
1.  Introduction
Recent modeling indicates that California is likely to experience increased frequency of both wet and dry cli-
mate extremes in the 21st century, potentially leading to “climate whiplash” phenomena wherein extremely 
dry intervals are followed by extremely wet intervals (and vice versa), despite a modest projected change in 
mean annual precipitation (Swain et al., 2018). While some observations of coupled extreme dry and wet 
intervals in the last few decades provide examples (e.g., Porter et al., 2011), there is little information in the 
historic record to assist planners in preparing for the frequency and magnitude of these whiplash events. 
Paleoclimate records, which indicate large hydroclimatic changes in California's past (e.g., Wise, 2016), may 
help place constraints on climate-related threats to California's water-sensitive infrastructure.

The abrupt 8.2 kyr climate event represents one of the most extreme perturbations of the Holocene (Thom-
as et al., 2007) and provides an opportunity to assess the occurrence of “climate whiplash” in California's 

Abstract  A multiproxy record from a fast-growing stalagmite reveals variable hydroclimate on 
the California coast across the 8.2 kyr event and a precursor event likely caused by initial drainage of 
proglacial Lake Agassiz. Using speleothem δ44Ca, we develop the first semiquantitative estimates of 
paleorainfall variability for California through calibration with measurements of the modern climate and 
cave environment. We find that the magnitude of rainfall variability during the 8.2 kyr event approached 
the multiyear variability observable in the recent past (1950–2019) and the magnitude of variability during 
the precursor event likely exceeded this range. Additionally, we observe other instances of multidecadal 
variability comparable in magnitude to the precursor event during the record. Our work suggests that 
speleothem calcium isotope ratios are a powerful semiquantitative means to reconstruct paleorainfall, 
although numerous factors must be assessed in each cave system before applying this approach.

Plain Language Summary  Modeling of future climate suggests that California may 
experience increased frequency of both extremely wet and extremely dry periods in the 21st century, 
leading to the emergence of “climate whiplash” phenomena which would significantly stress the state's 
water-sensitive infrastructure. Understanding hydroclimate changes in California's past can help planners 
prepare for extremes that may be more severe than those of the historical record. However, existing 
paleoclimate records are often limited to qualitative interpretations of hydroclimate change, restricting 
their usefulness. We present new calcium isotope measurements from a California stalagmite that grew 
from 6,900 to 8,600 years ago, revealing variability in rainfall amounts on the California coast during and 
surrounding the 8.2 kyr event, an abrupt cold snap noted in other global paleoclimate records 8,200 years 
ago. We generate semiquantitative estimates of annual rainfall rates during the 8.2 kyr event period and 
compare them with modern annual rainfall amounts, finding that the magnitude of rainfall variability 
during and surrounding the 8.2 kyr event approaches and in some cases exceeds that of California 
today. This work indicates that California may have experienced even more intense “climate whiplash” 
phenomena in the past than during recent decades, suggesting that future planning may need to consider 
greater wet and dry extremes.
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paleoclimatic history. In the Northern Hemisphere, the 8.2 kyr event is marked by a ∼160 years long cold 
snap (Alley et al., 1997; Thomas et al., 2007), likely driven by suppression of Atlantic Meridional Over-
turning Circulation due to increased meltwater flux from the Laurentide Ice Sheet (Matero et al., 2017; 
Morrill et al., 2013; Wiersma & Renssen, 2006). In response to the 8.2 kyr event, high-resolution speleothem 
δ18O records document rapid changes in rainfall in the tropics and monsoon-influenced regions (Cheng 
et  al.,  2009), demonstrating the ability of this event to generate widespread perturbations to the global 
hydrologic cycle. In western North America, there are few archives of sufficient temporal resolution to 
capture this short-lived event. However, a fast-growing stalagmite from White Moon Cave (WMC) on the 
central California coast suggests highly variable rainfall during the 8.2 kyr event (Oster et al., 2017), possibly 
indicating enhanced climate whiplash. This record includes stalagmite δ18O, which responds to moisture 
source changes, and δ13C, Mg/Ca, and P/Ca that reflect water-rock interactions, flushing from the soil zone, 
and prior calcite precipitation in the epikarst and cave (PCP). These proxies allow qualitative assessments 
of rainfall changes. However, each parameter can be influenced by multiple environmental factors that can 
be challenging to disentangle.

Speleothem calcium isotope ratios (δ44Ca) have emerged as a potentially quantitative proxy for PCP (Li 
et al., 2018; Magiera et al., 2019; Owen et al., 2016; Reynard et al., 2011), as the lighter isotope (40Ca) pref-
erentially enters the solid phase during carbonate precipitation (Gussone et al., 2005; Tang et al., 2008). 
The amount of PCP occurring along the water flow path and within the cave is related to rainfall amount, 
as rapidly infiltrating water will encounter fewer air-filled pore spaces and have less opportunity to degas 
and precipitate carbonate (Fairchild & Treble, 2009). Here we present new records of Ca (δ44Ca) and Sr 
(87Sr/86Sr) isotopic variability for stalagmite WMC1 covering the early middle Holocene in order to separate-
ly reconstruct PCP and water-rock interactions at this site. We further explore the strengths and limitations 
of speleothem δ44Ca as a quantitative metric of PCP and paleorainfall and evaluate changes in rainfall sur-
rounding the 8.2 kyr event period in the context of modern rainfall variability in central California.

1.1.  Site and Sample Description

White Moon Cave is situated in the late Paleozoic San Vicente marble in the Santa Cruz Mountains east of 
Davenport, CA (N37°00′, W122°11′; Figure S1a), which is intruded by Cretaceous quartz diorite and over-
lain by Miocene sandstones and shales. The marble host rock at WMC has variable amounts of accessory 
mica and contains some Mg (Hart, 1978), and marble with low-mica content dominates the area surround-
ing the cave. The modern cave entrance lies within a twentieth century quarry that transects the natural 
cave.

WMC experiences a warm-summer Mediterranean climate and receives on average ∼759 mm/yr of precip-
itation (1950–2016), >80% occurring during the cool season (October-March; Figure S1b). Seasonal temper-
ature variation is small, moderated by the cave's coastal location (11.3–18 °C; Arguez et al., 2010). Rainfall 
is sourced primarily from winter storms originating in the northern or midlatitude Pacific. However, the 
region also receives extratropical cyclones that source moisture from the central or eastern tropical Pacific. 
These systems can develop narrow streams of water vapor concentrated near the surface, termed atmos-
pheric rivers, which are associated with significant flooding in California (Dettinger, 2011).

Stalagmite WMC1 is 25.5 cm tall and was collected >250 m from and ∼33 m vertically below the modern 
cave entrance. The stalagmite grew from ∼8,600 until ∼239 years cal BP 1950. Only the portion of the sta-
lagmite that grew from ∼8,600 to 6,900 years cal BP is discussed here. Dating of this stalagmite by 230Th/U 
chronometry, as well as stable O and C isotope composition and trace element analyses are fully described 
in Oster et al. (2017).

2.  Methods
Sixty-nine ∼200 μg samples of calcite were milled along the stalagmite growth axis for δ44Ca analysis, yield-
ing approximately decadal resolution from ∼8,315 to 7,885 years cal BP and multidecadal resolution from 
∼7,885 to 6,927 and ∼8,587 to 8,315 years cal BP. We analyzed the δ44Ca of 3 marble host rock samples 
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with variable amounts of accessory mica collected from around the cave, 12 dripwaters and 6 modern cal-
cite samples grown on artificial substrates placed under four drip sites. Drip sites WMC1 and WMC3 are 
9–15 m vertically below the modern entrance. Drip sites WMC4 and WMC6 are farther into the cave and 
∼29 m vertically below the entrance (Figure S2). Artificial substrates installed at each site were retrieved 
seasonally between 2017 and 2019 (Table S1). Carbonate and water samples were analyzed for δ44Ca on a 
ThermoFisher Scientific Triton Plus Thermal Ionization Mass Spectrometer (TIMS) at the Department of 
Earth Sciences, Cambridge, following the methods of Bradbury and Turchyn (2018). Data are presented in 
δ44Ca notation relative to the bulk silicate earth (BSE) standard and are also reported relative to NIST 915A 
in Table S1. Data were corrected to account for the long-term average drift due to known cup degradation. 
The average external 2σ over the analysis period on NIST 915B was 0.1‰.

Twenty-nine 5–10 mg samples of speleothem calcite were milled along the growth axis for 87Sr/86Sr analysis. 
Three marble samples (one low-mica, two high-mica) and one sample of quartz diorite were powdered and 
analyzed for 87Sr/86Sr. Two soil samples collected at 20-mm and 40-mm depth were progressively leached 
to characterize the leachable Sr in soil components (supplemental Text S1). Strontium purification was 
achieved using Eichrom Sr specific resin. Strontium isotopic measurements were performed on a Ther-
moFisher Scientific Triton TIMS at Lawrence Livermore National Laboratory. Replicate analyses of the 
NBS-987 Sr standard during the course of this investigation yielded an external reproducibility correspond-
ing to 87Sr/86Sr = 0.710249 ± 0.000010 (2σ; n = 10).

3.  Results
3.1.  Speleothem δ44Ca

Stalagmite δ44Ca values range from −1.20‰ to −0.40‰ BSE (mean = −0.9 ± 0.16‰, n = 69) (Figure 1 and 
Table S1), with variations generally within the 2σ uncertainty of NIST 915B. However, prominent negative, 
then positive excursions occur prior to the 8.2 kyr event interval at ∼8,300 years cal BP, and decadal-scale os-
cillations are apparent in the middle of the 8.2 kyr event (∼8,210-8,130 years cal BP). Stalagmite δ44Ca then 
increases steadily from −1.04‰ at ∼8,130 years cal BP to −0.81‰ by ∼8,013 years cal BP until becoming 
variable again by ∼8,000 years cal BP (Figure 1). Due to lower sampling resolution before ∼8,315 and after 
7,885 years cal BP, we can only evaluate multidecadal-scale variability, which is low through much of the 
record, but positive excursions outside of uncertainty occur near ∼6,960, ∼7,490, ∼7,650, and ∼7,980 years 
cal BP.

Modern dripwater δ44Ca values range from −0.42‰ to −0.14‰ (mean = −0.26 ± 0.07‰, n = 12) (all δ44Ca 
data given in Figure 2a and Table S1). Dripwater δ44Ca tends to be less negative in February than June, 
though often this seasonal variability is smaller than the analytical uncertainty (0.1‰). The δ44Ca values of 
modern calcite range from −0.88‰ to −0.68‰ (mean = −0.77 ± 0.08‰, n = 6). Measured δ44Ca for host 
rocks range from −0.27‰ for the more prevalent low-mica marble to −0.59‰ and −0.49‰ for the two 
high-mica marbles (mean = −0.45 ± 0.13‰).

3.2.  Speleothem 87Sr/86Sr

Stalagmite 87Sr/86Sr values vary between 0.708773  ±  0.000007 and 0.708675  ±  0.000005 
(mean  =  0.708730  ±  0.00002, n  =  29) (Figure  1 and Table  S1). At a multidecadal sampling resolution, 
the record displays intervals of relative stability (e.g., ∼7,230-6,980 years cal BP) punctuated by excursions 
outside of analytical uncertainty (e.g., ∼8300, ∼7835, ∼7400 years cal BP). The middle of the 8.2kyr event 
(∼8210-8155 years cal BP) is characterized by higher 87Sr/86Sr than the majority of the record. Only one data 
point outside of the main portion of the 8.2 kyr event displays a more radiogenic value (outside of analytical 
error) and similar high 87Sr/86Sr values occur at ∼8,370 and 8,270 years cal BP.

Marble host rocks show significant variability in 87Sr/86Sr depending on the prevalence of accessory mica 
phases. The low-mica marble (87Sr/86Sr  =  0.708428  ±  0.000007) is lower (less radiogenic) than the two 
high-mica marble samples analyzed (87Sr/86Sr = 0.708916 ± 0.000006 and 0.708992 ± 0.000006, respectively). 
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Figure 1.  Speleothem δ18O for Kaite Cave, Spain (a; Dominguez-Villar, 2009), P/Ca (b), δ13C (c), δ44Ca (d), 87Sr/86Sr 
(e), and Mg/Ca (f) for WMC1. δ44Ca error bars show 2σ of the standard NIST915 B over the analysis period (0.1‰). 
Blue line shows mean δ44Ca for WMC1. 87Sr/86Sr error bars represent the 2σ uncertainty on the measurement (internal 
reproducibility). Dark and light gray shading show the central portion and entire duration of the 8.2 kyr event after 
Thomas et al. (2007) and proposed precursor event at ∼8,300 years cal BP. WMC, White Moon Cave.
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Figure 2.  (a) δ44Ca values for WMC host rocks, dripwaters, modern calcite, and stalagmite WMC1. Stars denote median 
host rock (black) and mean dripwater and modern calcite for WMC4 (blue) and WMC6 (orange) used to calculate f 
values. (b) f values calculated using α values from drip site WMC4 (blue) or WMC6 (orange). (c) PCP reconstruction using 
equation (1) and αWMC4, and estimated rainfall rates. Uncertainty on f is analytical uncertainty on δ44Ca measurements 
propagated using a Monte Carlo approach. f = 1 corresponds to a rainfall rate of ∼969 mm/yr and represents a threshold 
above which theoretically no PCP occurs, and no specific rainfall rate can be estimated. Horizontal lines show average 
rainfall rates for Santa Cruz, CA: WMC1 stalagmite record (blue); annual (January 1950 to January 2020) (purple); water 
year (WY: October 1 to September 30) 1993–2000 (dashed green); WY 2017–2019 (two-dashed green); WY 1987–1992 
(dashed red); WY 2012–2016 (two-dashed red). Description of modern rainfall data in supplemental Text S1. Sources: 
http://ipm.ucanr.edu/calludt.cgi/WXDESCRIPTION?MAP=&STN=SNTACRUZ.A; https://www.ncdc.noaa.gov/cdo-web/
datasets/GHCND/stations/GHCND:USC00047916/detail. WMC, White Moon Cave.
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The quartz diorite is more radiogenic than the marbles (87Sr/86Sr  =  0.71019  ±  0.000008). Soil leachate 
87Sr/86Sr increases with depth (87Sr/86Sr = 0.707787 ± 0.000006 at 20 cm and 0.710211 ± 0.000009 at 40 cm).

4.  Discussion
4.1.  Interpreting Stalagmite δ44Ca and 87Sr/86Sr

Speleothem δ44Ca is uniquely sensitive to PCP. The amount of PCP occurring along the water flow path 
and within the cave, in turn, is related to the amount of water infiltrating through the epikarst, and thus 
is linked to rainfall amount (Fairchild & Treble, 2009). For example, more rainfall might lead to a shorter 
seepage water residence time, fewer air-filled pore spaces, and faster drip rates, supporting less PCP and 
resulting in dripwaters and speleothems that are less enriched in 44Ca (Li et al., 2018; Magiera et al., 2019; 
Owen et al., 2016; Tooth & Fairchild, 2003).

During the middle of the 8.2 kyr event (∼8,210-8,130 years cal BP) stalagmite δ44Ca shows decadal-scale os-
cillations, followed by a steady increase from ∼8,130 to ∼8,013 years cal BP within the interval of high-res-
olution sampling (Figure 1). Stalagmite δ44Ca shows similar variability and moderate correlation (rp = 0.39, 
p < 0.001) with the δ13C record (Figures 1, S3, and S4), which is also sensitive to PCP and demonstrates 
rapid, high-amplitude variations during the 8.2 kyr event. However, unlike the δ13C record, the range of 
δ44Ca variability during the 8.2 kyr event is not greater than that observed during other parts of the record. 
Notably, the largest shifts in δ44Ca occur prior to the 8.2 kyr event period, at ∼8,300 years cal BP.

The calcium isotopic fractionation factor (α) between fluid and calcite is influenced by calcite growth rate, 
which is partly controlled by saturation state (AlKhatib & Eisenhauer, 2017; Tang et al., 2008). Thus, chang-
es in the speleothem growth rate could affect the recorded speleothem δ44Ca, independent of changes in 
PCP. Modeled age-depth relationships show that WMC1 growth rate varies by ≤0.01 cm/yr over the course 
of the record. Tang et al. (2008) found that a tenfold increase in growth rate raises Δ44Ca by ∼0.44‰ at 25 
°C, and Owen et al. (2016) estimate that a 360-fold increase would be needed to explain excursions in the 
Heshang Cave δ44Ca record. If this sensitivity applies to WMC then the observed growth rate changes are 
insufficient to explain the magnitude of speleothem δ44Ca variability. Additionally, WMC1 consists of elon-
gated columnar crystal fabrics intercalated with rare fine layers of silicate detritus. The consistency of this 
crystal fabric across the stalagmite argues against large changes in CaCO3 saturation that would accompany 
changes in growth rate (Oster et al., 2017).

Changes in the relative dissolution of marble phases (more or less mica-rich) could influence initial seepage 
water δ44Ca values and explain some of the variation in speleothem δ44Ca. However, measured marble δ44Ca 
varies by only 0.3‰, whereas the range of variability in the stalagmite is up to 0.8‰. Further, flow path 
changes that lead to variation in host rock dissolution may be expressed more gradually in the speleothem 
record. In contrast, PCP can likely increase or decrease quickly, perhaps responding even to interannual 
changes in effective rainfall. Therefore, changes in host rock dissolution and Ca source likely cannot explain 
the full range and frequency of variability in the speleothem δ44Ca record. Likewise, we do not anticipate 
a measurable contribution of radiogenic 40Ca from dissolution of the micas themselves (Figure S5). The 
extent of PCP may be influenced by changes in cave ventilation, wherein in stronger ventilation lowers cave 
air pCO2 and supports increased PCP within the cave (Ronay et al., 2019). However, at present there is no 
consistent pattern of seasonal variation in cave air pCO2, possibly due to the small amplitude of seasonal 
temperature variations at this coastal location. In contrast, this cave does experience large seasonal vari-
ations in drip rate reflecting the strongly seasonal nature of rainfall (Figure S6). Thus, we interpret more 
negative speleothem δ44Ca as indicating less PCP in and above the cave, a relatively short seepage residence 
time, and wetter conditions.

Speleothem 87Sr/86Sr displays multidecadal variations in the balance between more and less radiogenic Sr 
sources (Figure 1). The more prevalent low-mica marble is the most likely less radiogenic end member (87

Sr/86Sr = 0.708428 ± 0.000007). The deeper soil (87Sr/86Sr = 0.710211 ± 0.000009) which displays a similar 
87Sr/86Sr to the diorite situated directly above the cave is most likely the radiogenic endmember. Thus, we 
interpret higher (more radiogenic) speleothem values as indicating a greater contribution from the deep soil 
relative to the host rock, reflecting less host rock dissolution, a shorter seepage water residence time, and 
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wetter conditions (Oster et al., 2009). Conversely, less radiogenic speleothem 87Sr/86Sr likely reflects greater 
relative contribution from the marble driven by longer water residence times and increased marble disso-
lution during drier conditions. The middle of the 8.2kyr event (∼8,210-8,155 years cal BP) is characterized 
by more radiogenic 87Sr/86Sr values relative to the majority of the speleothem record, suggesting increased 
relative contribution from the deep soil and overall wetter conditions (Figure 1).

4.2.  Climate Interpretations During the 8.2 kyr and Precursor Events

Among the proxies analyzed, δ13C and P/Ca demonstrate the clearest change across the 8.2 kyr event com-
pared to the rest of the record (Figure 1) (Oster et al., 2017). Speleothem P/Ca is associated with soil colloi-
dal material transported into the cave by pulses of water. Peaks in P/Ca during the 8.2 kyr event are coeval 
with lows in δ13C, consistent with increased influx of soil material during wetter intervals. Speleothem 
δ13C is influenced by variable CO2 degassing and PCP, as the preferential degassing of 12CO2 leads to higher 
residual δ13CDIC values. The moderate correlation between speleothem δ13C and δ44Ca (Figure S3) supports 
degassing/PCP as an important control on δ13C in this cave, and the high-frequency variability in δ13C in 
the central 8.2kyr event suggests variable PCP during this interval (Figure S4). Comparatively higher am-
plitude variations in δ13C than δ44Ca during the 8.2 kyr event, as well as the corresponding peaks in P/Ca, 
suggest that PCP-driven changes in δ13C may be further amplified by soil respiration changes driven by 
precipitation or temperature changes (Fohlmeister et al., 2020). However, the lower sampling resolution of 
δ44Ca may contribute to this difference in the records. In WMC, speleothem Mg/Ca reflects a combination 
of PCP and changes in dissolution of Mg-rich phases in the host rock, which dissolve more slowly (Oster 
et al., 2017). Lower Mg/Ca during the 8.2 kyr event is consistent with reduced PCP and less dissolution of 
Mg-rich phases due to faster infiltration rates. The more radiogenic 87Sr/86Sr align with low Mg/Ca values 
during the central part of the event, also consistent with decreased host rock dissolution relative to soil 
contributions (Figure 1).

An abrupt, multidecadal shift to wetter conditions beginning ∼8,310-8,315 years cal BP is suggested by large 
shifts in the PCP-sensitive proxies (δ13C, Mg/Ca, and δ44Ca). Conversely, the 87Sr/86Sr record shows less ra-
diogenic values at ∼8,325 to ∼8,299 years cal BP, indicating relatively drier conditions at times that bracket 
the interval when the other proxies begin to show increasing wetness. This discrepancy may be related to 
the fact that speleothem 87Sr/86Sr is contingent on the movement of a specific volume of water through the 
epikarst and so may respond more slowly to climate signals than proxies that track PCP, but this is difficult 
to assess due to the lower sampling resolution of the 87Sr/86Sr data. By ∼8,270 years cal BP 87Sr/86Sr shifts 
to more radiogenic values, indicating greater relative contribution of Sr from the soil and increased water 
infiltration. The shift toward wetter conditions in the PCP-sensitive proxies is coincident with a negative 
excursion between 8,350 and 8,340 years cal BP in the δ18O record from Kaite Cave, Spain (Domínguez-Vil-
lar et al., 2009) within dating uncertainties of both records (±41 years for WMC, ±34 years for Kaite Cave). 
These shifts may reflect an influx of meltwater to the North Atlantic approximately 100 years prior to the 
8.2 kyr event. This pulse of low-δ18O meltwater from proglacial Lake Agassiz lowers the δ18O values of Span-
ish precipitation source waters (Domínguez-Villar et al., 2009). We hypothesize that this meltwater release 
also led to an abrupt and brief enhancement of the North Pacific storm track through ocean-atmosphere 
teleconnections.

In sum, proxies that are sensitive to water-rock interactions and soil processes, in addition to PCP, are sug-
gestive of a wetter 8.2 kyr event in coastal California, while δ44Ca, which is specifically sensitive to PCP does 
not demonstrate a unique response across this interval. δ13C documents high-amplitude, high-frequency 
oscillations during the 8.2 kyr event itself, and the more muted response apparent in the δ44Ca record may 
reflect the lower sampling resolution of the δ44Ca that is incapable of resolving these rapid oscillations, or 
an amplification of the PCP-related δ13C signal through soil processes. In contrast, δ44Ca, δ13C, and Mg/Ca 
suggest that the precursor event near 8,300 years cal BP was characterized by an abrupt and short-lived de-
crease in PCP. The δ13C demonstrates less volatility within the precursor event, suggesting wetter conditions 
that were more sustained than during than the 8.2 kyr event itself, a signal that is clearly resolvable in δ44Ca.
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4.3.  PCP and Rainfall Reconstructions with Ca Isotopes

Speleothem δ44Ca provides a metric for studying PCP and water infiltration that should be subject to less 
complex controls than proxies like δ13C or elemental ratios. Here, we use modern monitoring data to relate 
δ44Ca to specific amounts of PCP and assume a linear relationship between PCP and rainfall to generate 
semiquantitative estimates of rainfall rates during the interval of speleothem growth (Magiera et al., 2019; 
Owen et al., 2016).

The fraction of the amount of Ca dissolved from the host rock that ultimately remains in solution at the 
time of speleothem precipitation (f) can be quantified using transfer functions that describe the evolution 
of Ca isotopes during PCP as a Rayleigh fractionation process (Owen et al., 2016):

f r
r
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* 0
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isotope ratio in the dripwater (r0 = δdripwater f=1/1,000 + 1), which is assumed to be the same as the measured 
host rock value, and α is the Ca isotope fractionation factor between calcite and water calculated as:
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We use the measured δ44Ca of modern calcite precipitated on artificial substrates for δCaCO3 and the meas-
ured δ44Ca of dripwater from the same site for δdripwater. For each measured speleothem δ44Ca, we use equa-
tion (1) with the site-specific α from equation (2) and r0 calculated from the median δ44Ca of the host rock 
to determine f.

Ideally, the Rayleigh model would be calibrated using δ44Ca data from the same drip site where the stalag-
mite grew. However, the exact growth location of WMC1 is unknown. Drip sites WMC4 and WMC6 are the 
most comparable active drip sites for model parametrization because they are located at a similar depth 
within the cave to the room where WMC1 grew (Figure S1). We use the mean δ44Ca of WMC4 dripwater 
from February and June 2019 and the δ44Ca value from the modern calcite grown at WMC4 between Feb-
ruary and June 2019, to calculate a site-specific αWMC4 of 0.99934 (Figure 2a). Using equation (2) and data 
from drip site WMC6, we also calculate a site-specific αWMC6 of 0.99952 (Figure 2a). Moving forward, we 
calibrate the WMC1 stalagmite record using measurements from drip site WMC4 as αWMC4 is most similar 
to that calculated for Heshang Cave (α = 0.9987) and Mawmluh Cave (α = 0.99927) (Magiera et al., 2019; 
Owen et al., 2016).

Using αWMC4, WMC4 modern calcite δ44Ca (−0.89‰), and the median host rock δ44Ca value (−0.49‰), 
equation (1) yields an f value of 0.67 for the monitoring period. This implies ∼43% of Ca originally dissolved 
in solution precipitated out along the groundwater flow path before reaching drip site WMC4 during the 
5 months that this artificial substrate was placed in the cave. Using this approach and the measured stalag-
mite δ44Ca values we calculate f values between 1.08 and 0.32 over the WMC1 record, with one value greater 
than 1 (Figure 2c). An f value equal to one indicates no Ca has been removed from solution by PCP. Drip log-
ger data for WMC suggest that drip rates within WMC respond quickly to rainfall (Figure S6) so it is possible 
that there is little opportunity for PCP to occur in this system during large rainfall events. The calculation of 
f values closes to one likely represents this responsiveness of water flow in the WMC epikarst and the single 
value greater than one could be explained by analytical uncertainty, as the propagated uncertainty of the f 
values is quite large. Thus, calculated f values from WMC1 correspond to between 0% (for f ≥ 1) and 68% Ca 
removal via PCP over the studied interval (Figure 2c).

To estimate paleorainfall amount from speleothem δ44Ca, we must tie the amount of PCP occurring in the 
modern system to modern rainfall amount. To make this estimation, we use the rainfall amount measured 
for Santa Cruz, CA (http://ipm.ucanr.edu/WEATHER/SITES/santacruz.html) from June 8, 2018 to June 8, 
2019 (649 mm), encompassing the interval of modern calcite collection. Assuming a linear relationship 
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between PCP and rainfall amount, speleothem f values can be normalized to the modern rainfall rate, Pmodern 
(mm/yr) (Magiera et al., 2019; Owen et al., 2016):


 modern paleo

paleo
modern

P f
P

f
� (3)

Here fpaleo represents that amount of PCP calculated for each speleothem δ44Ca value using equation (1), 
fmodern is the amount of PCP calculated for the modern environment using equation (1), and Ppaleo is the 
rainfall rate (mm/yr) estimated for each speleothem f value.

Using our modern rainfall calibration, when fpaleo equals one, Ppaleo equals ∼969 mm/yr. The one-point nor-
malization yields paleorainfall estimates ranging from ∼309 to 969 mm/yr (or greater) during the record, 
with high-frequency variability between ∼870 and 530 mm/yr (∼115-68% of modern average annual rain-
fall), during the core of the 8.2 kyr event (Figure 2c).

Although these are only semiquantitative estimates of paleorainfall, normalizing the approximations of 
PCP to modern rainfall amounts in this way provides a first approximation of the magnitude of change in 
past climate (how much wetter/drier), as opposed to the direction of change alone (wetter versus drier) and 
supports comparisons with recent precipitation variability. We compare the reconstructed rainfall estimates 
for WMC1 with the average annual rainfall for Santa Cruz, CA, from two recent intervals characterized by 
extreme dryness preceding extreme wetness (Wang et al., 2017): water years 1987–1992 (522 mm/yr) fol-
lowed by water years 1993–2000 (953 mm/yr) and water years 2012–2016 (439 mm/yr) followed by water 
years 2017–2019 (828 mm/yr) (Figure 2c and supplemental Text S1). We find that the magnitude of rainfall 
variability during the 8.2 kyr event (68–115% of modern average) is less than that of the 1990s (69–126%) or 
2010s (58–109%). However, the magnitude of variability during the precursor event (∼8,300 years cal BP) 
(63 ≥ 128%) and other excursions within our record exceeds that of the instrumental record (Figure 2c). 
Thus, this semiquantitative reconstruction of (sub)decadal rainfall variability demonstrates that during 
the early middle Holocene, California may have experienced climate variability that was comparable to or 
greater than that of the last few decades.

While this method shows promise for semiquantitative rainfall reconstructions, its application is complicat-
ed by potential variability in the δ44Ca of the host rock, water mixing, and mineral dissolution/precipitation 
rates. Calculated f values will vary depending on host rock δ44Ca (Figure S7b) and as a function of α value 
(Figure 2b). This sensitivity underscores the importance of constraining variability in δ44Ca across the host 
rock and among drip sites and emphasizes that, when possible the model must be optimized for each spe-
leothem. Here, we accomplish this by using the median δ44Ca from a range of host rock samples and an α 
value for a drip site most similar in depth beneath the surface to stalagmite WMC1, noting that depth within 
the cave can lead to variations in seepage water travel time that can influence PCP (Figure 2b). Lastly, the 
linear relationship between PCP and rainfall amount in the modern must be further evaluated over longer 
timescales and throughout cave environments to determine its accuracy and applicability for producing 
semiquantitative estimates of paleorainfall across multiple climate regimes.

5.  Conclusions
New speleothem δ44Ca and 87Sr/86Sr records document variable infiltration and overall wetter conditions, 
respectively, during the 8.2 kyr event relative to much of the rest of our record. As a uniquely sensitive proxy 
of PCP, our δ44Ca record indicates that soil respiration may have amplified the PCP response to increased 
infiltration in the δ13C record. This new record of PCP substantiates the hypothesis that a precursor event 
influenced California climate ∼100 years prior to the 8.2 kyr event, resulting in larger changes in rainfall 
than the event itself. This observation, as well as that of positive excursions in δ44Ca after the 8.2 kyr event, 
point toward “climate whiplash”-type phenomena in coastal California under early Holocene boundary 
conditions, potentially in response to freshwater and other forcings. We show that speleothem δ44Ca and 
87Sr/86Sr provide valuable proxies for infiltration rates that can be incorporated in a multiproxy approach to 
better characterize local paleorainfall signals.

We use stalagmite and modern cave system δ44Ca, normalized to modern rainfall, to generate the first semi-
quantitative estimates of paleorainfall change in California from speleothems. Using this approach, we find 
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that the magnitude of paleorainfall variation during the 8.2 kyr event approached the multiyear variability 
observed in recent decades in California, while that of the precursor event and three other intervals exceed-
ed recent variability. Although new insights and semiquantitative estimates of past rainfall can be generat-
ed from speleothem δ44Ca, we show that numerous factors must be assessed before this technique can be 
applied in a given cave system. These include a better understanding of variability in host rock δ44Ca and 
spatial controls on Ca isotope cycling in the epikarst. A thorough evaluation of the relationship between 
PCP and rainfall in modern cave environments will be especially important. Nonetheless, the quantification 
of PCP variability and past rainfall rates using speleothem δ44Ca offers a promising tool for estimating the 
magnitude of changes in past hydroclimate.
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