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C L I M AT O L O G Y

Quantifying the impacts of rainfall and evaporation on 
Lake Bonneville
John Mering1†, Alexandrea J. Arnold2†*, Lauren Chari1, Hung-I Lee2, Jory Lerback1,  
Osinachi Ajoku3, Daniel E. Ibarra4, Stephen Nelson5, Alexander Farnsworth6,  
Paul Valdes6, Aradhna Tripati1,2,6,7,8,9*

Improved understanding of hydroclimatic drivers in water-stressed regions enables more accurate forecasting of 
future climate change impacts. Lake Bonneville was the largest Pleistocene lake in western North America, with a 
maximum surface area of ~52,000 km2, before shrinking markedly to become the modern Great Salt Lake. After 
more than a century of study, the balance between enhanced precipitation and reduced evaporation as drivers of 
lake growth continues to be debated. Multiple studies identify precipitation as the main factor associated with the 
highest lake levels, but most proxies provide an estimate of net evaporation and cannot independently resolve 
precipitation from evaporation. Therefore, factors associated with lake size, growth, and retreat remain uncertain. 
This study uses the thermodynamically based carbonate clumped isotope geothermometer to estimate tempera-
ture, evaporation, and precipitation at Lake Bonneville from 23 to 16 thousand years ago (ka). Clumped isotope 
derived constraints on hydroclimate are also applied to assess the accuracy of regional climate model outputs. Dur-
ing transgressive and open phases of the lake, we find that regional and large-scale precipitation delivery were the 
driving factors of lake expansion. In contrast, at its maximum extent (~17.5 ka), Lake Bonneville was maintained via 
suppressed evaporation rates at 50% relative to modern while precipitation rates were similar to modern levels. 

INTRODUCTION
During the Late Pleistocene, lakes expanded throughout the Great 
Basin, from southern Oregon to Mexico, with pluvial maxima oc-
curring between 25 and 15 thousand years ago (ka) [e.g., Gilbert (1), 
Hostetler et  al. (2), Reheis et  al. (3), and McGee et  al. (4)]. Lake 
Bonneville was the largest pluvial lake within the Great Basin during 
the Late Pleistocene, reaching a maximum extent of 52,110 km2 
shortly after the Last Glacial Maximum (LGM; 23 to 18 ka) (5). Be-
cause of the sheer size of the ancient lake as indicated by lacustrine 
geomorphic features, Bonneville has been of longstanding interest, 
with the first publication reporting it by Gilbert (1).

Despite over a century of study, the hydrologic factors that sus-
tained the size of the lake and were associated with the lake’s growth 
and subsequent regression to the modern Great Salt Lake remain 
ambiguous. Insights gained from understanding the past evolution 
of Lake Bonneville can help constrain the modern water balance of 
the Great Salt Lake and support more accurate predictions of the 
impact of climate change and other anthropogenic drivers on lake 
evolution. Constraints on past hydroclimatic drivers can also reduce 
uncertainty in simulations from climate models. Data model com-
parisons on paleo-lakes can improve our understanding of regional 

and synoptic-scale atmospheric circulation patterns and underlying 
mechanisms of change. In addition, understanding of past changes 
in regional hydroclimate helps to interpret paleoenvironments of 
Indigenous peoples. In this region, the Goshute, whose ancestors 
have lived here since time immemorial, have some of the earliest 
archeological evidence for land relations dating back to ~13 ka (6).

Lake Bonneville began its transgression from a saline, ephemeral 
body to a large, freshwater lake around ~24 ka (7). The hydrograph-
ically closed basin filled to 1370 meters above sea level (m.a.s.l.) by 
~23 ka, when it formed the Stansbury shoreline (7). By about ~18 to 
17.5 ka, it reached a maximum elevation of 1552 m.a.s.l with depths 
exceeding 300 m in some locations, forming the Bonneville shore-
line (8). Following this pluvial maximum, the lake began to overflow 
across the surface of an alluvial fan that eroded the sediments un-
derneath, creating instability in the underlying deposits, initiating 
the formation of a larger outlet and the rapid loss of a large volume 
of water, known as the Bonneville flood, which occurred between 
~18 and 17.5 ka (8). The outflow triggered a 100-m drop in lake 
levels and a transition to a hydrologically open basin, where the 
Provo shoreline subsequently formed during a sustained overflow-
ing phase, likely between ~18 and 15 ka, although the precise timing 
and duration remain debated (9). Lake Bonneville continued to 
shrink (1), with a short lived 15-m rise at 12.7 ka termed the Currey 
cycle (10). The current lake remnants, termed the Great Salt Lake, 
refer to when it reached an elevation of ~1280 m.a.s.l at ~13 ka 
(10, 11).

Climate model analysis has been used to argue that synoptic-
scale moisture transport was the primary factor causing the large 
size of Lake Bonneville and associated lake effect precipitation (2). 
Antevs (12) hypothesized that the North American Ice Sheet pro-
moted the southward deflection of the mean position of the mid-
latitude jet stream, diverting storm tracks and enhancing winter 
rainfall across western North America (12). An alternative hypoth-
esis holds that the timing of lake elevation maxima reflects enhanced 
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rainfall associated with both the mean southward displacement of 
the jet and transient reorganizations of the jet during stadial inter-
vals (e.g., Heinrich Event 1) (13). The existence of a possible telecon-
nection with the North Atlantic that affected precipitation in the 
region could explain why montane glaciers in the Wasatch and Uinta 
Mountains, east of the Bonneville basin, also retreated and advanced 
contemporaneously with the North American Ice Sheet (14–16). 
However, recent analyses of deglacial climate simulations suggests 
that western North American precipitation and the mid-latitude jet 
are not always collocated and that their relationship changed through 
the deglaciation (17).

Not all studies identify winter storms as the most likely cause for 
pluvial maxima in the region. Lyle et  al. (18) reported that many 
lakes in the northern Great Basin did not achieve their highest ele-
vations until after the LGM, while lakes in the southern Great Basin 
expanded before and during the LGM and identified the Sierra 
Nevada and Cascade Mountains as strong barriers that would have 
inhibited transport of moisture inland from the coast into the central 
and northern Great Basin. They argued that a strengthened summer 
monsoon from the tropical East Pacific could have penetrated fur-
ther north, providing additional moisture to advance lakes; however, 
they do not provide a mechanism for increased northward monsoon 
activity (18). In addition, although much work has focused on pre-
cipitation in the water budgets in the Great Basin, diminished evap-
orative loss during cooler stadial summers has also been identified 
as a driver for the advance of many lake systems across the region 
(19–21). A potential role of lake effect precipitation has also been 
proposed (2).

Unambiguous proxy data are critical for resolving the factors in-
fluencing the hydrologic budget of the lake and quantifying their 
contributions to water budgets. Yet, most terrestrial proxies that re-
flect net precipitation (e.g., lake level), are subject to multiple as-
sumptions (e.g., δ18O and δD-based reconstructions) and/or are 
sensitive to changes in species composition (e.g., pollen). Hence, the 
climatic conditions required to sustain large lakes in the Great Basin 
remain underdefined.

Here, we use a thermodynamically based proxy to evaluate the pa-
leohydrologic framework for Lake Bonneville. Carbonate clumped iso-
topes have been shown to provide a direct constraint on the temperature 
of lacustrine carbonate mineral formation, which conventional oxygen 
isotope techniques cannot accurately quantify in terrestrial settings 
alone due to the potential for changes in meteoric and lake water δ18O 
(22–24). We apply the carbonate clumped isotope proxy to lacustrine 
archives and reconstruct lake surface temperatures and water δ18O and 
use these clumped isotope–derived estimates to calculate mean annual 
air temperature (MAAT), evaporation, and precipitation rates and de-
termine controls on lake water balance. We also compare results to cli-
mate models and discuss the implications of our work for the global- and 
local-scale atmospheric mechanisms for this water balance.

RESULTS
Stable and clumped isotope analysis of shoreline sediments
A total of 49 samples from ~23 to ~16.5 ka were analyzed for carbon-
ate clumped isotopes. Samples of 36 individual gastropod shells from 
six sites, representing two species (Pyrgulopsis bonnevillensis and 
Stagnicola bonnevillensis), two marl samples, and 11 tufa samples 
spanning the Stansbury, Bonneville, and Provo shorelines (Fig.  1) 
were analyzed for δ13C, δ18O, and clumped isotope composition, Δ47 

(Table 1 and see Materials and Methods). For gastropod and marl 
samples, we report basin averages, whereas tufa data are presented as 
shoreline-specific averages. Table  S1 contains all geochemical data 
for the sample set. Δ47-derived water temperatures were used in con-
cert with a transfer function to construct MAAT (25) estimates and 
used within a hydrologic modeling framework to calculate precipita-
tion and evaporation rates (see Materials and Methods). Oxygen iso-
topic composition of lake water (δ18Owater) was calculated using 
temperatures derived from Δ47 analysis, measured carbonate δ18O, 
and a mineralogy-dependent equilibrium temperature. All δ18Owater 
values are reported relative to the Vienna Standard Mean Ocean Wa-
ter (V-SMOW) standard, and water isotope reconstructions in this 
work are reported with a correction applied to account for enrich-
ment of 18O in the glacial ocean during the LGM (26). We use results 
of hydroclimatic change at Lake Bonneville to partition the thermo-
dynamic and dynamic contributions to lake level changes (see Mate-
rials and Methods) and compare to climate model output.

DISCUSSION
MAAT at Lake Bonneville
Figure 2A shows the evolution of Δ47-T at Lake Bonneville. Cooling 
was associated with the growth of Lake Bonneville ~23.4 to 22.8 ka 
(i.e., the formation of the Stansbury shoreline during transgressive 
phase of the Stansbury Oscillation). Tufa-derived estimates of the 
MAAT anomaly relative to modern associated with the Stansbury 
shoreline are 6.9° ± 1.3°C. Basin-average gastropod and marl Δ47-T 
increase by roughly ~1°C in the subsequent transgression, with aver-
age MAAT anomalies of 5.2° ± 0.5°C, 6.0° ± 1.2°C, and 5.6° ± 0.5°C 
for Bonneville basin gastropods, Sevier sub-basin gastropods, and 
Bonneville basin marls, respectively. Cooling continues to ~17.5 ka 
(the formation of the Bonneville shoreline during the Lateglacial), 
with a maximum temperature depression of 9.3° ± 1.5°C lower than 
modern, followed by ~3.4°C warming by ~16.5 ka (formation of the 
Provo shoreline). MAATs were consistently depressed across much 
of the Bonneville lake cycle, both before, during the closed basin, and 
post-LGM open basin phases of the lake (Fig. 2A and Table 2). Δ47-T 
(this study) indicate a similar degree of cooling to vegetation-based 
proxies (6° to 7°C) (27) and packrat midden macrofossil reconstruc-
tions (6.2°C) (28), while amino acid racemization supports more 
cooling (10°C) (21).

Regional rainfall and evaporation changes
These Δ47-results allow us to confidently quantify not only changes 
in temperature but also precipitation and evaporation rates and sep-
arate out controls on effective precipitation (Table 2). Modern pre-
cipitation rates are ~344 mm/year (30-year normals for 1991 to 
2020) (29). The first major precipitation forcing at Lake Bonneville 
occurs between 23 and 22 ka, following Heinrich Stadial 2 (HS2; 
~24 ka) (Fig. 2), with evidence for an increase in precipitation by a 
factor of 2.2 to 2.9 times modern, concurrent with a ~90 m rise in 
lake level (7). The second large precipitation forcing observed in our 
reconstructions is between ~17.5 and ~16.5 ka, with values increas-
ing from ~1.5 to 1.8× modern values, concurrent with HS1 (~18 to 
14.7 ka) and pluvial maxima in other parts of the northern Great 
Basin (4, 13, 20).

Modern lake evaporation rates of 1299 mm/year are calculated by 
combining a pan coefficient of 0.9 from Matsubara and Howard (30) 
and average pan evaporation rates for all sites in the Bonneville basin 
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Fig. 1. Maps showing reconstructed hydroclimate parameters derived from clumped isotopes for the LGM. Both LGM values (23 to 22 ka) and LGM-modern anoma-
lies are shown. (A) Location of Lake Bonneville and nearby glaciers during the Pleistocene. Red triangles represent sampling locations for gastropods and marls. Red shaded 
square represents where a suite of tufas were collected for the Stansbury (~23 ka), Bonneville (~17.5 ka), and Provo (~16.5 ka) shorelines. Light blue areas indicate extent of 
LGM glaciers. Black shaded square in inset represents study area in map; black outline in inset represents the extent of the Great Basin region. (B and C) MAAT, (D and E) pre-
cipitation, (F and G) evapotranspiration, and (H and I) lake water δ18O. Half circles show results from colocated gastropods (top) and marl (bottom). MAAT anomalies are cal-
culated using site-specific modern MAAT [30-year normals (1991 to 2020)] (29). Modern evapotranspiration rates used to calculate anomalies use site-specific average annual 
evapotranspiration from 1958 to 2015 (80). Precipitation anomaly is calculated using average modern precipitation rates over the entire Bonneville basin [344 mm/year; 
30-year normals (1991 to 2020)] (29). Lake water δ18O anomaly is calculated relative to modern volume-weighted precipitation δ18O over the Bonneville basin (−13.3‰) based 
on monthly δ18O values (77) and 30-year averages for monthly precipitation (29) across all sample sites. All LGM results are derived from gastropods and marls.

Table 1. Isotopic data for Lake Bonneville. Site averages shown for each carbonate type. Uncertainties reported are 1 standard error. Individual sample data is 
reported in table S1.

Basin/Shoreline Sample 
type Age δ13C  

(V-PDB, ‰)
δ18O  

(V-PDB, ‰)

Δ47 [InterCarb-Carbon 
Dioxide Equilibrium 
Scale (I-CDES), ‰]

Twater (°C) δ18Owater 
(V-SMOW, ‰)

 Bonneville basin Gastropod  22.6 ± 0.6 (transgressive)  1.6 ± 0.2 ﻿−5.1 ± 0.1  0.639 ± 0.004  9.5 ± 0.5 ﻿−7.3 ± 0.3

 Sevier sub- basin Gastropod  22.4 ± 0.2 (transgressive) ﻿−1.0 ± 0.5 ﻿−4.6 ± 0.2  0.643 ± 0.002  8.5 ± 1.2 ﻿−7.9 ± 0.4

 Bonneville basin Marl  22.2 ± 0.1 (transgressive) ﻿−1.2 ± 0.2 ﻿−4.5 ± 0.1  0.641 ± 0.003  15.2 ± 0.5 ﻿−7.2 ± 0.6

 Stansbury shoreline Tufa  23.1 ± 0.3 (transgressive) ﻿−1.1 ± 0.5 ﻿−4.3 ± 0.2  0.641 ± 0.008  11.5 ± 1.3 ﻿−4.9 ± 0.3

 Bonneville shoreline Tufa  17.5 ± 0.5 (transgressive) ﻿−0.7 ± 0.0 ﻿−4.4 ± 0.0  0.633 ± 0.008  9.5 ± 1.3 ﻿−5.4 ± 0.5

 Provo shoreline Tufa  16.5 ± 1.5 (open)  0.1 ± 0.2 ﻿−4.6 ± 0.1  0.638 ± 0.004  12.6 ± 0.9 ﻿−5.3 ± 0.3
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(~1434 mm/year; table  S4) (31). Carbonate clumped isotope water 
balance results suggest that evaporation rates were consistently re-
duced throughout the LGM and deglacial (to 0.5 to 0.8× modern val-
ues) and were the dominant factor (compared to precipitation) driving 
Lake Bonneville’s growth and regional lake and glacial maxima. Early 
LGM precipitation rates (Stansbury tufa; ~23 ka) were similar to 
modern (8% increase relative to modern), while lake evaporation rates 
were substantially (~35%) lower than modern (Fig. 2, B and C). This 
suggests that, at least initially, decreased temperatures that suppressed 

evaporation, instead of large increases in precipitation, were the domi-
nant factor that led to Lake Bonneville’s growth.

During the subsequent LGM transgression from ~23 to 22 ka 
of ~90 m (7), while evaporation rates remained consistently sup-
pressed, at 24 to 27% lower than modern (Fig. 2E), gastropod-
derived values support almost a tripling of precipitation values, with 
increases of 153 to 190% relative to modern values. Thus, while in-
creased evaporative suppression was a factor contributing to lake 
growth, coupled increases in precipitation contributed to large lake 
area increases during the LGM. Estimates from slightly younger 
marl samples from the same site suggest lower evaporation rates 
(32% lower than modern) and less precipitation (120% increase 
relative to modern) compared to the results from gastropods; we 
note that gastropods may reflect shorter-term changes in precipita-
tion in comparison to tufa and marls, which integrate over the lon-
ger time intervals during which they form. Thus, in contrast to 
~23 ka (the Stansbury interval), increases in precipitation become a 
more dominant factor driving lake growth in the early LGM.

Tufas from ~17.5 ka (Bonneville shoreline) formed during the 
highest levels of the lake support smaller increases in precipitation, 
with reconstructions supporting increases of 45% relative to modern. 
However, during this time, tufa data support almost a halving of 
modern evaporation rates (47% decrease). Thus, short-lived increas-
es in precipitation between 23 and 22 ka, coupled with a temperature-
driven reduction in evaporation, drove the notable growth of Lake 
Bonneville to its maximum extent during its transgression.

During the regressive phase of the lake around ~16.5 ka (Provo 
shoreline), there is evidence for increased precipitation (61% greater 
than modern). We note that during this interval, the lake was hydro-
logically open with an outflow during this time, but the lake sus-
tained a relatively consistent elevation. Thus, our estimates derived 
here should be treated as a minimum. However, results indicate that 
increasing lake evaporation rates (78% of modern values) were crit-
ical for setting the water balance. In summary, we suggest that re-
duced evaporation was critical for the large size of the lake, but that 
a short-lived wetter state persisted during the early LGM and fol-
lowing the maximum extent at ~17.5 ka (Bonneville shoreline).

Temporal evolution of δ18Owater
Figure 2D shows the temporal evolution of lake water oxygen isotopic 
composition of Lake Bonneville that should reflect changes in moisture 
source and delivery. Average δ18Owater values for ~23 ka (Stansbury 
shoreline) tufa (~23 ka) is −4.9 ± 0.3‰. Average δ18Owater estimates de-
crease following the Stansbury Oscillation (~23 to 22 ka) for Bonneville 
basin gastropods and marls (−7.3 ± 0.6‰ and −7.2 ± 0.6‰, respec-
tively) and the Sevier sub-basin gastropods (−7.9 ± 0.4‰). δ18Owater 
increases toward ~17.5 ka (Bonneville shoreline), with estimates from a 
suite of tufas resulting in a composition of −5.4 ± 0.5‰ and remains 
similar through ~16.5 ka (Provo shoreline; −5.3 ± 0.3‰).

Changes of up to 2.9‰ in δ18Owater occurred between 23 and 
22 ka (i.e., between the development of the Stansbury shoreline and 
gastropod and marl samples from the transgression following the 
Stansbury Oscillation). Between these intervals in the early LGM, 
we reconstruct a coeval reduction in δ18Owater without substantial 
changes in Δ47-MAAT, suggestive of dynamical changes being the 
primary driver of precipitation delivery into the basin (Fig.  2D). 
Comparison of these Δ47-derived data from shoreline environments 
at Lake Bonneville to deep-water carbonate deposits from Craners 
and Cathedral Caves in the Bonneville basin (32) shows that 

Fig. 2. Evolution of hydroclimates at Lake Bonneville from 23 to 16 ka. Error 
bars = 1 standard error. Age estimates for tufas represent the youngest potential 
age of the shoreline (7). (A) Δ47-T anomaly for samples and reconstructed MAAT. 
See Materials and Methods for description of calculations and errors. (B) Δ47-
derived factor changes in lake evaporation and lake evaporation rates. (C) Δ47-
derived factor changes in precipitation and precipitation rates. (D) Δ47-derived 
water δ18O, corrected for ice volume. Purple and light blue lines show lake water 
δ18O values calculated from lacustrine cave carbonate data (32). A water tempera-
ture of 4°C is applied to cave carbonates, which formed in the deep lake, reflecting 
the temperature at which fresh water attains maximum density. (E) Hydrograph for 
Lake Bonneville based on isostatically corrected elevations (7).
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shoreline tufas yield comparatively enriched δ18Owater, and shoreline 
gastropod and marl samples lower δ18Owater values, relative to cave 
carbonates (Fig. 2D). Although deepwater carbonates have potential 
to be influenced by groundwater discharge, the incorporation of 
relatively depleted groundwater into cave deposits would cause de-
creases in δ18Owater. Thus, regardless, the shift we see in the data sug-
gests different conditions prevailing between the surface and lake at 
depth. The decreases in reconstructed δ18Owater recorded in gastro-
pod and marl samples could be interpreted to reflect increases in 
precipitation or runoff rates or changes in dominant moisture 
source, with moisture from the North Pacific Storm track being 
more depleted (33), or moisture seasonality, with more depleted 
precipitation occurring during boreal winter. This hypothesis is sup-
ported by 2.2 to 2.9 times modern reconstructed precipitation rates 
coeval with the decrease in δ18Owater.

Our estimates of δ18Owater for the ~17.5 ka (Bonneville shoreline) 
and ~16.5 ka (Provo shoreline) tufas remain stable despite an increase 

in reconstructed MAAT of 4°C and a 24% increase in reconstructed 
evaporation rates, relative to modern. In contrast, the deep-water cave 
deposits (32) could indicate an increase in δ18Owater during the open 
to closed basin transition from ~17.5 to 16 ka, between the Bonneville 
to the Provo phase. It is possible that increasing δ18Owater values in-
ferred from ~16.5-ka deep-water cave carbonates may be due to en-
hanced mixing from depth associated with the lake regression after 
the Bonneville flood; this may have been counterbalanced in shore-
line settings by increased evaporative enrichment associated with 
warmer conditions, resulting in minimal change in δ18Owater.

Comparison to nearby glaciological and 
hydrological modeling
Quirk et al. (15) calculated the combinations of temperature depres-
sion and precipitation change needed to sustain a series of glaciers 
in the Wasatch Mountains, east of Lake Bonneville (Fig. 3A). Their 
work suggests a 9° to 11.5°C temperature suppression between 21 

Table 2. Hydroclimate parameters derived from clumped isotopes. Basin averages shown with 1 standard error. Modern MAATs are 30-year normals from 1991 
to 2020 (29). Precipitation anomalies were calculated using 30-year normals from 1991 to 2020 over the basin area, yielding a modern precipitation of 344 mm/year 
(29), which is comparable to values derived for the basin using reanalysis data (338 mm/year) (34). Modern lake evaporation rates used to calculate evaporation 
anomalies were calculated using a pan coefficient of 0.9 (29) and the average modern pan evaporation rate from 13 sites located within our study area (table S4).

Basin/shoreline Sample 
type

Modern 
MAAT (°C)

Estimated 
MAAT (°C)

MAAT  
Anomaly (°C)

Lake evapora-
tion (mm/year) Anomaly (%) Precipitation 

(mm/year) Anomaly (%)

 Bonneville basin Gastropod  9.3  4.5 ± 0.5 ﻿−5.2 ± 0.5  988 ± 35 ﻿−24 ± 3  868 ± 27  153 ± 6

 Sevier sub- basin Gastropod  10.1  4.2 ± 1.2 ﻿−6.0 ± 1.2  951 ± 21 ﻿−27 ± 9  997 ± 62  190 ± 18

 Bonneville sub- basin Marl  9.1  3.5 ± 0.1 ﻿−5.6 ± 0.5  883 ± 19 ﻿−32 ± 1  757 ± 101  120 ± 29

 Stansbury shoreline Tufa  10.2  3.3 ± 1.3 ﻿−6.9 ± 1.3  840 ± 106 ﻿−35 ± 8  372 ± 24  8 ± 7

 Bonneville shoreline Tufa  10.2  0.7 ± 1.8 ﻿−9.3 ± 1.5  693 ± 172 ﻿−47 ± 13  499 ± 67  45 ± 20

 Provo shoreline Tufa  10.2  2.2 ± 1.2 ﻿−5.8 ± 10  1009 ± 98 ﻿−22 ± 8  605 ± 47  76 ± 14

Fig. 3. Comparison of clumped isotope estimates of temperature and precipitation changes since the LGM from shoreline tufa to other approaches. (A) Com-
parison of Δ47-derived values (circles) to glaciological calculations (solid lines) and (B) comparison to hydrologic modeling (dashed lines). The x axis represents the tem-
perature change estimated from the LGM to modern (Table 2) (29). The y axis represents the ratio of reconstructed precipitation relative to modern precipitation over the 
Bonneville basin (Pmodern = 344 mm/year) (29). Samples are color coded by age, and the S, B, and P labels on the color bar represent the midpoint ages of the estimated 
temporal ranges associated with Stansbury, Bonneville, and Provo phases of the lake, respectively. Solid lines in (A) are derived from glacial modeling in the Wasatch 
Range in (15). Squares in (B) are estimates from derived from the intersection of values derives from glacial modeling in (A) and a hydrologic balance model in (35). Dashed 
lines in (B) are temperature and precipitation change combinations necessary to sustain Lake Bonneville the Stansbury, Bonneville, and Provo shorelines in (34).
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and 20 ka with little to no precipitation change relative to modern 
during the LGM. The degree of temperature change constrained by 
the Bonneville tufas compare favorably to the reconstructed glacial 
temperature change during the LGM; however, our results suggest a 
45% increase in precipitation relative to modern. Gastropods and 
marls from the rapidly transgressing phase of Lake Bonneville (23 to 
22 ka) estimate a much higher degree of precipitation but mirror the 
shape of the potential precipitation and temperature combinations 
derived from LGM glacial moraines. Glacial modeling of the late 
deglacial (18 to 15 ka) suggests warming, with a doubling of pre-
cipitation relative to modern values, exhibiting excellent agreement 
between results from tufa from the Provo shoreline (~16.5 ka).

Figure 3B compares our estimates of precipitation and tempera-
ture changes from this study with hydrologic modeling estimates 
from (34). The Bonneville and Provo highstands are in agreement 
with modeling estimates derived from the temperature and precipi-
tation combinations needed to sustain lake area and volume at each 
of the three prominent shorelines. The estimates derived in this 
study suggest higher amounts of precipitation change relative to 
modern except for the estimates derived from the Stansbury; how-
ever, due to the open nature of Lake Bonneville during these times, 
values from hydrologic balance modeling are suggested to be mini-
mums. In addition, precipitation estimates from Belanger et al. (35), 
which rely on the intersection of glaciological reconstructions in 
Quirk et al. (15) and hydrologic modeling, suggest smaller increases 
in precipitation than in this study. However, their estimate of tem-
perature change for the Bonneville highstand agrees with our recon-
struction, supporting the notion that temperature-driven reduction 
in evaporation was a critical factor in the growth of Lake Bonneville 
to its maximum extent (Fig. 3B).

Climate model evaluation
We compare our Δ47 results to long-term mean climatological data 
output from 17 models. These models are from the Paleoclimate 
Modeling Intercomparison Project Phase 3 and 4 (PMIP3 and 
PMIP4) models and from a model from the Hadley Center (HadAM) 
run at four different resolutions to assess process representation in 
climate models during the LGM. To quantitatively gauge model per-
formance using paleoclimate proxies from the LGM interval, we use 
skill score (SS) as a metric to assess whether or not these simulations 
accurately reflect hydroclimates. Results should be interpreted as a 
model’s skill in depicting past climatic changes with respect to the 
null hypothesis, of no change between the LGM and modern. A per-
fect simulation would have a score of 1, a score of 0 would indicate 
that the model and reference state (no change) perform equally well, 
and a negative score would indicate that model error is greater than 
in the case of the null hypothesis. An SS that is undefined occurs 
when the model agrees with the data more closely than the errors in 
the data indicate is possible, which may be a sign of overestimation 
in proxy error (36, 37). We use site-specific averages and basin aver-
ages to assess model skill in the 17 models.

For site-specific averages, almost all models have a positive SS 
with respect to temperature change since the LGM, indicating rea-
sonable agreement. Values range from −0.25 to 0.76 (Fig. 4, fig. S2, 
and table S3). With the HadAM model, skill at simulating tempera-
tures improves with resolution (Fig. 4).

For changes in evapotranspiration, most models perform poorly. 
Only six models exhibit positive skill, with a maximum score of 
0.34. Resolution alone does not substantially improve SS with the 

HadAM model. While the reconstructions for all sites suggest in-
creases in evapotranspiration relative to modern, likely due to in-
creased moisture availability due to an extensive lake present, the 
majority of models simulate reduced evapotranspiration during the 
LGM due to lower temperatures (fig. S8). Most models do not rep-
resent the modern Great Salt Lake in preindustrial simulations, and 
all models do not have a representation of Lake Bonneville.

Overall, all models underestimate the precipitation forcing that 
is observed within the proxy dataset. Proxy-derived precipitation 
changes range from ~450 to 750 mm/year; however, most models 
simulate much smaller changes in precipitation (fig. S5). SSs range 
from −0.28 to 0.41, with four models exhibiting negative skill 
(Fig. 4). The HadAM model exhibits decreasing skill as model reso-
lution increases, with estimates of precipitation change reduced at 
higher resolution. Thus, models simulate the largest increases in 
precipitation to perform the best.

Table 3 shows that SSs was assessed using basin averages. In this 
case, basin skill is calculated using an average for gastropods in the 
Bonneville basin, marls in the Bonneville basin, and gastropods in 
the Sevier basin. Similar to the site-specific analysis, most models 
simulate basin-scale temperature changes since the LGM well. SSs 
improve for some models with the basin-scale analysis, with values 
ranging from −0.25 to 0.93. Models still struggle to capture changes 
in evapotranspiration, with the same number of models calculating 
negative skill as the site-specific analysis and SSs of −2.54 to 0.22. 
For precipitation anomalies, basin-average skill decreases for all 
models, ranging from −0.58 to 0.20.

In all cases, the PMIP3 MIROC-ESM reflects conditions that are 
too cold and dry to match proxy values. This model performs the 
worst with respect to SS in every reconstructed variable from our 
proxy data using both site and basin averages. On average, it is 5° to 
6° colder than the proxy reconstructions (fig. S2).

Overall, the models tend to capture temperature changes well but 
fail to accurately simulate evapotranspiration and precipitation. Poor 
model skill for precipitation and evaporation may be influenced by 
the lack of inclusion of pluvial lakes in LGM simulations. These lakes 
should substantially modify regional climate, and their exclusion 
could result in underestimation of localized moisture recycling and 
evaporation feedbacks, leading to discrepancies between models and 
proxy data. Simulations of hydroclimates would likely be improved 
by the inclusion of modern and ancient pluvial lake systems as 
boundary conditions in models to account for their potentially sub-
stantial role in modifying regional hydrology and climate.

Paleoclimatic lake-atmosphere interactions
Prior work has shown evidence of large precipitation increases during 
Heinrich Events within the southwestern United States (4, 32, 
38). Between 24 and 22.3 ka, when our results show a 2.2 to 2.9 
times modern increase in precipitation, there is a 150-m increase in 
lake level and associated changes in lake area at Lake Bonneville that 
are coeval with HS2 (~24 ka). Uranium and oxygen isotope data 
from deep-water cave carbonates in the Bonneville basin suggest a 
large degree of freshening in the basin, suggesting large increases 
in precipitation during HS2 (32). Increases in precipitation during 
HS2 have been proposed to have been felt as far south as New Mexico 
and Arizona, as supported by decreases in speleothem δ18O during 
this time (39, 40). Changes in the size and shape of the North American 
Ice Sheets and the resultant freshwater fluxes into the North Atlantic 
during Heinrich Events may have altered the strength and position 
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of the subpolar and polar jet streams to deliver moisture into the 
continental interior during the winter (4, 32).

While Lake Bonneville had a rapid ascent, the magnitude of the 
change in lake levels is not mirrored in the hydrograph from Lake 
Lahontan, the second-largest late Pleistocene lake in the Great Basin 
located ~400 km to the east, which only experienced a 40-m increase 
in the same interval (3, 41). Given that these two basins are located at 
a similar latitude, an implied zonal trend could be explained if mois-
ture transport from the North Pacific from a southward shifted jet 
was responsible for the rise in lake levels. Thus, given the gradient in 
precipitation between basins and the lower water δ18O values record-
ed by these samples that are most consistent with winter precipita-
tion, it is possible that Heinrich Event–driven changes in moisture 
delivery may be a contributor to increases in lake levels.

Because of the nature of these lakes being isolated from larger 
bodies of water and surrounded by land, a high thermal inertia 
causes the formation of mid-lake cloud bands known as lake effect 
clouds, with stratus types being the most common (42). Assuming 
that spatial distribution of stratus-type clouds follows the advance-
ment of local glaciers, so will their radiative properties. In Stratus 
clouds, due to their ability to reflect high levels of incoming, short-
wave radiation is known to cause a cooling effect at the surface (43), 
which would aid in maintaining cooler temperatures and lower 

evaporation levels. Stratus clouds are the favored cloud type for oro-
graphically induced precipitation through a phenomenon called the 
seeder-feeder mechanism (44, 45). These conditions would be suf-
ficient to explain decreased temperatures coupled with increased 
precipitation; however, there is no proxy for understanding past 
cloud distribution and thickness.

However, the contrast between the enhanced precipitation forc-
ing observed within this study during the transgression of Lake 
Bonneville and lake level changes at Lake Lahontan suggests that 
both large-scale and localized feedback may have been influential in 
Bonneville’s initial ascent. Since a similar rate of increase in lake lev-
els is not reflected in records nearby, we hypothesize that lake-effect 
precipitation feedbacks paired with evaporative suppression may 
have been crucial in enhancing the magnitude of growth observed 
at Lake Bonneville during the early LGM (46).

At Lake Bonneville’s maximum extent (~17.5 ka), it was similar 
in area and similar in depth to Lake Michigan and ~10 times greater 
in surface area and depth compared to the modern Great Salt Lake. 
Having a water body of that scale is likely to have influenced local 
hydroclimates, providing a water source for lake-effect precipita-
tion. Regionally, modern lake effect precipitation occurs when the 
land-water temperature gradient exceeds 6°C, creating low-level 
convergence and promoting moisture uptake from the lake (47), 

Fig. 4. Comparison of Δ47-derived hydroclimate variables at Lake Bonneville with PMIP3, PMIP4, and HadAM climate model simulations. Δ47 estimates of chang-
es in MAAT (A), evapotranspiration (B), and precipitation (C) since the LGM compared to model simulations. Climate model SSs are shown (lower right; table S6) and cal-
culated relative to LGM values (23 to 22 ka) derived from gastropods (whole circles) and gastropods and marls (split circles, top and bottom, respectively) (table S2). Panels 
from left to right display: PMIP3 and PMIP4 highest skill model, PMIP3 and PMIP4 lowest skill model, and HadAM skill ranging from lowest to highest resolution model.
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with peaks in lake-effect precipitation between October and November 
and then again from March to April (48). At present, lake-effect 
precipitation accounts for up to 8% of regional precipitation and 
contributes to hydroclimate directly through precipitation over the 
lake and indirectly through snowpack that leads to runoff into the 
lake (48, 49).

In addition to the thermally driven convergence, the complex re-
gional terrain that surrounds the Great Salt Lake causes large-scale 
orographically forced convergence in the valleys, in turn funneling 
cold and dry air from the northwest that descends and warms, fur-
ther enhancing precipitation in the downwind mountain ranges 
(49). The deposition of spits in Lake Bonneville suggest that winds 
had predominantly northeasterly or northwesterly flow in the LGM 
and deglaciation (50), which is the direction of flow needed for the 
formation of modern orographic lake effect precipitation in the 
Bonneville basin. Northwesterly winds would bring in cold, dry air 
from the ice sheet boundary into the Bonneville basin as the west-
erly storm track was diverted south, which could potentially influ-
ence moisture uptake and increase the frequency of orographically 
induced lake effect precipitation in Lake Bonneville.

As Lake Bonneville transgressed and lake area increased, air-
water interactions over a larger surface area paired with the sur-
rounding topography may have sustained an increased lake effect, 
where the thermal contrast between lake and land would promote 
moisture uptake and subsequent rainout due to orographic forcing 
(2). The lake-to-land temperature gradient would be greatest during 
the autumn months due to the depth and extent of the lake inhibiting 
complete ice coverage, allowing thermal lake-atmosphere interac-
tions to develop and enhancing lake effect precipitation. Meteoro-
logical conditions conducive to lake effect precipitation during this 
interval may have allowed moisture generated from the lake to have 
fallen back as direct runoff or delayed snowmelt the following spring.

A modeling study by Hostetler and Giorgi (46) estimated that 32% 
of evaporation leaving Lake Bonneville was returned directly to the 
basin through moisture recycling at its maximum extent. However, 
our reconstructed water balance at the maximum extent indicates 
that evaporation decreased by ~600 mm/year relative to modern, 
while precipitation increased by only ~150 mm/year relative to mod-
ern. This imbalance suggests that, although precipitation did in-
crease, it was the substantial reduction in evaporation, suggested by 
3° to 4°C of regional cooling that played the dominant role in driving 
the lake to its highest elevation at ~17.5 ka.

Thermodynamic constraints on net water supply
To quantify the impact of hydrological cycle changes, particularly in 
determining the surplus of net water balance (i.e., precipitation mi-
nus evaporation, P − E), we apply a modified theory (51) derived 
from the Clausius-Clapeyron relationship. This theory has been ap-
plied to quantify the response of hydrological cycles during the 
LGM using climate model simulations (52). This relationship shows 
that temperature directly influences atmospheric water vapor con-
tent, with warmer conditions leading to increased water vapor in the 
atmosphere. Held and Soden (51) approximates the net water bal-
ance as a result of net exchange of water vapor content between the 
liquid and air and then further demonstrate that the ratio of net 
water balance anomalies, which is the water balance anomalies 
[δ(P − E), denoted by δ, representative of the difference between 
reconstructed and modern values] divided by modern P − E, ex-
hibit a linear relationship with temperature anomalies (δT). This 

gives the equation δ(P − E)paleo-modern/(P − E)modern  =  αδT. The 
slope (α) of this relationship is equal to the ratio of latent heat over 
the gas constant divided by the square of the modern MAAT in 
Kelvin, which is estimated to be 0.07 K−1. As a result, the net water 
balance anomalies will rise by 7% when temperatures warm by 1°C.

Figure  5 shows the hydroclimatic parameters derived from 
clumped isotopes align with the theoretical predictions from the 
Clausius-Clapeyron scaling. This agreement implies that the hydro-
logical cycle changes are fully controlled by temperature. Deviation 
in slope (away from 7%) would suggest that dynamical effects (e.g., 
changing storm tracks and atmospheric waves) had a discernable 
role in determining water supply. The data from shoreline tufas 
show a strong relationship between temperature suppression and 
net water supply (r2 = 0.78), while results from gastropod and marl 
samples during the rapid transgression of the lake exhibit a weaker 
relationship (r2  =  0.37). Thus, the results derived from tufas may 
suggest that the water surplus in Lake Bonneville primarily origi-
nated from a temperature reduction during glacial periods without 
substantial contributions from other dynamical factors. The weak 
relationship observed within gastropod and marl samples during 
the transgressive phase of the lake may indicate a larger influence of 
dynamic factors, consistent with the large (2.2 to 2.9× modern) pre-
cipitation increases reconstructed concurrent with rapid lake ascent 
during this period, which are difficult to explain from thermody-
namics alone. These findings also highlight the value of the Clausius-
Clapeyron relationship as a tool for understanding past hydrological 
changes and suggest that similar methods could be applied to other 
regions or time periods with limited but precise proxy data.

Water balance implications
In summary, clumped isotopes allow us to not only estimate past 
temperatures but quantify the impacts of temperature and evapora-
tion on lake budgets and show their integral role in the growth and 
decline of Lake Bonneville during the LGM and subsequent 

Fig. 5. Comparison of ∆47-derived variables to predictions from the Clausius-
Clapeyron scaling law. Results from tufas (blue filled circles) of different ages are 
in agreement with the Clausius-Clapeyron relationship (blue dashed line), indicat-
ing that water balance changes can simply be explained by temperature alone. 
Data from LGM gastropods (gray triangles) and marls (gray squares) during the 
transgressive phase of the lake deviate from this relationship and suggest a larger 
influence of dynamic factors.
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deglaciation. Results from this study show that evaporation rates de-
creased as lake levels at Lake Bonneville transgressed. We also quan-
tify precipitation rates and show that there were two intervals with 
elevated precipitation relative to modern. During the early LGM, 
increased moisture delivery and moisture recycling within Lake 
Bonneville (i.e., lake effect precipitation) may have been integral 
contributors to the regional hydrologic budget since similarly large 
increases in lake area and extent were apparently not mirrored in 
nearby basins. Between 23 and 22 ka, during a transgression, and 
before the maxima, we hypothesize that cooling and associated 
evaporation suppression, paired with a combination of large-scale 
changes in precipitation driven by HS2, and localized, thermally and 
orographically driven lake-effect precipitation, together supported 
the notable ~150-m rise in shorelines of Lake Bonneville. During 
Heinrich Event 1, there was both a localized response and a larger-
scale regional response, as evidenced by coeval pluvial maxima in 
the Great Basin during this time.

Overall, our results here suggest that reduced evaporation, com-
bined with elevated regional precipitation at two to three times mod-
ern rates, contributed to the initial growth of Lake Bonneville and 
sustained it during a hydrologically open phase. Our results highlight 
the importance of temperature and thus evaporation as a direct driv-
er of lakes, and the role of water recycling within basins, for under-
standing past and future hydrologic cycle responses to changing 
climate forcing, especially lakes with large surface areas in mid- to 
high-latitude settings. Analysis using the Clausius-Clapeyron rela-
tionship confirms that temperature reduction was the primary driver 
of the water surplus in Lake Bonneville. This result also provides 
strong evidence that thermodynamic factors, particularly tempera-
ture, are key determinants in shaping past lake hydrology, and not 
only dynamic processes such as storm tracks or jet meandering. A 
direction for future work is to address how changes in groundwater 
input and outflow from the lake may have also evolved and influ-
enced surface and lake water budgets. In addition, while our tufa 
samples span both semi-restricted (Pilot Valley sub-basin) and open-
basin (Great Salt Lake sub-basin) settings, it only represents one por-
tion of the basin. Expanding tufa sampling for analysis across other 
regions could help assess spatial variability in lake water chemistry 
and reduce potential site-specific bias in interpretations of basin-
wide hydrologic change.

We also note that this approach could be applied to other large 
lakes. Areas with complex terrain near large lakes similar to Lake 
Bonneville (e.g., Lake Lahontan in the Great Basin or Lake Tauca in 
the Altiplano) may also be sensitive to lake effect precipitation ef-
fects. We also suggest that the influence of lake-atmosphere interac-
tions should be considered within paleohydrological reconstructions.

This work emphasized the central role that temperature has on 
water resources. In paleoclimatology, the reconstructions and in-
sights reported here can help improve our understanding of how 
past changes in water availability shaped human and ecological sys-
tems, as the past hydrologic crises implied by the reconstructions 
likely had profound impacts on life and culture. This is also the case 
for the future. As the Great Salt Lake shrinks, a reduced lake effect 
is likely to accelerate the decline in modern lake levels, threaten-
ing water resources with human, ecosystem, and economic conse-
quences in the region. Accurate model simulations of how much 
evaporation and precipitation rates will change as climate warms in 
the future, and local changes in lake water recycling, are critical for 
forecasting the extent of lakes as a key water resource.

MATERIALS AND METHODS
Sample collection
Field sample collection was carried out at sites within the Bonneville 
basin and Sevier sub-basin in October 2012 (Fig. 1 and Tables 1 
and 2). Gastropods were collected from sand and gravel strata that 
correspond with littoral conditions. Based on sequence stratigraphic 
interpretations, the localities sampled record the initial transgression 
of the lake to a given shorezone. Gastropods were collected from 
lacustrine gravel directly underlying the Bonneville White Marl. The 
superposition of marl above the shell-bearing beds is laterally contin-
uous across sites and records the transition from nearshore littoral to 
offshore lacustrine sedimentation. Samples of lacustrine tufa repre-
senting the Stansbury, Bonneville, and Provo shore zones were select-
ed from the collection of Steve Nelson at Brigham Young University. 
These samples are from sites at the Pilot Valley sub-basin and Great 
Salt Lake sub-basin at the west end of the lake (Fig. 1). Oxygen and 
carbon stable isotope values were previously reported for these sam-
ples (53), but clumped isotope abundances were not measured. Tufa 
samples varied in texture. Some materials were porous and contained 
micrite and spar, while others were dense and lacked void spaces.

Sample preparation
Aragonitic gastropod shells were separated by taxa. Shells were bro-
ken into pieces, sonicated in Milli-Q deionized water until clean, 
dried overnight at 50°C, and powdered using a mortar and pestle. 
For a given study site, 4 to 10 individual gastropod shells were ana-
lyzed one to four times each, depending on sample limitations. Rep-
licate analyses of individual shells served to test the reproducibility 
of isotope results. Individual gastropod shells represent short times-
cales; thus, analyses of multiple shells at a given site allowed for 
compilation of a statistically significant climatic signal.

Two to six individual blocks of marl were selected for clumped 
isotope analysis at each sampling site to ensure that reconstructed 
water temperatures encompassed the broadest interval of lake his-
tory. Sample blocks were disaggregated in Milli-Q water and poured 
through a 212-μm steel mesh filter to exclude particles coarser than 
fine sand (e.g., detrital clasts, charcoal, root, and biogenic shell frag-
ments). Following sieving at 212 μm, the resultant slurry was al-
lowed to settle for 5 to 10 min. The residue coming out of suspension 
was isolated by pouring the slurry into a second beaker. This process 
was repeated until virtually no settling occurred. The final suspen-
sion was treated with dilute hydrogen peroxide (1.5 to 3%) for 20 to 
60 minutes to remove residual organic material (54). Carbonate was 
collected on 0.45-μm cellulose nitrate filter membranes and dried 
overnight at 50°C.

Tufas and cements were cut perpendicular to laminae. Areas 
containing spar, or evidence of regrowth, were selected against. 
Powders were extracted by crushing rock chips to fine sand grain 
size, following methodology in (53). Powdered tufa samples were 
reacted in 3% H2O2 for 60 min to remove organic materials (54). 
Following peroxide treatment, samples were rinsed in Milli-Q de-
ionized water and dried for 12 hours at 50°C. Cleaned powders were 
weighed out in 5- to 15-mg increments, depending on carbonate 
content and instrument sensitivity at the time of analysis.

Analytical procedure for stable and clumped isotopes
Samples were reacted for 20  min on a 90°C common phosphoric 
acid bath system in the Tripati Lab at University of California, 
Los Angeles. For samples containing greater than 90% carbonate 
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(i.e., gastropod shell), sufficient CO2 gas was obtained from acid di-
gestion of 5 to 10 mg of material. In the case of samples with lower 
carbonate content (e.g., carbonate muds), 10 to 50 mg of samples 
were reacted to generate sufficient CO2 gas. Samples were run for at 
least three replicates, unless there was insufficient material for anal-
ysis. The acid bath was maintained at constant temperature through 
use of a cylindrical heating block with a thermocouple feedback sys-
tem. The temperature of the acid bath was physically measured with 
a glass thermometer daily and found to be at 90°C. CO2 was cryo-
genically purified using an automated vacuum line that was modeled 
on a system at the California Institute of Technology (55). Organic 
compounds were removed with a Porapak column installed on a 
Thermo Trace GC Ultra gas chromatograph. δ13C, δ18O, Δ47, and 
Δ48 were determined using a Thermo 253 Gas Source isotope ratio 
mass spectrometer.

During 2013 and the first half of 2014, samples were run for eight 
acquisition cycles consisting of 10 measurements of sample and ref-
erence gas. During the latter half of 2014 and onward, samples were 
run for nine acquisition cycles consisting of 10 measurements of 
sample and reference gas. During each acquisition, sample gas volt-
ages were compared to high-purity Oztech brand CO2 reference gas 
[δ18O = 25.03‰ V-SMOW, δ13C = −3.60‰ Vienna Pee Dee Belemnite 
(V-PDB)]. CO2 gas standards and carbonate standards of known 
isotopic compositions were run every four to five analyses. To ac-
count for mineral digestion in a common acid bath to produce CO2 
to determine δ18O values for carbonate samples, a fractionation fac-
tor of 1.007954 for calcite and 1.00854 for aragonite was applied, 
following (56) and (57), respectively.

Data were processed using the Easotope software using the brand 
parameter set (58, 59). Results were normalized following the abso-
lute reference frame correction and standardization process (60). Sig-
nal interference due to electron backscattering in the source of the 
mass spectrometer was quantified and corrected for using equilibrat-
ed gases with two different bulk isotopic signatures at two different 
temperatures (25° and 1000°C) and ETH-1 and ETH-2 from the ETH 
suite of standards (61). Aliquots of gas were cryogenically purified on 
a manual vacuum line system and collected in borosilicate breakseal 
tubes. Changes in slope of δ47 versus Δ47 were attributed to shifting 
conditions in the source of the mass spectrometer and occasionally to 
the presence of organic contaminants. Samples were strictly run dur-
ing periods of time in which the calculated slopes of regressions, re-
lating δ47 versus Δ47, did not change. ETH-1 to ETH-3 along with 
internal standards were used to create an empirical transfer function 
to convert values to the Intercarb Carbon Dioxide Equilibrium Scale 
(I-CDES) to calculate the final Δ47 value (61, 62). Δ47 values for sam-
ple and standard runs are presented in tables S1 and S3.

Elevation and age control
Sample altitude was corrected for using the Currey equation (63), 
where Za is the rebound-free adjusted altitude, Zr is the modern 
mapped altitude of the sample, Zb is the local altitude of the Bonn-
eville shoreline, and 1552 and 1200 are the average unrebounded 
altitude of Bonneville shoreline and basin floor altitude at the begin-
ning of the Bonneville lake cycle, respectively, and all elevations 
are in meters

Ages for samples were then assigned by interpolation along the 
updated lake hydrograph of Oviatt and Pedone (7) (Fig. 2E) using 
the rebound-adjusted altitude. The updated hydrograph of Oviatt 
and Pedone (7), based on U-Th and radiocarbon-dated microbial-
ites, revises the earlier framework of Oviatt (9) by excluding mollusk 
dates (due to large geologic uncertainties and reservoir effects) and 
treating wood and charcoal as maximum limiting ages rather than 
closely constraining the timing of lake transgression. Ages for the 
Bonneville and Provo shoreline tufas are determined by interpola-
tion, with additional constraints from prior work. The age of the 
Bonneville shoreline is further constrained by recent work from 
Oviatt et al. (8), which estimates an age of ~17.5 ± 0.5 ka based 
on limiting radiocarbon ages from deposits beneath the shore-
line and consistency with inferred long-term transgression rates. 
For the Provo shoreline, which may reflect multigenerational 
tufa formation between ~18 and 15 ka (9), we use ~16.5 ka as a 
representative midpoint. Ages for the gastropod and marl sam-
ples were also determined by interpolation along the updated 
hydrograph, with additional constraints from prior work. The 
gastropod-bearing beds underlying the marl samples have radio-
metric constraints from equivalent horizons dated at or near the 
sampled sites [(64) and references therein], providing indepen-
dent chronologic control consistent with deposition during the 
transgressive phase of Lake Bonneville.

We acknowledge that absolute age estimates based on hydrograph 
interpolation carry inherent uncertainty; however, the relative timing 
among major lake phases—pre-Bonneville transgression, Bonneville 
highstand, and Provo regression—is well constrained and provides a 
robust framework for our paleohydrological interpretations.

Δ47 temperature dependence
The clumped isotope value (Δ47) can be related to the temperature 
of ambient waters at the time of mineralization, where lower tem-
peratures are associated with a greater abundance of 13C─18O bonds 
(26, 65, 66). Clumped isotope measurements (Δ47) were converted 
to water temperatures using the material-specific calibrations of 
Arnold et al. (67), with the following equations used for each type 
of carbonate

Calculation of water δ18O
Lake water δ18O (δ18Owater) values were calculated using estimations 
of mineralization temperatures and δ18Ocarbonate values from 
clumped isotope analysis, in concert with using mineral specific 
fractionation values for calcite (68) and aragonite (57). Reconstruc-
tions in this work were reported with an ice-volume correction ap-
plied to account for enrichment of 18O in the glacial ocean during 
the LGM (26). This approach was chosen because the samples in this 
study span both the LGM and the deglacial period, and meltwater 
input from ice sheets likely altered ocean δ18O composition over 
time, necessitating consideration of temporal variability in the cor-
rection. Thus, we use the approach outlined in (26) to constrain the 
composition of the global ocean through the late Pleistocene. In this 

Za = Zr −

[
(

Zr−1200
)

(

Zb−1200
)

]

×
[

Zb−1552
]

Δ47

(

gastropods
)

=(0.0371 ± 0.004) ×106∕T2+ (0.174 ± 0.051)

Δ47 (tufas)= (0.0345 ± 0.007) ×10
6∕T2+ (0.216 ± 0.080)

Δ47 (marls)= (0.0462 ± 0.007) ×10
6∕T2+ (0.084 ± 0.089)
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approach, a Δδ18O-Δsea level relationship of ~0.08‰/meter sea 
level change is applied using the sea level change estimates derived 
from (69).

Mean annual air temperature
Evaluation of seasonal relationships between air and water tempera-
ture in modern lakes indicate that lake surface temperature will 
closely match air temperature (25, 70). To reconstruct air tempera-
ture at study sites, transfer functions using Model 4 in (25) were 
applied to relate water surface temperature, latitude, and elevation 
to MAAT, assuming a seasonal dependence of carbonate formation. 
Gastropod shells were assigned April–June transfer functions due to 
primary shell formation occurring in unison with peak photosyn-
thetic activity in the mid to high latitudes (71). The calcification of 
tufa is dependent on photosynthetic activity, wave action, and evap-
oration and thus was assigned a larger growth season (April–October) 
for our analyses (53, 72). Because of the temperature dependence of 
evaporation promoting carbonate saturation state within the lake, 
marls in this study were assigned a June–August transfer function 
to represent the warmest interval of the year (70, 73). Site-specific 
modern MAATs used to calculate anomalies are in table S2.

Evaporation modeling
We reconstructed estimates of annual evaporation (EL) using the 
modified Penman equation from Linacre (74). This method has in-
puts of MAAT (T), elevation (z), latitude (L), wind speed (u), and 
dew point temperature (Td).

MAAT was calculated using clumped isotope estimates of water 
temperature applied to transfer functions in (25). Dew point (Td) 
temperature and wind speed (u) was estimated by using modern 
reanalysis data over the modern Bonneville basin and assumed to be 
similar to modern during the LGM. Td values for the LGM were as-
sumed to change by magnitudes equal to shifts in air temperature 
from present (20,  75). Average pan evaporation rates (1443 mm/
year) were calculated using 13 modern sites in the Bonneville basin 
(table  S4) (31). Average modern lake evaporation rates were esti-
mated using a pan coefficient of 0.9 from (30).

Precipitation modeling
Estimates of precipitation were constrained using the modeling 
framework described within (19). This method combines δ18O iso-
tope mass balance, time-varying water balance, and basin hypsom-
etry to create a function to estimate annual precipitation rates (19, 20)

Lake evaporation (EL) is estimated using the equation in the pri-
or section. Basin hypsometry is included through the hydrologic 
index (HI), which is the ratio of lake area to tributary area. The oxy-
gen isotopic composition of the lake (δ18OL) was determined using 
clumped isotope–derived estimates of temperature and measured 
oxygen composition of the carbonate. The evaporating water vapor 
(δ18OE) is estimated using the evaporation model from (76). The 

average composition of the incoming meteoric water (δ18OW) was 
estimated using modern values for all sample sites (table  S5; 
−13.3 ± 1.3‰ V-SMOW) and is interpolated to pre-rebound eleva-
tions and corrected for LGM 18O enrichment (26,  77, 78). To ac-
count for the nonlinear response of runoff to changes in precipitation, 
a Budyko framework is used to estimate krun (19, 34, 79)

Potential evapotranspiration (EP) is assumed to be equal to lake 
evaporation (EL), and ω is the Budyko landscape parameter, which 
integrates the hydrologic properties of a basin. To constrain hydro-
climatic variables, a Monte Carlo simulation with 2500 iterations is 
used to determine find the roots of the equations for precipitation 
and runoff, with all variables sampled from a normal distribution 
using the mean and SD for each variable (19), with the exception of 
ω, which is sampled from a skewed gamma distribution derived 
from the MOPEX dataset and calibrated from the conterminous 
United States (79). Factor change in precipitation rates is calculated 
using the basin-average 30-year normal modern value of 344 mm/
year (29).

Evapotranspiration and weighted evaporation modeling
To allow our results to be comparable with land-surface evapotrans-
piration rates from climate model output, we calculate evapotrans-
piration (ET) using precipitation (P) and the runoff coefficient (krun) 
derived in our hydroclimate modeling using the following equation

We calculate a weighted evaporation (WE) rate to scale lake 
evaporation (EL) occurring over the lake area (AL) and evapotrans-
piration occurring in the tributary area (AT) using the following 
equation

Climate model evaluation
We compare the results derived in this study to climate model out-
put from the PMIP3 and PMIP4 models and output from the HadAM 
at four different resolutions, varying from low resolution (2.5° × 3.75°) 
to high (0.6° × 0.8°) resolution. For PMIP models, we use near-surface 
air temperature (tas), precipitation (pr), and evapotranspiration 
(evspbl) climatological monthly means to compare to our data. 
For the HadAM models, we use near-surface air temperature 
(temp_mm_srf), precipitation (precip_mm_srf), and evapotranspi-
ration (totalevap) annual means to compare to our data. Temperature, 
precipitation, and evapotranspiration anomalies were compared 
to results from models and evaluated using the SS metric (36, 37), 
where mi is the results from the model, ni is the reference state (as-
sumed to be zero or no change between the LGM and present), and 
oi and ei are the observations and their respective errors (derived 
from clumped isotope analysis)

EL=
[

0.015+4×10
−4

T+10
−6
z
]

×

[

480 (T+0.006z)

(84−L)
−40+2.3u

(

T−Td

)

]

P =
EL

(

1+
krun

HI

) ×

(

δ18OE−δ18OL

)

(

δ18OW−δ18OL

)

1 − krun =
ET

P
= 1 +

EP

P
−

[

1+

(

EP

P

)ω]1∕ω

ET = P ×
(

1−krun

)

WE =

(

P−Krun×AL

)

+ EL × AL

AT + AL

SS
(

without proxy error
)

= 1 −

√

√

√

√

√

Σ
(

mi−oi

)2

Σ
(

ni−oi

)2

D
ow

nloaded from
 https://w

w
w

.science.org on January 19, 2026



Mering et al., Sci. Adv. 12, eadw4951 (2026)     1 January 2026

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

13 of 14

We calculate SS using both equations above, with the SS equation 
without proxy error to assess general proxy-model agreement when 
the SS is undefined.
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