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Abstract

Marine Isotope Stage (MIS) 5c, between ~106,000 and ~93,000 years ago, represents an
important warm period on Earth in which the current anthropogenic warming can be
contextualized. Although viewed as a pronounced interstadial, its climate expression is
regionally disparate, with different regions on Earth showing evidence of either cooler conditions
than modern-day or warmer conditions than modern-day. It is therefore important to expand
temperature reconstructions to different regions on Earth to gain a better picture of climate
dynamics during MIS 5c. In Alaska, there are no quantitative temperature reconstructions for
MIS 5c, vastly limiting our knowledge of temperature changes in this climatically sensitive high-
latitude region. Here, we fill-in this gap by providing the first quantitative temperatures from
MIS 5c¢ in Alaska using hydrogen isotopes from fluid inclusions in precisely dated speleothems.
We find that regional temperatures during MIS 5c were within error of modern-day (2021 CE)
temperatures, likely representing the most recent time period that regional temperatures were as

high as modern-day.
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1. Introduction

Current warming in northwestern North America is currently approaching or exceeding
Holocene maximum values (e.g., Porter el al., 2019). To place this warming in context, it is
important to extend the regional temperature records to past warm periods. The most recent time
period on Earth when temperatures were as warm, or warmer, than present was during certain
substages of Marine Isotope Stage (MIS) 5, between ~129 thousand years ago (ka) and ~80 ka.
While substage 5e, between ~129 ka and ~118 ka, has received most attention for its exceptional
warmth (Plick et al., 2019; Chadwick et al., 2020; Wilcox et al., 2020), other substages would
benefit from a more thorough temperature evaluation. Substage 5c, between ~106 ka and ~93 ka,
is one such substage that also shows evidence of exceptional temperatures compared to modern-
day (e.g., Véliranta et al., 2009), possibly representing an analog for current warming trends on
Earth. However, the shape of MIS 5c¢ from sea-stack data varies greatly, suggesting significant
regional spatial variability in temperature (Lisiecki and Stern, 2016). It is therefore important to
reconstruct temperatures during substage 5c at additional sites across the globe, including
northwestern North America.

In Alaska, there are few paleoclimate records from MIS 5 (Bigelow et al., 2014; Jensen et
al., 2016; Farquharson et al., 2018), and none that definitively capture MIS 5c. Because of this,
there are no quantitative temperature reconstructions, leaving a significant void in knowledge
from a climatically important region (Wilcox et al., 2023a). Here, we fill this gap by
incorporating hydrogen isotopes from fluid inclusions in speleothems obtained from southeastern
Alaska. The reconstruction represents the first quantitative temperature measurements from MIS
5 from Alaska. Although this record only spans ~2 ka, it provides a robust snapshot that shows

temperatures were within error of the modern-day reference at 2021 CE during MIS 5c.
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2. Methods

2.1 Site location and sample

Our dataset was developed from one stalagmite retrieved in summer 2023 on Prince of
Wales Island, located in the temperate rainforest of the southern Alexander Archipelago in
Alaska. Stalagmite EC-23-15-B was found broken on the floor ~60 m inside of El Capitan Cave
(56.170 °N, 133.321 °W; 80 m a.s.l.). Klawock, the nearest village to the cave (Fig. 1), has a
mean annual air temperature of 7.4 °C and receives ~2000 mm of precipitation annually.

2.2 U-Th ages

Given that the stalagmite EC-23-15-B is only ~11 cm in length (Fig. 1), only two
subsamples were manually drilled for U-Th dating under a laminar flow hood (Table 1). U-Th
samples were processed at the University of Minnesota Trace Metal Isotope Geochemistry Lab
and analysed using a ThermoFisher Neptune Plus multi-collector inductively coupled plasma
mass spectrometer equipped with an Aridus desolvation nebulizer, following the method of
(Shen et al., 2012). Ages are reported with 2¢ errors in years BP. A time-depth model was
created in OxCal 4.4 using the Bayesian approach (Bronk Ramsey, 2008; Bronk Ramsey, 2009;
Bronk Ramsey & Lee, 2013).

2.3 Stable isotopes

A total of 105 stable isotope locations were drilled in stalagmite EC-23-15-B using a
Merchantek micromill. Samples were drilled every 1 mm, yielding a temporal resolution of ~15
years. Stable isotope samples were analysed at the University of Innsbruck using a ThermoFisher
Delta V isotope ratio mass spectrometer equipped with a Gasbench 11 (Spétl, 2011). Stable
isotopes are reported in per mil relative to Vienna Peedee Belemnite (VPDB). Long-term

analytical precision is less than or equal to 0.08%o for both §"3C and 80 (1o).
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2.4 Fluid inclusions

Speleothem fluid inclusion water isotopes (Table 2) were analysed at the University of
Innsbruck using a continuous-flow technique via high-temperature reduction on glassy carbon
(Dublyansky & Spétl, 2009). 8°H values are given in per mil (%o) using the standard delta
notation and are reported relative to Vienna Standard Mean Ocean Water (VSMOW). We
extracted 6 calcite blocks, weighing between 1 and 1.5 g, from the central growth axis of
stalagmite EC-23-15-B (Fig. 1). The precision of replicate measurements of the in-house calcite
standard was typically 1.5%o for 8°H for water amounts between 0.1 and 1 pl. Because crushing
of the samples released up to 1.9 pl of water (mean 1 pul), the precision of 1.5%o for 5°H was
found to be adequate for this study.

The paleotemperature record was reconstructed based on the modern-day regional water
isotope-temperature relationship (Rozanski et al., 1992). Only §°H values were used for
calculating paleotemperatures for the following reasons: post-depositional processes can alter the
original 80 in fluid inclusion water (fi) and thus limit the use of 8*°Oy; for paleotemperature
calculations (McDermott, 2004). In addition, 8°H is not affected by isotopic fractionation during
calcite precipitation and remains unaltered as there is no hydrogen source once the water is
entrapped in the calcite matrix. We used the global meteoric water line (8°H = 850 + 10) to
convert 8°H to 8Oacutaied. Modern-day drip-water from Wishbone Cave yielded a 5'®0 value of
—10 %0 which was used as the modern-day 8180 anchor point. Fluid inclusion 880 catcutated Values
were subtracted from this modern-day §*%0 anchor point to obtain §**Ogirerence. Next, a
temperature-SlgO transfer function (TF) was used to convert 618Odifference into temperature.
Because it is unclear which TF is appropriate, we evaluated a range of possible values, between

0.26 and 0.36 %0/°C, which represents the error range of the south-central Alaska temperature-
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820 slope of 0.31 %o/°C (Bailey et al., 2019). Because there is only a minor 0.1 °C difference in
temperatures calculated from the range of TF values, we report temperatures based on the TF of
0.31 %0/°C. Finally, we subtracted the mean annual temperature of a nearby weather Station in
Klawock (55.555° N, 133.096° W; 24 m a.s.l.) of 7.4 °C (Western Regional Climate Center) to

obtain paleotemperature values:
T(CC)=74-]-10- 8"* Ocatculated I*TF (Eq. 1)

As the sea-level history is controversial for this time period, with studies showing relative
sea level both above and below modern-day during MIS 5c (e.g., Wainer et al., 2017), we
assume relative sea level was similar to modern-day and applied no sea-level correction.

Uncertainties reflect isotope measurement errors, and one standard deviation of all
measurements. The uncertainties were applied through all steps of the paleotemperature
calculation. Further, uncertainties were propagated between sampling locations.

3. Results

U-Th ages constrain the timing of growth of speleothem EC-23-15-B between ~103-105
ka. Fluid-inclusion temperatures results show constant temperatures throughout the time interval,
varying by less than ~0.1 °C and averaging 7.5 °C (Fig. 2). 520 values also vary little
throughout the record, ranging between 8.6 %o and 9.6 %o, but with a noticeable decrease at ~104

ka (Fig. 2).
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4. Discussion

Our results show exceptional warmth during a brief interval of MIS 5c, within error of
regional modern-day warmth (Fig. 2). Therefore, MIS 5c likely represents the most recent time
period that regional temperatures were as high as modern-day. Although the substage MIS 5c is
generally shown to have interstadial climate conditions based on a global sea stack (Lisiecki and
Stern, 2016), we were surprised to find temperatures as high as modern-day given that
temperatures, for instance, from Greenland show temperatures were ~6 °C cooler than modern-
day between 103-104 ka (Kindler et al., 2014). Additionally, Greenland temperatures exhibit
rapid fluctuations of 10 °C between 104-105 ka (Kindler et al., 2014) that are not observed in
southeastern Alaska. Temperatures are also significantly cooler in Antarctica, with
reconstructions showing MIS 5¢ was ~3 °C than modern-day (Petit et al., 1999). On the other
hand, in Scandinavia, summer temperatures show warmer-than-modern temperatures during MIS
5c¢, upwards of ~3 °C warmer than modern-day (Véliranta et al., 2009). While Alaska contains
scant evidence of climate conditions during MIS 5c to compare our results, a speleothem record
from the Great Basin, USA, shows paleoclimate conditions during MIS 5c, represented by 820
values, that are nearly identical to MIS 5e (Lachniet et al., 2014), possibly implying temperatures
during MIS 5c¢ were near present-day values. These results indicate significant global
temperature disparity during MIS 5c, consistent with the regional sea-stack data (Lisiecki and
Stern, 2016).

In addition to high temperatures during MIS 5c, there is evidence of a strengthened
Aleutian Low compared to modern-day based on the exceptionally depleted 20 values (Fig. 2).
The 50 values are consistent with modern-day 5'®0 values, which are abnormal relative to the

Holocene (Wilcox et al., 2023b), and interpreted to represent a dominating meridional moisture
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source and increased precipitation in southeastern Alaska as a result of a strengthened Aleutian
Low (Wilcox et al., 2023b). This indicates the presence of an El Nifio-like mean state during MIS
5c¢, which is associated with a strengthened Aleutian Low (Wilcox et al., 2023b).

Given that both temperature values from the fluid inclusions and precipitation values
from oxygen isotopes are within error of modern-day values during MIS 5c, this offers an
interesting view into potential future regional climate trends with increased global warming. We
might expect the Aleutian Low to strengthen with increasing warmth and cause more regional
precipitation, consistent with modeling results (Lader et al., 2020). This warm/wet scenario will

likely lead to accelerated glacier loss in the region.
5. Conclusion

Our speleothem fluid inclusion temperature data show that temperatures in southeastern
Alaska were within error of modern-day (2021 CE) values. This implies that MIS 5¢ was likely
the most recent time that temperatures were as high as modern-day. When comparing to other
records, both regionally and globally, there does not appear to be a consistent temperature trend
during MIS 5¢ when compared to modern-day, with records showing both warmer-than-modern-
day and cooler-than-modern-day temperatures. In the future, it will be vital to continue
expanding temperature reconstructions during MIS 5c to other regions to better understand the

cause of this global temperature disparity.
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Fig. 1: Speleothem sample site information. (a) Map of location of El Capitan Cave, where
speleothem EC-23-15-B was retrieved. (b) Photo of speleothem EC-23-15-B with U-Th sample
locations (red ellipses) and corresponding age depth model.
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287  temperature results. (b) EC-23-15-B 50 results. Red dashed line represents EC-23-15-B

288  averages, while blue dashed line represents modern-day (2021 CE) conditions. Error bars at the
289  top of figure are U-Th age errors.
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Table 1: *°Th dating results. The error is 2s error.

Sample 238y 2327 2301, 7 2327 d2*ur 2307, 4 238y 230 Age (yr) 2301 Age (yr) d234U|nma|** 2301 Age (yr

Number (ppb) (ppt) (atomic x10°% (measured) (activity) (uncorrected) (corrected) (corrected) (corrected)
367 107.5 +0.3 331 +7 4115 +85 221.2 2.9 0.7687 +0.0039 | 103918 +954 103849 +955 296 +4 103780 +955
366 138.5 +0.3 2132 +43 816 +17 201.9 +2.4 0.7615 +0.0031 | 105302 +799 104949 +834 272 +3 104880 +834

U decay constants: |35 = 1.55125x10™° (Jaffey et al., 1971) and l,34 = 2.82206x10° (Cheng et al., 2013). Th decay constant: |3, = 9.1705x10° (Cheng et al., 2013).
*d**U = (P**UP%Ulaciiy — 1)x1000. ** d***Ujyi4a Was calculated based on *°Th age (T), i.e., d°**Uiniga = 0°**Uneasurea X €7°.

Corrected 2*°

equilibrium, with the bulk earth 2*Th/**®U value of 3.8. The errors are arbitrarily assumed to be 50%.

***B.P. stands for “Before Present” where the “Present” is defined as the year 1950 A.D.

Table 2: Fluid Inclusion results.

Th ages assume the initial 2*°Th/?**Th atomic ratio of 4.4 +2.2 x10®. Those are the values for a material at secular

Sample Age calibrated Transfer Functions (%o/ °C) error (°C) |5180.aiculated

Number (ka) (%0 VSMOW) 0.31 0.26 0.36 (%0 VSMOW)
EC100ka-1 105.1 -65.06 7.6 7.6 7.6 +0.4 9.4
EC100ka-2 104.8 -64.78 7.6 7.6 7.6 +0.4 -9.3
EC100ka-3 104.6 -67.38 7.5 7.5 7.5 +0.4 -9.7
EC100ka-4 104.3 -67.72 7.5 7.5 7.5 +0.4 -9.7
EC100ka-5 104 -65.27 7.6 7.6 7.6 +0.4 9.4
EC100ka-6 103.7 -67.24 7.5 7.5 7.5 +0.4 -9.7




