 

oldest age from our study, 20.5 ± 1.4 ka, at a depth of 22.29 m (Fig. 5, Table 2). We also 597 

consider this to be a minimum age for the establishment of Lake Mojave because this core did 598 

not penetrate through the base of the lacustrine sediments.  599 

 The similarity in basal ages between the lacustrine sediments in the two cores indicates 600 

that Soda Lake basin must have been fully occupied by Lake Mojave by at least 20.5 ka and 601 

provides a means to estimate the water depth at this time. On the western margin of Lake 602 

Mojave, sediments from core Z17 that date to 20.5 ka are present at 269 m asl, whereas in core 603 

Z24, sediments with similar ages are positioned at 260 m asl. If we use the elevation of 604 

shoreline A (287 to 288 m asl) from Wells et al. (2003) as the basin-wide lake level, these data 605 

show that the depth of Lake Mojave at about 20.5 ka was 18-19 m in the western part of the 606 

basin and 27-28 m in the basin center, assuming negligible tectonic tilting and 607 

subsidence/rebound in the basin since that time.  608 

 609 

Lake Mojave 610 
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 Wells et al. (2003) delineated five chronozones that outline the history of Lake Mojave, 611 

including high stands at 22.3-20.0 ka (Lake Mojave I) and 16.5-13.2 ka (Lake Mojave II) 612 

separated by periods of intermittent lakes and at least one major episode of desiccation at 18.8 613 

ka. Regarding Lake Mojave II, Kirby et al. (2015) suggested, based on core locations and the 614 

geometry of Silver Lake basin, that Wells et al. (2003) likely captured the end of the Lake 615 

Mojave II high stand at 13.2 ka, and that perennial lake conditions actually persisted into the 616 

early Holocene, until aridity and desiccation prevailed, beginning at 7.5 ka.  617 

 In this study, lacustrine sediments in cores Z17 and Z24 show that a lake existed in the 618 

Soda Lake basin from at least 20.5 ka to 12.8 ka, and firm evidence that the lake ever dried out 619 

during this period of time is lacking. However, there is a noticeable increase in the 620 

sedimentation rate in core Z24 at depths between 16.9 and 14.5 m (Fig. 5, Section S2), which 621 

suggests there may have been a change in sedimentation or a possible hiatus in deposition 622 

between these depths. Although not diagnostic of a desiccation event, a large (~2.5 cm thick), 623 

irregular sand lens occurs at 16.2 m below the surface in core Z24 (Section S1). This feature is 624 

positioned at a depth at which the facies shift from less reduced lacustrine below to lacustrine 625 

above, and we observed the same transition in core Z23 at a depth of 7.0 m (Fig. 5).  626 

In addition to sedimentary evidence of a possible depositional hiatus, the ostracode 627 

assemblages may also appear to support a hydrologic change at this depth. Similar to Wells et 628 

al. (2003), who observed the presence of the ostracode L. bradburyi in sediments attributed to 629 

Lake Mojave I, but not Lake Mojave II, we found a single adult Limnocythere bradburyi in 630 

sediments below 16.2 m in core Z24, but not above (Section S6). We also observed a number of 631 

L. bradburyi valves in core Z17 within an interval bracketed by ages of 20.39 ± 0.30 ka and 18.94 632 
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± 0.12 ka, but these valves are lacking in the younger portion of the sequence (Fig. 5; Section 633 

S6). Together, these data appear to mark a hydrologic change and possible break in 634 

sedimentation that may represent the boundary between Lake Mojave I and Lake Mojave II in 635 

the Soda Lake basin.  636 

It is difficult to determine the age of this transition precisely because of a lack of suitable 637 

material for 14C analysis. However, the chronologic data for core Z24 clearly show it occurred 638 

after 16.55 ka (Fig. 5). In addition to the changes in sedimentary facies and sedimentation rates, 639 

the presence of the irregular sand lens, and the ostracode evidence described above, we also 640 

found a thin zone of organic-rich, clayey silt at a depth of 8.25 m in core Z17, which we 641 

interpret as the wet meadow sedimentary facies (Fig. 5). This interval dates to 16.2 ka, and is 642 

underlain and overlain by lacustrine sediments that contain fish bones and Anodonta shells. 643 

Desiccation cracks filled with very fine sand are present in the lacustrine sediment just below 644 

the wet meadow sediments, although we recognize that interpretation of such features 645 

demand caution due to the small diameter of the cores. This hiatus at ~16.2 ka for Soda Lake in 646 

this study is much later than 18.8 ka desiccation event for Silver Lake of Wells et al. (2003), and 647 

whether these events are correlated or related is unknown. If they are the same, the timing of 648 

the event presented here is probably more accurate than in Wells et al. (2003) based on our 649 

more robust chronology in this part of the record. Regardless, the chronologic and sedimentary 650 

data suggest that lacustrine conditions had returned to Soda Lake by ~16.1 ka, ending what 651 

could have been a century of drier conditions. In total, we interpret these disparate lines of 652 

evidence to indicate that full lake conditions existed in the Soda Lake basin until ~16.2 ka and, 653 

following a brief interruption, the basin returned to full lake conditions until 12.8 ka (Fig. 7). 654 
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 655 

The end of Lake Mojave 656 

 Evidence of the terminal phase of Lake Mojave in the Soda Lake basin appears in several 657 

cores. At depths of 4-6 m in core Z17, for example, lake regression is represented by a 658 

sedimentary sequence that includes a transition from lacustrine to near-shore lacustrine facies, 659 

followed sequentially by beach and mudflat facies (Fig. 5). We obtained an age of 12.91 ± 0.13 660 

ka from plant material in the near-shore lacustrine sediments, which suggests that the lake 661 

began to lower, and the lake edge retreated from this site shortly after this time. Nearby, 662 

sediments in core Z18 record a similar subaqueous to subaerial sequence at the same depth 663 

interval, and are characterized by a transition from lacustrine to playa facies, followed by 664 

mudflat, beach, and wet meadow facies (Fig. 5). Although the regression sequence in core Z18 665 

cannot be accurately dated because of an age reversal (see Table 2; Fig. 5), it also likely began 666 

at ~12.8 ka based on the chronology of core Z17, given the proximity of the two cores.  667 

In the center of the basin, core Z24 changes in oxidation states and sediment color 668 

between depths of ~14.5 and 8.5 m (Fig. 5). At ~14.5 m, for example, dark greenish gray (Gley 1 669 

4/10GY) lacustrine sediments transition to olive gray (5Y 4/2), less-reduced lacustrine sediment, 670 

which in turn yield to very dark grayish brown (2.5 Y 3/2) oxidized lacustrine sediments, all of 671 

which contain fish remains. A second transition occurs at a depth of 12.9 m where less-reduced 672 

lacustrine sediments yield to oxidized lacustrine sediments, and then to very dark grayish 673 

brown (10YR 3/2), fine-grained clayey silt assigned to the playa facies, which does not contain 674 

fish remains. Above this, at a depth of ~8.5 m, fully oxidized, coarse-grained playa sediments 675 

appear and continue upward to the surface. We interpret this sequence as representing the 676 
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final stages of Lake Mojave in the center of Soda Lake basin. The uppermost, oxidized lacustrine 677 

unit at 12.4 m yielded an age of ca. 12.31 ka (Fig. 5), suggesting the transition to fine-grained 678 

playa deposition and intermittent lake conditions occurred shortly after this time.  679 

In core Z24, fine-grained playa sediments are present between 12.2 and 8.6 m. We 680 

interpret these sediments to represent deposition during episodic flooding events and/or 681 

shallow inundation. Particle-size distributions of sediments from this unit support this 682 

interpretation, as the percentage of sand for the fine-grained playa unit is greater than the 683 

lacustrine phases, but less than in the playa unit above (Section S4). Additionally, the fine-684 

grained playa unit is nearly identical in color [dark grayish brown to brown (10YR 4/2 to 4/3)] 685 

and grain size as suspended material from modern flood waters sampled at Silver Lake in 2015, 686 

and clay-rich deposits found in dried mud pools at the southern end of Soda Lake from recent 687 

floods (Section S4). Although the fine-grained playa unit did not yield an age (organic material 688 

was lacking), we obtained an age of 10.97 ± 0.20 ka from the playa facies just above this unit at 689 

a depth of 8.38 m (Table 2, Fig. 5), providing a minimum age for the end of the intermittent 690 

lakes and the onset of full playa conditions. 691 

Overall, data from the sediment cores suggest that the terminal phase of Lake Mojave in 692 

the Soda Lake basin began with lake regression at 12.8 ka, which continued until 12.2 ka when 693 

the basin center transitioned from lacustrine to periods of shallow inundation and episodic 694 

flooding. These intermittent lake conditions prevailed until 11.0 ka when a playa system was 695 

established that is similar to the present. The timing of these hydrologic changes is similar to 696 

those of Kirby et al. (2015), who suggest that Silver Lake basin was characterized by high-697 

intensity runoff events and lower lake levels between 13.6 and 11.7 ka, and Wells et al. (2003), 698 
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who found Lake Mojave II gave way to intermittent lake conditions at 13.2 ka. Additionally, 699 

Kirby et al. (2015) suggest that intermittent lakes continued until 7.5 ka in Silver Lake basin, 700 

which is supported by the fining-upward sequences in the playa sediments of core Z24 dating to 701 

this period.  702 

Declining lake levels in Soda Lake basin and relatively dry conditions in Silver Lake basin 703 

during the late glacial period are seemingly at odds with paleohydrologic records derived from 704 

desert wetlands in the region. Several wetland studies (Quade et al., 1986; 1995; 1998; 2003; 705 

Quade and Pratt, 1989; Pigati et al., 2011; Springer et al., 2015; 2018) have found clear 706 

evidence of a wetter climate in the southwestern U.S. during the Younger Dryas cold event 707 

(12.9-11.7 ka; Rasmussen et al., 2006). Kirby et al. (2015) proposed a regionalized climate 708 

mechanism to explain the differences between Lake Mojave and surrounding wetland records, 709 

but more work on this subject is required to fully explore the mechanism and implications. 710 

 711 

Early Holocene Wetlands 712 

 Above the lacustrine sediments, we find evidence of a transition to dominantly 713 

terrestrial sediments, indicating drying conditions, in the cores along the western margin of 714 

Soda Lake basin. These younger sediments are also marked by the absence of fish remains and 715 

an increase in organic matter (Fig. 5). At depths of 4.8-5.3 m in cores Z21, Z22, and Z23, for 716 

example, lacustrine sediments transition to a wet meadow facies followed by the even more 717 

densely vegetated wetland facies. In the southern suite of cores, Z16, Z17, and Z18, at similar 718 

depths and elevations, this transition is not as obvious, although the lacustrine sediments do 719 

yield to wet meadow and mudflat facies that lack aquatic remains. Calibrated 14C ages derived 720 
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from organic materials place the transition from lacustrine to wet meadow at 12.2 ka (Table 2; 721 

Fig. 5). Interestingly, there are two instances in which fish remains are found in sediments we 722 

assigned to the wet meadow facies based on sedimentologic features, including a zone at 3.44 723 

m depth in core Z16 and another at 4.25 m depth in core Z23. It is not clear if these units should 724 

be correlated based on this evidence alone because of differences in elevations and a lack of 725 

detailed age control in these intervals. In addition, there are several possible explanations for 726 

the presence of the fish remains in non-lacustrine sediments, including (1) they may represent 727 

short-lived inundations of a wetland by Mojave River water, such as in a lagoon type setting, in 728 

which fish were able to survive; (2) they might reflect short-lived, shallow spring pools fed by 729 

groundwater that provided suitable habitats for aquatic species; or (3) they may simply be 730 

reworked material deposited in a wetland setting.  731 

In the northern suite of cores, wetland units occur above the wet meadow sediments, 732 

and are marked by prominent, organic-rich black mats at about 4 m depth. Organic material 733 

from the black mats consistently yields ages of 10.3-10.7 ka (Table 2; Fig. 5). Going up section, 734 

the wetland facies sediments transition back to wet meadow sediments with lower organic 735 

matter content, and then ultimately to drier phreatophyte flat and/or playa sediments. Our 736 

age-depth models suggest that the wetlands prevailed until 9.0 ka before giving way to drier 737 

conditions. These data indicate that wetland development began shortly after the retreat of 738 

Lake Mojave, and concurrently with a final, muddy version of intermittent lakes, and persisted 739 

for a few centuries after the basin center had transitioned to a playa. More work is necessary to 740 

determine the hydrologic conditions that supported these early Holocene wetlands. 741 

 742 
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Middle Holocene 743 

 Above the early Holocene lacustrine, wetland, and mudflat sequences in the basin 744 

margin cores, the sediments transition to oxidized playa and phreatophyte facies. A lack of 745 

organic material in these units prevented them from being dated directly, although 746 

concentrated organic material from playa sediments in core Z24 yielded several robust ages, 747 

including 10.97 ± 0.20 ka at 8.38 m, which marks the beginning of playa conditions that 748 

continue to the present (Fig. 5). This age, along with ages of 9.58 ± 0.08 ka at 5.10 m and 9.39 ± 749 

0.09 ka at 3.37 m, allow us to calculate a near-constant sedimentation rate of 0.33 cm yr-1.  750 

Above this interval in core Z24, the sedimentation rate increases dramatically between 751 

3.4 m and near the top of the core (Fig. 5, Section S2), even though there is no obvious change 752 

in the physical or chemical characteristics of the sediments. The apparent increase in 753 

sedimentation rate may represent a sedimentary hiatus between the two uppermost ages. An 754 

alternative explanation is that the ca. 0.90 ka age we obtained from near the surface may be 755 

contaminated with modern roots or other young organic material. If we discount this age, the 756 

age-depth model suggests that the top of the core is ~7.5 ka (Section S2) and the fining-upward 757 

sequences in the upper portion of core Z24 would represent Soda Lake flood episodes that 758 

supported the intermittent lakes in the Silver Lake basin between 11.7 and 7.5 ka of Kirby et al. 759 

(2015). More chronologic work is needed to determine if this is the case. 760 

 761 

Latest Holocene Wetlands 762 

 Evidence of wetland expansion during the late Holocene is present near the top of cores 763 

Z16, Z17, and Z18 (Fig. 5) in the form of organic-rich black mats that consist primarily of silt and 764 
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degraded plant tissues. This unit is situated within the upper 0.25 m of cores Z17 and Z18, and 765 

just below 0.50 m in core Z16, and yielded calibrated 14C ages of ca. 0.29 and ca. 0.30 ka in core 766 

Z16 and ca. 0.18 ka in core Z17 (Table 2). We did not observe this unit in the northern suite of 767 

cores (Z21-23), although an auxiliary core, Z19-2, located in the northern suite (Fig. 2B) but not 768 

described in detail because of limited recovery (~1.5 m), also exhibited a black mat that dates 769 

to ca. 0.38 ka (Table 2).  770 

To determine the aerial extent of the late Holocene wetland ecosystem, we dug a series 771 

of soil pits surrounding the large spring, north of the core sites, to examine the uppermost 772 

meter of sediments in the area (Figs. 2D, 6). A prominent black mat unit was present at 0.1-0.3 773 

m below the current playa surface in a number of the pits, including SL09, SL10, SL13, SL14, 774 

SL16, SL23, SL24, SL34, and SL44, reaching as far as 75 m from the margins of the extant 775 

wetland. In general, the black mat units encountered in the soil pits are only a few centimeters 776 

thick, although the unit at soil pit SL44 was much thicker (14 cm; Fig. 6). Organic matter from 777 

the black mat in SL44 yielded ages that range from 0.72 ± 0.03 ka to ca. 0.20 ka (Table 2; Fig. 6).  778 

These data show that wetlands expanded along the margin of the Soda Lake basin 779 

during the late Holocene during the Little Ice Age (LIA) chronozone and, to a lesser extent, part 780 

of the Medieval Climate Anomaly (MCA) (Mann et al., 1998; 2008). Wetland expansion 781 

represented by the black mats also coincides with a short-lived lake phase in Silver Lake basin 782 

that Enzel and colleagues suggest was supported by episodic flooding during this period (Enzel 783 

et al., 1989; 1992; Enzel and Wells, 1997). Importantly, this marks the first time that 784 

paleowetland deposits in the Mojave Desert have recorded the hydrologic response of desert 785 
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wetland ecosystems to these short-lived events and further support their use as a robust 786 

paleohydrologic proxy.  787 

 788 

Conclusions 789 

As climate changes and populations in the southwestern U.S. continue to increase, 790 

understanding the potential range of hydrologic and ecosystem responses to climatic variations 791 

is critical for effective management of limited desert resources. Researchers must continue to 792 

develop accurately dated, highly resolved records for the recent geologic past that can be used 793 

to constrain potential scenarios for the future. Here, we have built upon previous studies in the 794 

Soda and Silver Lake basins by combining new records from pluvial Lake Mojave and associated 795 

springs and wetlands that together provide a broad view of hydrologic variability of the central 796 

Mojave Desert, especially for the Holocene. 797 

 Physical, chemical, and biological data from sediment cores taken near the center of 798 

Soda Lake and adjacent to extant springs on the western margin of the basin show that Lake 799 

Mojave was fully developed by at least 20.5 ka. Except for a possible drying event around 16.2 800 

ka, lacustrine conditions prevailed continually until 12.8 ka when lake levels began to fall, 801 

ultimately yielding to playa conditions by 11.0 ka when the Mojave River no longer contributed 802 

enough water to support even a shallow lake in the basin. During the early Holocene, spring-fed 803 

wetland ecosystems dating to between 10.7 and 9.0 ka persisted on the western margin of the 804 

playa long after the lake had regressed and ultimately disappeared, providing a unique insight 805 

into the hydrology of the basin that would have been missed if we had focused solely on the 806 

lake itself. 807 
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 During the middle and late Holocene, the Soda Lake basin was essentially dry as playa 808 

conditions prevailed until increased effective moisture resulted in wetland expansion between 809 

0.73 and 0.18 ka, coinciding with part of the Medieval Climate Anomaly and the Little Ice Age. 810 

Importantly, these findings represent the first evidence that desert wetland ecosystems 811 

responded to subtle changes in climate associated with these short-lived events, and further 812 

supports the use of paleowetland deposits as a paleohydrologic proxy.  813 

 Combining lake and wetland records obtained from the same basin is a novel approach 814 

that can yield important and complementary information related to hydrologic conditions in 815 

arid areas where opportunities to collect meaningful data are sparse. Researchers should 816 

continue to study paleowetland deposits through examination of geologic outcrops, but for 817 

areas in which outcrops are not available or for those interested in more recent time periods 818 

that are not represented in outcrop records, drilling sediment cores adjacent to extant springs 819 

to investigate these fragile ecosystems may prove to be a viable alternative. The results of this 820 

study suggest that springs on the western margin of Soda Lake were active at various times 821 

after Lake Mojave had disappeared from the landscape, providing an important source of 822 

information to climate scientists, archeologists, biologists, and resource managers that are 823 

interested in hydrologic conditions during the early and late Holocene. Considering the 824 

importance of springs and wetlands throughout human history, their persistence during times 825 

that were too dry to support perennial lakes, and their response to short-lived climatic 826 

anomalies, the wetland ecosystem along the western margin of Soda Lake was likely a vital 827 

resource to both early human inhabitants and animals living in the region. Applying the 828 

techniques employed here will allow researchers to obtain important hydrologic records from 829 
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extant or extinct wetlands elsewhere in the deserts of the American Southwest, and around the 830 

world, which will aid in defining past climate patterns on a variety of spatial and temporal 831 

scales.  832 

 833 

Acknowledgments 834 

We are forever indebted to the late Rob Fulton, former Site Manager of the Desert Studies 835 

Center, who provided expertise and support for this study and many others. All of us desert 836 

folks will miss him. We thank the California State University, Fullerton, for use of their facilities 837 

at the Desert Research Center at Zzyzx, CA. We gratefully acknowledge Debra Hughson and the 838 

staff at the Mojave National Preserve for their support and assistance in this project through 839 

research permits MOJA-2010-SCI-0043, MOJA-2015-SCI-0012, and MOJA-2016-SCI-0017. We 840 

also thank Paco van Sistine for his contributions to Figures 1 and 2. Finally, we thank Dan Muhs, 841 

Matt Kirby, Steve Wells, Xiaoping Yang, and Janet Slate for constructive reviews that greatly 842 

improved the manuscript. Any use of trade, firm, or product names is for descriptive purposes 843 

only and does not imply endorsement by the U.S. Government. This project was funded in part 844 

by the U.S. Geological Survey’s Land Change Science Program through the Paleohydrology of 845 

Desert Wetlands project.  846 

 847 

Figure captions 848 
 849 
Figure 1 Inset; Location of the Mojave Desert in the southwestern U.S. Main panel; The Mojave 850 
River watershed (shaded in green) with its terminus at the Soda Lake and Silver Lake basins 851 
near the center of the Mojave Desert. Boundaries of federal lands are shown by dashed lines. 852 
 853 
Figure 2 (A) Satellite image of the Soda Lake basin. Current playa margin outlined in blue. Note 854 
the location of core Z24 near the center of the playa (solid yellow circle). Areas shown in panels 855 
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B, C, and D are outlined in yellow boxes. Darker colors on the playa correspond to moist surface 856 
conditions, whereas the lighter colors reflect dry surfaces covered by efflorescent salts. (B) 857 
Satellite image showing the northern suite of cores (solid yellow circles) near several small 858 
springs along Zzyzx Road. Open yellow circles denote locations of soil pits. Surface water 859 
emanating from a large spring to the north can be seen on the right side of the image, and 860 
surface flow from the smaller springs in the image are denoted by the blue arrows. The white 861 
line delineates the approximate boundary of the active wetlands at the time of this study. (C) 862 
Locations of the southern suite of cores (solid yellow circles) near extant wetlands along the 863 
bedrock-playa interface adjacent to the Desert Studies Center at Zzyzx, California. (D) Locations 864 
of soil pits (open yellow circles) surrounding the largest unaltered wetland in the Soda Lake 865 
basin. Black X’s within the yellow circles denote the presence of organic-rich black mats in the 866 
near-surface sediments exposed in the soil pits. Note the orange-colored pool of water on the 867 
eastern margin of the vegetation. Standing water here is common in the spring months; 868 
however, the water table falls to 1 m below the playa surface or more in the summer and fall. 869 
(Imagery courtesy of the Earth Resources Observation and Science [EROS] Center; all images 870 
are based on 2016 National Agriculture Imagery Program [NAIP], 60 cm resolution). 871 
 872 
Figure 3 (A) Schematic representation of depositional facies and associated environments 873 
described in this study. The dashed blue lines represent the hypothetical water table. (B) 874 
Photographs of sediment from cores representing each facies. (C) Parameters used to define 875 
and characterize each facies within this study. 876 
 877 
Figure 4 Photographs of modern depositional environments at Soda Lake. (A) Wet phase of the 878 
mudflat environment with standing water in the middle ground, with desiccation cracks and 879 
bioturbation in the foreground. (B) Mudflat, wet meadow, and wetland facies. (C) Wetland 880 
supporting dense vegetation growing in saturated sediments. (D) Active channel on the playa 881 
southwest of core Z24. Note the lack of efflorescent salt on the moist channel floor compared 882 
to adjacent dry areas (photos in Panels A and D courtesy of J.S. Honke; photos in Panels B and C 883 
courtesy of K.B. Springer). 884 
 885 
Figure 5 Stratigraphy, calibrated ages, depositional facies, and microfossils present within the 886 
core sediments (see figure 2 for locations). Core sections are positioned vertically according to 887 
elevation. The number and vertical extent of each drive is located next to the depth scale, with 888 
light gray lines illustrating the material collected from the coring bit. Gaps between core 889 
segments represent material lost during the coring process and are calculated as the difference 890 
between measured drive push and drive recovery (see Table 1 for details). Symbols on the right 891 
side of the cores represent biological remains present at each sampling depth. 892 
 893 
Figure 6 Stratigraphy and age control for soil pits SL-6 through SL-44 (see figure 2 for locations). 894 
Note the presence of organic-rich black mats in SL-9, 10, 13, 14, 16, 23, 24, 34, and 44, which 895 
represent wetland expansion that occurred during part of the Medieval Climate Anomaly and 896 
the Little Ice Age. The active surface unit consisted of loose, sandy silt and salt, which was 897 
capped by a more durable salt crust. 898 
 899 
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Figure 7 Graphical summary of reconstructed hydrologic conditions in the Soda and Silver Lake 900 
basins during the latest Pleistocene and Holocene from previous researchers and this study. 901 
Solid black circles and associated vertical lines represent calibrated 14C ages and uncertainties 902 
reported at the 95% confidence level (2σ).  903 
 904 
Supplementary Information 905 
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Section S2  Age-depth models 907 
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Section S6  Microfossil analysis data 911 
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