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ABSTRACT

The Cold Regions Research and Engineering Laboratory Permafrost Tunnel (CRREL Tunnel) in Alaska
is one of the best studied Yedoma sequences in North America and is an exceptional site for
understanding ice-rich, syngenetic permafrost. Here, we present cryostratigraphy, chronology, and
stable isotopic analyses from eight exposures within the tunnel. These data are combined with
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previous studies to develop a composite sedimentary history and palaeoenvironmental record. At g::,‘:,vo?(;?ﬁspermafmst;
the sequence base, Fox Gravels were deposited ca. 45,000 calibrated years before C.E. 1950 (cal yr cryostratigraphy;

BP) and are overlain by silt that began accumulating ca. 43,000 cal yr BP. A slowing of silt Palaeoenvironments;
accumulation (and possible hiatus) occurred ca. 36,000 cal yr BP and is associated with higher Beringia

pore ice 8'80 values and thermokarst cave ice. Previous radiocarbon dates on ice wedge CO, from
this unit are shown to be inaccurate, highlighting the difficulty in dating these features. Silt
accumulation reactivated between 35,000-31,000 cal yr BP, with higher 6'°N values, suggesting
more arid conditions. Published palaeoenvironmental data, placed in our new chronology, show
shrub tundra was present between 43,000-41,000 cal yr. By 36,000 cal yr BP herbs and sedges

replaced shrub tundra as the Bering Land Bridge became established.

Introduction

Perennially frozen deposits (i.e., permafrost) have per-
sisted in Beringia (unglaciated Alaska, Yukon, Siberia
and exposed Chukchi/Bering continental shelf) for
>700,000 years and provide important archives for
a range of palaeoenvironmental and ground ice infor-
mation (Froese et al. 2008; Murton et al. 2022). These
deposits are best known for the preservation of mega-
faunal (animals weighing 244 kg) remains, including
frozen mummies (Guthrie 1990); however, they also
contain rich ecological (Murchie et al. 2021; Zazula
et al. 2003), volcanic (Froese et al. 2002), and stable
isotopic records (Monteath et al. 2023; Porter et al.
2016). In eastern Beringia (unglaciated Alaska and
western Yukon), permafrost exposures exceed the
time-period spanned by most lake records, which
were often dry prior to ca. 15,000 calibrated years
before C.E. 1950 (Hopkins 1982), and can be robustly

dated through tephrochronology, optically stimulated
luminescence, and careful selection of terrestrial plant
macrofossils for radiocarbon dating (Preece et al. 2000;
Westgate et al. 2001). These records therefore provide
exceptional archives for understanding late Quaternary
ecosystems and environmental processes (Froese et al.
2009).

Recently, several studies have examined palaeoenvir-
onmental evidence and ground ice properties from per-
mafrost deposits exposed by tunnels excavated into
Quaternary sediments (Douglas et al. 2025; lizuka et al.
2019; Meyer et al. 2008, 2010a, 2010b; Schirrmeister
et al. 2016a). These allow extensive cryostratigraphic
sequences spanning tens of thousands of years (or
more) to be investigated at a single site. The most well-
known example is the Cold Regions Research and
Engineering Laboratory Permafrost Tunnel (CRREL
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Tunnel) in Fox (Figure 1), 16 km north of Fairbanks,
Alaska (64.951'N, 147.621'W). This large (500 m of
excavated tunnels) tunnel complex provides a rare nat-
ural laboratory for understanding ice-rich, syngenetic
permafrost and is one of the best studied Yedoma (fine
grained, ice rich deposits associated with aggrading per-
mafrost) sequences in North America (Kanevskiy et al.
2022; and references therein). However, the palaeoen-
vironmental record from the CRREL Tunnel remains
comparatively underdeveloped. Although stable isotopic
and ecological data provide detailed environmental
snapshots, there has been no attempt to develop a well-
dated continuous or semi-continuous palaeo-record
from the site (Douglas et al. 2025; Griffing 2011;
Hamilton, Craig, and Sellmann 1988; Lachniet,
Lawson, and Sloat 2012; Lachniet et al. 2016; Sellmann
1967, 1972; Sloat 2014; Wooller et al. 2007, 2011).
Radiocarbon dating from a series of studies shows the
CRREL Tunnel dissects a frozen sedimentary sequence
that spans approximately 45,000-10,000 cal yr BP (Table
S3). This time-period includes the Middle Wisconsin
interstadial (approximately 57,000-30,000 cal yr BP)

which is broadly coeval with the Karginsky interstadial
in western Beringia (Anderson and Lozhkin 2001), and
Marine Isotope Stage 3 (MIS3) globally. MIS3 is part of
an unusual, Northern Hemisphere summer-insolation
optimum that was one of the lowest amplitudes of recent
Quaternary warm-stages (Berger and Loutre 1991). In
eastern Beringia, well dated palacoenvironmental
records spanning this period are rare, with few excep-
tions (Gaglioti et al. 2018; Matthews Jr. 1974), and little
is known about the climate or vegetation beyond
approximately dated pollen records (Anderson and
Lozhkin 2001; Monteath et al. 2025). Younger deposits
in the CRREL Tunnel span the Pleistocene-Holocene
transition (approximately 16,000-10,000 cal yr BP).
This period of rapid environmental change coincided
with the arrival of early paleolithic communities (ca.
14,000 cal yr BP; Potter et al. 2017) and the collapse of
the steppe-tundra (mammoth steppe) ecosystem as
grazing megafauna were extirpated and herbaceous, gra-
minoid vegetation was replaced by first shrub tundra,
then boreal forest (Guthrie 2001; Mann et al. 2002, 2013;
Monteath et al. 2021, 2023; Murchie et al. 2021).

)

Arctic Ocean
North Portal

South Portal

@ Exposure number

North Tunnel
7.@

Figure 1. (a) The position of the CRREL Tunnel. (b) Plan view of the CRREL Tunnel and exposures described in this study. (c) Photograph
taken from just beyond the North Portal, looking into the North Tunnel (on the left) and the Winze (descending ramp; on the right) and

showing the positions of exposures one, two, four and six.



New work, combining modern precipitation and
ground ice isotopic measurements from the CRREL
Tunnel has shown that §'®0 and §°H values from pore-
ice, wedge-ice and thermokarst cave-ice preserved in the
tunnel sediments fall along the Local Meteoric Water Line
(LMWL), and are climatically sensitive (Fig. S3; Douglas
et al. 2025). Therefore, the CRREL Tunnel represents
a rare archive of high-latitude MIS3 environments. In
this study, we present stratigraphic descriptions, chron-
ology and stable isotopic measurements (§°H, §'°O,
8"°C and §'°N values) from eight exposures in different
sections of the CRREL Tunnel and place these within an
overall site stratigraphy to develop a semi-continuous late
Pleistocene environmental record.

The history and setting of the CRREL Tunnel

The CRREL Tunnel consists of three northwest-
southeast tunnels each of which extends for >100 m:
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the North Tunnel, South Tunnel and Winze (descending
ramp). These are around 4 m in height and are con-
nected by three cross cutting tunnels. The North Tunnel
and South Tunnel are excavated horizontally into the
silt, whereas the Winze (descending ramp) slopes down-
ward into the Gravel Room which is stratigraphically
(and physically) below other tunnel sections at the
CRREL Tunnel. It then rises to meet Cross Cut 2
(Figures 1, 2).

The first excavations of the CRREL Tunnel were
undertaken by the U.S Army between 1963-1969.
Initially, the North Tunnel and Winze were drilled
into a 10 m high, northwest facing escarpment formed
by placer gold mining activities in the Goldstream
valley during the early- and mid-1900s. Subsequently,
the tunnel complex was expanded in 2011-2013 and
again in 2018-2021. The Quaternary stratigraphy of the
North Tunnel, Winze and Gravel Room were first
described and radiocarbon dated by Sellmann (1967,
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Figure 2. Schematic diagrams of the North Tunnel, South Tunnel and Cross Cut Tunnel, shown with stratigraphic logs of exposures

examined in this study.
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1972) and Hamilton, Craig, and Sellmann (1988). New
excavations, including the 110 m South Tunnel and
Cross Cut tunnels are described and dated by
Kanevskiy et al. (2022).

The CRREL Permafrost Tunnel complex is situated
near the southern margin of the Yukon-Tanana Upland
and lies within the discontinuous permafrost zone
(Jorgenson et al. 2008). The regional climate is conti-
nental (Koppen Climate Classification Dfc) with
a mean annual air temperature of —2°C and monthly
mean temperatures ranging between 20°C in summer
to —20°C in winter. Measured seasonal extremes range
from 38°C to —51°C (Jorgenson et al. 2001, 2020). The
typical annual precipitation is 28 cm of water equiva-
lent of which ~45 percent falls as snow (Liston and
Hiemstra 2011). Annual temperature in the Fairbanks
region has warmed 1.5°C since the 1970s (Fairbanks
Airport station; Alaska Climate Research Center 2022)
and during this time the length of the summer growing
season has increased by 38 days (Wendler and Shulski
2009). This has led to widespread permafrost thaw
throughout the region, including above the CRREL
Tunnel (Douglas et al. 2021).

Quaternary cryostratigraphy of the CRREL Tunnel

The CRREL Tunnel dissects late Quaternary sediments
that lie above frozen bedrock composed of pre-
Cambrian, muscovite-quartz Fairbanks Schist
(Newberry et al. 1996). The schist is only exposed in
the lowest reaches of the Gravel Room and is ice-poor
(average gravimetric moisture content 11.7 percent;
Hamilton, Craig, and Sellmann 1988). Above this, the
Fox Gravel forms a 3-4 m deposit composed of ice poor
(average gravimetric moisture content 19.9 percent;
Kanevskiy et al. 2022), imbricated sandy gravel, inter-
stratified with layers and lenses of gravelly sand (Péwé
1975). Sand lenses often contain Salix wood, including
rooted stumps, some of which may be in growth posi-
tion (Hamilton, Craig, and Sellmann 1988). Three con-
ventional radiocarbon dates and one liquid scintillation
counting radiocarbon date from woody macrofossils in
this unit suggest the Fox Gravels were deposited during
MIS3, ca. 45,000 cal yr BP (Table S3), although these lie
close to the practical limit of radiocarbon dating and
must be treated with caution (Hamilton, Craig, and
Sellmann 1988; Long and Péwé 1996).

Above the Fox Gravel, silt are present throughout
the CRREL Permafrost Tunnel complex and are 14—
17 m thick. The silt was subdivided into two deposi-
tional units by Sellmann (1967, 1972) and Hamilton,
Craig, and Sellmann (1988) who describe an ero-
sional/thaw event between them; the (1) lower silt

and the (2) upper silt. The lower silt unit is
~4.5 m thick and includes large ice-wedges, up to
2 m wide, that have been truncated by a thaw/ero-
sional event at a consistent height throughout the
North Tunnel. Organic content in the lower silt is
marginally higher (average 6.3 percent) than the
upper silt (average 4.3 percent) and includes more
frequent, and larger, woody remains (Hamilton,
Craig, and Sellmann 1988). Shur et al. (2004) and
Kanevskiy et al. (2022), however, argue that the silt
deposits can be combined into one continuous unit
based on the vertical extent of ice wedges in the South
Tunnel (floor to ceiling) and boreholes, as well as
variable ice wedge truncation heights exposed by
new excavations in the South Tunnel and Cross Cut
tunnels. Instead, Shur et al. (2004), Bray, French, and
Shur (2006) and Kanevskiy et al. (2022) attributed
thaw unconformities and the truncation of ice wedges
to local thermokarst and thermo-erosional events.
Repeated radiocarbon dating of different materials
(Table S3) shows that the silt dates to MIS3
(Sellmann 1967, 1972; Hamilton, Craig, and
Sellmann 1988; Kanevskiy et al. 2022). The age of
ice wedges dissecting the silt is less clear and have
been ascribed to both MIS3 (Hamilton, Craig, and
Sellmann 1988; Sellmann 1967) and MIS2 (Lachniet,
Lawson, and Sloat 2012).

In the North Tunnel, MIS3 silt is overlain by poorly
sorted gravel with diamicton interbeds. This deposit is
exposed in the wall near the North Portal and in the
ceiling until ~40 m along the tunnel. The deposit was
carefully studied by Hamilton, Craig, and Sellmann
(1988) who interpreted it as a debris fan deposit and
sub-divided the material into two sub-units; the upper
fan and the lower fan. Kanevskiy et al. (2022) suggested
that the entire deposit formed during deep erosion of the
Goldstream Creek valley slopes which was quickly filled
by streams and mudflows during the Pleistocene-
Holocene transition. The fan deposits include cobbles
and subangular pebbles of quartz and schist that are
supported in a poorly sorted, sandy-silt/silty-sand
matrix. Platy clasts are typically dipping and lie parallel
to the bed. In places, roll structures are evident, indicat-
ing mass movement. The lower fan sub-unit includes silt
with abundant shrub wood and thin lenses of organic
matter that fill channel-like depressions in the under-
lying MIS3 silt. The upper fan sub-unit is clast rich and
includes megafaunal (animals weighing >44 kg) fossils
and wood logs (up to ~15 cm thick) amongst the rubble.
Radiocarbon dates from woody shrub remains (Salix),
snail shells and plant remains (undiff.) in the debris fan
date to between 14,880-13,500 cal yr BP (Hamilton,
Craig, and Sellmann 1988; Nield et al. 2024; Sellmann



1967), while bone remains date to 17,400-16,300 cal yr
BP (Sellmann 1967). This offset is suggested to result
from early methodological limitations in radiocarbon
dating bones (Hamilton, Craig, and Sellmann 1988).
Finally, exposures within the vertical ventilation shaft
(now inaccessible) and boreholes show that the CRREL
Tunnel is overlain by Yedoma silt reworked by thermo-
karst and thermal erosion during the Holocene. Seven
radiocarbon dates indicate that deposition occurred
during the Early-Mid Holocene (Table S3). The unit
includes 3-6 m of relatively ice-poor silt with peat hor-
izons and organic matter inclusions. Thin ice wedges
(0.1 to 1.0 m thick) are present as well as layers with
micro-cryostructures (presumably syngenetically frozen
soils or buried intermediate layers; Hamilton, Craig, and
Sellmann 1988; Kanevskiy et al. 2022; Sellmann 1967).

Methods

In April 2022, we examined and sampled eight expo-
sures from different sections of the CRREL Tunnel
(Figures 1, 2). Lateral permafrost cores were collected
from each exposure using either a three- or one inch
diameter corer, driven by an electric-powered drill.
Cores, macrofossil samples (woody shrub remains), and
fossils (woolly mammoth [Mammuthus primigenius]
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tusk, steppe-bison [Bison priscus] horn sheath, and
bone) were shipped frozen to the Permafrost Archive
Science Laboratory (PACS), University of Alberta,
Canada, and stored at —25°C.

Radiocarbon dating

We prepared 31 macrofossil samples from the CRREL
Permafrost Tunnel for Accelerator Mass Spectrometry
(AMS) radiocarbon dating (Table 1, S2) alongside sub-
samples of well-characterized standards of comparable
mass. These standards included AVR-PAL-07, an inter-
nal standard of last interglacial age to establish back-
ground radiocarbon abundance (De Martinez et al.
2019), and two well-dated Holocene international stan-
dards to verify age quality; FIRI-F and IAEA-CS5.
Pretreatment of all samples followed standard acid-
base-acid procedures (e.g., Reyes, Froese, and Jensen
2010). Samples were placed on a heating block at 70°C
and submerged in 1 M HCI for 30 minutes, followed by
successive 30-minute treatments in 1 M NaOH until the
liquid remained clear. Samples were then submerged in
a final 1 M HCI treatment for 30 minutes followed by
successive 15-minute rinses in ultrapure water until pH
> 6. Ultra-fine tip pipettes were used on low mass sam-
ples to mitigate losses. Samples were then frozen, freeze-

Table 1. Radiocarbon ('*C) dates from the CRREL Permafrost Tunnel measured in this study. Dates were calibrated using OxCal v.4.4
and the IntCal20 radiocarbon calibration curve (Bronk Ramsey 2009a; Reimer et al. 2020).

Location Exposure Sample Lab n. Age (™CyrBP)  Age (cal yr BP)  Median (cal yr BP) Material

North tunnel 1 SC22-1-10 UCIAMS-265201 33,520 + 550 39,751-36,883 38,343 Plant macrofossil undif.
North tunnel 1 SC22-1-14CA UCIAMS-265035 31,430 + 200 36,200-35,369 35,800 In situ graminoid

North tunnel 1 S$C22-1-14C B UCIAMS-265034 31,960 + 210 36,860-35,875 36,309 In situ graminoid

North tunnel 1 SC22-1-14C C UCIAMS-265040 31,080 + 190 36,033-34,910 35,471 In situ graminoid

North tunnel 1 SC22-1-15 UCIAMS-265200 31,690 + 230 36,473-35,456 36,033 Plant macrofossil undif.
North tunnel 1 SC22-1-5 UCIAMS-265199 32,100 + 1500 40,871-34,227 37,078 Plant macrofossil undif.
North tunnel 2 SC22-2-43 UCIAMS-265039 40,090 + 540 44,290-42,680 43,384 Plant macrofossil undif.
North tunnel 2 SC22-2-45-bulk UCIAMS-265048 38,580 + 450 42,887-42,149 42,491 Plant macrofossil undif.
North tunnel 2 SC22-2-46 UCIAMS-265038 38,790 + 460 42,995-42,208 42,572 Plant macrofossil undif.
North tunnel 2 SC22-2-51 UCIAMS-265194 31,770 + 350 36,875-35,395 36,117 Plant macrofossil undif.
North tunnel 2 SC22-2-53 UCIAMS-265195 27,120 + 180 31,574-31,012 31,193 Plant macrofossil undif.
North tunnel 2 SC22-2-55 UCIAMS-265043 28,700 + 140 33,622-32,255 33,071 Plant macrofossil undif.
Cross Cut One 3 SC22-3-63 UCIAMS-265204 32,860 + 260 38,449-36,514 37,304 Graminoid rootlets
Cross Cut One 3 SC22-3-70 UCIAMS-265045 32,050 + 220 36,935-36,008 36,397 In situ shrub wood
Winze 4 SC22-4-79 UCIAMS-265203 39,380 + 580 43,974-42,343 42,879 Plant macrofossil undif.
Winze 4 S5C22-4-83 UCIAMS-265196 39,750 + 600 44,193-42,480 43,144 Graminoid rootlets
South tunnel 5 SC22-5-71 UCIAMS-265202 32,840 + 260 38,399-36,489 37,275 Plant macrofossil undif.
South tunnel 5 SC22-5-73 UCIAMS-265197 30,880 + 470 36,192-34,462 35,278 Graminoid rootlets
South tunnel 5 SC22-5-78 A UCIAMS-265046 30,640 + 180 35,380-34,600 34,995 Salix leaves

South tunnel 5 SC22-5-78 B UCIAMS-265037 30,510 + 170 35,293-34,535 34,903 Salix leaves

Winze 6 SC22-6-84 A UCIAMS-265047 43,280 + 800 47,546-44,566 45,790 Wood

Winze 6 SC22-6-84 B UCIAMS-265036 42,560 + 740 46,695-44,205 45,222 Wood

North tunnel 7 SC22-7-87 UCIAMS-265198 33,200 + 1700 41,907-34,915 38,238 Plant macrofossil undif.
North tunnel 7 SC22-7-90 A UCIAMS-265041 11,960 + 35 14,023-13,760 13,862 Salix wood

North tunnel 7 SC22-7-90 B UCIAMS-265044 11,850 + 25 13,784-13,606 13,690 Salix wood

North tunnel 7 SC22-7-91 A UCIAMS-265042 11,900 + 25 13,984-13,606 13,767 Salix wood

North tunnel 7 SC22-7-91 B UCIAMS-265033 11,790 £ 25 13,755-13,521 13,657 Salix wood

North tunnel 7 SC22-7-94 UCIAMS-265029 13,605 + 40 16,586-16,284 16,427 Bison scapula

North tunnel 7 SC22-7-95 UCIAMS-265223 23,530 + 90 27,854-27,458 27,719 Bison horn sheath
North tunnel 7 SC22-7-96 UCIAMS-265030 13,350 + 45 16,235-15,880 16,065 Mammoth tusk

North tunnel 8 SC22-8-97 UCIAMS-265031 14,295 + 45 17,692-17,105 17,377 Bone undif.
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dried overnight, and stored in airtight sterilized vials.
CO, production, graphitization, and measurement of
radiocarbon abundance of all samples were completed
at the Keck-Carbon Cycle AMS facility (UCIAMS).
Collagen from three megafauna fossils were prepared
for radiocarbon dating using ultrafiltration (Brown
et al. 1988) at UCIAMS. Keratin from a fragment of
steppe-bison horn sheath was treated using acid-base-
acid protocols at UCIAMS.

Bayesian age modeling

We combined chronological data within Bayesian age
models using OxCal v.4.4 and the Northern Hemisphere
IntCal20 radiocarbon calibration curve (Bronk Ramsey
2009a; Reimer et al. 2020). For each exposure, we devel-
oped a P_Sequence depositional model (Fig. S4) and
applied a variable k parameter (depositional events per
unit length: cm™') and a General_Outlier model (Bronk
Ramsey 2008, 2009b; Bronk Ramsey and Lee 2013).
Where the stratigraphic relationship between exposures
was known (e.g., exposure two lies stratigraphically
above exposure four, which lies above exposure six)
P_Sequence depositional models were nested within
a Sequence model so that chronological data from multi-
ple exposures could be combined. Individual radiocar-
bon dates were assigned a five percent prior probability
(i.e., one in twenty) of being an outlier. Throughout the
manuscript modeled age ranges are reported as median
ages or at two sigma (95.4 percent) level confidence.
OxCal code for each age-depth model is reported in
Supplementary Information.

To determine the timing of stable water isotopic
(8’H and 8'®0 values) changes in relict pore-water
a pore-ice-specific age-depth model that includes
some understanding of the palaeo-active layer thick-
ness is required (Porter and Opel 2020). Syngenetic
pore-ice represents meteoric waters that infiltrated
the active layer and froze in situ before being pre-
served by the aggrading permafrost table. This pro-
cess is paced by the rate of sediment accumulation at
the surface and so the depositional age of the pore-
ice is always younger than the host sediments.
Monteath et al. (2023) and Cocker et al. (2026)
both used a combination of modern measurements
and palaeoenvironmental evidence from arctic
ground squirrel (Urocitellus parryii) middens and
paleosols to infer palaeo-active layers. The end mem-
bers from these data were then used to test the
sensitivity of chosen active layer depths on the pore-
ice chronology. Active layer depth data from interior
Alaska during the MIS3 and the latest Pleistocene are
unavailable but are likely to have been at least as

deep as today (Guthrie 2001). Present active layer
depths around Fairbanks, Alaska, are typically 20—
80 cm (Douglas et al. 2008) and thaw measurements
taken between C.E. 1946-1972 were consistently
~85 cm (Linell 1973). We therefore applied a palaeo-
active layer of 85 cm to our samples. Given the rapid
silt accumulation rate (0.04-0.27 mm yr_l; Table S1)
the choice of palaeo-active layer depths is unlikely to
affect the modeled age of pore-ice by more than
decades-to-centuries; well within the two-sigma
uncertainties of the Bayesian age-depth models.

Pore-ice 6°H/6'30 measurements

We measured ground ice 8°H and §'°0 values using
a Picarro (model L2130-i) water isotope analyzer (Fig.
S5). Raw 8°H and 8'®0 values were normalized to the
VSMOW-SLAP scale using reference water samples
USGS-45 (8D = -10.3%o, 6'°0 = -2.2%o0) and USGS-46
(8D = -235.8%o, 8'%0 = -29.8%o). Fifteen replicate ana-
lyses were undertaken on samples from the CRREL
Tunnel to demonstrate consistency between runs.
Analytical precision in this study was 0.5%o for
8°H values and 0.2%o for §'*0 values based on routine
measurement of an internal secondary water standard.

Particle size analysis

We measured particle size using laser diffraction with
a Malvern Mastersizer 3000. Before analysis, oven dried
samples were burnt at 550°C for two hours and then
mixed with a weak dispersant solution of five percent
Sodium hexametaphosphate (Calgon) to form
a homogenous paste (Konert and Vandenberghe 1997).
Samples were weighed before and after burning to pro-
vide a measurement of organic content (Heiri, Lotter,
and Lemcke 2001). For each analysis settings were
adjusted so that the standard deviation of these five
measurements was below five percent for the D10,
D50, and D90 values. These adjustments included: add-
ing more sample material to increase obscuration and/or
the application of ultrasound.

Percentage N, C and 6">C, 6"°N measurements

We determined %C, %N, §"°C, and §"°N values using
a Thermo Scientific Flash Elemental Analyzer attached
via a Thermo Scientific Conflo IV to a Thermo Scientific
Delta V plus Isotope Ratio Mass Spectrometer at the
Alaska Stable Isotope Facility, University of Alaska,
Fairbanks. Samples of weighed, freeze-dried sediment
were placed in tin capsules and sealed prior to C and
N measurements. Analysis followed standard protocols



(Wooller et al. 2007) and results are presented as stan-
dard delta (8) notation as well as relative to the Vienna
Pee Dee Belemnite (VPDB) and air, respectively. The
analytical precision (defined here as 1 standard devia-
tion calculated from seven analyses of peptone as an
internal laboratory standard) for %C, %N, 813C, and
8N were 0.4 percent, 0.4 percent, 0.1 percent, and
0.1 percent, respectively. In eastern Beringia, changes
in Yedoma §'°N values are thought to be primarily
controlled by soil moisture, although this relationship
is difficult to quantify (Handley et al. 1999; Rabanus-
Wallace et al. 2017).

Macrofossil analysis

To identify woody macrofossil remains, we undertook
thin section analysis on samples collected from Debris
Fan deposits that are evident in the tunnel wall near the
North Portal (SC22-7-90, Sample E and SC22-7-90,
Sample D) 1. For each macrofossil we produced 10-
15 mm thin sections in the transversal, tangential, and
radial directions using the WSL Lab-Microtome (Fig.
S2; Gartner, Lucchinetti, and Schweingruber 2015).
Wood characteristics used for identifying samples fol-
lowed the keys and examples published in
Schweingruber (2016).

(a). Exposure One .
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Results

All eight exposures examined in this study can be placed
in common cryostratigraphic units previously described
by Hamilton, Craig, and Sellmann (1988) and Kanevskiy
et al. (2022). The principal ground ice features (Fig. S1)
encountered in this study are described following the
nomenclature of Murton and French (1994) with mod-
ifications from our own experience and previous studies
of the CRREL Tunnel (Supplementary Text S1).

Exposure one

Exposure one is located in the North Tunnel, 37-40 m
from the portal entrance (Figures 1, 3), and includes
a well preserved, vegetated land surface described by
Wooller et al. (2007), Wooller et al. (2011). The 4 m
exposure can be divided into two depositional sub-units,
separated by an erosional contact, which were described
by Hamilton, Craig, and Sellmann (1988) as the upper
and lower silt. Sub-unit one is composed of silt with
microlenticular cryostructure, that becomes finer
grained toward the top of the unit (66-75 percent silt).
Organic content varies between 4-8 percent, the average
sediment 8'°N value is ~3.3 and §'°0 values for pore
and segregated ice are consistently around -22.8%o. Pore
ice Deuterium-excess (D-excess) values vary between 3.1

Wf) 4G1{A-C)
31,960+210 "C yr BR
31,430+200 ¢
31,080:19074

(~18.9%o)

(-19:1%a)" 16

3 & 31,690+230 #C yrBP. 15

‘Vegetation mat

b
25 (-22.2%) QO

210 220 330 24O (2610%s
Ice wedge

(-23.2%o)

11 (:22.9%0)
3 1(-22.9%0)

2 (-22.9%0)

Figure 3. (a) Annotated image of Exposure One, North Tunnel, including selected isotopic (5'®0) and radiocarbon data. Sampling
numbers refer to SC-22 labeling. (e.g., SC-22-1-1). (b) Paleosol associated with the vegetation mat. (c) Lateral coring Exposure one.
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to -2.9 with higher values lower in the sub-unit.
A radiocarbon date from the top of this sub-unit indi-
cates that it was deposited prior to ca. 38,350 cal yr BP
(SC22-1-10, 33,520 + 550 '*C yr BP). The sub-unit is
separated from the overlying sediments by a sharp con-
tact that marks an unconformity/re-working event
and truncates a large ice wedge with low §'°0 values
(mean -25.7%o). Sediments above the unconformity
have chaotic-reticulate cryostructure overlain by ther-
mokarst cave ice (mean -23.2%o 8'°0 value). A
well-preserved vegetation mat is present as part of the
unconformity and was described in detail by Wooller
et al. (2007), Wooller et al. (2011). A graminoid leaf
sample from this vegetation mat was radiocarbon
dated to 36,490-35,330 cal yr BP (NOSAMS-49819,
31,600 + 290 '“C yr BP) by Wooller et al. (2011) and
three new dates from in situ graminoid leaves sampled
by this study confirm this age (SC22-1-14C-265035,
31,430 + 200 '*C yr BP, 31,960 + 210 '“C yr BP,
31,080 + 190 “C yr BP). Above the unconformity, Sub-
unit two is formed of silt with similar sediment
8'°N values (~3.0%o), but higher organic content (10—
12 percent) and higher 8'%0 values than the underlying
sediments (-18.5 to —19.2%o). Pore ice D-excess values
vary between 0.6 to 4.9 with higher values in the upper-
most silt. A thin ice wedge with higher §'*0 values
(-22.2%o) dissects the silt. The sequence is capped by
poorly sorted gravels (Debris Fan) which diagonally
truncate the exposure and include abundant, large
woody macrofossils. Two radiocarbon dates from the
silt are broadly in agreement with dates from the vege-
tated land surface (SC22-1-15, 31,690 + 230 '*C yr BP;
SC22-1-5, 32,100 + 1500 '*C yr BP).

Exposure two

Exposure two is located in the North Tunnel (Figures
1, 4), 52-56 m from the entrance, and is immediately
adjacent to a radiocarbon-dated ice wedge (50S)
described by Lachniet, Lawson, and Sloat (2012). The
4.5 m high exposure includes two sub-units, separated
by an erosional contact, which were described by
Hamilton, Craig, and Sellmann (1988) as the upper
and lower silt. Sub-unit one includes the lower 2.5 m
of the exposure and is formed of silt (59-84 percent
silt) with low sediment 8'°N values (~2.2%o) and vari-
able organic content (6-23 percent). The 8'%0 values
from pore and segregated ice range between -22.7 to
-20.7%o, become marginally lower toward the top of
the sub-unit. Pore ice D-excess values vary between 0.1
to 3.2. Sub-unit one includes four paleosols—the most
prominent of which can be traced for tens of meters
along the tunnel walls (further into the North Tunnel

and Cross Cut Two). The lowest of these paleosols is
radiocarbon-dated to ca. 43,400 cal yr BP (SC22-2-43,
40,090 + 540 *C yr BP), consistent with dating from
exposure four in the Winze, which lies stratigraphically
below exposure two (Figure 2). Sub-unit one is trun-
cated by an unconformity represented by reticulate-
chaotic cryostructure ice and an exposed section of
thermokarst cave ice. §'°0 values from the cave ice
are between -24.1 and -24.3%o. Above this, sub-unit
two is composed of silt (65-78 percent silt) with lower
organic content (4-13 percent), but higher sediment
8'°N values (~3.3) than underlying sub-unit one. Pore-
ice 8'®0 measurements become marginally higher
toward the top of the sub-unit (-22.8 to -20.9%o).
Pore ice D-excess values vary between 0.5 and 2.8,
becoming lower toward the top of the sub-unit.
A thin (approximately 15 cm wide) ice-wedge dissects
sub-unit two (-21.5 to -21.2%o0 8'%0). The upper most
samples did not include enough pore-ice and segre-
gated ice for successful isotopic measurements.
Embedded in the ceiling above exposure two,
a vegetation mat is radiocarbon dated to ca. 33,100
cal yr BP (UCIAMS-265043, 28,700 + 140 "*C yr BP).

Exposure three

Exposure three is located in Cross Cut One and is
composed of fine-grained (silt), massive sediments
(67-78  percent silt), intermediate sediment
8'°N values (~3.0%o), high organic contents (9-21 per-
cent) and large ice wedges either side of the sampled
section (Figures 1, 5). A prominent paleosol is present
at the base of the sequence and can be traced for tens of
meters along the tunnel wall. Near the top of the expo-
sure a large, woody plant macrofossil is present in what
appears to be a growth position. §'0 measurements
are largely consistent throughout the section and vary
between -21.6 and -19.9%o. Pore ice D-excess values
vary between 0.7 to 3.0. Two radiocarbon dates from
this study date exposure three to between ca. 37,304
cal yr BP and ca. 36,397 cal yr BP (SC22-3-63,
32,860 + 260 '*C yr BP; SC22-3-70, 32,050 + 220
“C yr BP).

Exposure four

Exposure four is located in the Winze, 31 m from the
North Portal, and is stratigraphically (and physically)
bellow other exposures in CRREL Tunnel, with the
exception of exposure six (Figures 1, 6). Fox Gravels
are exposed at the base of the sequence and are overlain
by silt with a moderate sand component (~30 percent).
Organic content varies between 9-13 percent.
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Figure 4. (a) Annotated image of Exposure Two, North Tunnel, including selected isotopic (5'20) and radiocarbon data. Sampling
numbers refer to SC-22 labeling. (e.g., SC-22-2-30). (b) Exposure Two shown in relation to ice wedge 50S that was extensively studied
by Lachniet, Lawson, and Sloat (2012). Filled circles indicate data from Lachniet, Lawson, and Sloat (2012). (c) Sum probability of
radiocarbon dating from ice wedge 50S. All 50S dates come from Lachniet, Lawson, and Sloat (2012) except for the CH, date which
comes from Katayama et al. (2007).
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Figure 5. Annotated image of Exposure Three, Cross Cut One, including isotopic (§'0) and radiocarbon data. Sampling numbers refer
to SC-22 labeling. (e.g., SC-22-3-62).
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Exposure Four

Ice wedge
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79 (-20.6%o) 39,380+580 “C yr BP

Fox Gravels

Figure 6. Annotated image of Exposure Four, Winze, including
isotopic (5'®0) and radiocarbon data. Sampling numbers refer to
SC-22 labeling (e.g., SC-22-4-79).
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Floodplain organics and fluvial intrabeds are common
near the base of the exposure, interbedded with the fine-
grained (loessal) sediments. Pore ice 8'%0 and organic
content measurements are consistent throughout the
exposure; varying between -18.6 and -20.9%o, and 9.6-
12.8 percent, correspondingly. Pore ice D-excess values
vary from -6.0 to 2.8. Sediment 8"°N values (~1.5%o) are
lower than those measured in most other units. Two
radiocarbon dates from this study date exposure four to
ca. 43,000 cal yr BP (SC22-4-79, 39,380 + 580 '*C yr BP;
SC22-4-83, 39,750 + 600 '*C yr BP). The sequence spans
the local transition from fluvial to eolian deposition at
the CRREL Tunnel.

Exposure five

Exposure five is located in the South Tunnel, 55 m
from the South Portal (Figures 1, 7). The sediments
are formed of silt (63-77 percent silt). with moderate
organic content (9-13 percent) and low sediment
8'°N values (~1.8%o). Three pore-ice 8'80 values
vary between -19.7 to -20.6%o, with D-excess values
between -2.7 to 2.8. The sediments are dissected by
a thin ice wedge (approximately 10 cm thick,
-20.3%0 8'%0) as well as a 10-15 cm thick band of
thermokarst cave ice (to —22.6%o0 8'®0) that overlies
chaotic-reticulate ice and is dissected by larger ice

/ O 71(-19.7%) 32,8404260 *“C yr BP

Figure 7. Annotated image of Exposure Five, South Tunnel, including isotopic (5'20) and radiocarbon data. Sampling numbers refer to
SC-22 labeling. (e.g., SC-22-3-62). Filled circles indicate data from Kanevskiy et al. (2022). (b) Salix leaves exposed by sublimating
thermokarst cave ice. (c) Surveying and sampling Exposure Five.



wedges (-26.4 to -25.5%0 8'°0; Kanevskiy et al.
2022) that extend throughout the upper portion of
the exposure. Within the thermokarst cave ice
numerous Salix leaves are exceptionally well pre-
served, and are radiocarbon dated to ca. 34,950
cal yr BP (SC22-5-78, 30,640 + 180 '“C yr BP,
30,510 + 170 **C yr BP). The base of Exposure five
is radiocarbon-dated to ca. 37,300 cal yr BP (SC22-
5-71, 32,840 + 260 '*C yr BP).

Exposure six

Exposure six is located in the Winze, 51 m from the
North Tunnel portal, and is stratigraphically (and phy-
sically) bellow other exposures in CRREL Tunnel
(Figures 1, 8). The exposure is formed entirely of Fox
Gravel and includes large clasts interbedded with silty-
sand deposits. Large Salix macrofossils are common in
this deposit. No particle size, organic content, §"°C,
8"°N, 8°H, or 8'®0 values were made on this section.
Two Salix wood samples from this deposit were radio-
carbon-dated to ca. 45,000 cal yr BP (SC22-6-84,
43,280 + 800 "*C yr BP, 42,560 + 740 '“C yr BP).

Exposure seven

Exposure seven is located in the North Tunnel, 23 m
from the tunnel entrance, and includes three sub-units

Figure 8. Annotated image of Exposure Six, Winze, including
radiocarbon data.

ARCTIC, ANTARCTIC, AND ALPINE RESEARCH 1

(Figures 1, 9). Sub-unit one is formed of silt (75-
83 percent silt) with moderate organic content (8-
11 percent) and sediment 8'°N values (~2.6%o) and is
dissected by one thin ice-wedge, partially obscured by
sublimating silt at the base of the exposure (approxi-
mately 20 cm width). Four pore ice §'*0 measurements
vary between -22.5 and -23.2%o. Pore ice D-excess
values increase with height, from 0.6 to 5.1. One radio-
carbon date from this sub-unit dates to ca. 38,200 cal yr
BP (SC22-7-87, 33,200 + 1700 '*C yr BP). Sub-unit two
is formed of coarser, sandy-silt (53 percent silt) with
lower sediment 8'°N (~2.0) values, and includes large,
angular cobles as well as abundant Salix wood which is
dated to ca. 13,600 cal yr BP (SC22-7-90, 11960 * 35
“C yr BP, 11,850 + 25 '"C yr BP;SC22-7-91,
11,900 + 25 '“C yr BP, 11,790 + 25 '*C yr BP).
Megafauna (woolly mammoth and steppe-bison) fos-
sils are also present in this sub-unit and are radiocar-
bon-dated to between 16,000-28,000 cal yr BP (SC22-
7-94, 13,605 + 40 '*C yr BP; SC22-7-95, 23,530 + 90
“C yr BP; SC22-7-96, 13,350 + 45 '*C yr BP). Finally,
the exposure is capped by sub-unit three; formed of
inorganic (5 percent), sandy-silt (66-55 percent silt)
with higher 8'80 values (-18.9 to —19.6%o).

Exposure eight

Exposure eight is located in the North Tunnel,
immediately adjacent to the tunnel entrance and has
been heavily sampled by previous studies (Figures 1
and 10). The exposure is composed of massive silty-
sediments (60 percent silt) that are coarser and less
organic (4 percent organics) than other deposits in
the CRREL tunnel complex. Sediment 8N values
are variable (1.2-3.0%0). Ice content is low in this
unit and the §'®0 of relict water was only success-
fully extracted from one sample which was measured
as —18.5%o 8'%0 value (D-excess 0.6). The sediments
are described as “slumped silt” by Hamilton, Craig,
and Sellmann (1988). A bone fragment (likely steppe-
bison scapula) was found, associated with sample
SC22-8-97 and radiocarbon dated to ca. 17,400
cal yr BP (SC22-8-97, 14,295 + 45 '*C yr BP). This
date provides a minimum age for the unit; however,
it is unclear if the sub-fossil is in situ or was
reworked from older sediments.

Discussion
Reexamining ice wedge radiocarbon dating

Ice wedges in the CRREL Tunnel have been linked with
both MIS3 (Hamilton, Craig, and Sellmann 1988) and



12 A.J. MONTEATH ET AL.
(a) Exposure Seven

Sub-unit three
\/,—‘/\

Sub- unit Debris fan

33,200+1700 "C yr BP

Sub-unit one

O, 93 (-18.9%o)

QO 92 (-19.6%o)

11,960+35 '“C yr BP
11,850+25 “\C_yr’@/\ ;

O 89 (-22.0%0)

88 (-22.6%o)

87 (-23.2%o)

86 (-23.2%o)

85 (-22.5%o)

Figure 9. (a) Annotated image of Exposure Seven, North Tunnel, including selected isotopic (5§'®0) and radiocarbon data. Sampling
numbers refer to SC-22 labeling (e.g., SC22-7-85). (b) Woolly mammoth sub-fossils. (c) Steppe-bison horn (both situated left of image A).

Figure 10. Annotated image of Exposure Eight, North Tunnel,
including isotopic (6'®0) and radiocarbon data. Sampling num-
bers refer to SC-22 labeling (e.g., SC-22-8-97).

MIS2 (Lachniet, Lawson, and Sloat 2012). The stron-
gest evidence for MIS2 ice wedge formation is

presented by Lachniet, Lawson, and Sloat (2012) who
radiocarbon dated different organic and gas fractions
trapped within ice wedge 50S, immediately adjacent to
exposure two in the North Tunnel (Figure 4). The
study found that radiocarbon dates from particulate
organic matter (POC) were consistently older than
dates derived from dissolved organic carbon (DOC) or
CO, (Figure 4), which were considered more reliable
and used to infer that ice wedges throughout the
CRREL Tunnel formed epigenetically during the Last
Glacial Maximum (26,000-16,000 cal yr BP). In this
study, we tested these findings by systematically dating
deposits above and below wedge 50S at exposure two
(Figure 4). Macrofossils from sediment below, and
surrounding, ice wedge 50S are consistently radiocar-
bon dated to 43,000-38,000 cal yr BP and provide
a maximum age for wedge formation, similar to the
estimate of ca. 41,000 cal yr BP made by Lachniet,
Lawson, and Sloat (2012). Above this, ice wedge 50S
is truncated by thermokarst cave ice that extends into
exposure two and is associated with reticulate-chaotic
cryostructure (Figure 4). This erosional feature was
suggested to date to 21,500-14,900 cal yr BP by
Lachniet, Lawson, and Sloat (2012); however, at this
point our interpretations differ. Our new radiocarbon
dating and stratigraphic evidence for accumulation of



silt overlying wedge 50S indicates that the underlying
ice wedge must be older than 36,000-33,000 cal yr BP.
These two chronological models are not compatible
and so we outline several lines of evidence that support
our recommended chronological model and
interpretation:

(1) Radiocarbon background measurements are
essential for assessing the quality of dates that
are near the temporal limit of the technique or
based on low mass samples. Our new radiocarbon
dates were measured alongside AVR-PAL-07, an
internal standard of last interglacial age, to estab-
lish background radiocarbon abundance (De
Martinez et al. 2019). This data is not available
for dates reported in Lachniet, Lawson, and Sloat
(2012) making it harder to assess accuracy.

(2) Radiocarbon dates on macrofossils retrieved
from thermokarst cave ice by Lachniet,
Lawson, and Sloat (2012), Kanevskiy et al.
(2022) and this study (SC22-5-78) cluster
around 36,000-35,000 cal yr BP. This includes
two new dates on Salix leaves which both
returned ages of ca. 36,000 cal yr BP. These
fragile macrofossils are unlikely to have been
reworked from older deposits (e.g., Kennedy
et al. 2010) and add confidence that the true
age of the thermokarst cave ice is between
35,000-36,000 cal yr BP. These lines of suggest
that the ice formed during a brief period of
thermokarst and thermal erosion that could
represent a singular event (Figures 4, 12). This
age agrees with the chronology of exposure two
and the hiatus that affects wedge 50S, which is
dated to 42,000-36,000 cal yr BP in this study.

(3) Five radiocarbon dates from exposure one overlie
an ice wedge that is contemporaneous with wedge
50S and is one of a series of wedges that are
truncated at the same height in the North
Tunnel (Bray, French, and Shur 2006; Hamilton,
Craig, and Sellmann 1988). These dates are con-
sistent with dating by Wooller et al. (2011) on in-
situ vegetation and indicate that the truncated
wedges must be older than 36,000-35,000 ka.

(4) Wood immediately above wedge 50S was dated to
ca. 35,000 by Lachniet, Lawson, and Sloat (2012)
but considered to represent reworked material.
This date is in good agreement with the chronol-
ogy of exposure two and may accurately record
the timing of thermokarst.

Our chronology is consistent between exposures and
with stratigraphic and chronological data from
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elsewhere in the CRREL Tunnel. These lines of evidence
indicate that wedge 50S formed during MIS3 (Hamilton,
Craig, and Sellmann 1988), not MIS2 (Lachniet, Lawson,
and Sloat 2012). Given the recent use of DOC and CO,
in radiocarbon dating ice wedges (Grinter et al. 2019;
Kim et al. 2019; Vasil’chuk and Vasil’chuk 2017), it is
important to resolve why radiocarbon dates on these
materials from wedge 50S do not appear to be accurate.
At present, we do not have a satisfactory explanation.
The 8"°C values of CO, from within wedge 50S suggest
much of the CO, is derived from decomposing organic
material within the palaeo active layer that may be older
than the ice wedge (Lachniet, Lawson, and Sloat 2012).
Therefore, radiocarbon dates must be corrected based
on estimations of atmospheric and respired CO, con-
tributions, informed by 8'°C values. These corrections
would result in a younger age estimate, though not likely
as much as the offset between these studies. Similarly,
radiocarbon dates from dissolved organic carbon and
particulate carbon are more likely to be affected by ‘old’
carbon in permafrost settings. Therefore, the youngest
radiocarbon dates are usually considered accurate esti-
mates of the ice wedge’s true age if contamination with
modern carbon can be excluded, logic followed by
Lachniet, Lawson, and Sloat (2012). The contradiction
between this study and Lachniet, Lawson, and Sloat
(2012) highlights the difficulties in directly dating ice
wedges, which remains challenging (Vasil'chuk and
Vasil’chuk 2017).

While we are confident that ice wedge 50S formed
during MIS3, ice wedges elsewhere in the CRREL
Tunnel may be younger. For example, in the South
Tunnel silt is consistently dated to 35,000-31,000 cal yr
BP and therefore intruding ice wedges must be younger
and, in some case, may even have formed during the
Holocene (Kanevskiy et al. 2022). The variable isotopic
values of ice wedges suggest that several generations of
ground ice are preserved throughout the tunnel and that
they formed under different climates (Douglas et al.
2011, 2025; Kanevskiy et al. 2022).

Synthesized stratigraphy and chronology

Our eight exposures can be placed within three pre-
viously described late Pleistocene cryostratigraphic
units that are found throughout the CRREL Permafrost
Tunnel (Hamilton, Craig, and Sellmann 1988;
Kanevskiy et al. 2022). The composite sediment
sequence spans approximately 45,000 to 31,000 cal yr
BP (units one and two) and 16,000 cal yr BP to at least
13,400 cal yr BP (unit three), with a substantial hiatus
during MIS2. Here, we describe these cryostratigraphic
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Debris Fan are exposed in the South Tunnel.

units with reference to previous interpretations and new
findings from this study (Figure 11).

Unit one (Fox Gravel)

Unit one is formed of the Fox Gravel previously
described by Péwé (1975) and Hamilton, Craig, and
Sellmann (1988). The unit is present throughout expo-
sure six and at the base of exposure four where it is
overlain by fluvial deposits interbedded with the fine-
grained (loessal) sediments. Previous radiocarbon dat-
ing efforts at the CRREL Tunnel and new data from this
study show the Fox Gravels were deposited during
MIS3, ca. 45,000 cal yr BP (Sellmann 1972; Hamilton,
Craig, and Sellmann 1988; Long and Péwé 1996;
Tables 1, S2, S3).

Unit two (Pleistocene silt)

Unit two is composed of late Pleistocene silt described by
Sellmann (1967, 1972), Hamilton, Craig, and Sellmann
(1988) and Kanevskiy et al. (2022). The unit is present at
exposures throughout the tunnel complex, including
exposures one, two, three, four, five, and seven. The base
of the silt is visible at exposure four where the transition
from fluvial to eolian deposition is radiocarbon dated to
ca. 43,000 cal yr BP. Large ice wedges up to 2 m wide are
present throughout unit two, and in the North Tunnel are
truncated at a common depth that can be traced along the
tunnel walls. The truncated ice wedges represent a period
of thaw and a slowing of silt accumulation ca. 36,000 cal yr
BP, often associated with thermokarst cave ice. In several
sections there appears to be a hiatus of several thousand
years before silt accumulation resumes and continues
until ca. 31,000 cal yr BP. Hamilton, Craig, and
Sellmann (1988) suggest that this hiatus marks

a separation between two distinct units. In contrast,
Shur et al. (2004) and Kanevskiy et al. (2022) argue that
Pleistocene silt deposits throughout the tunnel complex
can be combined into one continuous unit. Although
there are differences in palaecoenvironmental data (e.g.,
CN, §"°N, and pore ice §'®0 values; Figure 12) before and
after the period of thaw, ca. 36,000 cal yr BP, there is very
little variance in the physical properties of the silt (e.g.,
particle size, ice content, and organic content; Hamilton,
Craig, and Sellmann 1988; Kanevskiy et al. 2022; Tables
S1, Fig. S6). In the South Tunnel and adjacent boreholes,
no evidence of separate silt units has been observed. Some
ice wedges are truncated, which indicates unevenly dis-
tributed unconformities, but there are also numerous ice
wedges extending from the ceiling to the floor, and ver-
tical extent of some wedges encountered by boreholes is
~10 m, which suggests their syngenetic nature (Kanevskiy
et al. 2022). We therefore consider the late Pleistocene silt
to represent one unit.

Unit three (Debris Fan deposits)

Unit three represents the Debris Fan deposits described
by Hamilton, Craig, and Sellmann (1988). The unit is
only present near the entrance of the North Tunnel and
dissects exposure seven and caps exposure one. New
AMS radiocarbon dates on Salix shrub macrofossils
from the Debris Fan date to ca. 13,700 cal yr BP
(Tables 1, S2), consistent with previous estimates
(Sellmann 1967). Megafauna fossils from within debris
fan are AMS radiocarbon dated to ca. 16,000 cal yr BP,
and are older than woody plant macrofossil remains
from the same unit. Sellmann (1967) reported similar
results; however, these were later described as poten-
tially unreliable by Hamilton, Craig, and Sellmann
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(1988) because of inconsistencies in the bulk carbon
technique used in 1966. Our replication of Sellmann’s
(1967) radiocarbon dating suggests that megafauna
remains in the debris fan are derived from older,
reworked deposits. This finding is consistent with the
interpretations of Hopkins (1982) and Hamilton, Craig,
and Sellmann (1988) who describe a widespread net-
work of gullies in the Fairbanks areas that became active
at the end of Pleistocene as permafrost thawed. At the
CRREL Tunnel, clasts of schist in the Debris Fan show
that upslope gullies must have eroded through thick
loess to reach the underlying bedrock as material was
transported toward the Goldstream Creek valley floor
(Hamilton, Craig, and Sellmann 1988).

Palaeoenvironmental data

Radiocarbon-dating from this study and previous work
allows us to place new and existing palaeoenviromental

data (e.g, pollen, insects and plant macrofossils;
Hamilton, Craig, and Sellmann 1988; Wooller et al.
2011) from the CRREL Tunnel into a robust chronology
(Figure 12). Data span two portions of MIS3; 45,000-
41,000 and 36,000-31,000 cal yr BP, as well as the latest
Pleistocene, ca. 13,600 cal yr BP, and Early-Mid Holocene.

Macrofossil evidence from the Fox Gravel shows
tall Salix shrubs grew on the floodplain of
Goldstream Creek, ~45,000 cal yr BP (Figure 8).
Pollen data suggests that Betula was also present,
along with graminoids, monolete ferns and a range
of herbaceous taxa (Hamilton, Craig, and Sellmann
1988). Limited comparative ecological data from
interior Alaska is available for this period, which
remains poorly understood because of the difficulties
in dating deposits of this age (Monteath et al. 2025).
Gaglioti et al. (2011) report macrofossil evidence
from an arctic ground squirrel midden retrieved
from Engineer Creek, mnear Fairbanks, and
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radiocarbon-dated to ~44,000 cal yr BP. The remains
of Poaceae (48 percent) and Carex spp. (32 percent)
dominate the assemblage, however, the radiocarbon
date is unreplicated and should be treated with cau-
tion as it lies near the practical limit of the technique.
Elsewhere in eastern Beringia, a limited number of
Yedoma deposits and lake-sediment records that can
be approximately dated to ~45,000 cal yr BP suggest
environments were characterized by gallery forests
and shrub tundra (Anderson et al. 1994; Berger and
Anderson 2000; Mahony 2015). High Betula values
(10-40 percent) are present in pollen records; how-
ever, Alnus is virtually absent, suggesting moisture
levels were lower than present.

Paleaoecological evidence from lower in the
Pleistocene silt indicates that between 43,000-41,000
cal yr BP the local environment was an open meadow
occupied by grasses, sedges and shrubs. Poaceae
(61 percent), Betula (18 percent), and Alnus (9 per-
cent) form the majority of pollen data from lower silt
and plant macrofossils are represented by an abun-
dance of Carex and Salix. The insect assemblage
generally agrees with a relatively dry and open mea-
dow environment by dominance of the dry tundra
weevil Lepidophorus lineaticollis, and the presence of
the carabid Trichocellus mannerheimi. However, cold
and wet conditions are indicated by the presence of
the oribatid mite Svalbardia Iucens (synonym
Oromurica lucens) which has been recorded from
wet meadows with Carex in northern Canada and
grass-sedge tundra in northern coastal Alaska
(Hamilton, Craig, and Sellmann 1988; Ermilov,
Makarova, and Behan-Pelletier 2022, and references
therein). Pore ice §'®0 values decline through this
period from approximately -20.0 to -22.5%o. The
8'%0 values from ice wedges (including ice wedge
50S; Lachniet, Lawson, and Sloat 2012) in silt dated
to 43,000-41,000 cal yr BP are lower than those from
Holocene ice wedges at the CRREL Tunnel (average
-23.97; Kanevskiy et al. 2022), suggesting winter
temperatures were colder during this period. Again,
comparative data from interior Alaska is scarce, how-
ever, radiocarbon-dated fossils from grazing mega-
fauna (woolly mammoth, steppe-bison and horse)
are present in some abundance in the deposits
around Fairbanks, suggesting wider herbaceous/gra-
minoid environments (Guthrie 2001, 2006). Pore ice
8'%0 values from Yedoma exposures in Yukon indi-
cate that temperatures were cooler than today, but
not as cold as the following Last Glacial Maximum
(Mahony 2015). In northern Alaska, lake-sediment
records suggest a continuation of shrub tundra
(Anderson et al. 1994; Berger and Anderson 2000).

Radiocarbon-dated macrofossils from thermokarst
cave ice cluster around 36,000-35,000 cal yr BP. At
the same time pore ice §'®0 values in the CRREL
Tunnel reach their MIS3 maximum (around —-19%o);
close to §'°0 values from the modern active layer
(Figure 12). Thermokarst cave ice in the CRREL
Tunnel is associated with surficial and underground
erosion (Lewkowicz et al. 2025), which resulted in
truncated ice-wedges and slumping features. The
occurrence of these features has been used as evi-
dence for the Fox Thermal Event, a brief regional
warming period close to the end of MIS3 that is
evident in other records from interior Alaska (e.g.,
Berger 2003), and may also be recorded in western
Beringia (Anderson and Lozhkin 2001; Wetterich
et al. 2014). Alternatively, Shur et al. (2004) and
Bray, French, and Shur (2006) suggest cave ice
formed during local gully erosion caused by spring
snow melt, which does not require a climate-based
explanation. The occurrence of thermokarst cave ice
with maximum pore and segregated ice §'°0 values
suggests cave ice formed during the warmest period
of MIS3 evident at the CRREL Tunnel, implying at
least a partial climatic role. Salix leaves trapped
within the cave ice show that willow continued to
be present locally (Figure 7).

In the North Tunnel, a well-preserved vegetation
mat described by Wooller et al. (2011) lies immedi-
ately above thermokarst cave ice. Radiocarbon-dating
by Wooller et al. (2011) and this study (Table 1)
consistently date the vegetation mat to ca. 36,000
cal yr BP and it is likely contemporaneous with the
underlying cave ice. Pollen from the mat is domi-
nated by graminoids (Cyperaceae and Poaceae) and
also includes abundant forb taxa (Figure 12). Pollen
data suggest no trees were growing locally; however,
small stands of spruce, alder, or birch may have been
present in the region. Insect remains include taxa
associated with both mesic and arid environments,
with several important indicators of aquatic and
riparian habitats like Helophorus splendidus and
Elaphrus  parviceps.  Interestingly, = sequential
8"°C analyses conducted along graminoid leaves indi-
cate seasonal changes in water use efficiency, which
Wooller et al. (2011) attribute to a reliance on winter
precipitation. Together, these data suggest a diverse
graminoid and herb-dominated habitat supported by
seasonal snowmelt. It is likely that this unusual
assemblage at least partially reflects micro-habitats
amongst active ice-wedge polygons (Hamilton,
Craig, and Sellmann 1988). Comparative pollen,
macrofossil and insect data for this time period
come from a continuous sequence at Isabella Basin,



near Fairbanks (Matthews Jr. 1974; dating replicated
by Elias 2000). These data differ from those reported
by Wooller et al. (2011) despite being of similar age
(ca. 36,000 cal yr BP) and separated by only 6 km
and 45 m elevation. Matthews Jr. (1974) report abun-
dant Picea and Betula pollen and suggest conditions
were similar to present-day taiga. It is plausible that
the forest near the end of MIS3 was limited to the
larger river-valley systems (Monteath et al. 2025),
such as the Chena and Tanana drainage, which
includes Isabella Basin; however, the chronology of
Isabella Basin requires further scrutiny.

Lower pore ice §'%0 values and raised §'°N values
from higher in the Pleistocene silt suggests that
between 36,000-33,000 cal yr BP temperatures and
precipitation levels began to fall, although the tem-
poral extent of the trend is limited. Pollen from
woody taxa is also largely absent (Hamilton, Craig,
and Sellmann 1988). These changes are consistent
with the beginning of the MIS3-MIS2 transition.
Summer insolation at 65 °N began to decline from
ca. 35,000 cal yr BP. At the same time, the Bering
Land Bridge became established and continued to
expand as sea levels fell (Farmer et al. 2023). In
eastern Beringia, these drivers pushed environments
toward drier, less productive, conditions (Monteath
et al. 2025). An absence of MIS2-aged silt is evident
in borehole records drilled from above the CRREL
Tunnel (Kanevskiy et al. 2022). This hiatus is
observed elsewhere in interior Alaska as a slowing
of loess accumulation and is linked with
a combination of restricted regional MIS2 glaciation
(relative to MIS4 and MIS6) and lower surface
roughness of the steppe-tundra vegetation, which
limited silt accumulation (Jensen et al. 2016; Muhs
et al. 2003).

Younger palaeoenvironmental data come from the
Debris Fan unit and are described by Hamilton,
Craig, and Sellmann (1988) and include macrofossil
evidence for moist substrates (e.g., gastropod shells
and mosses) as well as abundant willow shrubs. Pore
ice 8'0 values from silt immediately above the fan
are amongst the highest observed at the CRREL
Tunnel and are close to modern active layer values
(Douglas et al. 2025). Four new radiocarbon dates
from willow fossils are broadly consistent with pre-
vious dating (Hamilton, Craig, and Sellmann 1988;
Sellmann 1967) and date the Debris Fan to ca. 13,600
cal yr BP. The fan formed during a period of rapid
climate change as both temperatures and precipita-
tion levels increased, leading to the collapse of the
steppe-tundra, which was replaced first by shrub
tundra and finally boreal forest (see Monteath et al.
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2025 for review). In interior Alaska, these changes
began ca. 14,000 cal yr BP and are captured by pollen
data (Monteath et al. 2021), sedaDNA (Clarke et al.
2024), and lake level studies (Abbott et al. 2000;
Barber and Finney 2000).

The sequence is capped by Early-Mid Holocene
silt (Ready Bullion Formation; Péwé 1975a) that
formed during periods of thermokarst which may
have reworked older loess into wvalley bottoms
(Hamilton, Craig, and Sellmann 1988). Gravimetric
ice content is lower than the underlying Pleistocene
silt and ice wedge 8'®O values (average —23.97%o)
are higher than elsewhere in the CRREL Tunnel,
reflecting higher Holocene temperatures (Kanevskiy
et al. 2022).

Conclusions

The CRREL Tunnel is one of the best known Yedoma
sequences in North America and preserves a rare
Middle Wisconsinan (MIS3) palaeoenvironmental
record. New chronology and sedimentology from
eight exposures within the CRREL Tunnel shows the
tunnel excavations dissect deposits that span 44,000-
41,000 cal yr BP, 36,000-31,000 cal yr BP and the latest
Pleistocene (ca. 13,400 cal yr BP). New dating of
in situ macrofossils shows that radiocarbon dates on
ice wedge CO, are likely to be inaccurate, highlighting
the difficulty in dating these features. Our revised
chronology places new and existing palaecoenviromen-
tal data into a framework that can be compared with
wider records from eastern Beringia. Between 43,000-
41,000 cal yr BP shrub tundra was present with occa-
sional alder. Pore and segregated ice 8'®0 values reach
their maximum ca. 36,000 cal yr BP, coinciding with
the formation of thermokarst cave ice and a slowing of
silt accumulation. Later, between 35,000-31,000 cal yr
BP herbs and sedges became more common and soil
8"°N values rose as and the Bering Land Bridge
became established.
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