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Abstract During past glacial periods, extensive areas of North America were covered by permafrost. The
timing and extent of these paleo-permafrost conditions, however, remains ambiguous. Here we present a
250,000-year record of speleothem growth from a midlatitude North American cave and report 141

U-Th ages with hiatuses in growth that reflect the development of temporally continuous permafrost.
Combined with U-Th ages from other speleothem studies, we demonsirate that regional

permafrost conditions occurred during both of the prior two glacial maxima but were markedly shorter in
duration during the penultimate (Marine Isotope Stage 6, MIS 6) versus the last (MIS 2) glacial

period. Notably, a network of sea surface temperatures indicates that mid- and low-latitude temperatures
were 0.9 °C £ 0.2 °C warmer during the culmination of MIS 6 versus MIS 2. Our results illustrate the
importance of developing regional paleo-permafrost records and highlight the sensitivity of

permafrost conditions during glacial periods to relatively small differences in global-scale temperature.
Plain Language Summary Permafrost is animportant reservoir of carbon during glacial periods.
Our understanding of the timing and spatial extent of permafrost conditions during recent glaciations,
however, is lacking because of a paucity of paleo-permafrost indicators. Here we present a new,
high-precision chronology of speleothem growth in a Wisconsin (USA) cave that constrains permafrost
conditions during the last two glacial periods. The new record suggests that permafrost conditions
endured for 18 ka during the culmination of the last glacial period but were ephemeral during

the penultimate glacial period. Our findings are supported by sea surface temperature reconstructions
that indicate the penultimate glaciation was nearly 1 “C warmer than the last glacial period. These results
provide useful information for quantifying the sensitivity of permafrost to past temperature changes.

1. Introduction

Throughout the Quaternary, Earth’s climate has cycled between glacial and interglacial periodsin response
to both extemal (Hays et al., 1976) and internal climate forcings (Budyko, 1969; Sellers, 1969). These
fluctuations had profound effects on global ice volume (Lisiecki & Raymo, 2005) and permafrost extent
(Vaksetal., 2013), which in turn directly influen ces sea level (Shakun et al., 2015) and global carbon cycling
(Zimov et al., 2006). Presently, permafrost covers approximately 23 million km’” of land in the Northern
Hemisphere, a third of which is located in North America (Figure 1a; Smith et al., 2010). As modem climate
continues to warm, the environmen tal impacts resulting from the thawing of permafrost will be extensive,
especially at high latitudes (Grosse et al., 2011). The most notable, and global, consequence could be the
release of newly mobilized carbon from thawed soils, which models suggest would intensify existing
warming and have far-reaching economic costs (Hope & Schaefer, 2016).

The multidecadal- to centennial-scale response of permafrost to projected future warming is obscured, how-
ever, because instrumental records of permafrost fail to capture trends longer than a few decades (Heimann
& Reichstein, 2008; Zimov et al., 2006). The geologic archive provides a unique opportunity to constrain the
sensitivity of permafrost to temperature changes over longer timescales. Several paleo-permafmost geo-
morphic features have been identified in midlatitude North America (Figure 1b; Clayton et al., 2001), sug-
gesting permafrost conditions persisted acrmoss the landscape during the last glacial perod. The dating
methods (ie., mdiocarbon dating) used to fingerprint the age of these features, however, only span the last
~50,000 years, which limits our understanding of former permafrost conditions to this relatively narrow time
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Figure 1. (a) Map of modern Northern Hemisphere permafrost zones (data from Brown etal. 2001) and the former extent of
the Laurentide Ice Sheet (LIS; blue line; data from Dyke et al., 2002) at the last gladal maximum (LGMwith the regional
field area for this study outlined (red box). (b) Digital elevation map of the upper midwest of the United States with the
maximum extentof the LIS at the LGM overlain (white shaded region). Cave of the Mounds (red star ) is located <20 km from
the prior LIS margin and praximal o several geomorphic features of paleo-pemafrost ind uding ice-wedge casts and poly-
gons (black dots). Larger circles denote locations of the Midwestern caves (gray) and lake sediment record (white) discussed
in text

frame. As a result, little cdlimatic information on multimillennial time scales (>10° year) is currently
available for the midcontinent of North America, specifically prior to the last glacial period. Our understand-
ing of how paleo-permafrost conditions varied though time, therefore, is incomplete. One approach to asses-
sing past permafrost conditions is by dating growth/no-growth intervals of cave carbonates (Vaks et al.,
2013), which exist across large areas of North America (Culver et al., 1999).

1.1. Cave Records of Paleo-Permafrost

Cave carbonates, known as speleothems (Moaore, 1952), are invaluable resources for investigating past
climate and environmental changes because their growth requires water (Fairchild et al., 2006). They can
also be precisely dated (<1% absolute age error) using U-Th geochronology methods back to 600 ka
(Cheng et al., 2013; Edwards et al., 1987). A hiatus in speleothem growth can occur in response to a lack
of water from aridity (Denniston et al., 2007), vegetation or environmental changes that affect carbonate
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saturation in groundwater (Dreybrodt, 1999), inundation by water (Polyak et al., 2018), or frozen ground
(Vaks et al, 2013). Permafrost is ultimately a geological expression of climate, defined as ground that is
below 0 °C for 2 years or more (French, 2017). Caves that underlie landscapes previously covered by frozen
ground have the potential to record past permafrost conditions (Fankhauser et al., 2016;Lauriol et al., 1997 ;
Vaks et al, 2013) because speleothem deposition requires liquid water and, thus, temperatures above
freezing. Prior studies have used speleothems to reconstruct paleo-permafrost conditions from high-latitude
locations (>50%) and interpret permafrost thaw when speleothems resume growth during interglacial peri-
ods (Lauriol et al., 1997; Vaks et al., 2013). In contrast, this study reconstructs the existence and duration
of paleo-permafrost conditions at midlatimdes during glacial periods.

1.2. Cave of the Mounds

Cave of the Mounds (COM; 43.0°N, 89.8°W, 415 m a.s.1; Figure 1b, red star)is adjacent to Blue Mounds State
Park in southwestern Wisconsin and consists of >300 m of natural passages within 10 m of the ground
surface. This area of southwestern Wisconsin has remained unglaciated throughout several glacial periods
of the Late Pleistocene (Figure 1b) and, thus, is referred to as the “Driftless Area” (Clayton et al., 2001).
Cave of the Mounds is located 18 km from the terminal moraine of the Lauren tide Ice Sheet (LIS; Dyke etal.,
2002) in the Driftless Area and lies within an ice-marginal zone of geomorphic relicts of well-developed
paleo-permafrost that are dated to the last glacial maximum (LGM; Figure 1b, black circles; Clayton et al.,
2001). The presence of these features suggests the mean annual surface air temperature of Wisconsin during
past glacial periods was below freezing for extended periods of time to allow for the ground to freeze and
permafrost to form (French, 2017). We therefore infer that because COM is located within the zone of
permafrost for portions of the last—and possibly earlier—glaciations, hiatuses in growth of COM
spelecthems during glacial periods of the late Pleistocene likely reflect temporally continuous permafrost
conditions. To strengthen this interpretation and account for the possibility of local-scale controls on COM
spelecthem growth, we add regional context by compiling more than 300 published U-Th ages from twelve
additional caves (Figure 1b, gray circles) located between 38°N and 45°N in midlatimde North America
(upper Midwest). Together with our new COM U-Th ages, this compilation provides insight on the spatial
and temporal extents of midcontinent paleo-permafrost during the LGM and penultimate glaciation.

2. Materials and Methods

Only carbonate stalagmites (n = 12) and flowstones (n = 7) were collected for this research because they are
most likely to record stratigraphically consistent ages. Most (n = 15) samples collected were already
dislodged and found in or very close to their original depositional positions (Figure S1 in the supporting
information). When possible, speleothems were sawed parallel to their longest growth axis then polished
with progressive grits of diamond-embedded pads to expose growth layers. Four of the seven flowstone
samples are individual chips, approximately 1 x 1 cm in size that were removed mechanically from flow-
stone walls inside the cave. For U-Th geochronology, subsamples of 50 mg of calcite powder (n = 153) were
drilled parallel to individual growth layers, including the innermost and outermost layers from each sample
to capture entire growth histories. The powdered samples were then dissolved and eluted through U and Th
cation and anion exchange chromatography columns that include iron coprecipitation using titration and
column chemistry techniques (Edwards et al., 1957).

Final U-Th ages ( datum = A.D. 1950; supporting information) were collected using a Thermo-Scientific
Neptune, which is a multicollector inductively coupled plasma mass spectrometer (MC-ICP-MS) at the
University of Minnesota. All uncertainties are reported as 2. U-decay constants (Axs, Apas, Aazg) Were
defined as 1.55125 x 10 '° (Jaffey et al, 1971), 282206 x 10 ° (Cheng et al., 2013), and 9.1705 x 10°°
(Cheng et al., 2013). Corrected **Th ages assume the initial ***Th/***Th atomic ratio of 4.4 + 22 x 107%.
This is the value for a material at secular equilibrium—the error is arbitrarily assumed to be 50%—with
the bulk earth **Th/**U ratio of 3.8. Ages were rejected (n = 12) as a result of drilling difficulties (i.e., con-
tamination), being out of stratigraphic order, or having age errors >10%. The rejected ages are not presented
in figures or included in the count of total ages (n = 141) but are tabulated in Supporting information
Data Set S1.
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2. Speleothem U-Th ages at Cave of the Mounds (COM) in context with regional and global paleoclimate records.
(a) MIS boundaries, with odd numbers signifying interglacial periods and even numbers signifying glacial periods. (b)
Stacked records of 3"°0 (%) from benthic marine foraminifera annotated with MIS substage names (Lisiecki & Raymo,
2005). (c) Summer insolation (21 June at 43°N). (d) Atmospheric CO; (ppm;Bereiter et al,, 2015) and (¢) CHy4 (ppb; EPICA
community member community members, 2004 ) concen trations. () U-Th ages from COM spel eothems with associated 2o
uncertainties (this study) and statistically significant growth hiatuses (gray and red vertical bars). (g) Paleo-permafrost
reconstructions based on geomorphic features in Wisconsin, including ice wedge casts and polygons(Clayton et al., 2001)
(h) U-Th dates of speleothems from caves in the Midwestern United States in order of decreasing latitudeReferences
provided in the main text. MIS = Marine Bolope Stage.

3. U-Th Speleothem Ages at Cave of the Mounds

We generated 141 U-Th ages (Figure 2f) from 17 speleothems (Figure $1) to determine the timing of
speleothem growth at COM over the last two glacial cycles. The two oldest dates in this study are from
the same growth interval and occur during Marine Isotope Stage (MIS) 8 at 2576 + 22 ka and
245.7 + 1.3 ka, while the youngest age is from MIS 1 at 2.1 + 0.1 ka. Overall, ages cluster primarily in inter-
glacials, but we note growth also occurred during glacial periods (Figure 2).

To determine periods of time when environmental conditions prohibited calcite o accumulate at COM
(depositional hiatuses), we first manually identified occurrences when no speleothem samples at COM were
precipitating. This entailed identifying gaps in our compiled growth record that were bound by the oldest
and youngest U-Th age from two separate speleothems or by two U-Th ages measured in a single speleothem
that were immediately adjacent (<1 mm) to one another and separated by 10,000 years. We then created an
automated Monte Caro-based test that determined whether the lengths of these gaps (hiatuses) were statis-
tically significant (p value < 0.05). The null hypothesis for the test is that ages are distributed randomly
across our finite number of speleothem samples. The Monte Carlo analysis was divided into 24 subsections
that represent the seventeen individual speleothem samples collected from COM; the four speleothems that
contained >50,000-year gapsin their measured ages were each divided into two subsections (Table S2). For
each subsection, a uniform distribution function was used to generate a set of nonrepeating integers (ie.,
ages) between the actual U-Th ages (rounded to the nearest thousand year) measured at its top and bottom.
Integers were randomly selected until the size of the test set matched the number of U-Th measurementsin
that subsection. This random sampling was iterated 100 times per subsection and compiled in a summary
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matrix. For each Monte Carlo iteration, a total of only 131 integers (ages, not including duplicates) were
picked across the 24 subsections; integers were not picked for replicate U-Th ages (n = 10) or for U-Th ages
that were rejected by our quality control metrics (r = 12; see supporting information). Test hiatuses were
calculated from the summary matrix for each iteration and were used to generate an empirical probability
distribution for hiatus lengthsin our sample suite. Next, p-values for rejecting the null hypothesis were cal-
culated for a continuum of hiatus lengths (Figure S2) and are >0.05 for hiatuses of 6,200 years and longer
(Figure S2, yellow star). From this automated Monte Carlo-based statistical test and our manual identifica-
tion of occurrences where no calcite was precipitating in COM, we define five hiatus intervals in our spe-
leothem growth record: 245-233 ka (Hiatus 1), 196-184 ka (Hiatus 2), 137-124 ka (Hiatus 3), 112-101 ka
(Hiatus 4), and 33-15 ka (Hiatus 5; Figure 2). We note that Hiatuses 3 and 5 each overlap one of the last
two glacial maxima (MISs 6 and 2, respectively) of the last 250 ka.

4. Paleo-Permafrost Conditions Across the Last Two Glacial Periods in
North America

Global records, such as the benthic 5'*0 isotope stack (Lisiecki & Raymo, 2005), suggest global ice volume
was similar at the culmination of the last two glacial maxima, MISs 6 and 2. To what extent the global ice
volume indicators reflect the spatial extent of individual continental ice sheets across these two glacial
periods, however, is still uncertain. Prior studies found that European ice sheets were larger during MIS 6
than MIS 2 (Rohling et al., 2017), and in North America, ice extent during the Illinoian glacial phase has
been reconstructed to be as or more extensive than the Wisconsin glaciation in the upper Midwest (Curmry
et al.,, 2011; Syverson & Colgan, 2004). How the local LIS spatial extent correlates with permafrost
conditions in North America is also not well understood for all glaciations. The constraint on permafrost
extent is well established during MIS 2 in North America based on abundant paleo-permafrost indicators
and radiocarbon dating methods (Figure 2b) but less certain for MIS 6 because paleo-permafrost indicators
are less geomorphologically apparent on the landscape and outside the radiocarbon dating window. Our
new speleothem-based permafrost reconstruction helps clarify this uncertainty by providing proxy con-
straints on permafrost conditions in mid-latitude North America during both MISs 2 and 6.

We interpret the 18-kyr hiatus in the COM record from 33 to 15 ka (Hiatus 5; Figure 2) as a temporally con-
tinuous permafmst interval in southwestern Wisconsin. This interpretation is corroborated locally by other
paleo-permafrost data that suggest much of the landscape of Wisconsin was covered by permafrost at this
time, including radiocarbon dating of distinct permafrost relicts (e.g., ice wedge casts and polygons;
Figures 1b and 2g) that formed as early as 25 ka during the LGM and thawed by approximately 14 ka
(Clayton et al., 2001). The timing of thawing inferred by radiocarbon dates is smilar to the COM record
where there is no recorded speleothem growth after the LGM until 15 ka (Figure 2f). Likewise, regional spe-
leothem growth records from other caves in the upper Midwest indicate no speleothem growth within
400 km of the southern terminal position of the LGM ice margin during Hiatus 5 (Figures 2h and 3c) with
the exception of two dates measured at 29 and 16 ka from Minnesota (Dasgupta, 2008). This diverse and
geographically dispersed compilation of proxy records supports the interpretation of a prolonged regional
permafrost zone that was present in north-central North America during MIS 2.

Existing paleoclimate and speleothem growth reconstructions indicate that Hiatus 5 (MIS 2) at COM is unli-
kely to be related to aridity, including moisture balance reconstructions of the last glacial period from lake
basins in south-central lllinois (Curry & Baker, 2000; Figure 1b, white dot). These records suggest precipita-
tion rates exceeded evaporation rates from 60 to 13 ka based on multivariate analyses of pollen successions.
Furthermore, the timing of these increased precipitation rates coincides with records of persistent spe-
leothem growth at southem Midwestem caves in Indiana (Panno et al., 2016), Missouri (Denniston et al.,
1999; Denniston et al., 2001; Denniston et al., 2007; Dorale et al., 1998), and [llinois (Panno et al., 2009),
yet a lack of growth at northem caves in Iowa (Denniston et al, 1999; Denniston et al, 1999; Dorale
et al, 1992), Minnesota (Dasgupta, 2008; Dasgupta et al., 2010; Lively, 1983), and Wisconsin (Denniston,
Gonzilez, Baker, et al., 1999; Figure 2h). We attribute this lack of growth at caves north of lowa during
Hiatus 5 to be a result of regional permafrost conditions.

While speleothem growth at COM during MIS 2 was nonexistent (Figures $3a-S3e), growth was prevalentin
MIS 6, including six U-Th ages that record growth deep (155-137 ka) into the penultimate glacial period
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Figure 3. Paleoclimale reconstructions across MiISs 6 and 2. (a) MIS as denoted by Lisiecki and Raymo (2005). (b) U-Th
ages from Cave of the Mounds (this study) (c) U-Th ages from caves in Minnesota (Dasgupta, 2008; Dasgupta et al,, 2010;
Lively, , 1983). U-Th ages corroborate a prolonged period of permafrost conditions (red bar) during MIS 2 but not
during MIS 6. (d) Benthic 5'%0 (%) stack from benthic marine foraminifera (Lisiecki & Raymo, 2005). (e-f) Sea surface
and deep ocean temperature reconstructions relative to modern (Shakun et al, 2015) (g-h) SST reconstructions from
the tropics and mid-latitudes relative to average MIS 2 temperatures. Black bolded line segments represent the time span
ofdata used tocalculate tem peratures of the last 20 ka of each glacial period (155-135ka for MIS 6 and 38-18 ka for MIS 2).
Values and dashed lines in center of plot illustrate the MISs 6-2 temperature residuals in °C (references for data in
supporting information Text S1) COM = Cave of the Mounds; MIS = Marine Isotope Stage; SST = sea surface
temperature.,

(Figures S3f-S3h). The beginning of Hiatus 3 (137-124 ka), however, overlaps with the last 5 kyr
(137-132 ka) of MIS 6 as well as with Heinrich Event 11 (136-129 ka, Cheng et al., 2006; 130-129 ka,
Meier et al, 2014; ~130 ka, Obrochta et al., 2014). We therefore suggest that permafrost conditions at
COM were a likely cause for the beginning of Hiatus 3, but perennial frozen ground was unlikely to have
persisted across the glacial termination and through the end of Hiatus 3 (124 ka). To this end, Moseley
et al. (2016) summarized §'*0 dlimate proxy records from the continental United States and indicate a mid-
point of the MIS6/5 transition at ~132 ka. Speleothem growth at 128 ka from caves in Minnesota further cor-
roborates the interpretation of earlier permafrost thawing at COM (Figure 3c; Dasgupta, 2008; Lively, 1983).
Aswithinterglacial Hiatuses 1,2, and 4 (Figure 2), the continuation of Hiatus 3 into the last interglacial (MIS
5) could be caused by either undersampling of U-Th ages, or, more likely, local aridity or vegetation effects;
speleothem deposits from regional cave reconds do not share these hiatuses. Thus, based on the speleothem
ages at COM and the compiled U-Th speleothem growth record from the upper Midwest, we conclude that
paleo-permafrost conditions endured for less time in midlatitude North America during the penultimate
glacial period as compared to the last glacial.

To assess our regional interpretation in a broader context, we compiled sea surface temperature (SST) recon-
structions from 46°S-50°N latitude that span the past two glacial periods (Figures 3g and 3h). We note the
use of this compilation was to allow for an assessment of the relationship between large-scale temperature
differences and permafrost conditions during the last two glacial periods. The SST records indicate that
the average temperatures for these latitudes were 0.9 °C + 02 “C warmer during the culmination of MIS
6 (155-135 ka) compared to the culmination of MIS 2 (38-18 ka; Figures 3g and 3h and Table S1).
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Notably, each individual Mg/Ca SST reconstruction from the tropics demonstrates warmer temperatures
during MIS 6 than during MIS 2, asdo all but one of the Mg/Ca- and U*;;-based measurements in the mid-
latitudes (Figure S4 and Table S1). While warmer MIS 6 SST temperatures relative to MIS 2 agree well with
our paleo-permafrost reconstruction at COM, it is important to note that the 50 benthic stack (Lisiecki &
Raymao, 2005; Figures 2b and 3d) and greenhouse gas concentrations ( Bereiter et al., 2015; EPICA commu-
nity members, 2004; Figures 2d and 2e) are nearly indistinguishable during the last two glacial periods This
observation highlights, as other studies have suggested (Rohling et al., 2017) that globally integrated climate
reconstructions are important but do not illuminate regional and hemispheric heterogeneities across glacial-
interglacial cycles Based on our paleo-permafrost reconstruction, temrestrial carbon storage in North
American permafrost could partly account for the diminished atmospheric greenhouse gas concen trations
during MIS 2, but North American permafrost likely played a lesser role in the equally reduced greenhouse
gas concentrations during the culmination of MIS 6.

5. Conclusions

Our new record of speleothem growth at COM combined with the compilation from regional caves provides
new insight into permafrost and climate conditions during the last two glacial periods of the late Pleistocene.
These records indicate a shorter interval of permafrost and warmer conditions in the late stages of MIS 6 as
compared to MIS 2in midlatitude North America. Based on our composite SST reconstructions, warmer MIS
6 conditions appear to occur throughout middle and tropical latitudes. Together, these results demonstrate
that permafrost conditions in North America and global temperatures varied between the last two glacial
periods, despite global-scale climate indicators (Bereiter et al., 2015; EPICA community members, 2004;
Lisiecki & Raymo, 2005; Shakun et al., 2015) that suggest relatively consistent climate and atmospheric
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