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Abstract High‐resolution records from past interglacial climates help constrain future responses to global
warming, yet are rare. Here, we produce seasonally resolved climate records from subarctic‐Canada using
micron‐scale measurements of oxygen isotopes (δ18O) in speleothems with apparent annual growth bands from
three interglacial periods—Marine Isotope Stages (MIS) 11, 9, and 5e. We find 3‰ lower δ18O values during
MIS 11 than MIS 5e, despite MIS 11 likely being warmer. We explore controls on high‐latitude speleothem
δ18O and suggest low MIS 11 δ18O values reflect greater contribution of cold‐season precipitation to dripwater
from longer annual ground thaw durations. Other potential influences include changes in precipitation source
and/or increased fraction of cold‐season precipitation from diminished sea ice in MIS 11. Our study highlights
the potential for high‐latitude speleothems to yield detailed isotopic records of Northern Hemisphere
interglacial climates beyond the reach of Greenland ice cores and offers a framework for interpreting them.

Plain Language Summary Few climate records pre‐dating the last ice age exist from high‐latitude
North America, which inhibits our understanding of how regions with permafrost responded to past warming
and how they might change in the future. Here, we help fill this data gap by using six speleothems (cave mineral
deposits) from a cave in the Northwest Territories, Canada to produce climate records that span thousands of
years during former warm periods of Earth's history. We find that speleothems that grew during an exceptionally
warm super‐interglacial period 400,000 years ago have 3‰ lower oxygen isotope (δ18O) values compared to
those that grew during a likely cooler interglacial 125,000 years ago. We explore potential explanations for the
difference in δ18O across interglacials, and suggest that lower δ18O values during warmer periods reflect greater
infiltration of cool‐season precipitation with longer annual ground thaw durations. This study highlights the
importance of high‐latitude speleothems to provide detailed climate records beyond the range available from
Greenland ice cores.

1. Introduction
The high‐latitudes of the Northern Hemisphere are warming at three to four times the rate of the rest of the planet
in response to human‐driven increases in atmospheric greenhouse gases, raising concern that the region is
approaching tipping points related to permafrost, sea ice, and the Greenland ice sheet (Pörtner et al., 2022). Past
warm periods in Earth's history—including Pleistocene interglacials—offer valuable opportunities for gauging
the responses of Arctic and subarctic regions to sustained periods of temperatures equal to or higher than present.
In particular, the interglacial periods over the last 450 ka—or Marine Isotope Stages (MIS) 11, 9, 7, and 5
(Lisiecki & Raymo, 2005)—provide an opportunity to constrain variability during a time when some regions of
Earth's surface may have been warmer than today.

Unfortunately, high‐latitude Northern Hemisphere terrestrial climate records from the last four interglacial pe-
riods are rare to nonexistent, due primarily to erosional processes that limit preservation of continuous climate
archives. Greenland ice cores have long provided key records of high‐latitude climate in the Northern Hemisphere
(e.g., NGRIP members, 2004); however, they extend only back to the Last Interglacial period (MIS 5e, ∼125 ka).
More recently, foundational records extending through the Pleistocene have been developed from sediments
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recovered from Lake El'gygytgyn, NE Russia, where data suggest summer temperatures 4–5˚C above modern
during so‐called “super interglacials” (Melles et al., 2012), including MIS 11. Climate records off southern
Greenland, however, suggest MIS 9 (Irvalı et al., 2020) or MIS 5e (Cluett & Thomas, 2021) were exceptionally
warm. A recent temperature reconstruction suggests global warmth was similar during MIS 11 and MIS 5e (Clark
et al., 2024). These studies highlight discrepancies among records and regions on which interglacial was warmest,
and it remains unclear how climates during past interglacials affected other high‐latitude continental regions.

The spatial and temporal limitations of existing records have begun to be addressed through the study of Arctic
and subarctic speleothems. Speleothems constitute valuable environmental archives, as they can be precisely
dated (Cheng et al., 2013) and their oxygen isotope ratios (δ18O) reflect a combination of cave temperature and
δ18O values of the precipitation (δ18Oprecip) from which they formed (Lachniet, 2009). A recent study (Moseley
et al., 2021) used high‐arctic speleothems to provide first approximations of Greenland precipitation δ18O values
for MIS 13–15 (∼500–600 ka) by measuring stable isotopes at 150‐μm resolution. In addition, studies examining
the simple presence or absence of high‐latitude speleothem growth in past interglacials have suggested a marked
increase in permafrost persistence after MIS 11 in both Siberia and northwestern Canada (Biller‐Celander
et al., 2021; Vaks et al., 2013, 2020).

Annual bands can also often be identified in speleothems using various methods, such as confocal laser fluo-
rescent microscopy (CLFM) (Batchelor et al., 2023; Orland et al., 2009). These bands are manifested as bright‐to‐
dark fluorescent couplets that range from μm to mm in thickness. Their fluorescent properties are a result of large
seasonal variations of organic acid load carried by dripwater, which is caused by strong seasonal climate regimes.
The seasonality at a given location likely controls the timing of fluorescent band formation. Secondary Ion Mass
Spectrometry (SIMS) can be employed to measure δ18O at ultra‐high‐resolution across fluorescent annual bands
(e.g., Baldini et al., 2021; Batchelor et al., 2022). These combined methods allow the reconstruction of past
seasonal variations in cave dripwaters and temperatures.

In this study, we dated six speleothems, or more specifically, flowstones, from a cave in Northwest Territories
(NWT), Canada (Figure 1a; Supporting Information S1) with U‐Th methods to growth periods that occurred
during three of the last four interglacial periods—Marine Isotope Stages (MIS) 11, 9, and substage 5e. After
constructing age models for each sample (Figures S1–S6 in Supporting Information S1), we applied a two‐tiered
methodological approach to reconstruct past subarctic climate. First, we produce an ultra‐high‐resolution δ18O
record that, although not continuous, spans thousands of years for portions of these interglacials. This record was
created using SIMS to measure δ18O approximately every 35‐μm down each sample's growth axis. Second, we
used CLFM to identify several fluorescent annual bands in each speleothem, which we then targeted for additional
SIMS measurements (Figures S7 and S8 in Supporting Information S1). Though these subarctic speleothems are
small in size (most are <10 cm in length), the application of both CLFM and SIMS on these samples demonstrate
their potential for providing ultra‐high‐resolution records of high‐latitude Northern Hemisphere terrestrial climate
outside of Greenland and provide insights into interpretive frameworks for future cold‐region speleothem δ18O
records.

2. Modern Cave Setting and Climatology
The speleothems analyzed in this study were collected from Grotte Valerie (GV) cave (Figure S9 in Supporting
Information S1), located in the Nahanni Plateau region of NWT, Canada (61.3°N, 124.1°W, 700–740 m [m] a.s.l.;
Figure 1a) in Nahanni National Park Reserve (Parks Canada Agency, 2023). The cave has over 2,000 m of
mapped passageways and has a maximum overburden of 50 m (Biller‐Celander et al., 2021; Ford, 1973). This
region is characterized by discontinuous permafrost (Brook, 1976; Yonge et al., 2018) (Text S1 in Supporting
Information S1). Five regional GNIP sites (Figure 1a) are the closest precipitation monitoring stations to the GV
cave system. Averaged monthly climate data from these sites (Figure 1b) highlight the extreme continental
climate of this region with very large differences between average winter (December‐February; −19°C) and
summer (June‐August 14°C) temperatures (IAEA/WMO, 2021). Average monthly temperatures remain below 0°
C from November through March. The data also reveal that modern precipitation averages 300 mm/year, with
most precipitation falling in summer, and that δ18Oprecip is strongly seasonal, with the highest δ18Oprecip values
observed in summer (−17‰, VSMOW) and the lowest values present in winter (−27 ‰, VSMOW) (Figure 1b).
The modern annual amount‐weighted δ18Oprecip value from these sites is estimated to be −21‰ VSMOW.
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3. Results
U‐Th ages of GV speleothems (Text S2 in Supporting Information S1) span portions of MIS 11, 9, 7, and 5e (Data
Set S1 in https://arcticdata.io/catalog/view/doi:10.18739/A2SJ19S7M; Figure 2a; Figure S10 in Supporting In-
formation S1). These ages were used to produce age models of growth (Ramsey & Lee, 2013); we did not produce
an age model for MIS 7 deposits because we identified only one ∼2 mm‐thick layer accompanied by a single age
from this interglacial. The specific growth periods as deduced from these age models (Figure 2b) across each
interglacial are 409–376 ka (MIS 11), 336–305 ka (MIS 9), and 123–118 ka (MIS 5e). We used these age models
to produce δ18O time series across each interglacial.

Figure 1. Map of study region with modern monthly precipitation isotopes (δ18Oprecip). (a) Map of Canada with Grotte
Valerie cave (yellow star). The location of the five closets Global Network of Isotopes in Precipitation (GNIP) stations (Fort
Smith, Alberta [purple, 670 km from GV]; Snare Rapids, NWT [green, 480 km from GV]; Whitehorse, Yukon [orange,
590 km from GV]; Yellowknife, NWT [blue, 530 km from GV]; and Mayo, Yukon [red, 625 km from GV]) is also shown.
(b) Monthly precipitation oxygen isotope (δ18Oprecip) data for each GNIP station. Average monthly δ18Oprecip from all station
data is also shown (solid black line). The color of the dots in the monthly precipitation data match the location of the GNIP
station. Monthly temperature (dashed black line) and precipitation accumulation amount (gray bars) from the Yellowknife
station (blue) is also shown.
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A total of 1663 SIMS δ18O measurements with an average precision of 0.23‰ (2 sd, Data Set S2, https://arc-
ticdata.io/catalog/view/doi:10.18739/A2SJ19S7M) were made across the six samples (Data Sets S2 and S3 in
https://arcticdata.io/catalog/view/doi:10.18739/A2SJ19S7M) and reveal different average δ18O signatures be-
tween interglacial periods (Figure 2c). The MIS 11 portion of the δ18O record spans the longest time interval
(∼30 kyr) and extends late into the interglacial, featuring a distinct increase of δ18O values when global climate
records indicate cooling associated with the MIS 11‐10 transition. A breakpoint analysis (Figure S11c in Sup-
porting Information S1) identifies the end of peak‐interglacial conditions at ∼384 ka in our record. The average
δ18O value during peak MIS 11 conditions in our record (e.g., 409–384 ka) is −19.8‰ (±0.03 standard error of
the mean, or “std. error”). δ18O values increase in subsequent interglacials, with an average δ18O value for MIS 9
speleothems of −17.7‰ (±0.05‰), −16.7‰ (±0.25‰) for MIS 7, and –16.6‰ (±0.05‰) for MIS 5e spe-
leothems (Figure 2c).

Figure 2. Paleoclimate data from GV speleothems in comparison with global climate records. (a) Labeled Marine Isotope
Stages (MIS). (b) Uranium‐Thorium dates from GV speleothems with associated 2 s.d. errors. (c) SIMS oxygen isotope
(δ18O) data. Note the y‐axis is flipped. (d) Intra‐band (Δ18O) data from annual growth bands, with mean values (black lines)
and standard errors of the mean (gray shading). The number of annual bands analyzed in each MIS stage is labeled in “n = #.”
(e) June 21 insolation (W/m2) from 61°N (Laskar et al., 2004). (f) CO2 concentration (ppm) (EPICA community
members, 2004). (g) Benthic δ18O data (Lisiecki & Raymo, 2005). Colored data represent different speleothems and inferred
annual air temperatures, which are deduced from our preferred interpretation that GV δ18O reflects regional cooling from
shorter annual ground thaw durations from MIS 11 to MIS 5e.
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CLFM imaging reveals distinct fluorescent banding throughout each sample (Figure S8 in Supporting Infor-
mation S1) (Baker et al., 2021). Annual growth bands were identified as couplets including one bright zone and an
adjacent dark zone (Figure 3a). As many fluorescent bands are thinner than the ∼5–10 μm spatial resolution of the
SIMS (<5‐μm thick), “we targeted individual annual bands that ranged from 6 to 407 μm in thickness (average
70‐μm) for intra‐band δ18O measurements (Data Set S3, https://arcticdata.io/catalog/view/doi:10.18739/
A2SJ19S7M)” to resolve differences in δ18O of bright (δ18OB) and dark (δ18OD) zones to infer past seasonal
climate conditions (MIS 11: n = 165, MIS 9: n = 63, MIS 5: n = 32) (Figures 3a and 3b). The average value of
δ18OB is typically lower than δ18OD within annual bands. The average values of δ18OB and δ18OD are also
statistically different between interglacial periods, as determined by a Kolmogorov‐Smirnov statistical test
(Massey, 1951). The average values of both δ18OB and δ18OD increase from older to younger interglacial periods
(δ18OB of peak MIS 11 = −20.1‰, δ18OB of MIS 9 = −18.1‰, δ18OB of MIS 5e = −16.7‰; δ18OD of peak MIS
11 = −19.8‰, δ18OD of MIS 9 = −17.4‰, δ18OD of MIS 5e = −16.6‰) (Figure 3b). The average differences
between δ18OB and δ18OD within individual annual bands, referred to here as Δ18O values (δ18OB‐δ18OD), are
negative for all MIS stages, but vary in magnitude. The average Δ18O signature of MIS 11 speleothems is
−0.36‰ (±0.04‰ std. error), −0.68‰ (±0.09) for MIS 9 speleothems, and −0.21‰ (±0.08) for MIS 5e
speleothems (Figures 2d and 3d).

4. Discussion
The most prominent result in our data set is a ∼3‰ increase in mean δ18O values in GV speleothems from MIS 11
to MIS 5e. Insolation does not seem to be an obvious driver of GV speleothem δ18O because GV speleothem δ18O

Figure 3. Results of seasonal oxygen isotope (δ18O) values within annual bands of GV speleothems and inferred seasonal
cycle of ground thaw/freeze. (a) CLFM image of annual bands in a GV speleothem that shows intra‐band SIMS analysis pits
(white circles) measured across bright (δ18OB) and dark (δ18OD) fluorescent zones. (b) Values of δ18OB (left) and δ18OD
(right) with annual bands of GV speleothems that grew during MIS 11 (triangles), 9 (diamonds), and 5 (circles). Values of
Δ18O (δ18OB‐δ18OD) for each interglacial are also shown (middle gray shading). (c) SIMS δ18O values of MIS 11, 9, and 5
(gray dots), with average values (black dots) and 2 standard errors of the mean (std error). (d) Intra‐band Δ18O data (with
means and ±2 std error), interpreted as differences in the relative proportion of seasonal precipitation as dripwater.
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trends across MIS 11‐10 (Figure S11 in Supporting Information S1) follow the longer term structure of global
climate evolution (e.g., benthic δ18O; Lisiecki & Raymo, 2005) with little apparent orbital (i.e., 20‐kyr) variability
(Laskar et al., 2004). Further, while MIS 5e had higher peak summer insolation than MIS 11 (Laskar et al., 2004),
our sample dates to 123–118 ka, which occurs well after the peak and at a time when summer insolation was near
average MIS 11 values (Figure 2e). We therefore explore other potential interpretations for this increase, taking
into account the different climatic factors (Fairchild et al., 2006; Lachniet, 2009), including changes in precip-
itation patterns and/or temperature, that affect speleothem δ18O.

We first consider how changes in mean annual air temperature (MAAT) might have affected δ18O in the GV
speleothem record. At high‐latitudes, changes in MAAT result in changes in δ18Oprecip, with higher (lower)
δ18Oprecip values associated with warmer (colder) conditions. This temperature effect on δ18Oprecip is, on average,
0.7‰ °C−1 (Dansgaard, 1964). However, temperature also drives an opposing effect on the δ18O of speleothem
calcite during formation with a magnitude of −0.18 to −0.24‰ °C−1 (Kim & O'Neil, 1997); These two effects are
typically coupled, such that the combined influence of changes in MAAT on speleothem calcite δ18O values is
roughly 0.5‰ °C−1. If we interpret the GV speleothem δ18O record in terms of only these two factors, the 3‰
increase from MIS 11 to MIS 5e would imply that MIS 5e was ∼6˚C warmer than MIS 11 in NWT.

This interpretation is unlikely, as global paleoclimate records indicate MIS 11 to be one of the warmest in-
terglacials of the last 800 ka (Past Interglacials Working Group of PAGES, 2016). High‐latitude paleoclimate
records from the Northern Hemisphere (Minyuk et al., 2014; Snyder et al., 2013), including Greenland (de Vernal
& Hillaire‐Marcel, 2008; Irvalı et al., 2020) and northern Siberia (Melles et al., 2012), suggest MIS 11 was a
period of extreme warmth. Speleothem growth histories, including from the NWT, suggest that MIS 11 was
marked by broader permafrost degradation than any subsequent interglacial (Biller‐Celander et al., 2021; Vaks
et al., 2013). We also measured the amount of carbonate growth in between U‐Th ages in each GV speleothem and
found that the total amount of accumulated growth at our cave site is highest during MIS 11 at 89 mm, yet only
14.5 and 6 mm in MIS 9 and MIS 5e, respectively (Figure S12 in Supporting Information S1). Higher speleothem
growth rates have been linked to warmer and wetter climates (Railsback, 2018). Even accounting for the longer
duration of growth recorded during MIS 11, MIS 5e was marked by a factor of ∼2 lower growth rate in our
samples. A previous study that dated several other speleothems from GV and other caves in Nahanni National
Park Reserve found five samples from MIS 11, including a 14 cm stalagmite, and no samples dating to MIS 5
(Biller‐Celander et al., 2021).

We also observe an inverse relationship between δ18O and temperatures in the structure of our speleothem δ18O
record across MIS 11, as average δ18O values increase by 2‰ near the end of MIS 11 when other paleoclimate
records (Lisiecki & Raymo, 2005) indicate global cooling (Figure 2; Figure S11 in Supporting Information S1).
This relationship would suggest lower speleothem δ18O values reflect warmer temperatures in GV speleothems,
which is opposite to our positive estimation of 0.5‰ °C−1 above. We therefore suggest that direct temperature
effects are likely not the primary factor contributing to δ18O variability in the GV speleothem record and consider
three other possibilities: (a) changes in the ratio of winter to summer precipitation; (b) changes in moisture source;
and (c) changes in the contribution of winter precipitation to dripwaters.

Speleothem δ18O values can be affected by changes in the relative proportion of seasonal precipitation. As stated
previously, the strongly seasonal climate of NWT Canada causes a distinct cycle of δ18Oprecip, with cold‐season
δ18Oprecip nearly 10‰ lower than warm‐season δ18Oprecip. This large seasonal variability of δ18Oprecip means that
changes in the relative contribution of seasonal precipitation to dripwater can easily affect speleothem δ18O.
Using modern seasonal δ18Oprecip patterns, we find that only a 10% increase in the proportion of winter pre-
cipitation and a corresponding 10% decrease in the proportion of summer precipitation would decrease amount‐
weighted‐δ18Oprecip values by nearly 1‰.

Under this scenario, the low‐δ18O signature of MIS 11 speleothems could reflect increased cold‐season (e.g.,
winter) precipitation, and a decreasing fraction of cold‐season precipitation from MIS 11 to MIS 5e caused
successively higher speleothem calcite δ18O values. Consistent with this hypothesis, simulations of 21st century
warming and sea ice loss show substantial increases in winter precipitation amount and in the fraction of pre-
cipitation that falls in the cold season in the Arctic and parts of the subarctic (Deser et al., 2010). In addition,
Miocene tree rings from northern Siberia reflecting a warmer climate show evidence for increased winter pre-
cipitation fraction (Schubert et al., 2017). As 21st century warming and Miocene climate may not adequately
reflect conditions during Pleistocene interglacials, we examined the contribution of winter precipitation and mean
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annual average temperature at our field site (61°N, 124°W) in a recent transient coupled general circulation model
simulation spanning the last 3 Ma (Timmermann et al., 2022). We found a negative correlation between mean
annual temperature and winter precipitation fraction in warm climates of the last 3 Ma (Figure S13 in Supporting
Information S1), inconsistent with the hypothesis that warmer temperatures in MIS 11 were associated with an
increase in the proportion of winter precipitation. While it remains possible that increased cold‐season precipi-
tation was the cause of the low δ18O values of MIS 11 speleothems, further work will be needed to test this
hypothesis.

A second potential cause of low δ18O values in MIS 11 GV speleothems is a change in moisture sources.
Modeling studies suggest that shifts in evaporative source areas within the North Pacific associated with inter-
annual to decadal ocean‐atmosphere variability can drive changes in δ18Oprecip of up to several per mil in Canada
(Anderson et al., 2016; Field et al., 2010), and ice core δ18O records from the region are commonly interpreted as
reflecting atmospheric circulation (Aleutian Low strength) rather than temperature (Field et al., 2010). Persistent
differences in atmospheric circulation during MIS 11 may therefore have delivered more depleted moisture to the
cave site. More speculatively, perhaps a larger share of precipitation was sourced from outside the Pacific basin
during MIS 11. In the present day, moisture originating from the Arctic Ocean has lower δ18O values than
moisture originating from the midlatitudes (Mellat et al., 2021) and observational evidence suggests that recent
declines in Arctic sea ice have been accompanied by increases in Arctic‐sourced moisture in Northern Hemi-
sphere high‐latitude precipitation (Kopec et al., 2016). It is therefore possible that reduced sea ice in MIS 11
(Cronin et al., 2013) would have led to more Arctic‐sourced moisture supplying precipitation to northwestern
Canada, lowering δ18Oprecip values despite warmer conditions, though we view this possibility as unlikely due to
the prevailing southwesterly storm tracks in this region.

A final factor we consider that may affect GV speleothem δ18O variability between interglacials is seasonal
filtering of infiltration due to changes in the duration of annual ground thaw. In cold regions, winter snow that
melts prior to ground thaw runs off rather than infiltrating (Pavoni et al., 2022). Colder periods would cause a
decrease in the contribution of winter precipitation as dripwater because prolonged freezing ground conditions
would limit the amount of lowest‐δ18Oprecip cold‐season precipitation contributing to dripwaters. This process is
independent of changes in the ratio of winter to summer precipitation, the first scenario we posed.

Under this scenario, we interpret δ18O values in the GV speleothem record to reflect changes in past temperatures
through their influence on how long throughout the year the overlying ground surface remains frozen or is thawed
(i.e., the length of the frost season) (Yonge et al., 2018). Lower speleothem calcite δ18O values would then
correlate with warmer annual air temperatures, as the longer duration of annual ground thaw would result in an
increased contribution of cold‐season precipitation to cave dripwater. Conversely, higher speleothem calcite δ18O
signatures would correlate with colder annual temperatures when the duration of annual ground thaw is relatively
short due to a decreased contribution of cold‐season precipitation to dripwater. This mechanism has been invoked
to explain speleothem records from Sweden that also show lower δ18O signatures during warmer periods (MIS 5e
vs. MIS 1) (Finné et al., 2019; Sundqvist et al., 2007).

After considering the mechanisms above, we suggest that the shift toward higher δ18O values in more recent
interglacials is most likely due to a reduction in the duration of seasonal ground thaw from MIS 11 to MIS 9 and 5
in response to regional cooling in northwestern Canada across this time (Figure 2c). An increasing duration of the
frost season reduced the amount of low‐δ18O cold‐season precipitation entering the karst aquifer, resulting in high
dripwater δ18O values. We suggest that this mechanism also explains the +2 ‰ increase of our speleothem δ18O
record across the MIS 11‐10 transition (Figure S11 in Supporting Information S1). This interpretation is
consistent with a previous study that linked decreasing calcite precipitation after MIS 11 across cave systems in
northwest Canada with increased permafrost persistence (Biller‐Celander et al., 2021). It is also consistent with
the reduced amount of calcite precipitated in GV during MIS 9 and 5e relative to MIS 11. However, we cannot
rule out an increase in the amount of cold‐season precipitation or a change in moisture source as potential drivers
of low GV δ18O values in MIS 11, and it is likely that multiple mechanisms acted in concert.

Finally, we discuss the intra‐band analyses. We find that differences between δ18O values of bright zones
(“δ18OB”) and dark zones (“δ18OD”) are small and relatively consistent between interglacials, averaging −0.36‰
in MIS 11, −0.68‰ in MIS 9, and −0.21‰ in MIS 5. The consistency and small magnitude of intra‐band δ18O
changes in all GV speleothems attests to the relatively stable cave environment. Our interpretation that fluorescent
bands in GV speleothems record annual variations of climate is supported by the finding that δ18OB values are
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consistently lower than δ18OD values. Negative Δ18O values mirror the seasonal δ18Oprecip cycle in NWT Canada,
where cold‐season δ18Oprecip values are much lower than warm‐season δ18Oprecip (Figure 1b). We propose that
this seasonal climate cycle in subarctic Canada increases organic acid load during the spring thaw (bright bands)
and decreases organic acid load in the summer (dark bands) (Figure S15 in Supporting Information S1). We also
observe that MIS 5e speleothems have the highest and closest to zero Δ18O signature compared to speleothems
from the other two interglacials. One way to interpret near‐zero Δ18O values is that bright and dark zones formed
from dripwater derived from precipitation with similar δ18Oprecip. Under this scenario, the near‐zero Δ18O values
in MIS 5e are consistent with a reduced seasonal duration of ground thaw from a longer frost season, which would
result in calcite precipitation primarily only occurring in the warmer months from warm‐season dripwater with
similar δ18Oprecip signatures. Conversely, the more‐negative Δ18O signatures in MIS 11 and 9 compared to MIS
5e may suggest that winter/spring precipitation more frequently infiltrated the cave as dripwater due to longer
periods of seasonal ground thaw and a shorter frost season.

5. Conclusions
In this study, we analyzed six subarctic Canada speleothems that grew across three former interglacial periods to
provide an ultra‐high‐resolution record of high‐latitude climate that is beyond the current range of Northern
Hemisphere ice cores. We find that average δ18O values in these samples increased by 3‰ from MIS 11 to MIS
5e, which we interpret as reflecting a decrease in the infiltration of cold‐season precipitation due to regional
cooling that shortened seasonal ground thaw durations in subsequent interglacials. In addition, decreased sea ice
in MIS 11 may have enhanced the fraction of cold‐season precipitation and/or shifted the moisture source for
precipitation into northwestern Canada, lowering δ18Oprecip. Results from our intra‐band analyses add to our
interpretation of the records, supporting the existence of annual bands and relatively consistent cave environments
marked by small seasonal temperature changes. The close‐to‐0‰ Δ18O signature of MIS 5e speleothems is
consistent with reduced duration of seasonal ground thaw, while lower Δ18O values in MIS 9 and MIS 11
speleothems suggest greater infiltration of winter/spring precipitation.

This study shows the potential of subarctic speleothems to extend the ultra‐high‐resolution isotopic records of
past climate traditionally obtained from ice cores to earlier interglacials. Our results also demonstrate how high‐
latitude speleothems record changes in climate differently than the direct precipitation archives from ice cores. In
particular, speleothem δ18O appears sensitive to changes in the duration of annual ground thaw through its effect
on relative contribution of seasonal precipitation to the groundwater budget. Overall, this study highlights the
utility in the development of records of past climate beyond both the geographic and temporal limitations of ice
cores, which will better our understanding of past climate conditions. The development of more ultra‐high‐
resolution interglacial speleothem records in high latitudes will test our results and help to refine the interpre-
tive framework presented here, and ultimately reveal how parts of the Arctic system respond to warming at the
shorter timescales of most relevance to society.

Data Availability Statement
All data needed to evaluate the conclusions in this paper are available in Batchelor et al. (2024), https://arcticdata.
io/catalog/view/doi:10.18739/A2SJ19S7M.
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