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Abstract

Anthropogenic climate warming is degrading permafrost across interior Alaska. Information from
past warming events provides long-term perspectives for future trajectories; however, late
Quaternary seasonal temperatures are poorly constrained. We have established a stable water
isotope meteoric water line for interior Alaska and measured stable water isotope values from 126
permafrost cores representing different ice types deposited over the past ~40 ka (thousand years
before 1950 CE). Samples represent two late Quaternary warm periods: marine isotope stage three
(MIS3; 57-29 ka) and the Holocene (11.7 ka-present). Older samples provide insight into local
climatic conditions slightly before the first archeological evidence for Paleolithic hunter-gatherers
in the region. From permafrost ice we calculate that summer temperatures warmed by ~10 °C
between late MIS3 and today, with six degrees of warming between 40-30 ka and 3 ka and an
additional 4 °C of warming since 3 ka. Half this recent 4 °C warming has occurred over the past

70 years.

1. Introduction

Interior Alaska (figure 1) is underlain by discon-
tinuous permafrost ranging in thickness from a few
meters to 50 m (Jorgenson et al 2001, Douglas
et al 2021). Roughly half of this permafrost rep-
resents late Pleistocene ice and organic carbon-rich
‘yedoma’ formed through ice cementation of wind-
blown loess (Strauss et al 2017). Pore ice cement-
ing this loess comprises soil pore water, predomin-
antly summer rain, that drained through the season-
ally thawed ‘active layer’ and was subsequently frozen
(Throckmorton et al 2016, Porter and Opel 2020,
Kanevskiy et al 2022). This permafrost also contains
ice wedges formed over hundreds to thousands of
years as water from spring snowmelt filled cracks and
froze (Lachenbruch 1962). In some places, perma-
frost has been replaced with younger deposits of soil
and water. This material, likely mobilized by surface
water during summer erosion events, subsequently

© 2025 The Author(s). Published by IOP Publishing Ltd

froze to create ‘thermokarst cave ice’ (Douglas et al
2011, Kanevskiy et al 2017). It represents paleoprecip-
itation (summer meteoric water) from when the per-
mafrost was eroded and replaced with surface water.

Stable water isotopes of hydrogen (6°H) and oxy-
gen (6'80) in permafrost ice have been used to
infer paleoclimatic conditions when rain or snow
melt water was frozen and incorporated into the
permafrost record (Mackay and Dallimore 1992,
Vasil’Chuk and Vasil’Chuk 1997, Porter et al 2016,
Opel et al 2018, Porter and Opel 2020, Vasil’chuk
and Budantseva 2021, Wetterich et al 2021, Monteath
et al 2023). A first step is to measure the stable
water isotope composition of modern snow and rain
to calculate a local meteoric water line (LMWL;
Putman et al 2019). Once the LMWL has been estab-
lished, inferences about paleoclimatic conditions can
be made from permafrost ice types representing met-
eoric water from different seasons or time periods
(Porter et al 2016).
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Figure 1. An image of the Fairbanks area identifying the locations of field sites in this study. Map data © 2020 Google.

In this study, we establish the first stable water years before 1950 CE) to estimate seasonal paleotem-
isotope MWL for interior Alaska from 238 snow and  peratures at multiple time periods. Our principal
rain samples. We also use stable water isotope values  study site, the U. S. Army Cold Regions Research and
from 126 permafrost cores representing varied per- Engineering Laboratory (CRREL) permafrost tunnel,
mafrost ice deposited over the past ~40 ka (thousand includes deposits from two late Quaternary warm
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periods: marine isotope stage three (MIS3) (~57-
29 ka; Lisiecki and Raymo 2005) and latest Pleistocene
warming (~15-11.7 ka), which coincided with the
collapse of the Laurentide—Cordilleran ice complex
and the first archeological evidence for Paleolithic
hunter-gatherers in interior Alaska (Potter et al 2017).
Using relationships between unique permafrost ice
types representing snow melt and summer precipita-
tion and their stable water isotope values, we calculate
mean summer and winter temperatures at time peri-
ods between ~40 ka and the present and place these
into the context of recent and projected future climate
warming in the area.

2. Field sites and methods

2.1. Snow and rain sample collection

Snow samples were collected from the surface of a
1.5 m high table at the Moose Trail site (64.905°
N, 147.799° W; 313 m elevation) 8 km northwest
of Fairbanks, Alaska (figure 1, supplemental table
1). The table provided low thermal gradient con-
ditions and prevented redistribution of water vapor
(Taillandier et al 2007). Samples were collected dur-
ing events or within no more than 6 h following ces-
sation of snowfall. The table was cleared following
each sampling event. A total of 203 fresh snowfall
samples were collected between fall 2003 and spring
2013. Some samples represent different periods dur-
ing the same multi-day storm, while others represent
an entire snowfall event. Not every event was collected
during the decade of sampling. Between spring 2010
and fall 2013, 35 wet precipitation samples were col-
lected from a 1 L narrow-mouth high-density poly-
ethylene bottle with a 20 cm diameter funnel cap
attached to the top of a 2 m pole. The bottle was
housed inside a wooden box so only the top of the
funnel was exposed. Water was collected within at
most 12 h of cessation of any precipitation event. The
bottle was emptied after each sample collection and
each sample represents no more than 24 h of wet pre-
cipitation. Repeat analysis of rainwater from a sample
bottle exposed over 2 weeks yielded stable water iso-
tope values that did not change more than the values
for analytical precision. As with snow samples, some
rain was collected multiple times during an event
while other samples represent an entire event. Not
every wet precipitation event was collected during the
3-year sampling period.

2.2. Permafrost sample collection

Pore ice in silt, massive ice wedges and thermokarst
cave ice were collected from two subsurface tun-
nels north of Fairbanks (figure 1). The CRREL per-
mafrost tunnel (64.951° N, 147.621° W, 263 m
elevation) provides access to permafrost from peri-
ods between ~45-30 ka and ~14 ka (Hamilton
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et al 1988, Mackelprang et al 2017, Kanevskiy et al
2022) to the modern age above the CRREL perma-
frost tunnel (Douglas et al 2021). The nearby Vault
Creek tunnel (65.032° N, 147.706° W, 232 m elev-
ation) provides access to ice wedges estimated to
have formed between 50 and 25 ka (Meyer et al
2008, Schirrmeister et al 2016). A 10 cm diameter,
40 cm long carbide-tipped corer was used to collect
cores from the two tunnels in 2016. Surface samples
were collected with an 8 cm diameter, 1.2 m SIPRE
corer in late winter and spring 2018 from above the
CRREL permafrost tunnel and nearby Farmer’s Loop
Permafrost Experiment Station (64.877° N, 147.674°
W, 135 m elevation) and Creamer’s Field Migratory
Waterfowl Refuge (64.868° N, 147.738° W, 135 m
elevation).

2.3. Stable isotope analyses of precipitation and
permafrost ice
Stable isotopes of hydrogen and oxygen were meas-
ured from precipitation collected between 2003 and
2011 using a Thermo Delta V mass spectrometer
with a high-temperature conversion elemental ana-
lyzer pyrolysis oven (Thermo Scientific Waltham,
Massachusetts) at the University of Alaska Fairbanks
Stable Isotope Facility. We report mean values of trip-
licate analyses. Multiple analyses of standards and
replicate analyses of samples yielded a precision of
+0.4%o for oxygen (6'%0) and +2.0%o for hydrogen
isotopes (6D). Data are reported in per mil (%o) ref-
erenced to Vienna Standard Mean Ocean Water.
Stable isotopes of hydrogen and oxygen in precip-
itation samples collected from 2012 onward and all
permafrost samples were measured by wavelength-
scanned cavity ringdown spectroscopy on a Picarro
L2120i (Sunnyvale, California) at the CRREL
Geochemistry Laboratory at Fort Wainwright,
Alaska. Standards and samples were injected into the
analyzer for seven separate analyses. Measurements
from the final three sample injections were used to
calculate the mean and standard deviation for each
sample. Stable isotope values are reported in standard
per mil notation. Repeat analyses of standards repres-
enting a range of values spanning the samples were
used to calibrate analytical results with an estimated
precision of 4-0.2%o for 6'#0 and +0.5%o for JD.

2.4. The present climate of interior Alaska

Fairbanks currently has a mean annual air tem-
perature of —2 °C (Jorgenson et al 2020) with
mean monthly temperatures ranging from 20 °C
in summer to —20 °C in winter (Alaska Climate
Research Center 2022). Typical annual precipita-
tion is 28 cm water equivalent with ~45% as snow
(Liston and Hiemstra 2011). Based on decadal mean
annual temperatures, the area warmed by 2.2-2.4 °C
between the 1930s-1940s and 2010-2019 (NOAA



10P Publishing

Environ. Res. Lett. 20 (2025) 024029

National Centers for Environmental Information
2022). Mean summer temperatures (1 May to 10
October) warmed ~1.7 °C and mean winter tem-
peratures (11 October to 30 April) warmed 2—4 °C
over this timeframe (National Oceanographic and
Atmospheric Administration 2022).

3. Results and discussion

3.1. Stable water isotope composition of modern
precipitation

Stable water isotope values for snow and rain col-
lected near Fairbanks, Alaska, are summarized in
figure 2. Summer precipitation has more enriched
880 values (mean —17.3%o, standard deviation
2.0%0) than winter precipitation (mean —26.7%o,
standard deviation 5.2%o0). The dataset establishes
a LMWL (using mean monthly averages) with the
equation °H = 7.66'80 — 16.5%0 (> = 0.99).
The slope is close to the global meteoric water line
(GMWL) of 6*’H = 8.176'80 + 10.35%0 (Rozanski
et al 1993). Stable hydrogen and oxygen isotopes
are strongly correlated for summer (wet precipita-
tion best fit; N = 31; 6*H = 6.56'80 — 23.7%o;
r*> = 0.88) and winter (snow best fit; N = 207;
§*H = 8.06"80 + 12.9%0; r* = 0.98). We calculated a
summer (rain) MWL from rain samples and a winter
(snow) MWL from snow samples to highlight the sea-
sonal character of the stable water isotope relation-
ships in snow versus rain (Paulsson and Widerlund
2020). The summer best-fit line exhibits a depletion
in heavy isotopes (1¥0, D) compared with winter and
the GMWL.

Figure 3 and supplemental tables 1 and 2 highlight
relationships between stable oxygen isotope values of
different types of precipitation and the air temper-
ature when samples were collected. Winter air tem-
peratures span more than twice the range of sum-
mer temperatures, and snow 62O values cover a far
wider range (23.7%o) than those for rain (7.3%o).
This wider range may be explained by the larger pop-
ulation of winter samples compared with summer.
Coefficient of determination values between air tem-
perature at sample collection and the §'®0 value of
rain (2 = 0.04) and snow (r*> = 0.22) do not indic-
ate strong statistical significance. Due to the lack of a
strong correlation between §'80 and air temperature
in our winter and summer samples and the absence
of any nearby long-term record of stable isotopes in
precipitation with which to compare them (e.g. Porter
etal 2019), we use relationships between 630 and air
temperature across a broader region of Alaska calcu-
lated by Lachniet et al (2016) for the mean temperat-
ure of the coldest quarter. They report linear correl-
ations between §'®0 and winter season temperature
(r = 0.73; 0.31%0 °C~!) and mean annual temperat-
ure (r = 0.71; 0.60%o °C~1).
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Relationships between JD and §"®O in each
sample can be explored further by calculating deu-
terium excess (d = 6°H — 85'%0; Dansgaard 1964).
The GMWL has a d-excess of 10% and departures
identify non-equilibrium fractionation of '*O and
160 (Craig 1961). Deuterium excess values for snow
and rain (supplemental figure 1, following Fritz et al
2022) do not show strong relationships with JD.
However, the variability of rain deuterium excess val-
ues is significantly lower than those for snow [ana-
lysis of means with significance level («) of 0.05].
Deuterium excess calculated from summer precipit-
ation and about half the winter precipitation samples
fall below 10%o, suggesting that evaporative pro-
cesses occurred in winter precipitation air masses
because the lighter "H*H'®O molecule is preferen-
tially evaporated into the vapor phase while the heav-
ier '"H'H'30 molecule is retained in the liquid phase
(Pfahl and Sodemann 2014). A lower d-excess in sum-
mer rain compared with winter snow suggests post-
precipitation evaporative processes.

3.2. Paleoclimate conditions calculated from
interior Alaska permafrost
Relationships between 680 of modern precipita-
tion and paleoprecipitation can be used to calculate
seasonal temperature differences between the time
when a permafrost ice type was deposited and mod-
ern precipitation. We note that over long timescales
stable water isotope values of precipitation can be
affected by the changing isotopic composition of mar-
ine waters providing the precipitation (Porter et al
2019) and changes in climate, moisture sources and
storm trajectories (Akers et al 2017). For example,
opening of the Bering Strait ~12 ka changed cli-
mate and moisture sources during the Younger Dryas
period in northern Alaska (Meyer et al 2010). Closure
of the Bering Strait ~35 ka may have altered precipit-
ation sources for interior Alaska (Farmer et al 2023).
The isotopic composition of seawater varies over
time (Porter and Opel 2020). During MIS4 and
MIS3/2, when ice sheets stored far more water than
they do today, the glacial ocean was enriched in heavy
isotopologues (Porter et al 2016). The majority of our
samples represent MIS3. As such, our samples are cor-
rected for an offset of +0.6%o relative to today for
5180 and +5%o for D (Rohling et al 2014, Porter
etal 2016). This seawater correction makes our estim-
ates of paleotemperatures slightly colder and modern
temperatures relatively warmer than what would be
calculated without the correction. Where we provide
stable water isotope values for MIS3 age samples we
provide both the raw and corrected values. It is pos-
sible that pore ice includes some cold season meteoric
water that migrated downward through micro-cracks
(Mackay 1983) and thus could represent annual pre-
cipitation (Porter and Opel 2020). This would bias



10P Publishing Environ. Res. Lett. 20 (2025) 024029 T A Douglas et al

-100 4 —— Rain measurements best fit (Rain LMWL)
— Snow measurements best fit (Snow LMWL)
— Local meteoric water line (all precipitation)
- = = Global meteoric water line

Monthly means of all data

-150 (Local meteoric water line):
- 5D =7.65"0 - 16.5 per mil
£ r =0.99
g
c ® Rain MWL (best fit):
= -200 — 18
a 62D =6.585 O -23.7 per mil
r =0.88
-250 —

O Snow MWL (best fit):
5D =8.05 0 +12.9 per mil
r* =0.98

[ [ I [ [ I [
-40 -35 -30 -25 -20 -156 -10

6180 in per mil

Figure 2. Stable water isotope values for 207 snow samples collected from 2004-2013 and 31 rain samples collected from
2010-2013. Mean monthly values were used to calculate the local meteoric water line (LMWL) with the linear fit equation and
coefficient of determination for the two populations. The local, rain and snow meteoric water lines (MWLs) and their equations
are shown along with the global meteoric water line (Rozanski ef al 1993).
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results towards more negative §'30 values and anom-
alously colder apparent temperatures; however, there
are no visible cryostructures in any samples to sug-
gest that downward migration through the pore ice
was widespread at our sampling locations.

3.3. Stable water isotope composition of
permafrost and active layer soils

Stable water isotope values for 126 permafrost and
active layer samples from four sites around Fairbanks
are plotted with rain and snow MWLs in figure 4. Ice
wedges from both tunnels yield stable water isotope
values representative of winter precipitation, while
thermokarst cave ice represents predominantly sum-
mer precipitation. Pore ice aligns with either sum-
mer precipitation (above the CRREL permafrost tun-
nel and the Creamer’s Field and Farmer’s Loop sites)
or a mix of summer and winter precipitation. For
example, CRREL permafrost tunnel pore ice plots
between winter and summer MWLs, but since it
was deposited 40-30 ka (Kanevskiy et al 2022) dur-
ing a colder climate it is likely that summer precip-
itation had lower 6D and §'80 values than today.
Samples included 82 cores from the CRREL perma-
frost tunnel (supplemental figure 2) representing ice
wedges, thermokarst cave ice and pore ice cemented
silt. Supplemental figure 3 provides a cross section of
the CRREL permafrost tunnel that summarizes ages
and oxygen stable isotope values of different perma-
frost and soil samples. Additional data summaries are
provided in supplemental tables 3 and 4. We also
sampled three ice wedges from the Vault Creek tun-
nel that are similar to the CRREL permafrost tunnel.
Supplemental table 5 synthesizes all CRREL perma-
frost tunnel published ages.

Since ice wedges form over hundreds to thou-
sands of years and individual foliations are typic-
ally only a few millimeters wide, our 8 cm dia-
meter cores represent multiple years of ice wedge
growth (Lachniet ef al 2012). None of our ice wedge
samples exhibited any signs of post-formation melt-
ing (Douglas et al 2011) and we avoided sampling
boundaries with pore-ice cemented silt or ther-
mokarst cave ice. Ice wedge 680 values from 46
CRREL permafrost tunnel samples (—29.0%o to
—23.4%o0, mean of —26.2 £ 1.3%o, corrected mean
value of —26.8%o0) and three samples from the Vault
Creek tunnel (—28.3%o to —24.4%o0, mean of —26.4
=+ 2.0%o, corrected mean value of —27%o) are stat-
istically significantly similar to one another (analysis
of means with & = 0.05). These are similar to previ-
ously reported measurements from the CRREL per-
mafrost tunnel (Douglas et al 2011, Lachniet et al
2012, Kanevskiy et al 2022).

Ages of CRREL permafrost tunnel Pleistocene ice
wedges are poorly constrained. Radiocarbon dating
indicates that host sediments include a hiatus between
~31 ka and ~15 ka (Hamilton et al 1988, Kanevskiy
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et al 2022); however, epigenetic ice wedges may have
formed during this depositional hiatus. A chronolo-
gical investigation radiocarbon dated an ice wedge
and overlying thermokarst cave ice (Lachniet et al
2012). Calibrated radiocarbon dates from particu-
late organic matter (n = 10) ranged between 35.2 ka
and 32.5 ka, while calibrated radiocarbon dates from
CO; (n = 4) and dissolved organic carbon (n = 4)
ranged between 28.1 ka and 24.0 ka. Three calib-
rated radiocarbon dates from overlying thermokarst
ice ranged between 31.1 ka and 21.5 ka. A more
recent study (Kanevskiy et al 2022) radiocarbon dated
13 plant macrofossil remains trapped within ther-
mokarst ice truncating ice wedges in the CRREL
permafrost tunnel. These radiocarbon dates cluster
tightly around 35 ka, suggesting that the majority of
Pleistocene ice wedges formed during MIS3.

For winter precipitation, there is no signi-
ficant difference between modern precipitation
580 (—26.7%0) and the ice wedges we sampled
(—26.2 £ 1.3%o, corrected mean value of —26.8%o).
The similarity between inferred ice wedge temperat-
ures and modern temperatures strongly suggests that
ice wedges in the CRREL permafrost tunnel are of
MIS3 age as full glacial winter conditions are likely to
have been substantially cooler than today (Porter et al
2016), or they contain some summer precipitation
water (ice). If there was some rainwater mixed into
these ice wedges during their formation the temper-
atures calculated from them would be higher than the
true winter values.

For a more regional comparison, we note that
our results differ from a study (Porter er al 2016)
that used differences in modern 680 and 6'80 val-
ues from a ~30 ka ice wedge in central Yukon to cal-
culate that winter temperatures warmed by ~13 °C.
Calculations using pore ice samples at the same site
showed that mean annual temperatures increased by
~15 °C. The differences between our isotopic meas-
urements and the Yukon ones may be caused by dif-
ferent ice wedge ages or different regional climate
controls. If ice wedges in the CRREL permafrost tun-
nel are older than ~35 ka, as suggested by overly-
ing thermokarst cave ice, then they formed under a
very different climate from the ice wedges analyzed
in Yukon by Porter ef al (2016) where glacial condi-
tions were established by 30 ka (Zazula et al 2007).
Alternatively, the Laurentide—Cordilleran ice sheet is
likely to have had a strong local cooling effect on
Yukon, although its exact extent at 30 ka is not well
established (Kennedy et al 2010).

Since ice wedges are currently growing only in
climates colder than modern Fairbanks (Kokelj et al
2011), temperatures were likely to be considerably
colder during the formation of CRREL permafrost
tunnel ice wedges. As was stated earlier, we do not
have information on the isotopic composition of
marine waters when the ice wedges formed so our
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Figure 4. Stable water isotope values for all the permafrost samples collected at the field sites with the local meteoric water line
(MWL) rain and snow local MWLs. Approximate ages of the different sample types: Permafrost Tunnel ice wedges (~30-35 ka;
Lachniet et al 2012, Kanevskiy et al 2022); Vault Creek Tunnel ice wedges (50-25 ka; Meyer et al 2008; Schirrmeister et al 2016);

Permafrost Tunnel thermokarst cave ice (43—34 ka; Kanevskiy et al

2022); Permafrost Tunnel pore ice (40-30 ka; Barbato et al

2022, Kanevskiy et al 2022); above the Permafrost Tunnel active layer soil (modern; less than 500 years old); Above the Permafrost
Tunnel pore ice and Creamer’s Field and Farmer’s Loop pore ice (these samples are from a maximum depth of 3 am and are thus
~3 ka based on deposition rates of 1 mm year™! ; Hamilton et al 1988, Douglas et al 2021).

temperature calculations provide minimum estim-
ates and seawater correction would make estimates of
paleotemperatures even colder.

Thermokarst cave ice from the CRREL perma-
frost tunnel represents predominantly summer sea-
son thermal and hydrological erosion and replace-
ment of ice wedges and adjacent pore ice-cemented
silt by surface water. This water froze over subsequent
winters and has not melted since (Douglas et al 2011).
Thirteen radiocarbon dates from wood in these ther-
mokarst cave ice deposits yield ages from 43.5 ka to
34.1 ka, while the majority of ages (12 of the 13 dates)
are ~35 ka (Kanevskiy et al 2022). §'80 measure-
ments from thermokarst cave ice range from —27%o
to —19.5%o with a mean of —22.5 & 1.9%o and cor-
rected mean value of —23.1%o. A comparison can be
made between the §'30 value of these samples repres-
enting summer precipitation ~35 ka (—22.5%o, cor-
rected value of —23.1%o) and modern summer pre-
cipitation (—17.3%o) using the 0.60%o0 °C~! from
Lachniet et al (2016). As stated earlier, there is a
lack of a strong correlation between §'*0 and air
temperature in our winter and summer samples and
an absence of any nearby long-term record of stable
isotopes in precipitation. As such, we use relation-
ships between §'80 and air temperature for a broader

region of Alaska (Lachniet et al 2016). They report
linear correlations between §'0 and winter season
temperature (r = 0.73; 0.31%o0 °C~!) and mean
annual temperature (r = 0.71; 0.60%o °C~!). From
this, we calculate a corrected summer season increase
of 10 °C between ~35 ka and the present.

Most pore ice inside the CRREL permafrost tun-
nel cements loessal soils from 40-30 ka (Kanevskiy
et al 2022). The majority of this pore ice is struc-
tureless (i.e. no ice layers), which suggests min-
imal potential for cryostructural fractionation during
freezing. Only a small section near the North Portal is
known to be younger (Hamilton et al 1988, Kanevskiy
et al 2022). Pore ice represents late summer precip-
itation when the active layer was at its maximum
extent (Throckmorton et al 2016, Porter and Opel
2020). Their §'80 values vary (—25.4%o to —21.0%o,
mean of —22.6 £+ 1.1%o, corrected mean value of
—23.2%o) suggesting variation in the summer pre-
cipitation stable isotopic composition during syngen-
etic permafrost aggradation. This may reflect MIS3
climate instability as seen in Greenland ice cores but
which is poorly resolved in terrestrial sequences from
Alaska/Yukon, and further study is needed to test this.
A recent study of 37-31 ka pore ice collected through-
out the CRREL permafrost tunnel reports the same
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mean uncorrected 680 value of —22.6%o (Kanevskiy
et al 2022; corrected mean value of —23.2%o). All
our pore ice samples are shifted to higher 30 values
compared with the summer MWL, consistent with ice
wedge and thermokarst cave ice (figure 4). Using these
samples, comparisons can be made between mod-
ern values and permafrost ice representing different
time periods of paleoprecipitation and, likely, differ-
ent moisture source regions and air mass trajectories
(e.g. Meyer et al 2010, Lachniet at el 2016, Broadman
et al 2020). Using our mean modern summer pre-
cipitation values (—17.3%o) and the relationship of
0.60%o0 °C~! (Lachniet et al 2016) we calculate that
corrected mean summer temperatures increased by
~10 °C from 40-30 ka to the present. This is the same
value calculated for the summer temperature increase
from thermokarst cave ice.

Quantitative summer temperature estimates for
Alaska and Yukon during MIS3 are rare. The most
common come from beetle assemblages with values
derived using the mutual climatic range technique
(e.g. Elias 2000, 2013). These quantitative estimates
are limited by statistical biases (Bray et al 2006);
however, dated MIS3 site summer temperatures were
~4 °C colder than present. Chirinomid based sum-
mer temperature estimates provide a second data
source. At Burial Lake, northwest Alaska, they sug-
gest temperatures were ~4 °C lower than modern
values between 40 ka and 30 ka (Kurek et al 2009).
Our summer temperature estimates are substantially
cooler than these.

Relict pore ice from cores representing the upper
3 m of near-surface permafrost at the Creamer’s Field
and Farmer’s Loop sites yields §'®O values ranging
from —22.5%0 to —17.5 £ 1.3%o0 (mean —20.3%o)
(supplemental tables 3 and 4 and supplemental figure
4). Based on loess deposition rates of ~1 mm year™!
(Hamilton et al 1988, Douglas et al 2021) they repres-
ent frozen pore waters of ~3 ka. Their §'O values are
within the range of 58 surface water samples collected
from the nearby Chena River (—23.3%0 to —19.4%o;
Douglas et al 2013) and plot along the summer MWL.
Deuterium excess in the surface active layer and pore
ice (supplemental figure 5) confirms a modern sum-
mer meteoric water composition. However, far older
CRREL permafrost tunnel pore ice (40-30 ka) has a
significantly lower d-excess and dD values than these
surface samples (analysis of means with o = 0.05).

Using the %0 temperature relationship of
0.60%o0 °C~! (Lachniet et al 2016), the corrected
~3.2%o increase in summer precipitation §'30 val-
ues between the 40 ka and 30 ka pore ice and the
~3 ka to modern pore ice and pore waters equates
to a 5 °C increase in summer temperatures over this
time period. This is roughly half of the 10 °C warm-
ing between ~40 ka and the present that we calcu-
lated from CRREL permafrost tunnel pore ice and
thermokarst cave ice. The ~2.5%o increase in §'¥0
values between young pore ice above the CRREL
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permafrost tunnel (3 ka; —20%o), young pore ice at
Farmer’s Loop and Creamer’s Field (—20.3%o) and
active layer samples above the CRREL permafrost
tunnel (—20%o) compared with modern summer
precipitation (—17.3%o) suggests a summer temper-
ature increase of 4 °C between the last ~1-3 ka and
the present.

4, Conclusions

This study establishes the first LMWL for interior
Alaska, providing a framework for comparing per-
mafrost representing winter (ice wedges) and sum-
mer (thermokarst cave ice and pore ice) precipitation
sources. Using the MWL and these changes in perma-
frost ice stable isotopes we established relationships
between stable isotope values of precipitation and sea-
sonal air temperatures over different time periods. Ice
wedges represent winter precipitation during MIS3,
thermokarst cave ice comprises summer precipita-
tion ~35 ka, older (40-30 ka) and younger (~3 ka)
pore ice represents summer precipitation and act-
ive layer soils contain modern precipitation. We find
that during MIS3 winter temperatures were similar
to today; however, summer temperatures were con-
siderably cooler. Between 40-30 ka and the present
both the thermokarst cave ice and pore ice suggest a
warming of 10 °C. A comparison of 40-30 ka pore ice
and ~3 ka pore ice suggests that 5 °C of that warming
occurred prior to 3 ka.

To place these paleotemperatures into context,
almost half of the ~5 °C of warming that occurred
between ~3 ka and the present can be accounted
for by the ~2 °C increase in mean annual tem-
perature between the 1930s and 2020 (National
Oceanographic and Atmospheric Administration
2022). However, it should be noted that more winter
warming (4.3 °C) occurred since the 1930s com-
pared with summer warming (1.4 °C; Alaska Climate
Research Center 2022). Future climate scenarios pro-
ject a 3-7 °C increase in mean annual air temper-
atures for the interior Alaska over the next 80 years
(Walsh et al 2008). This means that the total climate
warming projected to occur between the 1930s and
2100 of ~9 °C is comparable to the total warming
over the past 40 ka calculated in this study. Recent
(last ~20 years) warming in the area has led to
widespread permafrost thaw (Douglas et al 2021,
Farquharson et al 2022), and this is projected to con-
tinue into the future with near-surface permafrost
likely to be absent in the study area by 2100 (Pastick
etal 2015).

Data availability statement

Correspondence and requests for materials should be
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mental information and stable water isotope values of
precipitation are accessible at Zenodo using https://
doi.org/10.5281/zenodo.10155689 (‘Stable oxygen
and hydrogen isotope values for permafrost ice, rain,
and snow collected near Fairbanks, Alaska and a sum-
mary of all age dates from the CRREL Permafrost
Tunnel’).
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