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Abstract 

 Geochemical and geophysical proxy data from the TL05-4A lake plain cores of Tulare 

Lake, California extends the previously published record for this lake back to 19,000 cal yr B.P. 

The new Tulare Lake record principally consists of carbon/nitrogen ratios (CN), total inorganic 

carbon (TIC), grain size, and magnetic susceptibility analyses from samples taken at 1-cm 

intervals. These data combine with 22 new radiocarbon dates and limited paleontological 

analyses to provide a higher resolution and longer duration record than previous works. Where 

time intervals overlap, the proxies from these cores systematically vary as predicted by the 

earlier published results, from this basin and other California lakes.  Additionally, Tulare Lake 

levels, thus Sierran River runoff, vary in conjunction with sea surface temperature (SST) records 

from the Ocean Drilling Program (ODP) 1017 core located off the coast of central California, 

which suggests SSTs are driving lake level and runoff changes. 

The oldest part of the record (~19,000-18,000 cal yr BP) is an interval of elevated sand 

and silt percentages and slightly higher CN ratios that are interpreted to collectively indicate 

runoff including fluvially transported organic matter during the recession of Sierran glaciers.  

Increasing clay content from 18,000-14,500 cal yr BP suggests a steadily increasing lake.  

Inorganic carbon was undetectable and no ostracodes were found in this interval suggesting a 

freshwater lake.   From 14,500-10,300 cal yr BP, lake conditions were stable including 

deposition of sediments with a grain size distribution consisting of equal parts (50%) clay and 

silt-sized grains. Both inorganic and organic carbon were below detection limits in this interval. 

From 10,300-9000 cal yr BP the clay/silt ratio increased after an initial pulse of fine sand, 

suggesting a highstand of the lake more or less coincident with the deep water event found in 
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previous published records of Tulare Lake and two other lakes from southern California. Two 

spikes in inorganic carbon separating an interval of undetectable TIC between 8,000 and 6,300 

cal yr BP are suggestive of shallow evaporative lake conditions before and after a lake highstand 

at ~7,500-6,500 cal yr BP that is again consistent in age with previously published results. Tulare 

Lake is generally relatively low from 8,000-3,000 cal yr BP and experienced moderately 

fluctuating lake levels until 3,000 cal yr BP.  Significant fluctuation in lake-level occurs through 

1,800 cal yr BP where the record ends.  For the entire interval of the record reported on here, 

Tulare Lake level, as represented by clay percent, correlates to a first order with sea-surface 

temperature reconstructions associated with a nearby offshore ODP core. Since historic lake-

level histories have been shown to be directly related to Sierran stream discharge, this 

observation will be integral in forecasting future century-scale changes in southern San Joaquin 

Valley water supply due to anticipated climate change. 
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Latest Pleistocene through Holocene Lake Levels from the TL05-4 

Cores, Tulare Lake, CA 

 
Ashleigh B. Blunt 
Department of Geological Sciences, California State University, Bakersfield, 9001 Stockdale 
Highway, Bakersfield, CA 93311 

 
1. Introduction 

Tulare Lake is located in the San Joaquin Valley of central California between the Coast 

Ranges and the Sierra Nevada (Fig. 1).  Over the past 19,000 years Tulare Lake has fluctuated by 

several tens of meters in response to regional climate change and changes in elevation of its 

alluvial fan-formed spillover sill at the northern end of the lake where the Kings River currently 

enters the lake basin (Fig. 1) (Atwater et al., 1986; Davis, 1999; Negrini et al., 2006).  The 

relative lake level history of this lake is an important source of data toward understanding 

paleoclimatic change in western North America following the last glacial maximum as well as 

understanding historic climate change of the San Joaquin Basin relative to other California lakes 

(e.g. Swamp Lake (Street et al., 2002) and Owens Lake (Bacon et al., 2006), and Lake Elsinore 

(Kirby et al., 2012; Kirby et al., in press)).  

Davis (1999) produced a record of late Quaternary climate change for the Tulare Lake 

region based on the palynology of a depocenter core and provided conclusions on relative lake 

level during the Holocene.  Negrini et al. (2006) refined this study using shoreline and lake 

trenches to constrain absolute elevations and dates of lake levels throughout the Holocene.  This 

study builds on the previous two by providing a high resolution (sampled every cm) relative lake 

level history of the Holocene and the latest Pleistocene (<19,000 cal yr BP) using geochemical  
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Figure 1) Tulare Lake is located in the central San Joaquin Basin and is situated between the 
Sierra Nevada to the east and the Kettleman Hills to the west.  Primarily fed by the Sierran 
Kings, Kaweah, Tule, and Kern rivers, Tulare Lake is also received discharge from ephemeral 
streams of the Kettleman Hills.  Los Banos Creek and the Kings River served to form an 
alluvial fan formed sill during deglaciation of the last glacial maximum.  Historically, Tulare 
Lake has frequently overflowed the sill northward into the San Joaquin River system. Other 
California lakes pictured are Swamp Lake, Owens Lake, and Lake Elsinore as well at the ODP 
1017 site. 

Tulare Lake 

Swamp 
 

Owens Lake 

Lake Elsinore 

ODP 1017 
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and geophysical proxies and paleontology for relative lake level.  Additionally, this lake level 

history may serve as an important resource for planned future work for the development of a 50-

year forecast of water resource variations in the San Joaquin Valley, CA in response to 

anticipated global climate change, an assertion supported by successful on the successful 

modeling of Tulare Lake lake-levels before agriculture diversion using Sierran stream discharge 

as input (Atwater et al., 1986). 

 Furthermore, understanding the lake-level history of Tulare Lake over the past 10-15,000 

years is of particular relevance for understanding early Paleo-Indian occupation of North 

America.  High concentrations of Clovis-aged and younger artifacts are found in an areally 

restricted, elongate region that is parallel to the southern margin of the lake basin and at an 

elevation of 56-58.5 masl (Riddell and Olsen, 1969; Wallace and Riddell, 1988; West et al., 

1991; Fenega, 1993) (Fig. 2).  The locations of associated occupation sites were proposed to 

have been the result of a stable and low surface elevation of Tulare Lake during the “Clovis 

Drought” of Hayes (1991) at 12,900 cal yr BP and into the Holocene.  However, the testing of 

this hypothesis has proved difficult largely due to agricultural disturbances that have disrupted or 

destroyed stratigraphic relationships.   

 

 

2. Regional Setting 

2.1.   Modern Climate 

Tulare Lake is currently a semi-arid steppe as defined by the Köppen Climate 

Classification System which is characterized by low relative humidity, sporadic rainfall, and 

potential evapotranspiration that exceeds average rainfall (Köppen, 1936; Peel et al., 2004).    
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Mean annual temperatures are 16.5-17.5°C (62-63.5°F). Summers exhibit mean high 

temperatures of 33-37°C (91-98°F) and mean low temperatures of 15-17°C (59-63°F). Mean 

high temperatures in the winter are within 12-17°C (54-63°F) and winter mean low temperatures 

are within 1-5°C (34-41°F).  Mean annual precipitation is only 19.3-21.8 cm (7.6-8.6 in).  

January-March are the wettest months with 85-92% of rainfall occurring between October and 

March, while June-July are the driest months with >15% of rainfall occurring from April through 

September.  Low velocity winds typically blow from the northwest and west-northwest with 

wind speeds of 5-25 kmph (3-15 mph) (Preston, 1981).  Low precipitation and high temperatures 

produce evaporation rates of standing water of at least 1m/yr greater than annual precipitation 

rates (Atwater et al., 1986), which indicates that Sierran stream runoff is the primary water 

source for the lake basin. The western Sierra Nevada, itself, is characterized by warm, dry 

summers and cool, wet winters.  Summer temperatures average 20.4°C (68.7 °F) and winter 

temperatures average 4.1°C (39.4°F).  Annual precipitation averages between 81-163 cm (32-64 

in) with 90% occurring between November and May.  Snowfall represents between 25 and 40% 

of precipitation and averages from 184-402 cm (72-158 in) annually. 

 

2.2. Geological Setting 

Tulare Lake is located in the San Joaquin Valley of California between the Kettleman 

Hills of the Coast Ranges and the Sierra Nevada (Fig. 2). Currently dry due to agriculture 

diversion, Tulare Lake was the largest fresh water lake west of the Great Lakes at its maximum 

and occupied an area of up to 1600 km2 with depths reaching up to 12 meters.  Four major rivers 

fed the Tulare Lake basin from the Sierra Nevada and from north to south are the Kings, 
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Kaweah, Tule, and Kern Rivers (Fig. 1).  Small ephemeral streams entered Tulare Lake from the 

Kettleman Hills, but did not significantly affect lake level historically (Atwater et al., 1986).  

Nonetheless, Los Gatos Creek, which lies to the northwest of Tulare Lake, along with the Kings 

River served to build unusually large alluvial fans during the last glacial maximum (MIS2) at the 

northern boundary of the lake where the Kings River entered Tulare Lake prior to diversion.  

This fan-formed sill effectively transformed the area into a closed basin lake system with few 

spillover events as evidenced by lack of significant erosion (Atwater et al., 1986).  

The sediments of the study area on the west side of the Tulare Lake Basin, near 

Kettleman City (Fig. 2), are primarily subaqueous silts and clays deposited by the four major 

rivers as well as ephemeral streams.  Between the lake bed and the Kettleman Hills, the lake 

deposits are overlain and/or intercalated with alluvial fan deposits formed by ephemeral streams 

(Negrini et al., 2006).  

 

 

3. Methods 

Two adjacent, multidrive cores, TL05-4A and TL05-4B, were obtained from within 100 

m of Lake Plain Trench A of Negrini et al. (2006) and were located at (36.0066094, -

119.936270) and (36.0065750, -119.9362444), respectively (Fig. 2).  TL05-4A consisted of ten 

drives and reached a depth of 15.1 m below ground surface level (mbgs).  TL05-4B consisted of 

9 drives and extended to 11.7 mbgs.    

The top three drives of TL05-4A (33-440 cmbgs) and the second drive of TL05-4B (108-

245 cmbgs) were split, described, digitally photographed, and sampled at a 1-cm interval.  Drive 

2 of TL05-4B was used to supplement a missing 64-cm long section of TL05-4A that was not 
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recovered during the coring process.  Magnetic susceptibility and 14C data were used to correlate 

the cores.  

 Twenty-two AMS 14C dates on bulk organic carbon were obtained from samples taken 

throughout both cores.  Spacing between 14C samples typically centered on approximately every 

20-40 cm for core TL05-4A and every 15-20 cm for core TL05-4B, and samples were processed 

at the University of California, Irvine Keck Carbon Cycle AMS Laboratory or the University of 

Arizona AMS Laboratory.  All dates were calibrated using CALIB 6.0 and the INTCAL09.14c 

data set (Stuvier and Reimer, 1993; Reimer et al, 2009). 

Grain size was determined using a Malvern Mastersizer 2000 laser diffraction grain size 

analyzer.  Samples were soaked in deionized water at least 24 hours and sieved to <1mm.  Two 

analyses were considered: 1) a splitter aliquot was utilized to reach ideal laser obscuration as 

discussed in Sperazza et al. (2004), and 2) settled grains extracted via pipette from samples 

vigorously stirred and allowed to settle for 1.5 minutes. The latter method was designed to better 

identify the actual grain size of the coarse fraction whose corresponding peaks were often 

convolved with the rest of the grain-size distribution. 

Plant matter from terrestrial sources is characterized by high organic carbon to nitrogen 

(CN) ratios while aquatic organic matter, such as algae, produce low (<10) CN ratios (Meyers 

and Lallier-Verges, 1999).  Thus, high CN values indicate may greater runoff during wet periods 

(Cohen, 2003; Kirby et al., 2012).  High TOC and N values are indicators of high lake 

productivity (Cohen, 2003).  Low TIC is often associated with high lake levels, while high TIC 

is often precipitated in warm, low lake-level environments where evaporation rates are high 

(Cohen, 2003).  Total inorganic carbon (TIC) for core TL05-4A was determined using a UIC 
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model 5020 Carbon Coulometer CM150 and a UIC CM5230 Acidification Module. 100 mg 

samples were ground and dried at 105°C for at least 24 hours, placed into silicone cups and 

acidified. The resultant CO2 was then passed into the coulometer for mass measurement.  TIC for 

core TL05-4B was analyzed at the University of Minnesota Limnological Research Center Core 

Facility using for the purposes of demonstrating reproducibility of TIC measurements between 

laboratories.  Total carbon (TC) and nitrogen were determined using a Costech 4010 Elemental 

Analyzer.  10 mg samples were ground, dried at 105°C at least 24 hours, placed into tin cups, 

and combusted within the elemental analyzer to determine mass percent TC and N. Total organic 

carbon (TOC) was determined by subtracting TIC results from TC results. TOC and N were then 

used to determine CN ratios, which were converted to molar data after McFadden et al. (2005). 

Ostracode analysis was performed on thirty-nine samples from the first and third drives 

of TL05-4A and the second drive of TL05-4B.  TL05-4A was sampled every four cm for the first 

drive and every ten cm for the third drive.  TL05-4B was sampled every 8 cm, and were prepared 

using routine procedures (Forester, 1988) modified by Palacios-Fest (1994). Samples, <5 g, were 

air-dried, weighed, and soaked in boiling distilled water with 10 mL of hexametaphosphate to 

disaggregate sediments. Then they were left to sit at room temperature for 48 hours and were 

stirred once a day during that period. Using a washing lid and a 63-µm 8-inch sieve the finest 

sediments were removed preserving the sand fraction which resulted in less than 1 g of residue.  

All samples were analyzed under a low-power microscope to identify fossil contents and faunal 

assemblages. Analysis was performed by Dr. Manuel Palacios-Fest with Terra Nostra Earth 

Sciences Research in Tucson, Arizona.   
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Twelve diatom samples were processed (391-404 cmbgs) by Holly Olsen at the United 

States Geological Survey Volcano Hazards Team Global Climate Change Section using methods 

outlined in Battarbee (1986). They were boiled in 30% hydrogen peroxide, 37% hydrochloric acid, 

and 70% nitric acid, deflocculated with sodium hexametaphosphate, rinsed in deionized water until 

a neutral pH was reached, and mounted using Naphrax (r = 1.71). Analysis was performed by Dr. 

Scott Starratt of the same USGS team.   

Volume normalized magnetic susceptibility was determined using a Bartington MS2 

magnetic susceptibility meter with an MS2B bottle sensor. This measurement was normalized by 

density and is reported here as mass normalized susceptibility, i.e., χ. 

 

4. Results and Observations 

4.1. Age Control 

 Two radiocarbon dates were rejected due to stratigraphic inversions (e.g. older over 

young) (Table 1).  A two part age model was constructed minimizing the sum of the squared 

residuals for exponential (r2 = 0.872; n = 14; p = 0.0001) and 2nd order polynomial (r2 = 0.952; n 

= 6; p = 0.0002) curves from the remaining twenty AMS 14C dates (Fig. 3).  Based on the model, 

the cores span from approximately 1800 – 19,000 cal yr BP each cm varies from 11.7 – 122.6 

yr/cm with a mean of 42.9 yr/cm.  Sedimentation rates vary downcore from 0.012 - 0.086 cm per 

year with a core mean of 0.032 cm/yr. The high sedimentation rate at 18,000 – 19,000 cal yr BP 

coincides with the last glacial maximum and may reflect the completion of the alluvial fan dams 

at that time (Atwater et al., 1986). 
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 Davis (1999) interpreted an unconformity (Fig. 3) based on a large discrepancy in 

radiocarbon dates over only a few cm of section from 11,500-22,000 cal yr BP (10,110-18370 

14C yr BP) in a sediment core taken from near the depocenter of Tulare Lake (Figure 2).  

However, six of the twenty AMS 14C dates used in the age model for the TL05-4 cores fall 

within this range (see Table 1), and no obvious lithological evidence for an unconformity is 

present in the new cores in the corresponding depth range.  Thus, we extrapolate part of the 

pollen data from Davis (1999) across the previous unconformity and utilize it in our 

interpretations as discussed below. 

 The youngest portion of the age model (5000-1800 cal yr BP) may be several hundred 

years younger than suggested by the model because the first sample TL05-4A-1-82-85 (see 

Table 1) is considerably older than the next three stratigraphically lower samples.  The date was 

still considered in this model due to the lack of other samples in drive 1 of TL05-4A.   
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  Sample Name 
Depth 
Interval 
(cm) 

Avg Depth 
(cm) 

14C Age BP ± Cal yr BP 
Mean 2-sigma Probability Rejection 

Reason 

1 TL05-4A-1-82-85 76-79 77.5 3110 30 3342 3256-3392 1.000  
2 TL05-4B-2-11-14 110-113 111.5 2655 40 2771 2736-2849 1.000  
3 TL05-4B-2-21-24 120-123 121.5 2695 52 2807 2741-2888 0.978  
4 TL05-4B-2-40-42 139-141 140.0 3038 42 3257 3141-3361 0.973  
5 TL05-4B-2-55-57 154-156 155.0 3509 42 3779 3687-3893 0.990  
6 TL05-4A-2-26-32 163-169 166.0 4585 20 5310 5287-5322 0.800  
7 TL05-4A-2-37-39 174-176 175.0 5708 57 6502 6397-6656 0.990  
8 TL05-4B-2-81-84 180-183 181.5 5232 45 5988 5912-6032 0.698  
9 TL05-4A-2-50-52 187-189 188.0 7665 30 8447 8403-8522 0.960 Older over young 

10 TL05-4B-2-100-102 199-201 200.0 4275 43 4847 4811-4922 1.000 Young over old 

11 TL05-4B-2-118-120 217-219 218.0 7366 51 8186 8040-8322 1.000  
12 TL05-4B-2-132-134 230-232 231.0 6357 51 7295 7235-7418 0.873  
13 TL05-4A-2-95-97 232-234 233.0 8020 25 8896 8857-9008 0.685  
14 TL05-4A-2-101-103 238-240 239.0 7408 51 8250 8157-8364 0.962  
15 TL05-4B-2-144-146 243-245 244.0 7521 54 8341 8277-8411 0.775  
16 TL05-4A-2-113-117 250-254 252.0 7682 70 8479 8380-8592 1.000  
17 TL05-4A-2-131-134 268-271 269.5 9750 72 11171 11066-11306 0.827  
18 TL05-4A-2-144-147 281-284 282.5 9995 82 11497 11237-11817 1.000  
19 TL05-4A-3-12-17 303-308 305.5 10907 73 12782 12605-12971 0.990  
20 TL05-4A-3-20-24 313-317 315.0 12665 25 15011 14642-15228 1.000  
21 TL05-4A-3-54-60 345-349 347.0 13040 30 15719 15181-16346 0.990  
22 TL05-4A-3-100-104 390-394 392.0 14525 40 17687 17370-17940 1.000  
 
 

 

 

 

 

 

 

Table 1) Age data for cores TL05-4A and TL05-4B.  Two dates were rejected (shaded gray) due to substantial stratigraphic 
inversion. 
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4.2. Lithology  

 The composite stratigraphy of drives 1-3 of TL05-4A and drive 2 of TL05-4B are 

described from the top of drive 1 to the bottom of drive 3 below and summarized in Fig. 4. 

Overall, grain-size was fine-grained reflecting the dominance of a lacustrine setting. Within this 

background distribution of fine grain size, occasional bimodal distributions occur including 

coarser grains, which are interpreted to indicate evidence of flooding events.  The top unit (0-33 

cm), Unit 1, was an exception, consisting of coarser grained sediments that were interpreted by 

Negrini et al. (2006) to be deposited by an alluvial fan encroaching eastward onto the Tulare 

Lake plain from the Kettleman Hills.  Fluctuating dark grayish brown (2.5Y 4/2) clays, silts, and  

sands comprise the sediments aged 2050-1800 cal yr BP (33-51 cm), Unit 2, which suggests 

frequent lake level changes during the latest Holocene.  Underlying this is Unit 3 (51-64 cm), 

which extends through 2250 cal yr BP, and consists of dark grayish brown (2.5Y 4/2) mottled 

clays and silts with gypsum stringers and nodules. Unit 4 (64-79 cm) extends to 2500 cal yr BP 

and consists of laminated light olive brown (2.5Y 5/4) silty clay to fine grained sand.  The 

remainder of the Holocene consists of Units 5-11 (103-272 cm) which are comprised of dark  

grayish brown to light olive brown clayey silt to silty clay units with abundant gypsum stringers 

and occasional iron staining (Unit 8; 183-187 cm). Thick olive to olive gray clayey silts with 

frequent iron staining comprise the majority of the latest Pleistocene (272-407 cm) indicating 

still and perhaps deeper waters at this time.   The bottom 27 cm of the core (407-429 cm) is 

composed of coarsening downward olive to olive gray silts to medium grained sands which may 

reflect the end stage of alluvial fan buildup discussed in Atwater et al. (1986) toward the end the 

last glacial maximum.   
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4.3. Lacustrine proxies 

 TC, TOC, CN, TIC levels were low throughout the latest Pleistocene with TC and TOC 

typically <1%, CN <10, and TIC nearly imperceptible (Fig. 5).  Conditions remained similar 

until approximately 8000 cal yr BP where frequent high amplitude variations in TC, TOC, and 

CN occurred throughout the remainder of the Holocene.  TIC remained nearly imperceptible 

until 2500 cal yr BP except for two spikes at 8000 and 6500 cal yr BP.  Thereafter, TIC exhibits 

high frequency high amplitude fluctuations concurrently with TC, TOC, and CN.  

 Ostracode samples spanned the entire record, however, ostracodes were absent in the 

deeper sections of core (>6500 cal yr BP). Cyprinotus glaucus, Limnocythere ceriotuberosa, 

Cypridopsis vidua, and Candona patzcuaro can be found in shallow lakes with moderate to high 

salinity (several thousand ppm), although they can be found in lakes with salinities as low as 200 

ppm.  Herpetocypris brevicaudata, Potamocypris smaragdina, Physocypria pustulosa, and 

particularly Eucypris meadensis prefer active fresh water conditions, so wherever in the core this 

assemblage is found is interpreted to have been deposited in a deeper, fresher lake (Forester et 

al., 2005; Delorme, 1989; Palacios-Fest, 1994; Curry, 1999).  Charophyte species, small 

branching underwater green algae, Chara globularis and Chara filiformis prefer shallow 

freshwater to ca-rich ponds or lakes (Pentecost, 2006; Coletta et al., 2001; Andrews et al., 2004).  

The mollusk Laevapex (Ferrissia) californica also prefers freshwater to Ca-rich waters 

(Bequaert, 1973), so their presence along with the charophytes is interpreted as high or fresh lake 

level conditions. The various lake conditions suggested by varying ostracode assemblages is 

captured by the following paleosalinity index: 
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 Figure 5)  Geochemical data for TL05-4A/B. A) Total carbon (weight percent), B) Total organic 
carbon (weight percent), C) Total inorganic carbon (weight percent), D) Nitrogen (weight 
percent), and E) Molar CN ratio. 
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SI = [4 ∙ (% 𝐶.𝑔𝑙𝑎𝑢𝑐𝑢𝑠) +  3 ∙ (% 𝐿. 𝑐𝑒𝑟𝑖𝑜𝑡𝑢𝑏𝑒𝑟𝑜𝑠𝑎) +  2 ∙ (% 𝐶. 𝑣𝑖𝑑𝑢𝑎)   

+  (% 𝐶.𝑝𝑎𝑡𝑧𝑐𝑢𝑎𝑟𝑜)] +  [(% 𝐻. 𝑏𝑟𝑒𝑣𝑖𝑐𝑎𝑢𝑑𝑎𝑡𝑎) +  2 ∙ (% 𝑃. 𝑠𝑚𝑎𝑟𝑎𝑔𝑑𝑖𝑛𝑎)

+  3 ∙ (% 𝑃. 𝑝𝑢𝑠𝑡𝑢𝑙𝑜𝑠𝑎) +  4 ∙ (% 𝐸.𝑚𝑒𝑎𝑑𝑒𝑛𝑠𝑖𝑠)] 

     Conditions over the last 6500 years were generally fresh, calm waters with brief periods 

of fast moving waters or high saline low-lake environments (Fig. 6).  The absence of ostracodes 

beyond 6,500 cal yr CP suggests exceptionally fresh water conditions too low in Ca2+ or HCO3- 

to allow for the survival of ostracodes or that ostracode preservation was poor. 

 Clay and silt dominated sediments indicate high lake level throughout most of the core, 

while pulses of coarse sand, as a small but significant part of a bimodal distribution, are 

interpreted as flood events (Kirby et al., 2012).  The latest Pleistocene is highly sand dominated 

(Fig. 7) until 18,000 cal yr BP (Zone 6) and transitions to clay and silt dominated sediments by 

14,000 cal yr BP until approximately 7,700 cal yr BP (Zone 5).  Silt then dominates until 5600 

cal yr BP (Zone 3), which is followed by a slow increase in clay content until at least 3000 cal yr 

BP (Zone 2). This is followed by a period of fluctuating sand, silt, and clay until 1800 cal yr BP 

(Zone 1).  The coarse fraction is initially ~240 microns at 18,800-18,000 cal yr BP and drops to 

10-20 microns throughout the remainder of the Pleistocene.  Several approximately 100 micron 

peaks occur during the early Holocene until 5,600 cal yr BP. A relatively stable fine-grained 

period follows until 2,500 cal yr BP where high amplitude fluctuations again occur (Fig. 7).   

 Magnetic susceptibility is generally higher during the latest Pleistocene and lower during 

the Holocene (Fig. 7). Though this measurement was principally used to correlate adjacent cores, 

its overall inverse relationship with inorganic and organic carbon suggests that susceptibility is 

related to lake conditions. There is precedence for this inverse relationship between susceptibility 
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 and organic and carbonate-rich sediments (e.g., Gale and Hoare, 1991; Negrini et al., 2000). A 

likely explanation in this case is simple dilution.  

 Magnetic susceptibility also corresponds to lithologic changes throughout the core as 

demonstrated by high levels during periods of high sand content in the earliest part of the record. 

Thereafter susceptibility maps clay content (long term high lake conditions) (Fig. 7). Thus 

magnetic susceptibility appears in this lake to be a proxy for lake level.     

 

 

 

 

 

 

 

 

 

 

 

 Figure 7) Geophysical data for TL05-4A/B. A) Sand, silt, and clay content, B) Mean grain size 
(microns), C) Mean grain size of coarse grain fraction (microns), and D) Volume normalized 
magnetic susceptibility (χ). Blue (TL05-4A) and red (TL05-4B) exhibit the alignment of both cored 
based on magnetic susceptibility. 
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4.4. Summary of Observations 

4.4.1. Latest Pleistocene – 19,000 - ~11,000 cal yr BP 

At the beginning of the record (Zone 6), the sediments of the TL05-4 core contain 65-

90% sand which decreases significantly over a thousand years or so to a silt-dominated sediment 

with little or no sand. During the first half of Zone 5 clay content steadily increases at the 

expense of silt from a low of 10% at the bottom of the record until ~14,500 cal YR BP when silt 

and clay become equal contributors to the distribution at 50% each (Fig. 7). This distribution 

remains stable until the end of Zone 5 (~10,500 cal yr BP) except for three short duration peaks 

in sand percentage at ~14,100, 13,500, and 10,100 yr BP which may represent flooding events 

rather than regression-related near shore sands because the fine grained component of the 

bimodal distribution during these intervals still dominates. Over this entire time interval TIC is 

below detection limits. TOC and CN ratios increase from extremely low levels at the beginning 

of the record to low amplitude highs that plateau from 16,500 to 14,500 cal yr BP and return to 

low values thereafter until the middle Holocene. Nitrogen levels are extremely low (<0.05%) 

from the beginning of the record until approximately 18,000 cal yr BP and increase steadily until 

a plateau at ~0.14% from 15,000-12,500 cal yr BP. Thereafter, nitrogen levels decrease to 

~0.08% until the start of the Holocene.  Magnetic susceptibility begins near maximum values 

and after decreasing to a relative minimum by 16,000 cal yr BP, then rises to a relative high 

centered at 12,500 cal yr BP thereafter steadily decreasing until the late Holocene. An interval 

rich in diatoms occurs between 18,000 and 17,650 cal yr BP (Table 2). The assemblage is 

dominated by Stephanodiscus spp., including S. carconensis, S. hantzschii, S. medius, S. 

neoastrea, S. niagarae, S. oregonicus, and S. transilvanicus,  suggesting that, at time the lake  
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Table 2. Diatom data for TL05-4A-3-101 to TL05-4A-3-114 
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Table 2, cont’d.  Diatom data for TL05-4A-3-101 to TL05-4A-3-114 
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waters could have been fresh to slightly brackish oligotrophic to eutrophic (Bradbury, 1992; 

Cummings et al., 1995; Bradbury, 1997; Bradbury et al., 2004).   

Based on the above observations, the latest Pleistocene record from the Tulare Lake 

TL05-4 cores appear to represent a period of a dominantly fresh water lake. After an initial pulse 

of sand, the decrease in sand and silt content suggest a steady decrease in coarser grained 

terrestrial detritus received at the core site as the lake deepened. The lake reached its maximum 

depth between 14,000 and 12,000 cal yr B.P., an hypothesis based primarily on maximum clay 

clay percent.  The near or almost zero TIC, TOC, N, and CN values during this time period (Fig. 

5) suggest cold, unproductive, fresh, and perhaps deep lake environment fed by streams that 

drained a relatively barren landscape (Cohen, 2003).  This conclusion is allowed by the diatom 

assemblage found between 18,000 and 17,650 cal yr BP (see above) and high concentrations of 

pinus pollen and low littoral vegetation found by Davis (1999)  (note: reinterpreted ages 

explained above) (Fig. 8).  The dearth of ostracodes in sediments older than 6500 cal yr BP is 

also consistent with this interpretation if the lake was too fresh for a sizable number of 

ostracodes to flourish.  A small, but significant increase in TOC centered between 16,000 and 

15,000 cal yr BP (Fig. 5) may reflect increased productivity after the glacial maximum perhaps 

due to warming regional temperatures. The CN ratio is still below 20 during this productivity 

increase which suggests that the lake itself is producing most of the biomass rather than 

terrestrially-sourced vegetation supplied by runoff (Meyers and Lallier-Verges, 1999). However, 

the CN baseline throughout the core appears to be at a significantly lower level of <10, so the 

elevated CN in the 16-15 cal kyr BP range could be due to an increased terrestrial component 

mixed into the baseline lacustrine CN assemblage. 
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Figure 8) Recreation of pollen data from Davis (1999) with new age model presented in this paper. High littoral 
vegetation suggest low lake level while high pelagic algae generally suggests high lake level.  Pinus pollen 
suggests a cold or wet environment. 
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4.4.2. Holocene (~11,000 – 1,800 cal yr BP) 

 Average grain size (Fig. 7) is the lowest of the entire record (~4 μm) (within Zone 4) 

during the early Holocene (10,000-8,000 cal yr BP).  This is followed by a slight increase then a 

slow decrease to a near minimum at 4,400-3,000 cal yr BP (within Zones 3 and 2).  Thereafter, 

grain size fluctuates frequently within extremes of 4-136 μm.  Although the percentage of sand 

never rises above 10-20% until ~2500 cal yr BP, the grain-size of the coarse fraction does 

fluctuate considerably reaching higher values in intervals a brief interval centered at ~10,000 and 

then broader intervals from 9,000-8,000 and 7,000-5,500 cal yr BP.  In the uppermost part of the 

record (Zone 1), sand, silt, and clay percentages fluctuate rapidly between 2,500-1,800 cal year 

BP.  

Magnetic susceptibility decreases steadily from 10,000-3,000 cal yr BP and like many of 

the other proxies, fluctuates with high amplitudes between nearly the maximum and minimum 

values for the record occur from 2500-1800 cal yr BP.  TOC and CN (Fig. 5) remain low 

throughout most of the early Holocene until just after 6,000 cal yr BP. Rapid, high amplitude 

fluctuations dominate for the rest of the record.  TIC exhibits similar high amplitude fluctuations 

from 2,500-1,800 cal yr BP, but remains nearly undectable throughout the Holocene except for 

two peaks centered at 8,000 and 6,300 cal yr BP.  N remains low throughout the Holocene except 

for a significant peak at 3,500-3,000 cal yr BP.  The majority of ostracodes found within 6,000-

1,800 cal yr BP (Fig. 6) flourish in a wide range of water salinities.  However, the dominance of 

freshwater Eucypris meadensis suggests the water was especially fresh at 3,200 and 2,100 cal yr 

BP.  

 In summary, Holocene lake conditions recorded by the Tulare Lake TL05-4 cores appear 

to experience three primary phases. First, the interval from ~11,000-8,000 cal yr BP (Zone 4) is 
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dominated by proxies (i.e., high clay percentage) that suggest fresh, deep lake conditions; 

second, a shallow but slowly deepening lake exists from 8,000-3,000 cal yr BP (Zones 3 and 2); 

and finally, a lake that fluctuates at high amplitudes from deeper and fresher water to a shallow 

water marsh from 2,500 to the top of the record at ~1,800 cal yr BP (Zone 1).  During the first 

interval, a high clay/silt ratio from 10,000 to 8,000 cal yr BP coupled with an earlier pulse of 

sand at 10,500 cal yr BP indicates a deep lake after a relative lowstand (Fig. 5). This scenario is 

mirrored in the grain size of the coarse fraction where an initial spike is followed by a 1,000 yr 

interval of fine grain sizes and then resurgence to coarse grains from ~9,000-8,000 cal yr BP. 

The pollen data from the Davis core (Davis, 1999) show a spike in pinus pollen over this time 

interval and high percentages of pelagic algae from 12,000 to 8,000 cal yr BP reflecting a 

sustained deep lake over this time interval. This is interrupted by a 1,000 yr drop in pelagic algae 

that may reflect the low lake indicated by the other proxies from ~10,000-9,000 cal yr B.P.  

 Overall, the grain-size proxies indicate that the lake shallows at or just after 8,000 cal yr 

BP but gradually deepens through to 3,000 cal yr BP.  This is best seen in the silt/clay ratio 

which is relatively high at first and then declines steadily for the 4,000-5,000 years. The initial 

shallow conditions at ~8,000 cal yr BP is also evident in a TIC spike to 3% or so. A similar spike 

in TIC centered at 6,200 cal yr BP suggesting a second lowstand at this time, but this is not 

reflected in the grain-size data. Low TOC, N, and CN, (Fig. 5a) until 5,500 cal yr BP suggest 

productivity and terrestrial input during these times. An increase of Pinus pollen throughout the 

middle Holocene also suggests a trend towards cooler, wetter climate starting with low 

percentages as ~8,000 cal yr BP and continuting on up to ~3,000 cal yr BP as does an increase in 

pelagic algae at the expense of littoral pollen throughout the same interval. 
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 The final Holocene interval is heterogenous as indicated by high amplitude, high 

frequency changes in all proxies that mirror changes in lithology (Fig. 9). Furthermore, increases 

in CN, TOC, and N indicate greater terrestrial influx and a more productive lake. Particular 

events stand out that demonstrate the consistency between proxies and environmental changes 

inferred by lithology.  For example, from 2,500-2,250 cal yr BP (78-64 cmbgs), the sediments 

are laminated clay rich silts, inferring a relatively deep lake offshore environment.  A transition 

to a more mottled, darker clay occurs at 2,250 cal yr BP (shown on Fig. 9), and is interpreted as a 

low-lake marsh. The deeper lake deposits are associated with proxies that suggest the flood-

related high influx of terrestrial plant matter (high sand content and high CN ratio) and fresh 

water (low TIC).  The marsh deposits, in contrast, suggest a low lake environment (low sand 

content and low CN ratio) and more brackish waters (high TIC) (Fig. 9). 

   

5. Implications for Clovis-Aged Sites  

In theory, the alluvial fans extending from the Kettleman Hills would have made an ideal 

location for Clovis-aged settlements.  The sandy fan deposits would have provided a well-

drained location in close proximity to food and other resources.  The sediment corresponding 

with the Clovis age (13,500-13,000 cal yr BP) is ~3 mbgsl, which places Clovis-aged shorelines 

at approximately 55 masl,  slightly lower than the 56-58.5 masl elevation previously suggested 

for this time (Wallace and Riddell, 1988; West et al., 1991; Fenega, 1993).  The previously 

proposed Clovis-aged elevation corresponds with sediments aged 6,250 cal yr BP and younger, 

which were generally characterized by lower lake level conditions as discussed above, and could 

have been the site of various youngers paleoindian cultures.  As discussed above, Tulare Lake 
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Figure 9) A. Sand, silt, and clay content. B. Volume normalized magnetic susceptibility, CN, TIC.  A highstand is 
centered on 2400 cal yr BP and is indicated by high sand content, low TIC, high CN, and generally higher MS.  A 
lowstand marsh is centered on 2150 cal yr BP and is characterized by low sand and high silt/clay content, high 
CN, high TIC, and low MS and is correlated with Unit 3.  2050-1800 cal yr BP appears to be a fluctuating 
moderately high lake that is characterized by moderate TIC, low CN, high MS, and varying proportions of sand, 
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 was at its deepest from 14,000-12,000 cal yr BP, and was characterized by deep, colder waters 

throughout the entire Clovis period.  Thus, the 56-58.5 masl elevation was likely well under 

water at this time and could not have served as settlement sites for Clovis peoples.  However, 

there is a section of unrecovered core spanning 13,100-12,200 cal yr BP, which includes the 

“Clovis Drought” discussed by Hayes (1991). This core break may have contained sediments 

indicating lower lake-level conditions during this time.  Additionally, differential subsidence due 

to groundwater withdrawal may have resulted in the lower than expected relative depth of the 

Clovis-aged sediments on the western Tulare Lake margin. 

 

6. Comparison with Other Tulare Lake Records 

Davis (1999) conducted a relative lake-level study of Tulare Lake based on pollen 

content from a depocenter core while the Negrini et al. (2006) Holocene study was based on 

lake-plain trench sediments.  Davis interpreted an unconformity throughout the latest 

Pleistocene, so only Holocene comparisons will be considered in this section.  Davis interprets 

the early Holocene (11,500-7,800 cal yr BP) as a drying period where lake level decreases (Fig. 

10).  Negrini et al. and this study, however, interpret two high lake periods based on sediments 

mapped in trenches and the ratio Pediastrum/Botryococcus algae provided to them by Davis. A 

brief highstand centered on 10,000 cal yr BP and a long lasting highstand from approximately 

9,500-8,000 cal yr BP. Davis viewed the middle Holocene (7,800-4,500 cal yr BP) as a period of 

low lake level while Negrini et al. and this study interepet periods of higher lake levels centered 

on 6,500 cal yr BP and approximately 5,800 cal yr BP followed by low lake level throughout 

4,500 cal yr BP.  All three records interpret a high lake level spanning approximately 3,900- 
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Figure 10) Comparison of this Tulare Lake record with previous records. A. Sand, silt and clay content 
of this record. B. Coarse grain fraction of this record.  High mean grain size suggests flood events. C. 
Molar CN of this record.  High CN suggest higher terrestrial input.  D. Historic lake level as determined 
by the Negrini et al. trench-based study (2006).  E.  Ratio of Pediatrum to Botryococcus (after Davis, 
1999; Negrini et al, 2006). 
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2,600 cal yr BP.  The late Holocene is characterized by a periodically dessicated lake by Davis 

and Negrini et al. interprets a low lake level until approximately 1,000 cal yr BP.  This record 

only extends to 1,800 cal yr BP, but demonstrates rapidly fluctuating lake levels characterized by 

deeper lake sediments to marsh-like conditions, which is in general agreement with the other 

studies. 

 

7. Comparison with Other California Lake and Global Records 

 Kirby et al. (2012) noted striking similarities between the timing of Holocene-aged, 

millennial-scale pluvial events corresponding to Tulare Lake and two southern California lakes, 

Little Bear Lake and Lake Elsinore. Building upon this, the major climate events inferred from 

the Tulare Lake record are compared to other records from California (Fig. 11) as well as to the 

Alkenone and G. bulloides sea surface temperatures (SST) for ODP 1017E (Seki et al., 2002; 

Pak et al., 2012) and the north Greenland ice core oxygen isotope record, NGRIP (North 

Greenland Ice Core Project members, 2004; Andersen et al., 2006).  Included are lacustrine 

records from Lake Elsinore (Kirby et al., 2010; Kirby et al., in press), Owens Lake (Bacon et al., 

2006), and Swamp Lake (Street et al., 2012), which are more or less proximal to the southern 

Sierra drainage source for Tulare Lake.   

 

7.1. Latest Pleistocene (19,000 - ~11,000 cal yr BP) 

 NGRIP indicates cold but relatively stable conditions during the Older Dryas (OD) 

(19,000 – 14,600 cal yr BP) while ODP 1017 suggests cold but warming conditions.  During the 
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OD, Tulare Lake initially experiences a large flood event (18,800 – 18,000 cal yr BP) which 

begins the filling of the lake and is followed by a continued deepening of the lake throughout the 

OD as suggested by high and increasing clay content.  Swamp Lake indicates a similar lake-

deepening characteristic as suggested by an increase in CN ratios from <10 at the beginning of 

the OD to ~18 at the transition to the Bølling-Allerød (BA) period.  Sand content from Lake 

Elsinore exhibits a period of steady high runoff during this time while Owens Lake varies 

significantly in lake level altitude from ~1140 to 1080 m.  Owens Lake exhibits two highstands 

centered on 19,500 and 18,000 cal yr BP, which may coincide with the initial sand pulse seen in 

Tulare Lake allowing for error in age models. 

 During the BA (14,600-12,900 cal yr BP), NGRIP indicates a warmer period.  This is not 

reflected in ODP 1017, which indicates a decrease in SST of approximately 1°C during this time.  

Tulare Lake appears to remain in stasis as suggested by steady clay content along with Swamp 

Lake which exhibits a steady CN ratio.  Owens Lake experiences several lake level oscillations, 

but no long term trend is evident.  Lake Elsinore, however, appears to reflect the BA warming as 

shown by a marked decrease in runoff.   

 NGRIP indicates a cooling period during the Younger Dryas (12,900-11,800 cal yr BP). 

ODP 1017 initially reflects a decrease in temperature, but increases toward the end of the YD.  

Neither Tulare Lake nor Swamp Lake appear to reflect the YD in their records, and both suggest 

steady lake levels throughout the end of the Pleistocene.  Kirby et al. (in press) interprets the YD 

beginning at 12,600 cal yr BP and Lake Elsinore exhibits a decrease in runoff during this time 

suggesting a response to the YD.  At Owens Lake, a decrease in lake level at 12,500 cal yr BP 

may correspond to the YD cooling period. 
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Figure 11) A. Sand, silt, and clay content of this record, B. Coarse grain fraction for this record, C. Alkenone 
SST for ODP 1017E (Kiefer, 2013), D. NGRIP oxygen isotope data (Andersen et al., 2006; Rasmussen et al., 
2006), E. Molar CN data for Swamp Lake, CA (Street et al., 2012), F. Lake-level elevation for Owens Lake, CA 
(Bacon et al., 2006), and G. Sand content data for Lake Elsinore, CA (Kirby et al., 2010; after Kirby et al., in 
press). 
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 While the lakes appear to behave differently during the Pleistocene, each may still be 

responding to climate changes.  Location may control the interaction with the jet stream as well 

as runoff source precipitation.  Overall, Tulare Lake and Swamp Lake exhibit a rise in lake level 

or increase in runoff during the OD followed by steady lake level or runoff throughout the 

remainder of the Pleistocene.  Lake Elsinore, and to a lesser extent Owens Lake, begin with 

steady lake level or runoff during the OD, which is followed by lower lake level or runoff 

through the end of the Pleistocene.  Each exhibits less runoff or lower lake level during the BA 

and YD than during the OD. 

 

7.2. Holocene (~11,000 - 1,800 cal yr BP) 

 NGRIP indicates a period of warming from the beginning of the Holocene to 

approximately 8000 cal yr BP, which is followed by a relatively constant warm period through 

the end of the Holocene.  ODP 1017 exhibits similar behavior but completes the warming trend 

around 9,500 cal yr BP.  Tulare Lake exhibits its highest lake levels through 8,000 cal yr BP, 

which is followed by a slight drop then a return to high levels up to 3,000 cal yr BP.  Swamp 

Lake and Owens Lake indicate high runoff or high lake level until 7,500 cal yr BP followed by 

low runoff or lake level until ~3,600 cal yr BP for Swamp Lake and 4,500 cal yr BP at Owens 

Lake.  Lake Elsinore demonstrates a shorter period of high runoff from 9,100-8,800 cal yr BP 

followed by lower runoff until 6,300 cal yr BP.  As previously mentioned, Tulare Lake deepens 

at ~4,200 cal yr BP until at least 3,000 cal yr BP.  All of the compared lakes show a similar deep 

lake environment during this period as well.  At 2,500-1,800 cal yr BP Tulare Lake indicates a 
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fluctuating lake-level, which is also apparent at Swamp Lake but not Lake Elsinore or Owens 

Lake. 

 

7.3. Tulare Lake and Sea Surface Temperature Records 

 Figure 12 compares the clay content record for this study with alkenone based (Seki et 

al., 2002) and C. bulloides Mg/Ca based (Pak et al., 2012) SSTs from the ODP 1017 core off the 

coast of central California (Figure 1).  Steady increase in clay content from ~19,000-15000 cal yr 

BP suggests a steady increase in Sierran runoff, hence, precipitation during this time.  A steady 

increase in sea surface temperatures occurs during this time as well.  From ~15,000-10,300 cal yr 

BP, sand content remains steady suggesting a steady lake depth.  During this time both SST 

records show a fairly constant mean value, though the Pak et al. record exhibits variance at high 

frequencies.  In the early Holocene (10,300-7,500 cal yr BP), an increase in clay content of 8-9% 

suggests a wet period.  Similarly, the alkenone SST record also increases at the same time 

(~3°C).  The G. bulloides record only extends to approximately 10,000 cal yr BP and is not 

considered in further analysis.  The mid-Holocene (~7,500-4,000 cal yr BP) experiences 

decreases in clay content (~15%) suggesting a drier period with decreases runoff.  The SST 

record also experiences a decrease of about 1°C.  Finally, during the late Holocene (4,000-1,800 

cal yr BP) clay content increases, suggesting another wet period.  The SST record also increase 

by approximately 1°C at this time.  Overall, clay content of Tulare Lake varies consistently with 

the SST records presented in Figure 12, which suggests that Tulare Lake level and Sierran river 

runoff are driven by the changes in sea surface temperatures. 

 



 Blunt 36 

 

  

 

 

8. Conclusions 

This record consists of a high-frequency (sampled every 1-cm) paleolake-level history of 

Tulare Lake from 19,000-1,800 cal yr BP.  Overall, Tulare Lake-level varied similarly to 

previous studies conducted by Davis (1999) and Negrini et al (2006) for the Holocene.  The 

three studies suggest deep lake and wet conditions during the early Holocene, dry low lake 

conditions throughout the mid-Holocene, and a return to wet and deeper lake conditions during 

the late-Holocene.  The previously interpreted unconformity by Davis (1999) does not appear in 



 Blunt 37 

 

  

this record, and, as a result, the pollen data from that study should be reinterpreted in light of the 

new age model presented in this study.  Tulare Lake level changes generally varied in 

conjunction with other California lake level studies to the northeast and southwest of the lake 

confirming a prior assertion (Negrini et al., 2006) that Tulare Lake levels are reflective of 

regional climate rather than local geomorphology.   Tulare Lake appears to respond to global 

climate signals such as the Older-Dryas and Bølling-Allerød periods.  The Younger-Dryas does 

not appear to be represented in the cores, however an unrecovered section of core partially spans 

that time period.  Lake-levels of Tulare Lake change in conjunction with two sea surface 

temperature records from off the central coast of California (ODP 1017) suggesting that sea 

surface temperatures drive Tulare Lake level and Sierran river runoff. 
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