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ABSTRACT 1 

We employed a new, multi-proxy record from Baldwin Lake (~125 - 10 ka) to examine drivers 2 

of terrestrial Southern California climate over long timescales. Correlated bulk organic and 3 

biogenic silica proxy data demonstrated high-amplitude changes from 125 - 71 ka, suggesting 4 

that summer insolation directly influenced lake productivity during MIS 5. From 60 - 57 ka, 5 

hydrologic state changes and events occurred in California and the U.S. Southwest, though the 6 

pattern of response varied geographically. Intermediate, less variable levels of winter and 7 

summer insolation followed during MIS 3 (57 - 29 ka), which likely maintained moist conditions 8 

in Southern California that were punctuated with smaller-order, millennial-scale events. These 9 

Dansgaard-Oeschger events brought enhanced surface temperatures (SSTs) to the eastern Pacific 10 

margin, and aridity to sensitive terrestrial sites in the Southwest and Southern California. Low 11 

temperatures and reduced evaporation are widespread during MIS 2, though there is increasing 12 

evidence for moisture extremes in Southern California from 29 - 20 ka. Our record shows that 13 

both orbital-scale radiative forcing and rapid North Atlantic temperature perturbations were 14 

likely influences on Southern California climate prior to the last glacial. However, these forcings 15 

produced a hydroclimatic response throughout California and the U.S. Southwest that was 16 

geographically complex. This work highlights that it is especially urgent to improve our 17 

understanding of the response to rapid climatic change in these regions. Enhanced temperature 18 

and aridity are projected for the rest of the 21st century, which will place stress on water 19 

resources.  20 

 21 

 22 

 23 
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1. Introduction 24 

Throughout the U.S. Southwest, Great Basin, and California, climate model projections for the 25 

21st century indicate that increased radiative forcing that will produce enhanced temperatures, 26 

aridity, and climate variability (Overpeck et al., 2013). These projections prompted our 27 

investigation of regional sensitivity to past climate change and potential forcing mechanisms 28 

over the past 125 ka, in a sector of the U.S. that is already water-stressed and increasingly 29 

populous (Georgescu et al., 2012). Retrospective studies are crucial for deepening our 30 

understanding of large-scale climate dynamics and teleconnections, and assessing the potential 31 

range of temperature and hydrological variability. Long-lasting droughts in the West during the 32 

Late Quaternary have been documented (e.g. Brunelle and Anderson, 2003; Heusser et al., 2015; 33 

MacDonald and Case, 2005; Mensing et al., 2013), most of which were associated with warm 34 

intervals (Woodhouse et al., 2010). Conversely, extreme wet events were also a feature of West 35 

Coast climates (e.g. Bird and Kirby, 2006; Kirby et al., 2013, 2012). These prolonged 36 

hydroclimatic events, on the order of several decades or centuries, have no analogue in the past 37 

150 years of instrumental records.   38 

 39 

A growing body of climatic records from the U.S. Southwest, Great Basin, and Southern 40 

California suggests regional sensitivity to a variety of climate drivers that include an 41 

atmospheric-oceanic teleconnection with the North Atlantic (Asmerom et al., 2010; MacDonald 42 

et al., 2008; Oster et al., 2014; Reheis et al., 2015; Wagner et al., 2010), Pacific Ocean (Hendy 43 

and Kennett, 2000a; Heusser, 1998; Lund and Mix, 1998) boreal insolation (Lachniet et al., 44 

2014; Moseley et al., 2016), and migrating storm tracks (Garcia et al., 2014; Kirby et al., 2006; 45 

Owen et al., 2003). Offshore marine cores have documented long histories through several 46 

Marine Isotope Stages (MISs), but with dynamically different responses compared to terrestrial 47 
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sites (Heusser and Basalm, 1977; Hooghiemstra et al., 2006).  The longer-term climate history of 48 

terrestrial Southern California throughout past glaciations and multiple MISs is lesser-known, 49 

compared to abundant studies on the Holocene and last glacial (MIS 2).  50 

 51 

In this study, a newly-acquired core from Baldwin Lake in the San Bernardino Mountains (SBM) 52 

that spanned 125 – 10 ka provided insight to the long-term temperature and hydrological 53 

variability of Southern California, and associated climatic drivers. We use this material to 54 

address the following questions: Is alpine Southern California sensitive to orbital and North 55 

Atlantic forcing over long timescales? How does the record of paleoenvironmental change and 56 

climatic variability at Baldwin Lake compare to other Southern California, Great Basin and 57 

Southwestern sites over the past 125 – 20 ka?  58 

 59 

2. Setting 60 

Located east of the Los Angeles Basin, the SBM are part of the Transverse Ranges and include 61 

some of the highest elevation peaks in Southern California. The SBM form a barrier between the 62 

interior Mojave and Sonoran Deserts, and the summer-dry, winter-wet Mediterranean conditions 63 

towards the coast. The San Andreas and Mill Creek Faults bound either side of the SBM range. 64 

Triassic- to Cretaceous-age granitic rocks dominate the SBM range (Morton and Miller, 2006), 65 

with other allocthonous sedimentary terranes of Precambrian and Mesozoic age (Dibblee, 1964). 66 

High relief valleys and slopes are often covered with Quaternary deposits, including alluvium, 67 

talus, and fanglomerates.  68 

 69 

Baldwin Lake (34.275̊N, 116.8˚W) lies at an elevation of 2060 m in the Big Bear Valley of the 70 

SBM, approximately 160 km east of the Pacific coastline (Figure 1). It is presently an 71 



Glover et al. – Alpine Southern California climatic change since 125 ka – QSR submission 

intermittent lake, and one of two major lake basins in Big Bear Valley, with a 79 km2 watershed 72 

(Big Bear Lake TMDL Task Force, 2012). To the west, the Big Bear Lake watershed is 96 km2, 73 

and supported a lake throughout the Holocene (Kirby et al., 2012; Paladino, 2008). Sugarloaf 74 

Mountain to the south (3033 m) is the primary sediment source of the Baldwin basin, via the 14 75 

km2 Sugarloaf fan (Flint and Martin, 2012; Leidy, 2006). Smaller-scale faults occur throughout 76 

Big Bear Valley, including a thrust fault <1 km east of Baldwin Lake on Nelson Ridge (Flint and 77 

Martin, 2012). The highest elevations of the Transverse Ranges were glaciated during MIS 2; 78 

moraines still persist on the northern flank of Mt. San Gorgonio (3,506 masl) and mark later 79 

Holocene readvances (Owen et al., 2003). 80 

 81 

Mediterranean winter-wet and summer-dry conditions prevail throughout the SBM and Southern 82 

California, modulated by upwelling and currents on the North American Pacific margin. The 83 

configuration of the North Pacific High and North American Low, and westerly winds, drive this 84 

strong precipitation seasonality (Barron et al., 2003; Cayan and Peterson, 1989). Seasonal 85 

migration of the Polar Jet Stream (PJS) brings Pacific-derived moisture in the winter months, and 86 

Southern California’s yearly precipitation averages 13 - 64 cm at lower elevations, and 64 – 150 87 

cm in the mountains (www.wrh.noaa.gov). Annual precipitation averages are comparatively 88 

higher in Big Bear Valley, averaging ~220 cm/yr (U.S. Climate Data, 2016) and the moisture is 89 

largely derived from North Pacific winter storms (Wise, 2010). Other precipitation sources 90 

include orographic uplift, lateral snow drift (Minnich, 1984), and occasional summer storms that 91 

result from convection or dissipating tropical cyclones (Tubbs, 1972). Average July high 92 

temperature at Big Bear City is 27.2 ˚C, and January’s average high is 8.3 ˚C (U.S. Climate Data, 93 

2016). 94 

 95 
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3. Materials and Methods 96 

3.1 Core recovery and Initial Core Description (ICD) 97 

We re-cored Baldwin Lake in August 2012 at the basin depocenter (34˚16.56633’, -98 

116˚48.61182’) with a CME-95 truck-mounted hollow stem auger drill. Prior coring at Baldwin 99 

Lake in 2004 yielded a 14.2 m sequence referred to as BLDC04-2 (Figure 1; Kirby et al., 2006). 100 

We refer to the new sequence of cores as BDL12, which consisted of overlapping 2.5 foot 101 

sections from two separate holes totaling 27m, now archived at UCLA. Cores were split at 102 

UCLA in 2013, then photographed and described at the Limnological Research Center (LRC) in 103 

2014, following conventions for Initial Core Description (ICD; Schnurrenberger et al., 2003). 104 

Key sedimentary structures and changes, described by depth from surface, have been 105 

summarized for the Supplemental Information. 106 

 107 

3.2 Sedimentary Analyses 108 

Initial magnetic susceptibility data were collected at UCLA with a Bartington MS2e sensor, and 109 

later replicated at LRC. The GeoTek Multi-Sensor Core Logger at LRC collected 0.5-cm interval 110 

data. Loss-on-ignition (LOI) analysis at 1-cm intervals throughout BDL12 determined the bulk 111 

organic and carbonate content of the sediment (Dean, 1974; Heiri et al., 2001). Organic content 112 

was determined from the mass lost from1-cm3 volume samples after 1-hour burns at 550˚C in a 113 

muffle furnace, and carbonate content was calculated after subsequent 1-hour burns at 950˚C. 114 

Core density was calculated from sample dry weight values recorded during LOI analysis. Bulk 115 

inorganic values were percentage values, calculated from the remaining sample weight after all 116 

LOI burns compared to the initial dry weight. Mass accumulation rates (MARs) were calculated 117 

by multiplying a horizon’s dry density by the sedimentation rate derived from the age model 118 
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(Rack et al., 1995). The 1-cm LOI and MS data were used to correlate the core sections, and 119 

determine a depth-below-surface value for each horizon of the sequence. 120 

 121 

Grain size sampling was initially done at 50 cm intervals (Silveira, 2014), with later sampling 122 

that targeted the basal coarse-grained facies, and the slowly-deposited MIS 2 interval. Samples 123 

(n=93) were digested in 30-35% H2O2 to remove organics, then 1N HCl to remove carbonates, 124 

and lastly 1M NaOH to remove biogenic silicates, with intermittent centrifuging. Analyses were 125 

performed on a Malvern Mastersizer 2000 laser diffraction grain size analyzer at CSUF. The 126 

results were combined with high-resolution grain-size data from core BLDC04 (Blazevic et al., 127 

2009) after re-aligning BLDC04’s measured depths to correlate with BDL12 (see Supplemental 128 

Data). We reported the grain size mode (i.e., most frequently-occurring size) here in µm, after 129 

averaging values at 25-cm intervals for the core above 15 m, and at 50-cm intervals for the core 130 

section spanning 15 – 27 m. This was done to reduce noise and variable sampling resolutions 131 

throughout the ~27 m sequence. X-ray fluorescence (XRF) values were taken with a portable 132 

Innov-X Analyzer at 5 cm intervals along a split core surface that was lined with Ultralene film. 133 

Elements reported here include titanium (Ti), iron (Fe), calcium (Ca), potassium (K), and 134 

manganese (Mn). 135 

 136 

3.3 Biogenic Silica (BSi) 137 

We selectively analyzed biogenic silica (BSi) throughout the core in order to determine if lake 138 

productivity was a primary contributor to organic content changes. Amorphous silica is a 139 

structural component of diatoms, radiolarians, sponges, and phytoliths in aquatic environments 140 

Its measurement can potentially establish paleoproductivity and orbital influence in long lake 141 

histories (e.g. Prokopenko et al., 2006; Wohlfarth et al., 2008). Samples (n=32) from each of the 142 



Glover et al. – Alpine Southern California climatic change since 125 ka – QSR submission 

Marine Isotope Stages were analyzed with wet-alkaline extraction (Conley and Schelske, 2002) 143 

to characterize the relationship between organic content and BSi in different core facies. 144 

 145 

3.4 Chronologic control – assumptions and approach 146 

We present a new age model here that extends to Marine Isotope Stage 5, and replaces the 147 

chronology of Kirby et al. (2006). The prior BLDC04-2 chronology included bulk dates that 148 

were not securely cross-dated with other methods, such as macrofossils or tephra layers 149 

(Zimmerman and Myrbo, 2015). From BDL12, AMS 14C dating was conducted on seven wood 150 

and charcoal samples from the upper 8 m (Table 1). Infrared Stimulated Luminescence (IRSL) 151 

single-grain analysis was conducted on lower sections of the sequence that possessed a higher 152 

sand fraction (Buylaert et al., 2009; Rhodes, 2015). IRSL was applied to 150-175 µm K-feldspar 153 

grains, a technique increasingly used in Southern California, where quartz demonstrates low 154 

sensitivity in many locations (Garcia et al., 2014; Lawson et al., 2012). Four 20-cm sections of 155 

core were removed with a handsaw under luminescence laboratory lighting conditions, and a 156 

~1.5 cm diameter cylinder of sediment was extracted from the core interior for IRSL dating. 157 

Once disturbed, these sections were not further analyzed. Preparation procedures, measurement 158 

at UCLA, and analysis followed Rhodes (2015). Fading measurements were used to correct both 159 

the IRSL signal measured at 50˚C and the post-IR IRSL signal at 225˚C, which demonstrated 160 

mean g-values of 0.03 and 0.015 respectively. Dose rates were calculated using ICP-MS (for U, 161 

Th) and ICP-OES (for K) determinations at SGS, Vancouver, Canada.  162 

 163 

In order to construct the age model, we hypothesized that lake productivity was the primary 164 

contributor to total organic deposition and responded to changes in radiation. This was based 165 
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upon establishing relationships between key proxies, and making certain assumptions about 166 

basin response from the available data. First, we found that total organic matter and BSi data 167 

were correlated to each other (r=0.81, p<0.001) throughout the basin’s history. This suggests that 168 

primary productivity, rather than preservation, was a key contributor to organic matter variation 169 

(Colman et al., 1995; Conley and Schelske, 2002; Kaplan et al., 2002). Second, we assume that 170 

local radiation is an important control on length of the freshwater photosynthetic season (e.g. 171 

Colman et al., 1995; Hu et al., 2003) and seasonal ice cover of the lake surface (McKay et al., 172 

2008; Melles et al., 2006; Prokopenko et al., 2006). This assumption underlies our use of 173 

relatively local (30˚N) summer insolation values as a proxy for seasonal light intensity, and 174 

primary driver for the associated peaks and troughs in total organic matter. This relationship 175 

between 30˚N summer insolation and organic deposition was initially proposed for the site in the 176 

BLDC04-2 study (Kirby et al., 2006). The new organic matter dataset presented here replicated 177 

this apparent correlation to 30˚N insolation in a 20-kyr section of core constrained with 178 

radiocarbon dating (40 – 20 ka). 179 

 180 

Visual curve matching (Groot et al., 2014) is a technique often used in the absence of other 181 

chronologic data or techniques (e.g. Tzedakis et al., 2001), or to supplement existing dates (e.g. 182 

Cacho et al., 1999). We employed it here it as a first-pass interpretation of basin response to 183 

climate drivers, and to construct a working age model for a newly-recovered long paleorecord. A 184 

series of tie points that match five peaks and troughs in the insolation and bulk organics datasets 185 

were established during MIS 5 (~116 – 71 ka; Table 1; Figure 2b). This exercise assumes that 186 

basin response to insolation shifts was immediate. While highly-resolved, directly-dated 187 

speleothem records spanning MIS 6 – 1 showed that Great Basin paleotemperature response 188 



Glover et al. – Alpine Southern California climatic change since 125 ka – QSR submission 

lagged boreal insolation shifts by ~3 kyr (Lachniet et al., 2014), there is not yet evidence for a 189 

similar lag at California sites. Age uncertainties from recent California paleorecords are 190 

comparatively greater (e.g. Herbert et al., 2001; Kirby et al., 2015; Oster and Kelley, 2016; this 191 

study). We ascribed a 2-kyr uncertainty to each tie-point for the Bacon 2.2 model (e.g. Mahan et 192 

al., 2014). This allowed for the possibility of 1) leads/lags in lake response compared to 193 

insolation, 2) influences other than temperature on organic matter production (e.g. nutrient 194 

cycling, moisture variability, and lake level variability), and 3) horizons where the tie-points 195 

overlapped with IRSL dates. 196 

 197 

Bacon 2.2 is a Bayesian approach to modeling the age of terrestrial cores (Blaauw and Christen, 198 

2011), and was employed for our age-depth model, incorporating 14C dates, 50˚C and post-IR 199 

225˚C luminescence dates, and five tie-points (Table 1, Figure 2). Bacon 2.2 algorithms perform 200 

calendar year conversions on 14C dates using IntCal13 (Reimer, 2013), and incorporate 2-sigma 201 

results in the model. In our model, the sediment mean accumulation rates was set to 50 cm/yr, 202 

and core section thickness was 50 cm, both suggested by the program (Blaauw and Christen, 203 

2011). Default priors for memory strength and memory mean (i.e., the degree to which 204 

sedimentation rate depends on that of adjacent horizons) were retained (Blaauw and Christen, 205 

2011; Goring et al., 2012). Luminescence sample J3096 was excluded, as it had low yield, 206 

displayed non-standard TL during preheat measurements, and was not in stratigraphic agreement 207 

with the other three samples (Table 1). A sharp break between clayey silt and the basal coarse-208 

grained sandy layer downsection occurred at 2596 cm, possibly indicating of a hiatus. The 209 

uppermost lake sediments above 152 cm, where the youngest radiocarbon date was obtained, 210 
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have an uncertain age. Bacon 2.2 thus extrapolated the model between 0 – 152 cm without 211 

constraints.  212 

 213 

4. Results and Proxy   214 

4.1 Age Model 215 

The weighted mean ages from the Bacon 2.2 age model (Figure 3) ranged from 125.7 – 5.3 ka 216 

cal BP, and were used for plotting figures, and the ensuing discussion of regional paleoclimate 217 

events. Without reliable age control above 152 cm, we were not confident that the Middle 218 

Holocene was the true age of the core top, and have excluded the desiccated upper 1 m of 219 

BDL12 from the ensuing figures and discussion. Direct dating of a charcoal fragment yielded a 220 

date of ~11.9 ka, and was obtained from a 3-cm charcoal layer (154-151 cm) not captured in the 221 

BLDC04-2 core. Previously, the upper material in the basin had been constrained by a ~20.3 ka 222 

bulk date at 114-117 cm (Kirby et al., 2006). Our new series of 14C dates suggested, instead, that 223 

basin deposition continued after the Last Glacial Maximum (LGM) and included the Pleistocene-224 

Holocene transition, though at very slow sedimentation rates (<0.03 cm/yr). The fading-corrected 225 

IRSL ages measured at 50˚C and post-IR IRSL at 225˚C were within range of the tie-points 226 

established (Table 1, Figure 2). The Bacon 2.2 age model (Figure 2), however, produced ages at 227 

the tie-point horizons that were 0.6 – 2.5 kyr offset from the ages initially assigned (Table 1). 228 

This was the result of assigning each a ±2 kyr error, and the influence of the IRSL dates in the 229 

model.  230 

  231 

4.2 Sedimentology and Summary of Proxy Data  232 

The BDL12 sequence was 91.9% complete, with some missing portions due to coring gaps and 233 

disturbances. Details of core stratigraphy are described by depth and approximate age in the 234 
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Supplemental Information. Key changes in core stratigraphy and sedimentological data (dry 235 

density, inorganics, MARs, and grain size) are shown by depth in Figure 3. Grain size mode 236 

results throughout the sequence were consistently in the range of silt (2-50 µm), except for the 237 

basal sand unit (mode >400 µm). We summarized important sedimentological changes, as 238 

related to density and grain size, in Table 2 with the modifiers “sandy,” or “clayey” for cases 239 

when these size fractions were ≥20%, and the silt remained the dominant fraction (≥60%). Figure 240 

4 shows proxy data by age and MIS, with 30˚N summer insolation shifts. MIS 5 substages are 241 

referenced with letters (e.g. MIS 5a), though age boundaries between substages have no global 242 

standard, and tend to vary geographically (Imbrie et al., 1984).  243 

 244 

4.3 Relationships and Environmental Interpretation for Baldwin Lake Proxy Data 245 

We assumed the following relationships between proxy data, environmental conditions, and local 246 

summer insolation in our interpretation of site history. The immediate response for primary 247 

productivity to 30˚N summer insolation during MIS 5 and MIS 3/2 was discussed in detail in 248 

section 3.4, as this assumption underpinned the age model. For Baldwin Lake, we interpreted 249 

positive correlation between BSi and total organic content as evidence that paleoproductivity was 250 

the dominant control on organic deposition. Several factors could have influenced the large 251 

changes observed in the coupled organic-BSi proxy data throughout the record. Correlated 252 

organic-BSi data have indicated shifts in lake water temperature at other high latitude or altitude 253 

sites (e.g. Blass et al., 2007; Hahn et al., 2013; McKay et al., 2008; Nussbaumer et al., 2011; 254 

Street et al., 2012; Vogel et al., 2013). High concentrations of BSi may also be linked to periods 255 

of increased runoff, and nutrients, within catchments (Ampel et al., 2008; Conley and Schelske, 256 

2002). Organic deposition as a proxy for relative wetness in the SBM has also been suggested, 257 
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with 30˚N summer insolation impacting precipitation dynamics and moisture delivery to 258 

Southern California (Kirby et al., 2006). While it is challenging to disentagle how much each of 259 

these processes contributed to bulk organic measurements over time, key periods when one 260 

process seemed most dominant are discussed in the paleoenvironmental history of the basin 261 

below (section 5.1), with supporting evidence.  262 

 263 

Times of high organic deposition generally coincided with low values of both magnetic 264 

susceptibility and dry density (Table 2). Low MS values (<12 SI) throughout most of BDL12 265 

(Figure 4, Table 2) suggest this proxy detected a largely diamagnetic fraction throughout basin 266 

history (Dearing, 1999). Bedrock sources are largely granodioritic, yet the MS signal was 267 

dampened at times of episodic, high-energy clastic input. We hypothesized that in this basin, 268 

sediment frequently underwent sulfide reduction at the lake bottom, particularly when the lake 269 

was productive and organic deposition was ≥10%). Such a reduction process can partially or 270 

completely dissolve magnetite, and produce low MS values (Dearing, 1999; Kirby et al., 2007; 271 

Nowaczyk et al., 2006).  272 

 273 

Trace element data aided our interpretation of allochthonous deposition, lake level changes, and 274 

lake ventilation. We interpreted relatively higher values of Ti, and in part, Fe, to phases of 275 

increased detrital, non-biogenic sediment deposition (Kylander et al., 2011; Vogel et al., 2013). 276 

Ca values changed in tandem with and were highly correlated to CaCO3 (r=0.84; Figure 4h-i), 277 

suggesting that trace element Ca was largely derived from the precipitation of CaCO3, rather 278 

than bedrock sources in the watershed. Such calcite precipitation tends to occur in lake systems 279 

when warm water temperatures, and potentially lake regression, produce saturation, leading to 280 
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high CaCO3 values (Hodell et al., 1998). High values in the manganese to titanium ratio (Mn:Ti; 281 

Figure 4) have been interpreted as a proxy for a well-mixed lake with bottom ventilation 282 

(Kylander et al., 2011). Times of high Ca, CaCO3 and Mn:Ti, including 114 – 107 ka, 87 – 75 283 

ka, and 14 – 10 ka (Figure 4), and were distinct facies, with lighter gray-brown sediment and, 284 

from 87 – 75 ka, horizons with mollusk shells. We interpreted the combination of increased Ca, 285 

CaCO3, and Mn:Ti to indicate phases when Baldwin Lake was warmer and well-ventilated.  This 286 

warming may have also resulted from the lake shallowing. At horizons when all three of these 287 

parameters remained low, we assumed a stratified lake. When such conditions are coupled with 288 

high productivity, the deposition and bacterial decomposition of phytoplankton could produce 289 

reducing conditions and an anoxic lake bottom, and thus removal of a strong magnetic signal 290 

(Dearing, 1999).  291 

 292 

5. Discussion 293 

5.1 Baldwin Lake’s Environmental Change from 125 – 10 ka 294 

The basal luminescence age results at 2700 cm depth, with potential dates of 136 ± 10 ka (50˚C 295 

IRSL signal) or 124 ± 8 ka (225˚C IRSL signal; Table 1), suggested that deposition of the 296 

BDL12 sequence began during MIS 5e. This facies was largely comprised of dense, coarse, 297 

massive sand. With <1% fine grains, we interpreted these basal sediments to be well-winnowed, 298 

and deposited under high-energy conditions. Fluvial and colluvial processes likely dominated 299 

erosion and transport in the alpine valley at this time, with the Baldwin Basin possibly connected 300 

to adjacent Lower Bear Basin (Figure 1). The transition to finer-grained clayey silt was abrupt 301 

and interpreted as a hiatus, largely because IRSL-dated results from either side of the break have 302 

a difference of ≥10 kyr over 1.3 m of core. Rapid sedimentation from Sugarloaf Mountain, 303 
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including possible landslide events (e.g. the Sugarloaf Fan; Figure 1), may have aided closure of 304 

the basin, and the separation of the Baldwin and Lower Bear Lake basins (Leidy, 2006; Stout, 305 

1976).  306 

 307 

Trace elements that were key to the interpretation of MIS 5e conditions are reported in Table 2 308 

with approximate values. Sediment upsection of the basal sand possessed high Ti and Fe, and 309 

low carbonate and organic content (Table 2, Figure 4). This largely detrital, inorganic deposition 310 

suggests that Baldwin Lake remained deep, unproductive, and cool for the first half of MIS 5d 311 

during a summer insolation minimum at 116 ka. Ca, CaCO3, and organics later increased at 112 312 

ka while MS decreased, indicating the lake became warmer, shallower, and more productive.  313 

 314 

The period centered around MIS 5c was the basin’s first productive phase from 109 – 96 ka, with 315 

organic values reaching >30% on two occasions between 106 – 103 ka, and BSi of ~11.3 mg/g. 316 

Productivity declined to minimal levels by 95 ka (Table 2, Figure 4a-b). During MIS 5b – 5a (95 317 

– 71 ka), productivity again increased and decreased, reaching >30% at 83 ka. Lowstand 318 

conditions occurred during MIS 5b, with high Ca, CaCO3, and Mn:Ti (Table 2, Figure 4). 319 

Abundant littoral mollusks Lymnaea and Planorbella spp. (Burch, 1982) indicate that the lake 320 

shoreline had reached the basin depocenter, where the core was taken. All Ca-based lowstand 321 

evidence quickly disappeared at 82 ka, and organics surged to 33% by 81.6 ka in the deeper 322 

water, before declining alongside summer insolation to reach ~1% at 73 ka. 323 

 324 

During MIS 4 and 3, lower amplitude oscillations in summer insolation apparently yielded a 325 

long-term state of lake productivity, perhaps because seasonal insolation was less variable. 326 
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Organics increased from the onset of MIS 4 (71 ka), and then maintained moderate values 327 

(average = 16.4%; Figure 4b). Early MIS 4 had relatively high levels of Ca, CaCO3, and Mn:Ti 328 

(Table 2, Figure 4g-i) that declined over the ensuing ~5-6 kyr. These lower values persisted until 329 

the end of MIS 2, suggesting lake stratification, and infrequent ventilation. Meanwhile, biologic 330 

sedimentation increased (average bulk organics =18.8%) and underwent millennial-scale 331 

fluctuations, where bulk organic values ranged between 10 – 28%.  332 

 333 

Periods of subtle laminae occurred during the first half of MIS 3 (57 – 46 ka), and are described 334 

in greater detail for core BLDC04-2 (Kirby et al., 2006). While laminated and non-laminated 335 

sediment may indicate lake water level shifts (Retelle and Child, 1996), we do not find support 336 

for the alternating perennial-to-playa conditions during MIS 3 proposed by Blazevic et al. 337 

(2009). The sediments and their chemistry are not consistent with playa conditions, best 338 

characterized by the elemental “signature” of high Ca, CaCO3, and Mn:Ti that marked Baldwin 339 

Lake’s desiccation at the onset of the Holocene (Figure 4g-i). The abovementioned low 340 

concentrations of these elements persisted during MIS 3, along with low MS (Table 2, Figure 341 

4f), suggesting a lack of significant bottom ventilation events. These conditions lasted for most 342 

of MIS 4 and the duration of MIS 3, at least 35 kyr. This period of greater effective moisture in 343 

the SBM has also been noted in other parts of the Transverse Ranges (Santa Barbara Basin; 344 

Heusser, 1998), Valley Wells in the Mojave Desert (Pigati et al., 2011), and in the Great Basin 345 

(Maher et al., 2014). 346 

 347 

Organic matter concentrations declined during the lower insolation and colder temperatures of 348 

MIS 2, after a final peak at 27.7 ka. Sedimentation slowed significantly and was largely detrital, 349 
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with Fe and Ti increasing into the Last Glacial Maximum (LGM, 26 – 19 ka; Figure 4d-e). BSi 350 

decreased to ~5 mg/g by the end of MIS 2, but moderate values (~5 – 10 mg/g) until that time 351 

(Table 2, Figure 4) suggest continued productivity, despite the cold conditions and reduced light 352 

availability in the early part of this glacial. Glacial conditions can produce a sparsely-vegetated 353 

landscape and enhanced runoff capable of maintaining relatively high diatom productivity 354 

(Ampel et al., 2008), and the high Fe and Ti values suggest a similar response in the Baldwin 355 

Lake basin. The highest MS excursion in the core occurred at 27 – 25.5 ka; aside from oxidation 356 

of the core since its collection, there are no other unique sedimentary structures, nor shifts in 357 

other proxy data, that correspond to this excursion. One possible interpretation for this high MS 358 

peak was a decrease in reducing conditions, which would preserve the magnetic signal (Dearing, 359 

1999).  360 

 361 

Shallow-water indicators Ca, CaCO3, and Mn:Ti increased suddenly around 12 ka, after which 362 

time Baldwin Lake likely transitioned to an intermittent, playa surface as summer insolation rose 363 

from 23 – 11 ka. Frequent dry episodes prevented further preservation of biologic material. 364 

While the Holocene is a notable omission in BDL12, a Holocene-age paleorecord from 365 

neighboring Lower Bear Lake (Figure 1) has provided insight into SBM climate since 9.3 ka 366 

(Kirby et al., 2012). 367 

 368 

5.2 Important Climatic Drivers in Southern California 369 

5.2.1 Orbital-Scale Radiative Forcing 370 

California pollen sites that date to MIS 5e, including the Santa Barbara Basin (ODP 893; 371 

Heusser, 1998), ODP 1018 (Lyle et al., 2010), and Owens Lake (Woolfenden, 2003) have shown 372 
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orbitally-induced landscape change. The influence of boreal summer insolation, largely credited 373 

with driving continental ice sheet mass, was a primary driver of change at interior Great Basin 374 

speleothem sites including the Leviathan, Pinnacle, and Lehman Caves (Lachniet et al., 2014), 375 

and Devil’s Hole (Moseley et al., 2016). The high-amplitude shifts detected in organic matter 376 

during MIS 5 in BDL12 suggest that organic deposition was a primary response to local summer 377 

insolation, a relationship first proposed for the shorter Baldwin Lake sequence (Kirby et al., 378 

2006).  379 

 380 

Globally, MIS 4 conditions were milder compared to other glacials, including in the North 381 

American West and Sierra Nevada (Brook et al., 2006; Forester et al., 2005; Jiménez-Moreno et 382 

al., 2010; Phillips et al., 1996; Rood et al., 2011). At Baldwin Lake, summer insolation minima 383 

likely drove cold conditions that were short-lived, as the primary productivity increased and 384 

recovered within a few kyr of MIS 4 onset. During MIS 3, both winter and summer insolation 385 

were at their least variable in the record, reducing local seasonality (Figure 5c). Summer 386 

insolation varied between 481 – 509 W/m2, while winter insolation was relatively static (Figure 387 

5c, Table 2). This may have allowed the lake to remain ice-free, and for primary productivity to 388 

continue, for longer durations each year compared to other MISs. During MIS 2, summer 389 

insolation declined to only 471 W/m2 (23 ka) compared to 465 W/m2 in MIS 4, but winter 390 

insolation was slightly lower (234 W/m2 vs. 239 W/m2). Summer insolation reached 515 W/m2 at 391 

11 ka, the first time since 81 ka that radiation reached such levels. Proxy data (e.g. trace element 392 

Ca and CaCO3 maxima) suggest that the lake was shallow and warm at the onset of the 393 

Holocene, a different set of conditions compared to earlier, equivalent summer insolation 394 

maxima during MIS 5 (≥510 W/m2). Enhanced evaporation and shifting precipitation are 395 
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possible causes for the end of perennial conditions at Baldwin Lake, as well as the infilling of the 396 

basin (~16 m of deposition between 81 and 11 ka). After 11 ka, sediments that are massive, high-397 

carbonate, and degraded suggest that intermittent deposition likely continued, with periods of 398 

desiccation that compromised sediment chemical and biologic preservation. Other sites in arid 399 

and semiarid California exhibited similar transitions from relatively wet towards intermittent or 400 

dry conditions at the Pleistocene-to-Holocene transition, including Owens Lake (Bacon et al., 401 

2006) and Lake Manly/Death Valley (Li et al., 1996). 402 

 403 

5.2.2 Millennial-Scale Forcing during MIS 3  404 

We have shown that major productivity shifts in Baldwin Lake likely occurred at the slow pace 405 

of orbital variation, though these changes were not without shorter-order minima and maxima, 406 

particularly during MIS 3. What rapid processes account for such change? Kirby et al. (2006) 407 

proposed these were wet events corresponding to North Atlantic interstadials, or Dansgaard-408 

Oeschger (D-O) events. D-O events were North Atlantic millennial-scale temperature 409 

oscillations that occur between 120 and 10 ka, first recognized in 18O data from the Greenland 410 

ice cores (Dansgaard et al., 1993). Interstadial-stadial couplets typically had a rapid onset, 411 

followed by gradual cooling (Grootes et al., 1993; Johnsen et al., 1992). Freshwater discharge to 412 

the North Atlantic increased during interstadials, likely reducing deep water formation and 413 

impacting Atlantic Meridional Overturning Circulation. Rapid transmission of a dynamic climate 414 

signal to the globe within decades was the net result (Elliot et al., 2002; Gottschalk et al., 2015), 415 

though regional response, duration and precise timing differed from the Greenland chronology. 416 

 417 
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D-O events propagated to the North Pacific (Lund and Mix, 1998), and Hendy and Kennett 418 

(2000a) have documented D-O events in the Santa Barbara Basin (SBB) with oxygen isotopes, 419 

and shifts in benthic foraminifera assemblages that support warmer SSTs during interstadials 420 

(Figure 5a, 5b). Behl and Kennett (1996) noted laminations driven by anoxia during D-O 421 

interstadials. Thus, the SBB response during MIS 3 interstadials was enhanced marine 422 

temperatures, driven by increased influx of subtropical waters and weaker California Current 423 

(Hendy and Kennett, 2000a). In Owens Lake, total organic carbon apparently increased in 424 

tandem with D-O interstadials, though ascribing specific events to these %TOC fluctuations is 425 

largely speculative, due to chronological uncertainties (Benson et al., 2003, 2002). 426 

 427 

We found a similar response in Baldwin Lake’s total organic matter. Within the limits of dating 428 

uncertainties, there was apparent synchronicity between terrestrial BDL12, marine SBB, and 429 

NGRIP 18O in the timing, duration, and relative amplitude of D-O interstadials. We suggest D-430 

O event numbers for BDL12 (Figure 5c) after conventions of Rasmussen et al. (2014). Core gaps 431 

and noisy organic data occurred between 60 – 52 ka, however, and winter insolation prior to 50 432 

ka may have dampened the amplitude of potential D-O interstadials (Figure 5c). Rasmussen et al. 433 

(2014) confirm that the North Atlantic response from 59 – 54 ka was a complex transition 434 

between global climatic states, and complex sub-intervals during D-O interstadials from this 435 

interval have been identified since initial identification and numbering. Thus, D-O interstadials 436 

16-17 were not assigned to specific organic peaks in BDL12, but likely occurred over a 3-5 kyr 437 

interval of high-amplitude, rapid changes (Figure 5c). Despite these caveats, millennial-scale 438 

fluctuations in Baldwin Lake organic deposition suggest that North Atlantic MIS 3 and MIS 2 439 
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perturbations were strong enough to influence Southern California climate during a period of 440 

intermediate insolation.  441 

 442 

5.3 Pacific- and North Atlantic-induced events in California, the Great Basin, and Southwest  443 

We examined other paleoclimate sites in California, the Great Basin, and Southwest (Figure 6) 444 

for their response to rapid change, and asked 1) which events are coeval to environmental 445 

changes in the SBM, 2) was there a temperature and/or hydrological response at each site, and 3) 446 

is there a coherent geographic pattern of response? We focused largely on 85 – 20 ka, the period 447 

with the greatest number of comparative sites to BDL12, mapped in Figures 6 and 7 with the 448 

ecoregions of Bailey (2009).  449 

 450 

MIS 5a events in BDL12 included lowstands at 87 and 82 ka. The 82 ka event in particular was 451 

coeval with other evidence of warm conditions throughout the West, including a marine 452 

highstand along the California and Southern Oregon coasts 84 – 76 ka (Muhs et al., 2012). 453 

Devil’s Hole experienced a maximum in 18O isotopic values (82.5 ±0.7 ka; Moseley et al., 454 

2016), and the onset of warm SSTs at ODP 1017 occurred 82 ka (Seki et al., 2002). Baldwin 455 

Lake rapidly transgressed after 82 ka over the course of 0.6 – 0.7 kyr, suggesting a sudden 456 

change in either basin deposition, or moisture regime. 457 

 458 

Widespread climatic change next happened at terrestrial sites during the 3 kyr period spanning 459 

Heinrich Event 6 (H6, 60 ± 5 ka; Hemming, 2004) and the transition to MIS 3 (57 ka). Several 460 

terrestrial sites underwent hydrologic shifts. Lake Manley in Death Valley transitioned from 461 

mudflat to more arid saltpan ~59 – 57 ka (Forester et al., 2005). Runoff to Lake Babicora, 462 



Glover et al. – Alpine Southern California climatic change since 125 ka – QSR submission 

located at the southernmost extent of the region shown (Figure 6), also reduced 58 ka (Roy et al., 463 

2013). In contrast, other sites in Southern California became wet, including Baldwin Lake’s 464 

perennial lake phase throughout MIS 3, and the onset of groundwater flow in Valley Wells 60 ka 465 

(Figure 6; Pigati et al., 2011). West of the Sierra Nevada, peak moisture included a wetter phase 466 

from 61.7 ± 0.5 to 59.8 ± 0.6 ka at McLean’s Cave, with a return to relatively dry conditions 467 

afterwards (Oster et al., 2014). This demonstrated the site’s a sensitivity to North Atlantic 468 

changes: Heinrich 6 (60 ± 5 ka; Hemming, 2004) coincided with wet conditions, and D-O 469 

interstadials 15–18 were arid phases in the Sierra Nevada foothills (Oster et al., 2014). 470 

Meanwhile, ice-rafted debris from increased freshwater runoff reached a maximum 59 – 58 ka at 471 

Mono Lake east of the Sierra Nevada (Zimmerman et al., 2011).  472 

 473 

Thus, terrestrial hydrologic change is not uniform throughout California at the MIS 4/3 474 

transition, though wetter sites tended to cluster in the southern sector of the Mojave Desert and 475 

the SBM. Offshore sites responded consistently with enhanced SSTs initiating close to the MIS 476 

4/3 transition at sites1014, 1017, and 1012, but hydrologic change was difficult to determine 477 

from available records and proxy data (Hendy et al., 2004; Hendy and Kennett, 2000b; Herbert et 478 

al., 2001; Seki et al., 2002). High resolution BSi data from ODP 1018 showed increasing SSTs 479 

61 ka, and these data provide insight to other processes and moisture at the Northern California 480 

site: enhanced SSTs were accompanied with greater productivity, suppressed upwelling, and 481 

aridity that lasted 8-10 kyr (Lyle et al., 2010).  482 

 483 

More sites span MIS 3, including recently-developed records that depend upon groundwater 484 

infiltration (e.g. speleothem records, soil precipitates, and groundwater/desert wetland deposits). 485 
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We synthesize the sensitivity of paleoclimatic records to D-O interstadials, noting if the response 486 

was cold, warm, wet or dry (Figure 7). The investigators’ original climatic interpretation for D-O 487 

interstadial response were used in this map. Uncertainty in dating methods can be several 488 

millennia at sites of MIS 3 age, a recognized problem in trying to detect events that last, on 489 

average, ~1.48 kyr (Benson et al., 2003; Denniston et al., 2007; Zimmerman et al., 2011). Still, 490 

mapping current knowledge of D-O interstadial response in a large sector of the North American 491 

West did show emergent patterns, and may provide a framework for future hypothesis-testing at 492 

regional paleoclimate sites. 493 

 494 

High-resolution marine records ODP 1017 and 1014 responded to D-O interstadials with warmer 495 

SSTs (Hendy and Kennett, 2000b; Hendy and Pedersen, 2005; Pak et al., 2012; Pospelova et al., 496 

2015; Seki et al., 2002). Heusser (1998) detected millennial-scale increases in ODP 893 oak 497 

pollen, a dry-adapted taxa, that corresponded to D-O interstadials. Enhanced aridity was the 498 

norm during D-O interstadials at terrestrial sites, including Southwestern speleothem records 499 

Fort Stanton, Carlsbad Cavern, and Cave of the Bells (Asmerom et al., 2010; Brook et al., 2006; 500 

Wagner et al., 2010). In the tropical-temperate desert south of the Great Basin, sites demonstrate 501 

a potential sensitivity to D-O interstadials quite late, with arid fluctuations that start at 35 ka (e.g. 502 

Searles Lake, Lin et al., 1998; Las Vegas Valley, Springer et al., 2015). Sites that experienced 503 

overall greater effective moisture throughout MIS 3, but did not exhibit consistent millennial-504 

scale variability, include Valley Wells (Pigati et al., 2011), the San Pedro Valley (Pigati et al., 505 

2009). Records in Mexico began to show a sensitivity to D-O events by mid-MIS 3 (42 – 40 ka), 506 

with warmer SSTs in the Gulf of California (Price et al., 2013) and enhanced moisture at Lake 507 

Babicora (Roy et al., 2013). 508 
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 509 

The Great Basin response to D-O interstadials varied geographically, with enhanced moisture at 510 

its northern and western margins, and no apparent response towards the interior (Figure 7). 511 

Millennial-scale oscillations were absent from Lehman, Leviathan, and Pinnacle speleothem 512 

records (Lachniet et al., 2014), and groundwater precipitates (Franklin, Newark Valley, Diamond 513 

Valley, Barstow, and Yucca Mountain, Figure 6-7; Maher et al., 2014). Higher lake levels during 514 

interstadials occur at Mono, Pyramid, and Owens Lakes to the east of the Sierra Nevada (Benson 515 

et al., 2003). The northeastern Great Basin underwent saline and hypersaline oscillations in the 516 

Great Salt Lake during MIS 3 (Balch et al., 2005), and Benson et al. (2011) interpreted higher 517 

lake levels and wet D-O interstadials for this sector of the Lake Bonneville Basin. This wet 518 

response at the margins of the Great Basin may be due to nearby glaciers and the Laurentide Ice 519 

Sheet, a potential source of meltwater during warm excursions.   520 

 521 

In the SBM, Kirby et al. (2006) previously hypothesized that D-O interstadials were wet 522 

episodes based upon laminated deposits in deep water conditions, but laminated horizons 523 

observed in BDL12 did not reliably match the organic excursions proposed as the D-O 524 

interstadials. Directly-dated relict shorelines at paleolake Manix to the north, part of the Mojave 525 

River watershed with its headwaters in the SBM, showed that D-O stadials were unusually wet 526 

for the region (Reheis et al., 2015). Yet with no supporting evidence in our current dataset that 527 

D-O interstadials enhanced moisture in alpine Southern California, the hydrologic response at 528 

Baldwin Lake remains ambiguous. North of the SBM in the Mojave Desert, and eastward 529 

towards the Southwest, the geographic pattern of response to D-O interstadials was enhanced 530 

aridity (Figure 7). 531 
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 532 

Reduced insolation, reduced evaporation, and generally wet conditions prevailed in Southern 533 

California and the Southwest at the MIS 3/2 transition at 29 ka, with some centennial- to 534 

millennial arid events. Groundwater infiltration prevailed in the Great Basin until 24 ka (Maher 535 

et al., 2014), while a highstand persisted at Owens Lake (Bacon et al., 2006) and Lake Manly (Li 536 

et al., 1996). Cave of the Bells (Wagner et al., 2010) and the San Pedro Valley sites of  Pigati et 537 

al. (2009) were wet from 25 – 20 ka. An arid episode just prior to the LGM was evident at 538 

several of these sites, best documented with a well-dated, highly-resolved pollen study at Lake 539 

Elsinore that showed a ~2 kyr drought from 27.5 – 25.5 ka (Heusser et al., 2015). Other arid 540 

episodes that interrupted otherwise wet conditions include reversals at Owens Lake 25-24 ka 541 

(Bacon et al., 2006), Pyramid Lake at 29 ka (Benson et al., 2013), and a pair of lakes on the 542 

Colorado Plateau at 24.5 – 24 ka (Hay and Walker Lakes; Anderson et al., 2000). The high 543 

magnetic susceptibility excursion at Baldwin Lake was contemporaneous with the Lake Elsinore 544 

drought, and could have been caused by rapid sediment burial or lake mixing (Dearing, 1999). 545 

 546 

An influx of Pacific moisture arrived in Southern California by 22 ka (Oster et al., 2015). Lake 547 

highstand and basin spillover events towards the east are events often mentioned as part of Big 548 

Bear Valley’s Ice Age history (Krantz, 1983; Leidy, 2006; Stout, 1976), but the evidence has not 549 

been directly dated. Glaciation occurred for ~5 kyr on San Gorgonio, the highest-elevation peak 550 

in the SBM, depositing a series of moraines 20 – 16 ka and 16 – 15 ka (Owen et al., 2003). The 551 

early MIS 2 drought at Lake Elsinore 27.5 – 25.5 ka, and subsequent moisture influx ~22 ka, 552 

suggest that Southern California had a complex and dynamic hydrologic history during the Last 553 

Ice Age, with changes occurring on millennial, and perhaps submillenial, scales. Further study 554 
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with tighter-resolution proxy analyses are necessary to better resolve these events in space and 555 

time.  556 

  557 

6. Conclusions 558 

Physical and geochemical proxy analyses on Baldwin Lake suggest that Southern California 559 

climate change was sensitive to orbitally-induced radiation over the past 125 ka, particularly in 560 

material recovered from MIS 5. Variations in local summer insolation during MIS 5e-5a (125 – 561 

71 ka) were large, ranging 448 – 533 W/m2, and likely the primary cause of high-amplitude 562 

shifts in lake productivity. Summer insolation was less pronounced during MIS 4 – 3 (71 – 29 563 

ka; 465 – 510 W/m2), while winter insolation was relatively stable. During the combined effects 564 

of intermediate radiation and reduced seasonal variability, portions of the North American West, 565 

particularly Southern California, experienced 1) greater effective moisture throughout MIS 3, 566 

and 2) sensitivity to North Atlantic forcing, namely Dansgaard-Oeschger (D-O) interstadial 567 

events.  568 

 569 

The influence of D-O interstadials on California, the Great Basin, and U.S. Southwest during 570 

MIS 3 -2 produced a geographically varied response. In alpine Southern California, productivity 571 

increases in the Baldwin Lake core were the apparent responses to D-O interstadials. While we 572 

have no direct measure of hydrologic change during these interstadials in the present study, 573 

enhanced aridity was a consistent response at sensitive sites in the surrounding Mojave Desert, 574 

and eastward into the Southwest. Sites on the western and northeastern margins of the Great 575 

Basin were wet during D-O interstadials, and no consistent millennial-scale events have been 576 

detected at Great Basin interior sites during MIS 3. MIS 2 brought depressed insolation and cold, 577 
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glacial conditions with variable moisture. While summer insolation did not quite reach MIS 5 578 

maxima (~530-540 W/m2) at the MIS 2/1 transition, climate was warm and/or dry enough to 579 

cause Southern California lakes to transition to intermittent, or playa, states. Baldwin Lake has 580 

been an intermittent lake since ~12 ka. 581 

 582 

This work highlights the sensitivity of Southern California’s climate to radiative and oceanic 583 

forcing, and the need to better understand how the ocean-atmospheric system reorganizes itself 584 

to transmit such changes. It is also clear that during past climate states, radiative and oceanic 585 

forcing produced hydrologic responses that varied geographically. Improved understanding of 586 

the nature and drivers of this variability is an urgent need at present, as recent studies (e.g. Cayan 587 

et al., 2010; Diffenbaugh et al., 2015; Overpeck and Udall, 2010) forecast an increasingly warm 588 

and arid Southern California and Southwest for the rest of the 21st century. Enhanced 589 

temperature and aridity will certainly produce stresses on the region’s population and 590 

ecosystems. 591 
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Table 1. AMS radiocarbon dates, infrared-stimulated luminescence dates, and tie points used for 
BDL12’s age model. Mean age from Bacon 2.2 (based upon IntCal13; Reimer et al., 2013) is 
used for the calendar-years age model; see text and Figure 2 for details.  
 

Accelerated Mass Spectometry Radiocarbon Dates  
W. M. Keck Carbon Cycle AMS Radiocarbon Lab, UC-Irvine 
Sample No. Depth (cm) Material Raw 14C Age Approximate  

Calendar Age 
UCI-121791 152 charcoal 10,010 ± 320 ~11,868 
UCI-124533 262 charcoal 21,150 ± 810 ~24,307 
UCI-124534 389 charcoal 25,170 ± 280 ~29,339 
UCI-121792 440 pine cone piece 25,990 ± 140 ~30,400 
UCI-124535 529 charcoal 27,240 ± 180 ~31,474 
UCI-124536 745 charcoal 35,710 ± 790 ~40,417 
UCI-121793 815 twig 41,010 ± 700 ~43,997 
Post-IR Infrared Stimulated Luminescence dates  
Earth and Planetary Sciences Dept., UCLA 
Sample No. Depth (cm) Material 50˚C IRSL Signal  

(cal yr BP) 
225˚C IRSL Signal  

(cal yr BP) 
J0395 2075 massive silt 88,500 ± 6,200 87,800 ± 6,100 
J0396 2173 clayey silt 55,800 ± 5,400 44,900 ± 3,900 
J0397 2570 sand 117,000 ± 8,000 109,000 ± 8,000 
J0398 2700 sand 136,000 ± 10,000 124,000 ± 8,000 
Tie-Points for orbital tuning  

 Depth (cm)   Age (cal yr BP) 
 1573   71,000  
 1746   83,000  
 2060   94,000  
 2197   105,000  
 2433   116,000  
 
 
 
 

Table1



Table 2. Multi-proxy summary from Baldwin Lake core BDL12, by Marine Isotope Stage (MIS). MS = magnetic susceptibility, 
reported in SI units (105 of measured values). CaCO3 = carbonate content from loss-on-ignition analysis. Trace element data (Ca, Fe, 
Ti, and Mn:Ti) reported as average ppm for each MIS, unless otherwise noted. “Insolation” refers to summer insolation at 30˚N 
(Laskar, 2004), except for MIS 3, where both summer and winter are noted. For MIS 5, substages with letters (e.g. MIS 5b) refer to 
the span of the entire substage and its conditions, and are ordered alphabetically youngest-to-oldest.  
 

Stage/Substages 
Cal Yr BP 

Key Changes in Insolation and Proxy Data Key Paleoenvironmental 
Conditions/Events 

MIS 5e 
(125 to 120) 

• relatively rapid insolation shift from 528 W/m2 at 127 ka, to 474 W/m2 at 120 ka  
• sand facies throughout (grain size mode >400 µm); minimal clay (<1%) 
• high dry density (>1.2 g/cm3), MS <7 SI throughout; average value 3.2 SI  
• Ti (~2400 ppm) and Fe (~8500 ppm) low until rapid increase to 3500 ppm (Ti) and  >20,000 ppm 
(Fe) at 121 ka 
• low organic content (<1%), CaCO3 (<3%) and Ca (~6800 ppm) throughout; no BSi analysis 

• High-energy deposition  
 

MIS 5d – 5c 
(120 to 95) 

• insolation low 448 W/m2 at 116 ka, rose to 533 W/m2 by 105 ka, declined to 460 W/m2 by 95 ka 
• fine-grained, inorganic clayey silt throughout, with fine sand (grain size mode = 58 µm) at 106 ka 
• MS rose from ~7 SI to ~16 SI from 121 - 118 ka, gradually declined to <5 SI by 112 ka, 
generally stayed below <6 SI until 95 ka, except for short excursion at 101 ka (51 SI) 
• high Ti (~3500 ppm) and Fe (~35,000 ppm) until 112 ka, lows of ~600 ppm (Ti) and ~8000 ppm 
(Fe) at 107 and 102 ka, moderate-to-high Ti (~2500 ppm) and Fe (~25,000 ppm) began 98 ka  
• low-to-moderate Ca (~20,000 ppm) and CaCO3 (5000-10,000 ppm) until peak at 112 ka (Ca 
~109,000 ppm, CaCO3  ~20%), then declined over next 8 kyr until 95 ka  
• low organics (<5%) until 113 ka, peaks ~33-39% at 106 ka and 103 ka, declined to <5% by 95 ka 
• BSi generally followed organics, with 1-3 mg/g background, peak of 11.3 mg/g at 103 ka  

• Basin closure near onset of MIS 5d 
• Cool, deep, unproductive lake 
conditions ascribed to MIS 5d 
insolation minimum  
• High-erosion event 106 ka 
• Transition to more shallow, 
productive lake late MIS 5d; peak 
productivity during MIS 5c (103 ka) 

MIS 5b – 5a 
(95 to 71) 

• insolation rose from 460 W/m2 at 95 ka to 524 W/m2 by 83 ka; declined to 465 W/m2 by 72-71 ka 
• silt deposition throughout, with calcareous layers including mollusks that end abruptly 81 ka 
• MS low (<2 SI) between 86 – 76 ka; rose to 5 – 7 SI by end of MIS 5 
• moderate Ti (~1200 ppm) and Fe (17,000 ppm) at 95 ka, declined to <100 ppm and ~6000 ppm 
by 83 ka, gradually increased to 1700 ppm and 18,000 ppm by 71 ka.  
• moderate Ca (25,000 – 60,000 ppm) until 89 ka, then maxima 180,000 ppm at 86 ka, and 160,000 
ppm at 83 ka. CaCO3 ranged 5-15%, with peaks 22% at 86 ka, and 30% at 83 ka. Mn:Ti 0.84 at 83 
ka and 0.74 c. 86 ka.  
• varied organic content: minima are <5% from 95 – 93 ka and 73 – 72.6 ka, maxima of ~33% at 
88.2 ka and 81.6 ka. Maximum for BDL12 is 44% at the MIS 5a/MIS 4 transition (71 ka) 
• BSi varied with organics, with peak value 17.4 mg/g at 82.6 ka 

• High-amplitude change in lake 
productivity  
• Lowstand conditions evident at 87 ka 
and 82 ka, with abrupt transition out of 
the latter, likely due to rapid shift in 
available moisture  

Table2



MIS 4 
(71 to 57) 

• low insolation 465 W/m2 at 71 ka increased to 510 W/m2 by 60 ka 
• clayey silt (density ~0.70 g/cm3) deposition that transitioned to organic silt (density <0.54 g/cm3) 
• moderate-to-high organics (average = 16.5%); BSi at late MIS 4 (55-51 ka) was 9.8 – 11.5 mg/g 
• moderate-to-low MS, Ti and Fe throughout (MS ~5.0 SI, Ti ~1500 ppm, Fe ~20,000 ppm) 
• shallow-water indicators were moderate at onset of MIS 4: Ca (22,000 ppm), CaCO3 (<11%), but 
decline by 69 ka and remain low (Ca ~ 4900 ppm, CaCO3 <5%, Mn:Ti ~0.11),  

• Basin shift occurred 69 ka towards 
deeper lake and sustained productivity 
that persisted after MIS 4  

MIS 3 
(57 to 29) 

• summer insolation ranged between 481 – 506 W/m2; winter insolation 213 – 227 W/m2 and 
maintained 220 W/m2 from 49 to 37 ka 
• fine-grained organic silt (mode 12 – 39 µm), dry density <1.00 g/cm3 (average = 0.48 g/cm3) 
• low MS (average = 3.9 SI); Ti decreased from ~1700 to 900 ppm by 37 ka, then increased to 
~1400 ppm by 29 ka. Broad decrease and increase in Fe (ranged ~11,000 – 21,000 ppm) with 
shorter, rapid increases throughout (~ 51,000 ppm)  
• suppressed Ca (~2500 ppm) and CaCO3 (<10%, average of ~4.3%) throughout MIS 3 
• moderate organic content (average = 18.8%), with millennial-scale fluctuations ranging 10—28% 
• BSi relatively high throughout MIS 3, ranging 7.7 – 13.4 mg/g 

• lowest-amplitude variation in both 
summer and winter insolation for 
nearly 30 kyr; reduced seasonality 
• Consistently productive lake that 
remained stratified and deep 
• Organic content does not shift in 
tandem with summer insolation, and 
millennial-scale fluctuations suggest 
North Atlantic forcing (Figure 5) 

MIS 2 
(29 to 14) 

• insolation low of 471 W/m2 at 23 ka, reached 509 W/m2 by 14 ka 
• predominantly silt deposition, with a coarser layer (28% sand) 28 ka; deposition rate declined by 
more than half (~0.05 cm/yr during MIS 3 to ~0.02 cm/yr for MIS 2m)  
• MS maximum at LGM start, with peak at 26 ka (~100 SI) above background values of 0 – 11 SI  
• high Ti (2300 – 3600 ppm) and Fe (average 26,000 ppm, with 56,000 ppm peak) began 26.3 ka, 
maintained until MIS 1 
• low Ca (6000 ppm), CaCO3 (generally <5%) and Mn:Ti (0.12) throughout 
• final organic content increase to 23% at 27.7 ka, then decline to <5% by 21 ka and thereafter  
• BSi decreased overall from 7.9 to 5.4 mg/g, though with peaks and lags separate from organics. 
Pediastrum are abundant 24 ka, and trace element phosphorus began increase 27 ka from ~7000 
ppm, reaching ~14,000 ppm by 14.5 ka  

• Low insolation, cold conditions, and 
deep water 
• last phase of moderate productivity at 
27.7 ka not paced with insolation 
• BSi suggests moderate-to-low lake 
productivity during MIS 2, perhaps due 
to high K influx and abundant 
Pediastrum 24 ka 
 

MIS 1 
(<14) 

• insolation continued its increase to 515 W/m2 by 11 ka, declined to 488 W/m2 by 5 ka 
• desiccated, inorganic clayey silt (mode grain size <29µm); dry density is high (0.67 – 1.74 g/cm3) 
• erratic MS, varying between -2.6 - 8 SI; high Ca (~84,000 ppm), low Ti (~1300 ppm), generally 
low Fe (18,000 ppm) with excursion ~73,000 ppm at 11.8 ka, high Mn:Ti (0.58) 
• relatively high carbonate content; abrupt rise at 12.7 ka to ~15%; MIS 1 average 14.6% 
• low organic content (<10%, average 4.7%) and two moderate BSi horizons (4.5 – 7.8 mg/g)  

• Transition to intermittent lake 
• Desiccation, low sedimentation, and 
uncertain age prevent study of lake 
conditions after c. 12 ka  
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Figure 1. Map of Big Bear Valley, San Bernardino Mountains, California. Cores taken in 

include Lower Bear Lake (BBLVCV05-1; Kirby et al., 2012), Baldwin Lake (BDLC04-

2; Kirby et al., 2006; Blazevic et al., 2009) and a second core from Baldwin Lake 

(BDL12; this study). Contour interval = 200 m 
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Figure 2. a) Bacon 2.2 age-depth model from radiocarbon dates, luminescence dates, and 

tie-points (Table 1). b) Tie-points established between insolation peaks and troughs from 

summer values at 30˚N (Laskar, 2004), and corresponding maxima and minima in a 5-

point moving average of high-resolution organic content data throughout BDL12. 



Figure 3. Stratigraphy, age horizons, and sedimentological data for BDL12, with 

approximate boundaries of Marine Isotope Stages after Lisiecki and Raymo (2005). The 

age range for three pairs of post-IR IRSL dates are shown. Substage lettering (MIS 5e – 

5a) is not bracketed at specific time points, due to this age uncertainty.  

 



Figure 4. Physical and geochemical data, plotted by age and with Marine Isotope Stage 

boundaries noted. (a) Biogenic silica. (b) Bulk organic content, determined with loss-on-

ignition. (c) Summer insolation at 30˚N. (d) Trace element iron (Fe). (e) Trace element 

titanium (Ti). (f) BDL12 magnetic susceptibility (SI). (g) Manganese to titanium ratio 

(Mn:Ti). (h) Bulk carbonate content (CaCO3), determined with loss-on-ignition. (i) Trace 

element calcium (Ca). 

 



Figure 5. (a) NGRIP 18O shifts from 60 – 20 ka, with Greenland Interstadial (GI) 

numbers (i.e. Dansgaard-Oschger events, Rasmussen et al., 2014). While many GIs have 

substages, only GI-8 has the substages shown for simplicity’s sake. (b) Santa Barbara 

Basin core ODP-893, with interstadials labeled after Hendy and Kennett (2000) and latest 

age model (Hendy et al., 2007). (c) Baldwin Lake core BDL12 bulk organic content from 

60 – 20 ka, with summer and winter insolation (Laskar, 2004), and proposed D-O 

interstadial numbering.  

 

 

 



Figure 6. Paleoclimatic sites discussed in this review, with North American ecoregions 

shown (Bailey, 2009). See text for references. 

 



Figure 7. Response of regional sites to Dansgaard-Oeschger (D-O) interstadials during 

MIS 3 (57 – 29 ka). 

 

  

 

 



Glover et al. – Alpine Southern California climatic change since 125 ka – QSR submission 

 

Highlights: 
 
• A new multi-proxy record from Baldwin Lake, San Bernardino Mountains, California 
dates from 125-10 ka. 
 
• Baldwin Lake’s changes in primary productivity, determined with correlated loss-on-
ignition and biogenic silica, were likely influenced over long timescales by subtropical 
summer insolation. 
 
• Shorter, millennial-scale oscillations in primary productivity at Baldwin Lake coincide 
with Dansgaard-Oeschger events in the North Atlantic, and those detected at other 
California records. 
 
• We thus hypothesize that alpine Southern California climate is sensitive to orbitally-
induced insolation shifts, and rapid climate change in the North Atlantic.  
 
• A review of paleoclimate sites throughout Southern California, the Great Basin, and the 
Southwest show that widespread hydrologic state change occurred at the MIS 4/3 
transition (60 – 57 ka), and Dansgaard-Oeschger events during MIS 3 coincide with 
warmer SSTs, and enhanced aridity in Southern California and Southwestern deserts.  

*Highlights (for review)



Response to Reviewers for QSR submission #JQSR-D-16-00445R1  
(Glover et al., “Evidence for orbital and North Atlantic climate forcing in alpine Southern 
California between 125 - 10 ka from multi-proxy analyses of Baldwin Lake”) 
 
Response to individual comments re. numbered lines of manuscript are in italics.  
Please note that the line numbering of the resubmitted manuscript is different in most 
places. 
 
Reviewer #1: Major comments 
The revised manuscript by Glover et al is improved from the previous version, and has 
significantly clearer conclusion. The science is pretty solid. I don't see any scientific 
issues that are barriers to the work being eventually published in QSR. 
 
But the writing still needs substantial improvement, as detailed extensively below. I had 
hoped the senior authors would have spent some more time (so the volunteer reviewers 
didn't need to) helping to improve the writing, but there are so many typos and unclear 
sentences that it seems this hasn't happened extensively. 
 
In general, a useful pro-tip for writing is to provide context and rationale before a 
conclusion. Here's an example of how line 150-1 could be improved to make the writing 
clearer: "Because a significant correlation between BSi - which is primarily produced in 
lake waters - and organic content can best be explained by in situ lake productivity, the 
observed correlation (r = 0.80) between them at Baldwin Lake supports our 
interpretation that organic content does not reflect an influx of terrestrial organic material 
into the lake". Remember that your reasoning is not always apparent to the reader, who 
may not be a specialist in paleolimnology. 
Examples abound throughout the manuscript that would benefit from similar 
improvements. I've tried to provide a few prominent examples. 
 
Thank you for the careful read-through for suggested examples. We have looked 
thoroughly through the manuscript for typos and unclear sentences. We also have 
made use of the suggested structure (context->rationale->conclusion) as noted below.  
 
Minor comments 
L44: change to "Pacific southwest"? Sounds better than "coastal" and has a better-
known counterpart in Pacific Northwest. 
 
“U.S. Coastal Southwest” has been a problematic phrase while writing this paper. 
Southern California seems the best, most clear way to name the area discussed in this 
section. This is referenced in the previous sentence. This sentence noted here has 
been changed to just say “towards the coast” to differentiate it from interior desert 
regions.  
 
L78 needs some context to begin, like "Following initial short-core extractions in 
200x,…" 
 

*Response to Reviewers



I interpreted this to mean: provide context of prior work on the site. I added a lead-in 
sentence referencing Matt Kirby’s coring and work at Baldwin Lake from 2004-2006. 
 
116: needs some clarification. Describe why would BSi not reflect terrestrial input, 
provide context for the reader. I would rephrase this sentence along the lines of 
"Because BSi is only produced within lake waters, a significant correlation to organic 
content would indicate that lake primary productivity, not influx of terrestrial organic 
material from the watershed, is the dominant control of organic production". 
 
This section has been rephrased, utilizing some of the suggested language. Some 
nuance was necessary, however, and emerged from discussion between the authors 
about BSi as a proxy. High primary productivity can derive from both enhanced light 
intensity and terrestrial runoff (which will lead to enhanced nutrient loading, and 
terrestrial sources of amorphous silica e.g. phytoliths, though these tend to be minimal).   
 
I aimed to keep interpretative statements about the proxy limited in the “Methods” 
section where I could. The exception to this is the ensuing “Chronologic Control” section 
(3.4), where I did feel this was important to discuss lake processes, as this 
understanding is important for the assumptions made. I changed the name of 3.4 to 
“Chronologic Control – assumptions and approach” to signal that this is a longer-then-
usual discussion for “Methods.” Section 4.3 later in the paper was also written with the 
original intend of interpreting and defending how proxies are responding in this 
particular basin, given the evidence and literature. 
 
140-8: present your reasoning for the local insolation/organic proxy age model tuning. It 
seems reasonable, but there should be more justification than just "other studies do it". 
 
I changed the order of the paragraph to lead with prior work/interpretation on this site, 
and the new dataset, in order to emphasize these and elaborate a little more. Examples 
of other studies then follow. 
 
141: was not were 
142 replace "-" with "to" 
146: Line beginning with "We hypothesize" belongs with next paragraph. 
150-1 explain why this correlation suggests it. 
155: alge are the source of organics? Provide some context. Also, insolation does not 
equal "available light", which can be influenced by other parameters like water clarity 
and ice cover. Do you mean potential light intensity? I think it might be better to 
rephrase this as "Because we expect light intensity reaching Baldwin Lake to be a 
primary control on algal organic matter production, we use local (30°N) summer 
insolation as a proxy for light intensity to establish age estimates for organic matter 
peaks and troughs". 
158 "…possible other influences on organic matter production…" (again, be clear what 
you are referring to so the reader doesn't have to try to guess.) 
 



This section (“Chronologic Control”) has been substantially rewritten to clarify the 
approach, and be clear about underlying assumptions made for the age model. I also 
addressed the concern from line 208 here about the immediate response to insolation 
we assume, vs. the ~3 kyr lag established for the Great Basin (about More detail below 
under that comment.) 
 
159 where not were. 
 
edited 
 
167: what are "default priors" and how are they relevant? This may be clear to a 
BACON user, but not to all readers. 
 
Thanks for this suggestion. This level of detail did not seem the norm in other literature 
using Bacon modeling, but since this is an unusually long core (and unusual use of 
Bacon), these details have now been included. I’ve also cited the paper that originally 
set the default priors for accumulation rates. Bacon suggested some alternatives for 
core section and memory, so I was clear in the text that we used these. 
 
170-1: rewrite "We interpreted the presence of a hiatus at 2596 cm because of a sharp 
break…" 
 
Rewritten, though with a different syntax (I noted a few other words/phrases that didn’t 
make sense) 
 
173: "modern" means the age is certain, so as-written this is a non-sequiter. What you 
are probably referring to is "the uppermost sediments have an uncertain age" because 
of the lack of information on when the lake dessicated. 
 
Sentence has been rewritten with suggestions (and elimination of word “modern”) 
 
183 how much longer? Provide numbers. 
 
A sentence was added to note the uppermost-dated horizon from the prior study (~20.3 
ka at ~114 cm, compared to new results of ~11.9 ka at 152 cm) 
 
200: add period 
 
done 
 
208: Paleotemperature lagged insolation in the southwest by a few thousand years, but 
you are assuming without presenting any evidence that they do not. Why? 
 
There is not yet enough evidence that the drivers (e.g. boreal insolation with a 
millennial-scale lag) and processes that produce this in the Great Basin and Southwest 
are appropriate for California sites. In recent literature, local or subtropical insolation is 



typically invoked for comparison with California paleorecords. The assumption in these 
studies is that there is an immediate response, or it is noted that age uncertainties are 
too large at present to detect a lag. 
  
This description/argument has been added to the text, with supporting citations. I 
acknowledged that nearby physiographic regions (i.e. Great Basin) demonstrated a ~3 
kyr lag with insolation earlier, in the “Methods: Chronologic Control” as part of the 
rationale for the age model, and why we used tie-points with no lag. I have added 
language (again, in this earlier section) that this is a set of assumptions supporting a 
first-pass interpretation of climate drivers and an age model (open to revision with future 
work on California paleorecords that can produce better-resolved chronologies prior to 
the LGM). 
 
211: coincided with not corroborated. Also "low dry density"? It isn't clear. 
 
Suggested word change made, and dry density (which has low values here) clarified. 
 
216-8: provide evidence supporting this interpretation. 
 
No concrete sedimentary evidence for this interpretation, so language has been 
tempered to indicate this is our hypothesis for a process that could produce low values 
(despite initial expectations for higher values). 
 
221: change to "We interpret relatively higher values of Ti, and in part, Fe, to phases of 
increased detrital, non-biogenic sediment deposition". 
 
Edited to reflect changes 
 
222-5 I don't understand how Ca and Mg/Ti are linked, or should this sentence be split 
in two? 
 
Ca and Mg/Ti are generally phased in this system and co-occur, but this comment is 
correct to point out that their interaction with each other is unknown. I have split this into 
separate sentences.  
 
229: re-write: "Taken together, we interpret the increased …. to reflect a warmer and 
ventilated lake. This warming may have also resulted from shallowing." 
 
Suggestions have been incorporated 
 
231: what evidence is there for anoxia? 
 
Good pollen preservation (and the smell!). However, these are lines of evidence that 
have continually been problematic to mention in this ms (see comments re. line 276). 
Sentence has been changed to suggest that anoxia is possible when the trace elements 



mentioned in prior sentence are all low, yet organic matter values indicate productivity 
(phytoplankton deposition -> bacterial decay which depletes oxygen).  
 
235: rewrite "A luminescence age of xxx yr BP from a depth of yyy cm shows that 
sediment deposition at the base of the core began in MIS 5e…" 
 
Rewritten, though suggested syntax had to be adjusted to note there are two possible 
age ranges, depending on at which temperature the signal was measured.  
 
245: provide evidence to support this statement. 
 
Most supporting evidence for this statement in prior sentence – I have added additional 
evidence, and made the transition between sentences more clear. 
 
254: "indicate" not "indicates" 
 
edited 
 
273: change "suppressed" to "show low concentrations" 
 
edited  
 
276: provide citation for pollen preservation observation. 
 
I eliminated mention of the fossil pollen. Manuscript about it is not yet submitted to 
provide a citation, and Reviewer #2 had also noted this would need elaboration in this 
work. 
 
279: should read "organic matter concentrations" 
 
Edited 
 
288: should read "One possible interpretation for this high MS excursion is an increase 
(decrease?) in reducing conditions…" 
 
Edited to include this language (and clarified that reducing conditions decrease as a 
possible explanation for a high magnetic signal. 
 
290-1 should read "Shallow-water indicators Ca, CaCO3, and Mn:Ti increased suddenly 
around 12 ka, after which time Baldwin Lake likely transitioned to an intermittent, playa 
surface as summer insolation rose from 23 to 11 ka". 
 
Text edited to combine sentences and reflect the suggested syntax. 
 



301-2: does Owens lake have the chronology to make this statement? Or is it assumed 
based on visual curve matching? 
 
Sentence removed; likely a carry-over from prior draft where these data re. Owens Lake 
were shown (and subsequently removed, due to age model concerns expressed by 
both reviewers). 
 
305-8: what evidence? This seems to be circular, as there is not an independent 
chronology for the core to detect a difference between local insolation and 
paleotemperature (which lags insolation). 
 
Language here has been simplified, though I did not substantially change content. The 
statement (from earlier in the manuscript) that organic matter is a relative indicator of 
paleotemperature throughout the basin’s history was eliminated in these revisions. 
 
320-4: these sentences need to be re-written clearly. 
 
These have been rephrased, along with a few of the subsequent sentences, for clarity. 
Basically we want to make a comparison between two periods of high summer 
insolation (over 510 W/m2) and explain why the site desiccated in the Early Holocene 
(but not before), with basin infilling likely playing a role. 
 
354: "… in Baldwin Lake's proxies for paleoproductivity (BSi and organic content) and 
temperature (what proxy?..." 
 
rephrased, and “temperature” eliminated based on rationale described above. 
 
400 "close to"? and 401 "at sites 1014…" 
 
both fixed 
 
438 "The Great Basin…." 
 
fixed 
 
498: "High-temperature low SST" doesn't make any sense. 
 
This has been rephrased  
 

 
Reviewer #2: This paper has been improved in many ways over the original submittal. 
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