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Recent excavation in the new CRREL Permafrost Tunnel in Fox, Alaska provides a unique
opportunity to study properties of Yedoma — late Pleistocene ice- and organic-rich
syngenetic permafrost. Yedoma has been described at numerous sites across Interior
Alaska, mainly within the Yukon-Tanana upland. The most comprehensive data on the
structure and properties of Yedoma in this area have been obtained in the CRREL
Permafrost Tunnel near Fairbanks — one of the most accessible large-scale exposures
of Yedoma permafrost on Earth, which became available to researchers in the mid-1960s.
Expansion of the new ~4-m-high and ~4-m-wide linear excavations, started in 2011 and
ongoing, exposes an additional 300 m of well-preserved Yedoma and provides access to
sediments deposited over the past 40,000 years, which will allow us to quantify rates and
patterns of formation of syngenetic permafrost, depositional history and biogeochemical
characteristics of Yedoma, and its response to a warmer climate. In this paper, we present
results of detailed cryostratigraphic studies in the Tunnel and adjacent area. Data from our
study include ground-ice content, the stable water isotope composition of the variety of
ground-ice bodies, and radiocarbon age dates. Based on cryostratigraphic mapping of the
Tunnel and results of drilling above and inside the Tunnel, six main cryostratigraphic units
have been distinguished: 1) active layer; 2) modern intermediate layer (ice-rich silt); 3)
relatively ice-poor Yedoma silt reworked by thermal erosion and thermokarst during the
Holocene; 4) ice-rich late Pleistocene Yedoma silt with large ice wedges; 5) relatively ice-poor
fluvial gravel; and 6) ice-poor bedrock. Our studies reveal significant differences in
cryostratigraphy of the new and old CRREL Permafrost Tunnel facilities. Original
syngenetic permafrost in the new Tunnel has been better preserved and less affected
by erosional events during the period of Yedoma formation, although numerous features
(e.g., bodies of thermokarst-cave ice, thaw unconformities, buried gullies) indicate the
original Yedoma silt in the recently excavated sections was also reworked to some
extent by thermokarst and thermal erosion during the late Pleistocene and Holocene.

Keywords: ice wedge, thermokarst-cave ice, intermediate layer, cryostructures, thermokarst, thermal erosion, late
Pleistocene
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1 INTRODUCTION

Yedoma is the ice- and organic-rich syngenetic permafrost,
which accumulated in unglaciated regions during the late
Pleistocene in various regions of Eurasia and North America
(Schirrmeister et al., 2013). Yedoma deposits contain large ice
wedges that can reach up to 10 m in width and more than 40 m
in vertical extent (Tomirdiaro 1980; Zhestkova et al., 1982; Sher,
1997; Romanovskii et al., 2004; Kanevskiy et al., 2011; Murton,
2013; Schirrmeister et al., 2013; Schirrmeister et al., 2020).
Yedoma remnants are abundant in various parts of Siberia,
Canada, and Alaska (Kanevskiy et al., 2011; Schirrmeister et al.,
2013; Strauss et al,, 2017; Strauss et al., 2021; and citations
therein).

Yedoma in Siberia and North America occurs in an area of
~450,000 km?, including ~90,000 km® in Alaska (Strauss et al.,
2021), and contains up to 130 gigatons of organic carbon (Strauss
et al, 2017). Yedoma is vulnerable to climate change and
disturbance because of its high ice content and silty
composition. Thermokarst and thermal erosion of these ice-
rich sediments create serious hazards for the environment and
socioeconomic systems, which in some cases may require a costly
relocation of a variety of infrastructure. Growing interest in
Yedoma studies during recent decades has been related to the
high content of frozen organic matter whose release upon thaw
leads to changes in biogeochemical processes and greenhouse gas
emission (Grosse et al., 2011; Schuur et al., 2015; Strauss et al.,
2017).

Yedoma deposits contain large amounts of ground ice. The
volumetric moisture content of Yedoma silt due to pore and
segregated ice usually varies from 60% to more than 80%. Lenses
of segregated ice in silt form a specific set of cryostructures
named “micro-cryostructures” (Kanevskiy et al., 2011). Large
syngenetic ice wedges penetrate the entire section of Yedoma,
and their volume may exceed 50%. At some locations, the
thickness of syngenetic permafrost with large ice wedges can
reach 30-40 m. The most impressive section of Yedoma in
Alaska was previously studied in the 35-m-high exposure
along the Itkillik River (Kanevskiy et al, 2011; Kanevskiy
et al., 2016; Shur et al., 2021a).

Formation of Yedoma took place in the extremely cold, dry,
grassy environment called “tundra-steppe” or “mammoth
steppe” (Kaplina, 1981; Yurtsev, 1981; Guthrie, 1990; Sher,
1997). Such terrain occupied vast areas of Eurasia and North
America in the late Pleistocene. Yedoma does not have direct
analogs to permafrost formed during the Holocene. The most
similar to Yedoma deposits is syngenetic permafrost of modern
floodplains of Arctic rivers in Siberia and Alaska that is not more
than several meters thick (Popov, 1953; Katasonov, 1954;
Zaikanov, 1991; Shur and Jorgenson, 1998), as well as the
Holocene eolian silt with large ice wedges in the Canadian
Arctic (Fortier and Allard, 2004).

Since the 1800s, numerous hypotheses for Yedoma origin
have been developed, and for a long time massive ice in Yedoma
was considered to be buried snow, lake, or glacier ice (Shur et al.,
2021b). Popov (1953) proposed a hypothesis of alluvial
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sedimentation accompanied by formation of large syngenetic
ice wedges, and most Russian investigators have agreed. Other
hypotheses for Yedoma genesis include eolian (Péwé, 1954,
1955, 1975a; Williams, 1962; Hopkins, 1963; Tomirdiaro,
1980; Hopkins, 1982; Carter, 1988), colluvial (Gravis, 1969),
and nival (Kunitskiy, 1989; Schirrmeister et al, 2008;
Schirrmeister et al., 2010) modes of sedimentation. Zhestkova
etal., (1982, 1986) proposed a polygenetic origin of Yedoma that
considers Yedoma as a climatic phenomenon and applied the
idea of “equifinality,” which suggests that similar results may be
achieved by various processes and under different initial
conditions. They concluded that the leading factors of
Yedoma formation are a cold climate and continuous long-
term sedimentation. They also emphasized that Yedoma is a
gigantic polypedon and that soil forming processes (from a
pedological point of view) played an important role in Yedoma
formation Sher (1997) and Sher et al. (2005) supported this
explanation of the Yedoma genesis.

Our preliminary maps of Yedoma occurrence in Alaska
(Kanevskiy et al,, 2011; Kanevskiy et al,, 2016; Shur et al,,
2021a) show that Yedoma is widespread across both arctic
and boreal regions (Supplementary Figure S1). Yedoma is
abundant along the lower portion of the Arctic Foothills, in
the northern part of the Seward Peninsula, and in numerous
areas in Interior Alaska. In Canada, Yedoma sites were
identified in south-western Yukon by Fraser and Burn
(1997), Kotler and Burn (2000), Froese et al. (2009), and
Fortier et al. (2018).

In Interior Alaska, ice-rich silt, which can be identified as
Yedoma, has been observed at numerous sites mainly within
the Yukon-Tanana uplands (Péwé, 1975a; Péwé, 1975b;
Black, 1978; Kreig and Reger, 1982; Brown and Kreig,
1983; Meyer et al., 2008; Kanevskiy et al., 2012; Jorgenson
et al., 2013; Nossov et al., 2013; Schirrmeister et al., 2016).
Yedoma studies were also performed at the Palisades
riverbank exposure in the central Yukon River valley
(Matheus et al., 2003; Reyes et al., 2010a; Reyes et al.,
2010b; Reyes et al, 2011; Jensen et al., 2013). Most of
these studies consider Yedoma deposits to be of eolian and
reworked eolian origin.

The most comprehensive data on the structure and
properties of Yedoma in Interior Alaska have been obtained
from the CRREL Permafrost Tunnel near Fairbanks, which
became available to researchers in the mid-1960s. Many
papers have been published on the geology and
geomorphology of the Tunnel (e.g, Sellmann, 1967;
Sellmann, 1972; Hamilton et al., 1988; Shur et al, 2004;
Douglas et al., 2011) and engineering properties of sediments
(Chester and Frank, 1969; Thompson and Sayles, 1972;
Pettibone, 1973; Johansen, et al., 1980; Johansen and Ryer,
1982; Weerdenburg and Morgenstern, 1983; Arcone and
Delaney, 1984; Delaney and Arcone, 1984; Huang et al,
1986; Delaney, 1987; Bray, 2008; Douglas and Mellon, 2019).
The methods of Tunnel construction have also been described
(Chester and Frank, 1969; Dick, 1970; Swinzow, 1970; Linell and
Lobacz, 1978; Cysewski et al., 2012; Bjella and Sturm, 2012).
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FIGURE 1 | (A) Location of the CRREL Permafrost Tunnel. Boundaries of Yedoma region in Alaska (defined as area of potential Yedoma occurrence) are shown
after Kanevskiy et al. (2011); limits of late Wisconsinan glaciation are shown after Pewe (1975a) and Hamilton (1994); and boundaries of permafrost zones are shown after
Jorgenson et al. (2008). (B) Aerial photo of the Tunnel area, 2020 (the Tunnel is located within the red rectangular). (C) LIDAR image of the Tunnel area, 2017. Note the
occurrence of numerous thermo-erosional gullies and baydzherakhs (conical thermokarst mounds) that indicate areas of thawing Yedoma permafrost (blue circle).

Excavation of the new sections of the CRREL Permafrost
Tunnel, which started in 2011 (Bjella and Sturm, 2012),
has significantly increased the Tunnel footprint, and now
the total length of the Tunnel network is approximately
600 m. The newly exposed surfaces provide unique
opportunities for scientists interested in paleoecology and
studies of the structure, biogeochemical characteristics, and
depositional history of the ice-rich syngenetic permafrost.
Studies in the new Tunnel allow us to make more detailed
descriptions and cryostratigraphic maps because the freshly
cut walls and ceiling have even surfaces that are not covered
with thick layers of dry sublimated soil, unlike the old
Tunnel.

In this study, we describe cryostratigraphy of the
recently excavated sections of the CRREL Permafrost
Tunnel based on mapping of the walls and ceiling of a
110-m-long section of the main Tunnel and a 50-m-long
crosscut connecting the new and old Tunnels. We also
present the data obtained from several boreholes drilled
around the Tunnel from the soil surface and inside the
Tunnel from its floor. The major goals of this paper are to:
1) describe cryostratigraphy of the new Tunnel and present
the data on radiocarbon dating of sediments and stable
isotope composition of various types of ground ice, 2)
compare subsurface conditions in the old and new sections
of the Permafrost Tunnel, and 3) provide a basic
cryostratigraphic map of the new Tunnel facilities, which
can be used for the future research.

2 EXCAVATION OF THE COLD REGIONS
RESEARCH AND ENGINEERING
LABORATORY TUNNEL

The CRREL Permafrost Tunnel was initially constructed in the
early 1960s in Fox, Alaska (Figure 1) by the U.S. Army Cold
Regions Research and Engineering Laboratory (CRREL) to test
mining, tunneling, and construction techniques in permafrost
(Sellmann, 1967; Cysewski et al., 2010; Cysewski et al., 2012;
Bjella and Sturm, 2012). The Tunnel portal is located on the
eastern margin of the Goldstream Creek valley at the base of a
steep 10-m-high escarpment created by placer gold mining
activities in the early to mid-1900s. The surface of the valley
that lies immediately above the long axis of the Tunnel rises
gently from the top of the escarpment in which the entrance is
located toward the east side of the Goldstream Creek valley. The
active layer of the terrain that overlies the Tunnel varies from 0.5
to 1 m thick; this range is typical of the Fairbanks area, but it has
been expanding downward over the past decade (Douglas et al.,
2021).

The old Tunnel, which was constructed in the 1960s,
comprises two portions (Figure 2). The adit (a nearly
horizontal Tunnel from the base of the slope into the hillside,
T1 in Figure 2) was excavated by the U.S. Army Corps of
Engineers using continuous mining methods in the winters of
1963-64, 1964-65, and 1965-66 (Sellmann, 1967). The winze (an
inclined Tunnel, W in Figure 2) was driven by the U.S. Bureau of
Mines (USBM) from 1968 to 1969 using drill and blast, thermal
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Old tunnel facilities
excavated in 1963-1969

New tunnel facilities
excavated in 2011-2013

New tunnel facilities
excavated in 2018-2021

have 1 m intervals. Modified from Bijella and Sturm (2012).

FIGURE 2 | Plan view of the CRREL Permafrost Tunnel facilities, including old (northern adit, T1) and new (southern adit, T2) Tunnels, inclined winze (W), gravel
room (G), crosscuts that connect old and new Tunnels (C1, C2, and C3), and boreholes. Locations of NHB and JEB sections are marked with red arrows. Contour lines

o F1 2010 boreholes

o 2012 boreholes

) 2012 boreholes
(drilled inside the tunnel)

relaxation, and hydraulic relaxation methods (Chester and Frank,
1969). The adit was excavated mainly in frozen silt and extended
approximately 110 m in length. The winze begins approximately
30 m into the adit and drops at an incline of 14 percent for 45 m,
passing into the frozen gravel unit and ultimately into weathered
bedrock, where the Gravel Room (G in Figure 2) was excavated
(Pettibone, 1973). The Tunnel is chilled by natural ventilation in
winter and by artificial refrigeration in summer, supporting
permafrost stability.

Recent excavation of the Permafrost Tunnel was performed by
CRREL in five phases: 2011 (Bjella and Sturm, 2012; Cysewski
et al., 2012), 2013, 2018, 2020, and 2021. For this expansion, an
excavator equipped with a 62-cm-wide drum-style rotary cutter
(Eco-Cutter EC-25) was used. The cutter was outfitted with the
two types of picks: chisel type for frozen silt and massive ice, and
conical type for frozen gravel. For removal of excavated material,
a John Deere 333D rubber-tired skid loader was used (Bjella and
Sturm, 2012).

The current length of the main adit of the new Tunnel (T2 in
Figure 2) is approximately 110 m from the portal, and its average
width and height are approximately 4.25 m. Crosscuts (C1, C2,
and C3 in Figure 2) connect old (T1) and new (T2) Tunnels. In

this paper, we present the results of cryostratigraphic studies
performed in T2 and C1.

3 PREVIOUS CRYOSTRATIGRAPHIC
STUDIES IN THE COLD REGIONS
RESEARCH AND ENGINEERING
LABORATORY PERMAFROST TUNNEL

Geology, paleoecology, and cryostratigraphy of the sediments
exposed in the old CRREL permafrost Tunnel have been
described in numerous papers (Sellmann, 1967; Sellmann,
1972; Watanabe, 1969; Hamilton et al., 1988; Long and Péwé
1996; Shur et al., 2004; Bray et al., 2006; Wooller et al., 2007;
Wooller et al., 2011; Fortier et al., 2008; Kanevskiy et al., 2008a;
Kanevskiy et al., 2008b; Douglas et al., 2011; Lachniet et al., 2012).
Sediments exposed in the Tunnel consist mainly of ice- and
organic-rich frozen silt (loess) of eolian origin that was partly
reworked and retransported by hillslope and fluvial processes
(Péwé, 1975a; Péwé, 1975b; Hamilton et al., 1988). The silt, which
is 14-18 m thick, formed between 30,000 and 43,000 years BP
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(Hamilton et al., 1988). The silt overlies the Fox Gravel of early to
middle Pleistocene age, which was derived from the surrounding
hills of the Yukon-Tanana Uplands; the thickness of the Fox
Gravel near the village of Fox was up to 15m (Péwé, 1975a).
Hamilton et al. (1988) estimated the thickness of gravel in the
Tunnel to be 3-4 m and suggested that the gravel deposit beneath
the silt could form shortly before 43,000 years BP. The Fox Gravel
overlies Pre-Cambrian Fairbanks Schist bedrock (Newberry et al.,
1996). Near the Tunnel portal, fanlike deposits of poorly sorted
debris unconformably overlie the silt; these deposits accumulated
between 12,500 and 11,000 years BP during deep erosion of the
Goldstream Creek valley slopes (Hamilton et al., 1988).

Sellmann (1967, 1972) was the first to provide information on
geology and permafrost of the Tunnel. He described segregation
ice, foliated wedge ice, and large clear masses of ice (identified as
buried “aufeis”). Hamilton et al. (1988) identified four major
types of ground ice: pore ice, segregated ice, foliated wedge ice,
and buried surface ice (frozen thaw ponds formed in ice-wedge
troughs). They described two independent systems of ice wedges
with a thaw unconformity between them. Further studies
interpreted the clear ice bodies in the CRREL Tunnel to be
thermokarst-cave ice (Shur et al, 2004; Bray et al, 2006;
Kanevskiy et al,, 2008a; Fortier et al, 2008; Douglas et al,
2011). Cryostratigraphic mapping of the main adit of the old
Tunnel was performed by Bray et al. (2006) (Supplementary
Figures S2, S$3). Cryostratigraphic mapping of the 38-m-long
winze section was performed by Kanevskiy et al. (2008b) at
various scales (Supplementary Figures S4-S7).

Recent cryostratigraphic studies in the old CRREL Tunnel
(Shur et al., 2004; Bray et al., 2006; Fortier et al., 2008; Kanevskiy
et al., 2008a) described typical ground-ice features related to
syngenetic permafrost formation. The dominant cryostructure
that was observed in the CRREL Tunnel is micro-lenticular (Shur
et al., 2004), which is typical of syngenetic permafrost. The term
“micro-lenticular” refers to the presence of very small, sub-
horizontal (sometimes wavy), relatively short ice lenses.
Usually, the thickness of uniformly distributed ice lenses (and
the spacing between them) does not exceed 0.5mm. In the
Tunnel, gravimetric moisture contents of the sediments with
micro-lenticular cryostructure varied from 80 to 240% (Bray
et al, 2006; Fortier et al., 2008; Kanevskiy et al, 2008a;
Kanevskiy et al,, 2008b). The great variability in gravimetric
moisture contents of silt is associated with existence of several
varieties of micro-lenticular cryostructure (e.g., latent micro-
lenticular, micro-braided, micro-ataxitic); we suggested a term
“micro-cryostructures” as a general term that covers all these
varieties (Kanevskiy et al., 2011).

Ice-rich silt contains numerous peat layers and inclusions of
poorly decomposed organic matter, including abundant rootlets,
which is very common in syngenetic permafrost. For example,
seven thin organic horizons were observed in the upper part of
the winze at a depth of approximately 12-14 m below the ground
surface (Supplementary Figure S5). The radiocarbon dates for
bulk samples obtained from these organic layers varied from
31,000 to 35,000 **C yr BP (Kanevskiy et al., 2008a). Below each
peat horizon, at a depth of approximately 0.4-0.6 m, were distinct
icy layers (called “belts” in the Russian literature). These layers
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were interpreted to be temporary positions of the former
permafrost table (base of the active layer) during the time of
peat accumulation. The approximate positions of the active layer
during these periods are indicated by arrows in Supplementary
Figure S5. Numerous small cracks partially filled with ice (ice
veins) extend downward from the peat horizons to depths of up
to 0.5 m. These cracks form polygons up to 0.5 m across.

Numerous bodies of massive ice are exposed in the walls and
ceiling of the CRREL Tunnel. Wedge ice is the main type of
massive ice in the Tunnel; it can be recognized by distinctive
vertical foliation. The size of the ice wedges is difficult to quantify:
although the wedges appear to range in width from 1 to 7 m, their
true width varies mainly between 0.5 and 3.0 m. The apexes of ice
wedges terminate at the stratigraphic contact between the
overlying silt and the underlying alluvial gravel.

Ice-rich syngenetic permafrost with large ice wedges is highly
susceptible to thermal erosion that promotes the formation of
gullies and subterranean channels (Fortier et al.,, 2007). When
such channels are finally filled with sediment, water that is
ponded behind the blockage begins to freeze. This process
results in the formation of lenticular-shaped bodies of
thermokarst-cave (“pool”) ice. The term “thermokarst-cave
ice” was suggested by Shumskii (1959) for massive ice formed
by the freezing of water trapped in underground cavities that were
cut through permafrost by running water. In Canada, this type of
ice was described as “pool ice” by (Mackay, 1997; Mackay, 2000).
The largest apparent horizontal extent of thermokarst-cave ice
that can be viewed in the Tunnel was approximately 7 m (Shur
et al., 2004; Bray et al., 20006).

Numerous sites of former gullies and underground channels
were observed in the silty sediments at various depths. In the
winze, a gully filled with sediments was observed at interval
29-35 m (Supplementary Figures S4, S5). Beneath the gully was
a truncated ice wedge affected by thermal erosion. The sediment
filling the gully was mostly ice-poor stratified silt with lenses of
sand and numerous inclusions of reworked organic matter
(Kanevskiy et al., 2008a).

Underground channels were cut by running water and later
filled with thermokarst-cave ice and sediments whose structure
and properties differ from the original syngenetic permafrost
(Shur et al., 2004; Bray et al., 2006; Fortier et al., 2008; Kanevskiy
et al., 2008a; Kanevskiy et al., 2008b; Douglas et al.,, 2011).
Examination of the main adit of the old Tunnel revealed that,
of 20 ice wedges identified, 19 had been subject to thermal
erosion, either surficial or underground. Approximately 60%
of the channels cutting through the ice wedges and the
enclosing syngenetic permafrost were partially or entirely filled
by thermokarst-cave ice (Fortier et al., 2008).

Lenses of thermokarst-cave ice were usually underlain by
layers of silt with a reticulate-chaotic cryostructure (Shur et al.,
2004; Fortier et al., 2008), which can be easily recognized by
relatively thick multi-directional ice veins (Supplementary
Figure S$8). These ice veins were formed by inward freezing of
saturated sediments trapped in underground channels incised in
the permafrost by thermal erosion. Formation of the reticulate-
chaotic cryostructure was reproduced in laboratory experiments
(Fortier et al., 2008).
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4 METHODS

4.1 Cryostratigraphy and Ground-Ice

Content

We characterized permafrost in the new CRREL Tunnel by
mapping massive-ice bodies and other permafrost features
exposed in the Tunnel and studying frozen sediment cores
from 24 boreholes drilled around and above the Tunnel and
from its floor (Figures 2, 3). For mapping purposes, the datum for
locations started from the toe of the escarpment at the new
Tunnel entrance (Figure 3), with left and right directions given as
if walking into the Tunnel.

In April 2010, prior to excavation of the new Tunnel, eight
boreholes were drilled in the adjacent area by GeoTek Alaska. The
drill rig was a Geoprobe model 8040DT with DT45 tooling for direct
push sampling. In March 2012, CRREL drilled six boreholes from
the surface and 10 boreholes inside the Tunnel to the gravel. The drill
rig was a Geoprobe 7822DT with DT45 (3-inch diameter) and MC5
(2.25-inch diameter) tooling for direct push sampling. Frozen cores
were described and sub-sampled in 2010-2013 in the Institute of
Northern Engineering (INE) UAF Frozen Ground Laboratory in
Fairbanks, Alaska; remaining frozen cores are stored inside the
CRREL Permafrost Tunnel. Cryostratigraphic studies in the new
Tunnel facilities were performed in 2011-2014 and 2020 (before
excavation of Crosscut #3).

Cryostratigraphic descriptions were based on classifications of
massive ground ice and cryostructures (patterns formed by ice
inclusions in the frozen soil) adapted from Russian and North
American literature (French and Shur, 2010; Kanevskiy et al.,
2011; Kanevskiy et al., 2013 and references therein). To estimate
ground-ice content, frozen samples were weighed, oven-dried
(90C, 72h) and reweighed. Gravimetric moisture content of
frozen sediments was calculated as the ratio of the mass of the
ice in a sample to the mass of the dried sample. To estimate
volumes of massive ground ice, we transformed cryostratigraphic
maps into binary (black and white) images showing distribution
of massive-ice bodies; the areas occupied by wedge ice and
thermokarst-cave ice on the walls and ceiling of the Tunnel
were measured using Image] software (Ferreira and Rasband,
2012).

4.2 Water Stable Isotope Composition

The stable oxygen and hydrogen isotopic composition of
ground ice is useful for assessing the conditions during the
formation of different types of ground ice and helps to
differentiate ground-ice bodies of various origins (Lacelle
and Vasil’chuk, 2013; Vasil’chuk and Murton, 2016; Porter
and Opel, 2020). For oxygen and hydrogen isotopic
composition (6'*0 and §°H), samples of different types of
ground ice were collected from the new CRREL Permafrost
Tunnel and adjacent boreholes and analyzed at the Alaska
Stable Isotope Facility at the University of Alaska Fairbanks
(UAF) and the CRREL Alaska geochemistry laboratory using
standard mass spectrometry (UAF) and cavity ringdown
(CRREL) methods.

Samples for stable isotope analyses at the Alaska Stable Isotope
Facility at the University of Alaska Fairbanks were processed
using continuous-flow isotope ratio mass spectrometry
(CFIRMS). 6°H and 6'®0 values are measured using pyrolysis-
EA-IRMS. This method utilizes a ThermoScientific high
temperature elemental analyzer (TC/EA) and Conflo IV
interface with a DeltaVPlus Mass Spectrometer. The pyrolysis
reactor consists of a reaction tube packed with glassy carbon/
graphite. Water samples are injected into the TC/EA with a CTC
Analytics A200SE liquid autosampler. The sample is pyrolyzed
into H, and CO gases then separated chromatigraphically. These
gases are then transferred to the IRMS, where the isotopes are
measured. Typical Quality Control scheme involves analyzing
laboratory working standards every twenty-five replicate samples.
Stable isotope ratios are reported in § notation as parts per
thousand (%) deviation from the international standards,
V-SMOW  (Standard Mean Ocean Water). Typically,
instrument precision is < 3.0% for hydrogen and <0.5% for
oxygen.

Samples for stable isotope analyses at the CRREL Alaska
geochemistry laboratory were filtered through acid-washed
0.45-um polypropylene filters. Stable isotopes of oxygen and
hydrogen were measured using Wavelength-Scanned Cavity
Ringdown Spectroscopy on a Picarro L2120i (Sunnyvale,
California) on Fort Wainwright, Alaska. Samples were injected
into the analyzer for seven separate analyses. Results from the first
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four injections were not used to calculate the stable isotope values
to reduce potential internal system memory. The mean value
from the final three sample injections was used to calculate the
mean and standard deviation value for each sample. Values are

reported in standard per mil notation. Repeated analyses of five
internal laboratory standards representing a range of values
spanning the samples analyzed and analyses of SMOW, GISP,
and SLAP standards (International Atomic Energy Agency) were
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used to calibrate the analytical results. Based on thousands of
these standards analyses and of sample duplicate analyses
we estimate the precision is + 0.2% for §'*0 and + 0.5% for
8’H. Stable hydrogen and oxygen isotopic compositions
from both analytical methods are expressed as delta values in
per mil (%) relative to Vienna Standard Mean Ocean Water
(VSMOW).

4.3 Radiocarbon Dating

Radiocarbon samples were collected from three localities in the
new CRREL Permafrost Tunnel. The NHB section was located on
the right wall at ~27 m from the base of the slope at the Tunnel
entrance, while JEB section was located on the left wall at ~40 m
(Figures 2, 3). Lastly, the thermokarst-cave ice site was located on
the right wall at 39-42m. Radiocarbon samples were also
collected from the cores of three boreholes (F3, F12, and F16);
F3 and F12 was drilled from the surface and F16 was drilled from
the Tunnel floor; both F12 and F16 are located very close to the
NHB section.

Radiocarbon samples for AMS analysis were washed in
distilled reverse osmosis water, photographed, and oven-dried
prior to shipment to the radiocarbon lab (Beta analytic [Beta—*],
University of Georgia [UGAMS—*] or Woods Hole [OS—*]). Only
terrestrial plant remains, such as wood or herbaceous items
(generally graminoid stems, leaves, root crowns, or roots) were
dated. The resulting dates were calibrated with Calib ver 8.0.1,
which uses the IntCal20 calibration dataset (Reimer et al., 2020).

5 RESULTS

5.1 Structure and Properties of the Upper
Permafrost in the Tunnel Area Based on the
Drilling Data

In 2010, prior to excavation of the new Tunnel sections, eight boreholes
penetrating the Yedoma were drilled in the adjacent area. In 2012, six
boreholes were drilled from the surface, and 10 boreholes were drilled
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inside the Tunnel to the gravel horizon. Borehole locations are shown
in Figures 2, 3. Two 2012 boreholes-F12 and F16 (Figure 4)-were
especially important for our study because F12 was drilled in a close
proximity to the new Tunnel and F16 was drilled approximately at the
same location from the Tunnel floor; numerous samples for
radiocarbon dating were collected from these cores to complement
the dates obtained from the samples collected inside the Tunnel.
Cryostratigraphy and ice contents of frozen sediments of 2010
boreholes F1, F2, F3, and F4 are shown in Supplementary Figures
§9-S12.

Study of cryostructures of frozen cores showed the thickness of
the frozen active layer varied from 0.55 to 0.8 m (0.65 m average).
The active layer comprised 10-15 cm of peat underlain by organic-
rich silt. Below the active layer we could detect the modern ice-rich
intermediate layer [quasi-syngenetically frozen layer typical of the
upper permafrost, see Shur (1988), French and Shur (2010), Shur
etal. (2011)] composed of silt with mainly micro-braided and micro-
ataxitic cryostructures; the thickness of this layer varied from 0.15 to
0.6 m (0.4 m average). The intermediate layer was underlain by a 3-
to 6-m-thick layer of relatively ice-poor silt with peat layers and
organic matter inclusions. This layer contained thin ice wedges and
random 0.1- to 1.0-m-thick layers with micro-cryostructures
(presumably syngenetically frozen soils or buried intermediate
layers). According to radiocarbon dates obtained from Borehole
F12, this layer formed during the Holocene (Figure 4); it comprised
mainly Yedoma deposits reworked by thermal erosion and slope
processes. The Holocene silt was underlain by ice-rich late
Pleistocene Yedoma silt, 10-14 m thick, with prevailing micro-
cryostructures and large ice wedges. In Borehole F2, vertical
extent of the ice wedge exceeded 9m (Supplementary Figure
$10), which confirms the syngenetic nature of the ice wedges at
the study site. Ice-bonded fluvial gravel and gravelly sand with
predominantly crustal cryostructure were encountered at depths
from 13 to 18 m below the surface.

Ground-ice content of frozen sediments due to pore and
segregated ice (gravimetric and volumetric moisture contents) was
determined from the samples obtained from six boreholes: F1, F2, F3,
F4, F12, and F16 (Figures 4, Supplementary Figures S9-S12).
Gravimetric moisture contents for different cryostratigraphic units
are shown in Supplementary Table S1 and Figure 5.

The highest ice content was detected for the intermediate layer and
Yedoma silt. An average gravimetric moisture content of the modern
intermediate layer was 91.8 + 27.6%. The underlying Holocene silt was
relatively ice-poor (in comparison with Yedoma deposits) and
contained relatively small amount of visible ground ice. Gravimetric
moisture contents for most of the samples obtained from this unit
ranged between 30 and 50% (Figure 5), but the average value (61.6 +
29.7%) is significantly higher, which can be explained by the occurrence
of several ice-rich layers (probably buried intermediate layers) within
generally ice-poor deposits (Figures 4, Supplementary Figures
§9-S12). In general, ice contents of the Holocene silt decreased
with depth (Figure 5). Gravimetric moisture contents in Yedoma
varied from <50 to >150% with the average value of 94.0 + 34.4%,
which was similar to that of the modern intermediate layer. Unlike the
Holocene silt, there was no significant change in ground-ice
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distribution with depth (Figure 5); such a wide range in ice content is
typical of syngenetic permafrost. Gravel and gravelly sand were
relatively ice poor with an average gravimetric moisture content of
19.9 + 8.0%.

5.2 Cryostratigraphy of the Main Adit of the
New Tunnel (T2)

Cryostratigraphic mapping of the main adit of the new Tunnel
(T2) resulted in compiling a general map of the two walls and
ceiling (Figure 6). Additionally, some parts of the adit were
mapped at a larger scale (e.g., Figure 7). Photographs of massive
ground-ice bodies and other permafrost features exposed in the
walls of the adit are shown in Supplementary Figures S13-S30;
more photographs are available through the Arctic Data Center
dataset (Shur and Kanevskiy, 2015).

The Tunnel presents features typical of ice-rich syngenetic
permafrost (Yedoma): large foliated syngenetic ice wedges
(Figure 8A), prevalence of micro-cryostructures (Figure 9A),
distinctive ice belts (Figure 9B), and occurrence of large amounts
of almost undecomposed organic matter, including small rootlets,
through the entire thickness of Yedoma silt. Occurrence of
numerous bodies of thermokarst-cave ice (Figures 8C,D),
thaw unconformities, buried gullies, and other erosional
features suggests that the original Yedoma silt at many places
was reworked by thermokarst and thermal erosion during
Yedoma formation.

A major inclined thaw unconformity was observed in the
Tunnel at distances from 16 to 22m. We presume this
unconformity, which truncated original soil layers and

massive-ice bodies (Figure 6), was created by a thermokarst or
thermo-erosional event that occurred during the Pleistocene/
Holocene transition, based on radiocarbon dates from the
adjacent Borehole F12 (Figures 3, 4).

Ice wedges exposed in the Tunnel had distinctive vertical
foliation due to particles of mineral soils and organic matter
and contained numerous air bubbles. Some ice wedges were
surrounded by individual ice veins forming composite (ice/
silt) wedges (Figure 8B). Large ice wedges were mainly
syngenetic, based on their shape and dimensions; smaller
buried epigenetic ice wedges and veins were also observed
in various parts of the Tunnel. Small ice and composite wedges
of presumably Holocene age were visible on the walls and
ceiling near the entrance at distances from 16 to 22 m; apexes
of the Holocene ice wedges were also visible on the ceiling and
upper walls at distances from 25 to 50 m (Figure 6). More
likely, the upper parts of the larger Pleistocene ice wedges
exposed in the Tunnel also contained ice veins of the Holocene
age that could penetrate in deeper layers. Such veins were
sediment rich and often had a different color (Supplementary
Figure S14). The true width of the Pleistocene ice wedges
usually did not exceed 1.5-2 m, and distance between them
varied from 5 to 12 m (measured across polygons visible on the
ceiling of the Tunnel, see Figure 6).

Thermokarst-cave ice bodies were encountered at various
elevations in many places along the Tunnel. Some of these bodies
could form in underground channels cut by running water, mainly
along ice wedges but also partly in the enclosing sediments, others
may have a different origin. For example, one such body was observed
on the right wall of the Tunnel at distances from 37 to 43 m (Figures
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FIGURE 8 | Massive-ice bodies exposed in the new Permafrost Tunnel. For locations, see Figures 6, 7, 10. (A) Syngenetic ice wedge. Left wall of Crosscut #1 of

the new Tunnel (C1), distance 9.4-13.9 m, elevation 228.8-231.6 m. (B) Ice wedge surrounded by individual ice veins forming composite (ice/silt) wedge; note a dark-
brown layer of buried peat. Right wall of the main adit of the new Tunnel (T2), distance 32.8-33.4 m, elevation 229.0-229.5 m. (C) Thermokarst-cave ice. Horizontal
stratification and suspended wood fragments indicate several stages of water accumulation and thermokarst-cave ice aggradation in the underground cavity. Right

wall of the main adit of the new Tunnel (T2), distance 38.9-39.9 m, elevation 229.0-229.9 m. (D) Underground erosional channels filled with thermokarst-cave ice
underlain by silt with reticulate-chaotic cryostructure. The channels started developing along ice wedges but eventually expanded and affected enclosing sediments. Left
wall of Crosscut #1 of the new Tunnel (C1), distance 27.0-28.6 m, elevation 228.2-229.4 m.

6, 7). It consisted of several horizontal layers of clean and sediment-
rich ice, including a layer with wood fragments suspended in the ice,
and was underlain by a silt layer with reticulate-chaotic cryostructure
and numerous randomly oriented inclusions of reworked peat
(Supplementary Figures S16-S18). Such a complex ice body
could form at the bottom of a shallow thermo-erosional gully
whose bank was undercut by water and subsequently collapsed.
This process could result in the formation of an irregularly shaped
cavity, which probably stayed partially open for several years and
experienced several cycles of flooding and freezing, until it became
completely filled with ice and buried by fresh deposits.

Active thermal erosion at the time of Yedoma formation
resulted in the fast burial of gullies. Such events can be
illustrated by the presence of overturned sod with green grass
visible at 100.5 m along the right wall of the Tunnel (Figure 6 and
Supplementary Figure S28). Numerous disrupted peat layers,
visible mainly from 16 to 77 m along the Tunnel walls (Figure 6),
formed during periods of temporary surface stabilization that
existed between periods of fast silt accumulation or erosion
events. Some of the most distinctive peat layers contained
roots and twigs, which belonged to shrubs buried in the

growing position (e.g., at 31-33 m along the right wall of the
Tunnel, see Figure 7, and at 23-25m along the left wall, see
Supplementary Figure S13).

Layers of gravel and gravelly sand were observed on the left
(80-125m) and right (90-110 m) walls of the main adit of the
Tunnel. These layers were penetrated by 0.2- to 0.5-m-wide ice
wedges; some of them (e.g., at 102-108 m along the left wall of the
Tunnel, see Figure 6) had well-developed horizontal parts parallel to
the gravel layers (Supplementary Figures S25, $26). Wedge-ice
content was significantly lower from approximately 100 m; this is
probably related to occurrence of layers of gravelly layers.

We estimated areas occupied by wedge ice and thermokarst-cave
ice on the walls and ceiling of the main adit of the new Tunnel (T2) at
distances from 24 to 100 m (Table 1), the areas with the Holocene
ice wedges (16-24 m) and with low wedge-ice content (100-125 m)
were excluded. Average values for wedge ice and thermokarst-cave
ice were 17.4 and 1.8%, respectively.

5.3 Cryostratigraphy of Crosscut #1
Cryostratigraphic mapping of Crosscut #1 (Figure 10), which
connects the old and new Tunnels, revealed sediment and
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FIGURE 9 | Typical cryostructures of syngenetically frozen silt (ice is dark
colored). (A) micro-braided cryostructure; left wall of the main adit of the new
Tunnel (T2), distance 24.1 m, elevation 229.5 m. (B) ice belts (thick layers of
segregated ice); right wall of the main adit of the new Tunnel (T2),

distance 38.2-39.1 m, elevation 230.2-230.8 m. For locations, see Figures
6, 7.

ground-ice patterns very similar to those of the main adit of the
new Tunnel. Photographs of massive ground-ice bodies and other
permafrost features exposed in the walls of the crosscut are shown
in Supplementary Figures S31-S44. Sediment in Crosscut #1
was mainly ice- and organic-rich silt that contained in-situ peat
layers and numerous inclusions of organic matter reworked by
erosion. Micro-cryostructures and distinctive ice belts were
typical of undisturbed Yedoma exposed in the crosscut
(Supplementary Figures S33, $36, S37).

Pleistocene ice wedges were 0.2-1.5m wide, and distance
between them varied from 3 to 10 m (Figure 10). Some of the
syngenetic ice wedges were truncated by thermokarst and/or
thermal erosion, while others extended from the ceiling to the
floor (Supplementary Figure S31). Composite wedges up to
0.5m wide were also observed at some places. Multiple
erosional features, including thermokarst-cave ice bodies,
which formed mainly in the underground channels, were

CRREL Tunnel Cryostratigraphy

TABLE 1 | Areas occupied by massive ground ice of the new CRREL Permafrost
Tunnel, % (relative to the total areas of the walls and ceiling of the Tunnel),
measured based on cryostratigraphic maps (Figures 6, 10) using ImageJ
software.

Parts of the Tunnel Wedge ice Thermokarst-cave ice
T2, left wall, distance 24-100 m 11.2 1.8
T2, right wall, distance 24-100 m 16.7 1.6
T2, ceiling, distance 24-100 m 252 2.0
Average for T2 17.4 1.8
C1, left wall, distance 0-36 m 18.6 2.9
C1, right wall, distance 0-36 m 19.1 2.2
C1, ceiling, distance 0-36 m 238.7 0.7
Average for C1 20.4 1.9
Average for T2 and C1 18.9 1.9

observed in various parts of Crosscut #1 (Supplementary
Figures S34, S38, S40, S41, S42, S44).

A distinctive thaw unconformity, which separated the ice-rich
Late Pleistocene Yedoma unit from the ice-poor Holocene
deposits (silt with layers and lenses of gravel and gravelly
sand) was observed from ~35 to 50m, in the part of the
crosscut adjacent to the old Tunnel (Supplementary Figure
$43). The main feature of this part of the crosscut is a large
ice-wedge pseudomorph filled with poorly sorted gravelly soil,
which was clearly visible on the walls and ceiling (Supplementary
Figure $39).

We estimated areas occupied by wedge ice and thermokarst-
cave ice on the walls and ceiling of Crosscut #1 at distances from 0
to 36 m (Table 1), the area of thaw unconformity adjacent to the
old Tunnel (36-50 m), which did not contain ice wedges, was
excluded. Average values for wedge ice and thermokarst-cave ice
were 20.4 and 1.9%, respectively.

5.4 Water Stable Isotope Composition

A total of 267 samples were collected and analyzed for the stable
isotope composition of ground ice, 17 of them from boreholes F2,
F4, and F12 (Supplementary Table S2), 147 from the main adit of
the new Tunnel (T2) (Supplementary Tables S3, $4), 78 from
Crosscut #1 of the new Tunnel (C1) (Supplementary Tables S5,
S$6), and 25 from Crosscut #2 of the new Tunnel (C2)
(Supplementary Tables S7, S8). Most of the samples were
obtained from ice wedges (n = 184) and bodies of
thermokarst-cave ice and underlying silt with reticulate-chaotic
cryostructure (n = 68); several samples were obtained from layers
of segregated ice (ice belts) (n = 12) and thin ice veins (n = 2), and
for one sample the origin of ice was not identified.

Average 6'°0, §°H, and deuterium excess values of various
types of ground ice in new CRREL Permafrost Tunnel and
adjacent boreholes are presented in Table 2, and §'°0-§"H
diagram for different types of ground ice is presented in
Figure 11. Since stable isotopes of hydrogen and oxygen in
meteoric water have a consistent relationship (6°H = 8%8'%0)
the difference between expected 6°H to §'°O relationships in a
given sample is calculated by deuterium excess (d); d
§*H-8%8'%0 (Dansgaard, 1964). The global meteoric water line
(GMWL) has a d-excess value of 10% so departures from this
value yield insights into potential enrichment or depletion in '*O

Frontiers in Earth Science | www.frontiersin.org

12

March 2022 | Volume 9 | Article 758800


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Kanevskiy et al.

CRREL Tunnel Cryostratigraphy

o 5 10 15 20 25 30 35 50
/\ /
CEILING A VA 4 / CEILING
AN - )\
\ : \ =
2689\ 1 2632 /2850 / \ L
LEFT WALL =T A 2473 : LEFT WALL
26.73 ! N “27.25 2318
mas.l. 230 >, 21.09—— 52541 230mas.l.
2485 — SR 2 26.58 =
-21.84 = £22.93} SR
242" 24.52 25.85°% = ;p»o.@""
T2 S == 52 S 2583\ 2372 !& |22 T1
5 10 15 20 25 [21.79 22.3622.20 30 (2431 2483 35 ry z i
45 50
o
CEILING CEILING
RIGHT WALL RIGHT WALL
mas.l. 230 230 mas.l.
| S~
Tl 28504 == == A 2200 it i#28 T2
iy zz?'é C2Tas 5 T8 2131, F_ﬁ]:mm ECLE [m 20 2319 msﬁm 15 o 2128
50 23,60 a5
[] s [ rce wedge Thaw unconformity 5", %o
|:| Coarse sand m Composite wedge (ice/silt) z Peaty layers
FIGURE 10 | General cryostratigraphic maps of the walls and the ceiling of Crosscut C1.

over %0 (Craig, 1961). Rain and snow tend to fall on the GMWL,
so d-excess values close to 10% usually identify precipitation that
has not undergone significant fractionation. Negative d-excess
values are considered evaporatively enriched surface waters and
thus the water source (for the ice formation) experienced
880  values
increasingly negative d-excess values in a given sample type

evaporation at some point. Greater

indicate a period of warming.

The isotope composition of ice wedges ranged between —28.7%
1.9%, n = 184). We
detected 16 samples, mainly from the main adit (T2), which could be
identified as the Holocene ice wedges (Table 2; for raw data see
Supplementary Tables S2, S3, and S4; for locations see Figure 6),
and the average 880 value for them (-24.0 + 1.3%, n = 16) was
slightly higher than the average value for all other ice wedges (—25.0 +
1.9%, n = 168). Greater 60 values for Holocene ice wedges signify

and -20.4% for 6'°0 (average value —24.9 +

formed in the summer from a mixture of snowmelt water,
and water from melting ice wedges that
accumulated in thermo-erosional gullies and underground
cavities.

The isotope composition of layers of segregated ice (ice belts)
ranged between -23.4 and -21.0% for §'°0 (average value
-21.7 + 0.7%, n = 12). These relatively high values (in
comparison with the ice wedges) can be explained by a
different source of water: while for ice wedges it is mostly
snowmelt water, ice belts form from the ground water of the
active layer, which is mainly a mixture of snowmelt water and
rainwater.

Distribution of §'*0 values for various types of ground ice
with depth and, correspondingly, age of sediments (Figure 12)
does not show any significant trends, probably because only
several samples were obtained from the Holocene silt unit.

rainwater,

and

winter temperatures warmer than the other ice wedges, and the high

d-excess values signify that frost cracks during the ice-wedge

formation were filled mainly with snowmelt water.

The isotope composition of thermokarst-cave ice and
underlying silt with reticulate-chaotic cryostructure ranged
between —26.1% and —19.1% for §'®0 (average value -22.7 +
68). Comparison of values obtained from the
thermokarst-cave ice bodies and from segregated ice that
reticulate-chaotic

1.5%, n =

formed in wunderlying silt with
cryostructure showed a very small difference
which suggests that the source of water was

Relatively high 6'®0 values and the negative d-excess
values, which were found for many samples obtained from
these types of ground ice, indicate evaporative processes that
occurred in the surface or shallow subsurface waterbodies
from which the ice formed. More likely, these types of ice

5.5 Radiocarbon Dating

A total 54 "C dates provide age control in the new CRREL
Permafrost Tunnel and boreholes F3 and F12 (drilled from the
surface) and F16 (drilled from the floor of the Tunnel) (Table 3).
According to these dates, the NHB and JEB sections date between
about 31,000 and 38,500 years BP (all ages are in calibrated years).
A number of dates were measured from wood suspended in the
ice (presumably thermokarst-cave ice). Those dates range
between about 32,500 and 35,000 years, although one sample
yielded an age of nearly 43,500 years.

Dates obtained from borehole F16, which was drilled from the
floor of the Tunnel near the NHB section, showed the range
between 36,300 and 36,800 years ago. The oldest date
(42,300 years) was obtained from borehole F3 at 18.2 m below
the surface near the boundary between silt and gravel.

(Table 2),
the same.
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TABLE 2 | Radiocarbon dates, new CRREL Permafrost Tunnel and adjacent boreholes.

Section Lab Code Material Elevation, Radiocarbon 1 SD Cal. Younger  Older

m a.s.l age, error age cal limit cal

years BP (median), BP (2 limit

years BP SD) BP (2

SD)
Entrance Beta-312256 Wood?® (Salix) 227.9 29,590 170 34,161 33,782 34,463
JEB 08-110810 Herb® 231.6 27,300 700 31,464 30,106 33,114
JEB 0S-111150 Herb® 231.3 27,700 410 31,719 31,096 32,899
JEB Beta-326662 Herb® 2311 29,880 190 34,374 34,043 34,671
JEB UGAMS-18339 Wood° 231.0 29,933 85 34,409 34,212 34,592
JEB UGAMS-18340 Herb® 231.0 30,638 88 34,996 34,682 35,298
JEB 0S-110809 Herb® 230.4 28,700 840 32,953 31,217 34,514
JEB UGAMS-18342 Herb® 230.1 31,611 138 35,979 35,560 36,275
JEB 0S-111254 Wood? 230.1 33,700 1600 38,414 35,250 41,485
JEB 0S-113379 Wood¢ 230.1 31,300 610 35,663 34,523 36,824
JEB 0S-110808 Herb® 229.9 29,300 920 33,557 31,528 35,384
JEB 0S-110807 Wood® 229.9 31,100 1140 35,550 33,091 38,569
JEB Beta-326663 Wood?® (Betula) 229.7 28,900 210 33,378 32,289 34,051
JEB Beta-310925 Wood? (Salix) 229.3 30,970 200 36,311 36,094 36,581
JEB UGAMS-18341  Herb® 229.3 31,998 96 35,336 34,751 35,870
JEB Beta-326660 Wood?® (Betula) 228.5 31,430 240 35,794 35,323 36,235
JEB UGAMS-18343  Herb® 228.5 32,393 98 36,689 36,373 36,985
JEB Beta-326664 Wood?® (Salix) 227.8 31,650 230 35,984 35,439 36,400
JEB Beta-326665 Wood?® (Salicaceae) 227.7 32,570 250 36,896 36,322 37,526
NHB Beta-312255 Wood® 232.1 27,090 140 31,162 31,003 31,410
NHB 08-111607 Herb® 231.9 28,200 320 32,341 31,491 33,277
NHB 0S-111151 Herb® 231.9 28,100 420 32,244 31,214 33,331
NHB Beta-373717 Wood® 230.5 31,670 240 36,002 35,433 36,442
NHB UGAMS-18345 Herb, Carex and Empetrum seeds, dicot leaf 230.5 32,382 104 36,677 36,359 36,982

frags, bud scales®

NHB Beta-310924 Wood?® (Betula) 230.0 29,590 200 34,150 33,717 34,497
NHB Beta-373716 Wood® 229.6 32,890 260 37,333 36,536 38,465
NHB UGAMS-18346  Herb® 229.6 32,063 99 36,364 36,135 36,679
NHB UGAMS-18347  Herb/rootlets® 228.8 32,281 100 36,574 36,288 36,900
NHB Beta-310923 Wood?® (Betula) 228.8 30,510 180 34,901 34,524 35,297
NHB UGAMS-18344  Herb/rootlets® 228.1 32,380 98 36,675 36,364 36,975
Cave Ice Beta-326667 Wood?® 227.9 31,320 220 35,710 35,278 36,162
Cave Ice Beta-326668 Wood?® 228.8 30,900 220 35,250 34,671 35,789
Cave Ice Beta-326669 Wood?® (Salix) 229.1 31,970 210 36,313 35,882 36,852
Cave Ice Beta-326670 Wood?® 229.2 30,260 180 34,653 34,345 35,166
Cave Ice Beta-326671 Wood?® 229.3 31,990 200 36,330 35,951 36,850
Cave Ice Beta-326672 Wood?® (Betula) 229.3 31,530 190 35,879 35,435 36,251
Cave Ice Beta-326666 Wood?® (Betula) 229.4 40,350 570 43,545 42,776 44,389
Cave Ice Beta-326673 Wood? 229.9 32,190 250 36,529 36,075 37,055
Cave Ice Beta-326675 Wood?® (Salix) 230.1 29,540 170 34,118 33,730 34,436
Cave Ice Beta-326674 Wood? (Salix) 230.8 28,390 160 32,528 31,944 33,116
Cave Ice 0S-95371 Wood?® (Salix) 229.2 30,900 200 35,251 34,689 35,728
Cave Ice Beta-317443 Wood?® (Betula) 229.3 29,780 190 34,305 33,944 34,603
Cave Ice 08-95370 Rootlets® 229.5 30,600 210 34,966 34,545 35,379
Borehole F12 Beta-326676 Herb and small wood™° 237.6 5,890 30 6,709 6,653 6,786
Borehole F12 Beta-326678 Wood? 2371 7,870 50 8,683 8,544 8,980
Borehole F12 Beta-326677 Wood?® 236.4 8,090 40 9,018 8,779 9,250
Borehole F12 Beta-326679 Wood?® 235.3 8,220 40 9,185 9,024 9,398
Borehole F12 Beta-326680 Herb® 233.7 10,750 50 12,731 12,677 12,764
Borehole F12 0S-111153 WoodP 232.2 32,800 760 37,470 35,776 39,362
Borehole F12 0S-111152 Herb® 231.7 28,200 430 32,382 31,286 33,533
Borehole F16 UGAMS-18348  Herb® 227.4 32,314 100 36,608 36,313 36,927
Borehole F16 UGAMS-18349 \Wood° 227.4 32,509 104 36,811 36,445 37,104
Borehole F16 Beta-326681 Wood?® 225.9 32,270 200 36,587 36,196 37,012
Borehole F3 Beta-310926 Wood 223.4 38,220 260 42,343 42,130 42,553

Notes: Dates marked in bold are splits from the same bulk sample.
aSingle wood fragment dated.

bSamples containing multiple herbaceous fragments.

“Samples containing multiple wood fragments.

9Sub-sample of the original submission of multiple wood fragments.
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Radiocarbon samples obtained from borehole F12, which was
drilled from the surface near the NHB section, showed the wide
range of dates—from 6,700 to 37,500 years, with a significant
hiatus between 37,500 years BP at 7m and 12,600 years BP at
5.5 m below the surface; the samples collected from the upper 4 m
all showed the Holocene age (6,700 to 9,200 years) (Table 3).

To assess whether there were systematic differences between
dates on wood versus herbaceous plant debris, we submitted both
woody and non-woody material from the same bulk sample
(samples marked in bold in Table 2). The results indicated no
systematic bias associated with woody versus non-woody
material. In some cases, the wood was older, while in other
cases the herbaceous material was older. The age difference
between these materials ranged between nearly 2000 and
300 years.

A number of the radiocarbon dates also have very large
standard errors (>800 years). In at least one case, this was a
problem at the radiocarbon facility. We were able to re-date
one of the samples (OS-111254), yielding both a younger age
and a smaller standard error (OS-113379), which was more
similar to the non-woody material from the same bulk sample
(Table 3).

6 DISCUSSION

6.1 Cryostratigraphy and Ground-Ice

Content

6.1.1 Cryostratigraphic Units

Based on our ground-ice studies of the new CRREL Tunnel
facilities and the cores, and the data from the old Tunnel and
adjacent areas (Sellmann, 1967; Sellmann, 1972; Péwé, 1975a;
Péwé et al., 1976; Hamilton et al., 1988; Shur et al., 2004; Bray
et al., 2006; Fortier et al., 2008; Kanevskiy et al., 2008a; Kanevskiy

et al.,, 2008b), we distinguish six main cryostratigraphic units
(described from the top):

(1) Active layer, 0.55-0.8-m thick; peat underlain by organic-
rich silt; average gravimetric moisture content 39.7% (this
study);

Modern intermediate layer of the upper permafrost; ice-rich
silt, up to 0.6 m thick; average gravimetric moisture content
91.8% (this study);

Holocene silt—Ready Bullion Formation (Péwé, 1975a; Péwé
et al,, 1976), Yedoma deposits reworked by thermokarst and
thermal erosion during the Holocene, 3-6 m thick, organic-
rich silt, relatively ice poor, with thin ice wedges and several
buried ice-rich intermediate layers; average gravimetric
moisture content 61.6% (this study);

Late Pleistocene Yedoma silt—Goldstream Formation (Péwé,
1975a; Péwé et al., 1976), 10-14 m thick, ice- and organic
rich, with large ice wedges; with lenses and layers of gravel
and gravelly sand in the lower part of this unit; average
gravimetric moisture content of silt 94.0% (this study);
Pleistocene alluvial gravel and gravelly sand-Fox Gravel
(Péwé, 1975a; Péwé et al.,, 1976), 3-4 m thick, generally ice
poor; average gravimetric moisture content 19.9% (this
study);

Bedrock—weathered ~ Pre-Cambrian  muscovite-quartz
Fairbanks Schist (Newberry et al, 1996), generally ice
poor, exposed near the floor of the Gravel Room; average
gravimetric moisture content 11.7% (Hamilton et al., 1988).

)

3)

(4)

(5)

(6)

According to Péwé, both the Ready Bullion Formation and
Goldstream Formation originated from the upland Fairbanks
Loess of Illinoian through Holocene age reworked and
retransported from upper slopes to lower slopes and valley
bottoms. The Ready Bullion Formation, which is 1-10 m
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FIGURE 12| Age of sediments (A) and stable oxygen isotopic composition (8'80) of various types of ground ice (B,C,D) obtained from the samples collected in the
new CRREL Permafrost Tunnel and surrounding area at various elevations. (A) Radiocarbon dates (cal. years BP); (B) stable oxygen isotopic composition of wedge ice
(average value —24.9 + 1.9%, n = 184); (C) stable oxygen isotopic composition of thermokarst-cave ice and underlying silt with reticulate-chaotic cryostructure (average
value —-22.7 + 1.5%, n = 68); (D) stable oxygen isotopic composition of layers of segregated ice (ice belts) (average value -21.7 + 0.7%, n = 12).

TABLE 3 | Stable-isotope composition (average 880, 6°H, and Deuterium Excess values) of various types of ground ice, new CRREL Permafrost Tunnel and adjacent
boreholes. For raw data, see Supplementary Tables S2 to S8.

Type of ground ice Number of &%H 6%H Std 8'%0 620 std d-Excess d-Excess Std
samples Average (%) Dev (%) Average (%) Dev (%) Average (%) Dev (%)

Wedge ice 168 -198.34 14.33 -25.01 1.92 1.76 3.02
Wedge ice of supposedly Holocene age 16 -186.68 9.49 -23.97 1.26 5.04 4.44
Thermokarst-cave ice 59 -179.24 11.83 -22.76 1.55 2.86 5.65

Silt with reticulate-chaotic cryostructure 9 -182.67 8.21 -22.56 1.26 -2.20 3.86

Ice belts (segregated ice) 12 -169.78 6.36 -21.73 0.68 4.06 2.70
thick, unconformably overlies the Goldstream Formation (Péwé, mentioned ice lenses <1 cm thick (Péwé, 1975a). However,
1975a; Péwé et al,, 1976). Péwé did not find any evidence of ice-  small ice wedges were observed in the Holocene deposits of

wedge occurrence in the Ready Bullion Formation, he only  vertical ventilation shaft of the CRREL permafrost Tunnel

Frontiers in Earth Science | www.frontiersin.org 16 March 2022 | Volume 9 | Article 758800


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Kanevskiy et al.

(Sellmann, 1967; Hamilton et al., 1988). We also observed
presumably Holocene ice wedges in Borehole F12 and near the
entrance of the new CRREL Tunnel. Occurrence of small buried
ice wedges and relatively thin ice-rich layers with micro-
cryostructures in generally ice-poor silt indicates that the
Holocene silt froze partly epigenetically and partly
syngenetically and  quasi-syngenetically, with  possible
formation of the intermediate layers during the periods of
surface stabilization and subsequent growth of vegetation.
Large areas in the discontinuous permafrost zone of Alaska have
been affected by deep thawing and thermal erosion during the
Holocene, as indicated by a layer of ice-poor reworked sediments
on top of many Yedoma sections (Péwé, 1975a; Péwé, 1975b;
Kanevskiy et al, 2012; Kanevskiy et al, 2014). Péwé (1975b)
mentioned that a significant lowering of the permafrost table
had occurred during the Pleistocene/Holocene transition, and
we also conclude that the ice-poor Holocene silt could form as
aresult of in situ thawing and refreezing of the ice-rich Yedoma silt
in some areas of the Yukon-Tanana Upland (Kanevskiy et al,
2012) and the Koyukuk Flats (Kanevskiy et al., 2014). However,
numerous Holocene dates obtained from the Ready Bullion
Formation (Péwé, 1975a; Hamilton et al., 1988; and this study)
suggest that in the CRREL Tunnel and adjacent area these deposits
were largely retransported during the period of high erosional
activity that was caused by a significant increase in precipitation
and strongly affected the poorly vegetated Yedoma surface.
Occurrence of the ice-poor sediments in the upper permafrost
protects ice-rich Yedoma deposits from thermokarst
development. Thickness of this layer may be a key to
understanding the susceptibility of Yedoma to degradation.
Péwé (1954) reported that thermokarst mounds and pits
started developing since the numerous agricultural fields were
cleared for cultivation around Fairbanks in the areas with large
masses of ground ice (i.e., ice wedges). While some fields were
strongly affected by thermokarst, others could stay relatively
stable for many years, until deep thawing reached undisturbed
Yedoma that had been protected from above by ice-poor deposits.
Occurrence of the ice-poor layer on top of Yedoma may explain
the resilience of Yedoma to climatic impacts and local
disturbances even in the areas of warm discontinuous permafrost.

6.1.2 Ground-Ice Content of Yedoma

Numerous studies in Siberia and North America showed that
Yedoma contains large amounts of ground ice, including wedge
ice and segregated ice. Based on our measurements of wedge ice
areas in the new CRREL Tunnel facilities (Table 1), we estimated
the volumetric content of wedge ice to be 15-20%. Probably this
value is greater at higher elevations because ice wedges exposed
near the ceiling are significantly wider than those exposed near
the floor of the new Tunnel facilities (Figures 6, 10). This
observation corresponds to our measurements of wedge-ice
areas that are higher at the ceiling (24-25%) than on the walls
(11-19%) of T2 and C1 (Table 1).

In general, wedge-ice in the Tunnel area is significantly less
than that in other Alaskan sites underlain by Yedoma. For
example, wedge-ice content has been estimated to be 61% at
the Itkillik River exposure, northern Alaska (Kanevskiy et al.,

CRREL Tunnel Cryostratigraphy

2011; Kanevskiy et al., 2016), up to 61% in the Devil Mountains
area, Seward Peninsula (Shur et al,, 2012), and up to 47% in the
Livengood area (9-Mile Hill site) in Interior Alaska (Kanevskiy
et al,, 2012), although sections of Yedoma with high content of
segregated ice and low wedge-ice content also have been
described in this area (Kanevskiy et al., 2012).

Average area occupied by thermokarst-cave ice on the walls
and ceiling of the main adit (T2) and Crosscut #1 (C1) of the new
Tunnel was 1.9% (Table 1). Previously we did a similar
estimation at the 600-m-long and 7- to 10-m-high coastal
exposure near the village of Kaktovik at Barter Island (Alaskan
Beaufort Sea coast), which showed that the thermokarst-cave ice
occupied practically the same area—approximately 2.0% of the
face of the bluff (Kanevskiy et al., 2013).

Based on the results of drilling in the Tunnel area, gravimetric
ice contents of Yedoma silt varied from <50 to >150% with an
average value of 94.0%. These numbers are similar to the values
measured in the old Tunnel by Hamilton et al. (1988), who
reported that gravimetric moisture content of the Pleistocene silt
varied from 39 to 139%.

The ice content of the Pleistocene silt strongly depends on
cryostructures. For sediments with micro-cryostructures (original
Yedoma), gravimetric moisture content in the main adit of the old
Tunnel varied from 80 to 180%, averaging 130% (Bray et al., 2006). A
similar range (100-240%) was found in the winze (Supplementary
Figure S6A) (Kanevskiy et al, 2008a). For reworked sediments
(modified Yedoma), which filled gullies and underground channels,
gravimetric moisture content in the main adit of the old Tunnel
varied from 50 to 95%, averaging 69% (Bray et al., 2006). For the
same sediments in the winze, gravimetric moisture content was
70-100% (Kanevskiy et al., 2008a). Such values are very high for ice-
poor sediments that do not contain any significant amount of excess
ice. This unusually high moisture content may be explained by
occurrence of reworked organic material in these sediments
(Supplementary Figure S6B). For the cross-stratified sand filling
underground channels, the average gravimetric moisture content
was 44.6%, whereas it was 107.7% in the surrounding undisturbed
Yedoma with micro-lenticular cryostructure (Fortier et al.,, 2008).
For sediments with reticulate-chaotic cryostructure, gravimetric
moisture content in the main adit of the old Tunnel varied from
60 to 115%, averaging 85% (Bray et al., 2006).

We found similar values of gravimetric moisture content in
Yedoma silt in the 9-Mile Hill study area located ~90 km NW of
the CRREL Tunnel. Sediments between ice wedges were
characterized by a wide range (from ~40% to >200%) and high
values (85.5% average) of gravimetric moisture content that did not
change significantly with depth; such distribution is typical of
syngenetic permafrost. Thaw strain values of Yedoma silt in this
area varied from 20 to 60%. With typical wedge-ice content of
30-50%, complete thawing of 30-m-thick Yedoma in this area can
result in thaw settlement of more than 20 m (Kanevskiy et al., 2012).

6.1.3 Comparison of Cryostratigraphy of the Old and
New Cold Regions Research and Engineering
Laboratory Tunnel Facilities

There is a significant difference in cryostratigraphy of the old and
new sections of the Tunnel. Yedoma in the old Tunnel was greatly
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modified by erosional and thermokarst events that occurred
following initial deposition. Almost all ice wedges identified in
the old Tunnel were truncated by thermal erosion, and
thermokarst-cave ice bodies are very common (Kanevskiy
et al., 2008b; Fortier et al., 2008). In the new Tunnel (T2 and
C1), we could also observe erosional features and thermokarst-
cave ice bodies, but original Yedoma here was preserved much
better.

Early studies of the old Tunnel (Sellmann, 1967; Sellmann,
1972; Hamilton et al., 1988) described upper and lower silt units
with independent systems of ice wedges separated by a
continuous thaw unconformity presumably caused by regional
or widespread thermokarst. In our previous studies, we
emphasized the syngenetic nature of permafrost in the old
Tunnel and presented evidence that processes of Yedoma
formation and thermal erosion were occurring simultaneously.
Results of our studies in the old Tunnel did not confirm the
existence of two silt units divided by a continuous thaw
unconformity, as described previously. We attributed thaw
unconformities to local thermokarst and thermo-erosional
events (Shur et al., 2004; Kanevskiy et al., 2008b), and our
studies in the recently excavated sections of the Tunnel gave
us new evidence to confirm these ideas. First, there are numerous
ice wedges extending from the ceiling to the floor (unlike the old
Tunnel), although some exposed ice wedges were truncated by
thermokarst and/or thermal erosion. Second, the vertical extent
of the ice wedge in Borehole F2 exceeded 9 m (Supplementary
Figure S10), which confirms the syngenetic nature of ice wedges
in this study area. Third, all thaw unconformities in the new
Tunnel were discontinuous and randomly distributed.
Continuous unconformities were observed only near the portal
of the new Tunnel and in the part of Crosscut #1 adjacent to the
old Tunnel (Figures 6, 10, respectively). We attribute both of
them to the Pleistocene/Holocene transition and consider them
to be major stratigraphic boundaries separating the Pleistocene
and Holocene deposits.

Another significant difference in cryostratigraphy of the new
CRREL Tunnel compared to the old one was the absence of
gravelly Holocene deposits, which were described near the portal
of the old Tunnel. According to Hamilton et al. (1988), these
fanlike deposits of poorly sorted debris, which unconformably
overlie the Pleistocene silt, accumulated between 12,500 and
11,000 years BP during deep erosion of the Goldstream Creek
valley slopes. We presume that accumulation of the Holocene
gravel, which contains numerous logs and bones of Pleistocene
mammals, occurred in a large gully that was filled relatively fast as
a result of stream and mudflow activity during the Pleistocene/
Holocene transition. Similar deposits filled the ice-wedge
pseudomorph, which is visible on the walls and the ceiling of
Crosscut #2 at 43-50 m, in the area adjacent to the old Tunnel
(Supplementary Figure S39).

6.2 Water Stable Isotope Composition

In general, our data on the stable isotope composition of ground
ice (Tables 1, Supplementary Tables S2-S8; Figures 11, 12) are
in agreement with the available isotope data (Meyer et al., 2008;
Douglas et al., 2011; Lachniet et al., 2012; Sloat, 2014; Jorgenson
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et al, 2015a, Jorgenson et al., 2015b; Porter et al, 2016;
Schirrmeister et al., 2016) for different sites of Interior Alaska
and adjacent regions of Canada (Table 4). In the old CRREL
Permafrost Tunnel, the stable oxygen isotope values for the
Pleistocene ice wedges ranged between —29.3 and —24.1%, and
thermokarst-cave ice between —27.0 and —24.4% (Douglas et al.,
2011). Sloat (2014) reported that average §'®0 values for eight ice
wedges ranged between -28.9 and -20.4% (average value
-26.0%), while average values for seven “ice pools”
(thermokarst-cave ice bodies) ranged between -26.6 and
—21.8% (average value —23.4%). These values are slightly lower
than the average 6'%0 values obtained during our study in the
new CRREL Tunnel: —25.0% (n = 168) for the Pleistocene ice
wedges and —22.7% (n = 68) for thermokarst-cave ice.

In the Vault Creek permafrost tunnel located ~10 km N of
the CRREL Tunnel, the stable oxygen isotope values for 25 ice
wedges (145 individual samples) ranged between ~ -29.2 and
—-20.5%; values for segregated ice (23 samples) ranged
between -26.6 and -12.9% (Meyer et al, 2008;
Schirrmeister et al., 2016). In the Horseshoe Lake study
area located ~35km SE of the CRREL Tunnel, we sampled
two late Pleistocene ice wedges covered by ~3-m-thick layer
of ice-poor Holocene silt. In the first one, sampled at depths
from 3.1 to 10.0 m, the stable oxygen isotope values ranged
between —29.5 and -24.3% (n = 10, average value —28.0%). In
the second one, sampled at depths from 3.6 to 3.8 m, the
stable oxygen isotope values ranged between -26.2 and
-25.3% (n = 3, average value —25.8%) (Jorgenson et al.,
2015a). In the 9-Mile Hill study area located ~90 km NW
of the CRREL Tunnel (Kanevskiy et al, 2012), late
Pleistocene ice wedges enclosed in Yedoma silt were
sampled at depths from 2.7 to 16.0 m; the stable oxygen
isotope values ranged between —29.3 and -27.8% (n = 5,
average value —28.4%) (unpublished data).

For Holocene ice wedges in Interior Alaska, stable isotope data
are limited. In the Vault Creek permafrost tunnel, the average
stable oxygen isotope value for the presumably Holocene ice
wedge was —21.9% (Meyer et al., 2008; Schirrmeister et al., 2016).
In the Creamer’s Field study area located ~10km SW of the
CRREL Tunnel, we sampled nine Holocene wedges (three of
them were active) at depths from 0.7 to 3.3 m; the stable oxygen
isotope values ranged between —23.9 and —21.2% (n = 22, average
value —22.7%) (Jorgenson et al., 2015b). These values are slightly
higher than the average §'0 value for the Holocene ice wedges
obtained during our study in the new CRREL Tunnel (n = 16,
average value —24.0%).

Thus, stable oxygen isotope values for Holocene ice wedges in
various study areas of Interior Alaska and Canada are usually 2-5%
higher than those of Pleistocene wedges (Table 4), which is related
to lower winter temperatures during the late Pleistocene. Stable
oxygen isotope values for the late Pleistocene thermokarst-cave ice
are higher and have a wider range in comparison with the late
Pleistocene ice wedges. This can be explained by different sources
of water: while for ice wedges it is mostly snowmelt water, for
thermokarst-cave ice it is a mixture of snowmelt water, rainwater,
and water from melting ice wedges that accumulated in thermo-
erosional gullies and underground cavities.
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TABLE 4 | 880 values for various types of ground ice in Interior Alaska and adjacent regions of Canada.

Study area 520 values, % References
Min Max Average
Ice wedges, Pleistocene
New CRREL Tunnel -28.7 -20.4 -25.0 This study
Old CRREL Tunnel -29.3 -24.1 — Douglas et al. (2011)
Old CRREL Tunnel -28.9 -20.4 -26.0 Sloat (2014)
Vault Creek tunnel -29.2 -20.5 Schirrmeister et al. (2016)
Horseshoe Lake-1 -29.5 -24.3 -28.0 Jorgenson et al. (2015a)
Horseshoe Lake-2 -26.2 -25.3 -25.8 Jorgenson et al. (2015a)
9-Mile Hill -29.3 -27.8 -28.4 Unpublished data
Quartz Creek (Klondike) — - -29.3 Porter et al. (2016)
Ice wedges, Holocene
New CRREL Tunnel -26.5 -21.8 -24.0 This study
Vault Creek tunnel — — -21.9 Schirrmeister et al. (2016)
Creamer’s Field -23.9 -21.2 -22.7 Jorgenson et al. (2015b)
Klondike — — -23.4 Porter et al. (2016)
Thermokarst-cave ice, Pleistocene
New CRREL Tunnel -26.1 -19.1 -22.7 This study
Old CRREL Tunnel -27.0 -24.4 — Douglas et al. (2011)
Old CRREL Tunnel -26.6 -21.8 -23.4 Sloat (2014)
Segregated ice, Pleistocene
New CRREL Tunnel -23.4 -21.0 -21.7 This study
Vault Creek tunnel -26.6 -12.9 - Schirrmeister et al. (2016)

6.3 Radiocarbon Dating
The assemblage of '*C dates from the new CRREL Tunnel are

generally stratigraphically consistent (Table 2; Figure 12A). The
basal ages are usually older than the uppermost ages, but there are
several reversals, and ages on subsamples of the same bulk sample
can be as much as 2000 years different in age. In addition, there is
no systematic bias in the dated material, sometimes the wood is
older, other times non-woody material is older.

The stratigraphy of the Tunnel does not suggest wholesale
mixing of the sediments (i.e., “the Quaternary in a blender”) as
the radiocarbon dates show some stratigraphic integrity and the
buried soils extend for 10s of meters, albeit highly deformed
adjacent to ice wedges and with abrupt elevation changes in
other areas. The radiocarbon dates suggest either smaller-scale
reworking during burial and afterwards or the deposition of
material of different ages. In an active depositional environment,
in a region of slow organic matter decomposition (such as the
permafrost region), older material is frequently re-deposited, which
complicates interpretation of depositional patterns (Lenz et al,
2016). Various problems of radiocarbon dating in the permafrost
region were discussed by Kennedy et al. (2010) and (Reyes et al,
2010a; Reyes et al,, 2010b; Reyes et al., 2011) and highlighted the
need to date multiple material types (wood vs. non-woody),
especially when reworking is a possibility.

Numerous age inversions have been reported for the old
CRREL Tunnel (Hamilton et al., 1988; Lachniet et al., 2012).
Shur et al. (2004) suggested that inconsistency in radiocarbon
dates obtained from the old Tunnel by Hamilton et al. (1988) may
be related to the dating of material from thermokarst-cave ice
bodies and soil pseudomorphs. Lachniet et al. (2012) stated that
multiple age inversions in stratigraphic sections of the old CRREL
Tunnel occurred through the incorporation of older organic
matter by various processes of sediment redistribution.

Based on above-mentioned studies and our observations, we
see several possible explanations for age inversions typical of
Yedoma deposits: 1) deposition of different-aged material on the
ground surface, 2) reworking of sediments during burial, 3)
slump and collapse of sediments after burial as a result of
surficial and underground erosion, which was common at the
time of Yedoma formation, and 4) deposition of same-aged
material at various elevations simultaneously (e.g., not only on
the main surface, but inside the gullies or underground cavities).

In general, radiocarbon dates obtained from the new Tunnel
are in agreement with those previously obtained from the old
Tunnel (Sellmann, 1967; Hamilton et al., 1988; Long and Péwé,
1996; Kanevskiy et al., 2008a; Kanevskiy et al., 2008b; Lachniet
et al,, 2012). Radiocarbon dating at other sites in Interior Alaska
showed a similar age of Yedoma silt. In the Vault Creek
permafrost tunnel area, silt accumulation and ice-wedge
growth occurred from 40,000-50,000 years BP to at least
25,000 years BP, forming ~15-m-thick Yedoma unit; Holocene
dates were reported for the uppermost 2-m-thick silty sand unit
(Schirrmeister et al., 2016). In the 9-Mile Hill study area,
radiocarbon dates for ~25-30-m-thick Yedoma silt were
22,600 to 43,100 '*C years BP (8 samples, depths from 1.7 to
17.8 m), and no Holocene dates were reported for this area
(Kanevskiy et al., 2012). For the Klondike area, Fraser and
Burn (1997) and Zazula et al. (2007) reported dates from
24,000 to 31,000 and from 24,000 to 29,500 '*Cyears BP,
respectively.

During our study, we weren’t looking specifically for tephra
deposits and didn’t see any obvious ones. This does not rule out
that they are present, especially cryptotephras (Payne et al., 2008;
Pyne-O’Donnell et al., 2012). A pair of tephras at Halfway House
site in Interior Alaska (Dawson and possibly the Chatanika
tephras) date to ~30,000 cal yr BP (Jensen et al., 2016). Based
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on radiocarbon dates obtained from our study, if they are present
in T2, they would be right at the ceiling. The next older identified
tephra at Halfway House is ~77,000 cal yr BP (Dominion Creek
tephra), which would be below the floor of T2. However, a
number of thin tephra layers have been observed between
these tephras at Halfway House site, which could also be
present in the walls of T2.

6.4 Age and Nature of Ice Wedges in

Yedoma

The absence of dates between ~31,000 and 12,600 years BP, which
we found in the new Tunnel and adjacent boreholes (Table 2;
Figures 12A is also typical of the old Tunnel, where Hamilton
et al. (1988) reported a similar hiatus. However, radiocarbon
dating of the carbon dioxide in air bubbles and the organic carbon
dissolved within the wedge ice showed much younger age than
host sediments, and some Pleistocene ice wedges in the old
Tunnel formed between 28,000 and 22,000 years BP while the
age of host sediments exceeded 35,000 years BP (Lachniet et al.,
2012). Similar studies in other regions (Opel et al., 2019; Holland
etal., 2020; Wetterich et al., 2021) also found that ice wedges may
be several thousand years younger than enclosing sediments. We
hope a similar approach will be used during the future studies in
the new Tunnel.

These studies, which revealed a large difference in age
between ice wedges and host sediments, suggest our
understanding of Yedoma as a sediment with large
syngenetic ice wedges is probably oversimplified. Based on
classification by Mackay, ice wedges can be classified as being
either epigenetic, syngenetic, or anti-syngenetic in nature
(Mackay, 2000; Murton, 2013; French, 2018). However, it is
almost impossible to find “pure” epigenetic or syngenetic ice
wedges. For example, the uppermost portions of many
epigenetic ice wedges have some features typical of
syngenetic ice wedges like ragged lateral margins and so-
called “shoulders” (Romanovskii, 1977). Formation of such
features may be caused by fluctuations in thaw depths.
Lewkowicz (1994) described growth stages of modern ice
wedges in relation to short-term climatic variability, which
included alternating truncation and rejuvenation processes.

Very often the vertical extent of epigenetic ice wedges
exceeds the local depth of frost cracking. The best example of
such ice wedges are epigenetic wedges that develop within the
intermediate layer after termination of sedimentation. Their
formation occurs along with a gradual decrease in the active-
layer thickness, mostly because of accumulation of organic
matter; such a decrease leads to formation of the
intermediate layer whose thickness under certain conditions
may reach 1.5-2m and even more (Shur, 1988; French and
Shur, 2010; Shur et al., 2011). As a result, vertical extent of ice
wedges may significantly exceed a depth of frost cracking.
(1977) named such ice wedges “false
syngenetic” because they had features typical of syngenetic
ones, despite their epigenetic nature in relation to host
sediments. We suggest to name these ice wedges “quasi-
syngenetic” after Shur who used this term to describe a specific

Romanovskii
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type of permafrost, which aggrades upward, like syngenetic
permafrost, but without accumulation of a new sediment on the
soil surface, and forms the ice-rich intermediate layer (Shur, 1988;
Shur et al, 2011). Such ice wedges are very common in the
continuous permafrost zone, where they form in the modern
intermediate layer that has developed on top of Yedoma
(Kanevskiy et al., 2011; Shur et al., 2021a).

Similarly, it is difficult to find “pure” syngenetic ice wedges
because some portions of these wedges are always epigenetic, at
least their lowermost parts (Shumskii, 1959; Shur et al., 2004).
Technically, any syngenetic ice wedge can be defined as an
assemblage of epigenetic ice veins because host sediments are
always older than individual ice veins. That means that we should
either determine what time gap between sedimentation and ice-
wedge formation is sufficient to consider a wedge epigenetic, or
use a different approach based on ice-wedge morphology
and, first of all, comparison of vertical extent of ice wedges
with a depth of frost cracking. In the new Tunnel, we
observed numerous small buried epigenetic ice wedges and
veins (Figures 6, 10) but the shape and dimensions of
larger ice wedges indicate that these wedges are -either
syngenetic or consist of several generations of epigenetic ice
wedges, which probably better explains a significant difference
in age between ice wedges and host sediments reported by
Lachniet et al. (2012).

6.5 Cryostratigraphy of the CRREL
Permafrost Tunnel and its Importance for

Quaternary Studies of Eastern Beringia

In this study, we focus mainly on permafrost features and do not
discuss paleoenvironmental issues. However, it is important to
note that the new CRREL Permafrost Tunnel is a unique place to
study the late-Pleistocene paleoenvironment in conjunction with
general studies of eastern Beringia that have been performed in
Alaska and Canada (Hopkins, 1982; Anderson and Lozhkin,
2001; Begét, 2001; Muhs et al., 2003; Bigelow, 2007; Elias and
Brigham-Grette, 2007; Wooller et al., 2007; Froese et al., 2009;
Porter et al, 2016). While many Quaternary studies around
Fairbanks, including detailed studies of the Gold Hill, Birch
Hill, and Halfway House sites (e.g., Muhs et al., 2003; Jensen
et al., 2016), were performed in the areas where Yedoma and
underlying loess deposits had already thawed, in the CRREL
Permafrost Tunnel we can describe and sample frozen sediments
perfectly preserved since the late Pleistocene.

Permafrost Tunnel facilities are especially important for
researchers because exposed surfaces remain stable for decades
(rates of sublimation are relatively small), while natural exposures
of ice-rich permafrost retreat very fast and often become covered by
reworked sediments in several years, which makes impossible
revisiting them to continue studies of exposed bluffs. The newly
exposed surfaces also provide unique opportunities to expand
previous Quaternary studies performed in the old CRREL Tunnel
(Sellmann, 1967; Sellmann, 1972; Hamilton et al,, 1988; Long and
Péwé, 1996; Wooller et al., 2007; Douglas et al., 2011; Wooller et al.,
2011; Lachniet et al, 2012). We hope that the results of
cryostratigraphic mapping presented in this study will serve as a
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foundation for the future Quaternary research in the new CRREL
Permafrost Tunnel.

7 CONCLUSION

Excavation of the new sections of the CRREL Permafrost Tunnel,
which started in 2011, provides a new and unique opportunity to
study structure, properties, biogeochemical characteristics, and
deposition history of Yedoma—ice-rich syngenetically frozen silt
with large ice wedges.

In Interior Alaska, Yedoma has been observed at numerous
sites within the Yukon-Tanana wuplands. The most
comprehensive data on the structure and properties of
Yedoma in this area have been obtained in the CRREL
Permafrost Tunnel near Fairbanks, which became available to
researchers in the mid-1960s. In this paper, we introduce a new
and unique research facility for yedoma studies and present the
results of cryostratigraphic mapping of the walls and ceiling of a
110-m-long section of the main adit of the new Tunnel and a 50-
m-long crosscut connecting the new and old Tunnels.

General cryostratigraphic maps and detailed maps of some
parts of the new Tunnel show various characteristics typical of
Yedoma: foliated ice wedges with a vertical extent of more than
10 m, the prevalence of micro-cryostructures, distinctive ice belts,
and the occurrence of large amounts of weakly decomposed
organic matter throughout the entire thickness of Yedoma.

Based on the studies in the Tunnel and results of drilling, six
main cryostratigraphic units were distinguished (described from
the top): 1) active layer; 2) modern intermediate layer (ice-rich
silt); 3) 3- to 6-m-thick layer of the Holocene silt, mainly ice poor,
with small ice wedges; 4) 10- to 14-m thick layer of the ice-rich
late Pleistocene Yedoma silt with large ice wedges; 5) relatively
ice-poor fluvial gravel; and 6) ice-poor bedrock.

Modern ice-rich intermediate layer and ice-poor silt layer
protect ice-rich Yedoma deposits with large ice wedges from
thermokarst development. Occurrence of these layers explains
resilience of Yedoma to recent climatic impacts and local
disturbances even in the areas of warm discontinuous permafrost.

Comparison of cryostratigraphy of the old and new parts of
the CRREL Permafrost Tunnel shows significant differences.
Yedoma in the old Tunnel was greatly destroyed or modified
by erosional and thermokarst events, and almost all ice wedges in
the main adit of the old Tunnel were truncated by thermal
erosion. In the recently excavated sections of the Tunnel,
erosional features and thermokarst-cave ice bodies also occur,
but original Yedoma is much better preserved. Another
significant difference in cryostratigraphy of the new sections of
the CRREL Tunnel compared to the old ones is the absence of
gravelly Holocene deposits, which were described near the portal
of the old Tunnel.

Our studies in the CRREL Permafrost Tunnel do not confirm
the existence of two Pleistocene silt units divided by a continuous
thaw unconformity, as described previously. The processes of
Yedoma formation and thermal going
simultaneously, and we attribute thaw unconformities to local
thermokarst and thermo-erosional events.

erosion were

CRREL Tunnel Cryostratigraphy

We are planning to continue our cryostratigraphic studies in
the CRREL Permafrost Tunnel and perform mapping of two
other crosscuts in the future.
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