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ARTICLE INFO ABSTRACT

Editor: Dr. Alan Haywood There is disagreement in the Quaternary research communiry in how much of the marine §'30 signal is driven by
change in ice volume. Here, we examine this topic by bringing together empirical and modelling work for Marine
Isotope Stage 3 (MIS 3; 57 ka to 29 ka), a time when the marine 8'%0 record indicates moderate continental
glaciation and a global mean sea level between —60 m and —90 m. We compile and interpret geological data
dating to MIS 3 to constrain the extent of major Northern Hemisphere ice sheets (Eurasian, Laurentide,

Cordilleran). Many key data, especially published in the past ~15 years, argue for an ice-free core of the formerly
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Laurentide glaciated regions that is inconsistent with inferences from the marine § °0 record. We compile results from prior
Cordilleran studies of glacial isostatic adjustment to show the volume of ice inferred from the marine §'%0 record is unable to

fit within the plausible footprint of Northern Hemisphere ice sheets during MIS 3. Instead, a global mean sea
level between —30 m and — 50 m is inferred from geological constraints and glacial isostatic modelling.
Furthermore, limited North American ice volumes during MIS 3 are consistent with most sea-level bounds
through that interval. We can find no concrete evidence of large-scale glaciation during MIS 3 that could account
for the missing ~30 m of sea-level equivalent during that time, which suggests that changes in the marine 5'%0
record are driven by other variables, including water temperature. This work urges caution regarding the reli-
ance of the marine 8'%0 record as a de facto indicator of continental ice when few geological constraints are
available, which underpins many Quaternary studies.

1. Introduction geological record and limited age control. To circumvent the lack of

empirical constraints, the marine 8'80 record is predominantly used to

The Quaternary is characterized by continental ice volume changes
in the Northern Hemisphere associated with 130 to 145 m of sea-level
change (Fox-Kemper et al., 2021). The timing and distribution of these
glaciations, except for the last glacial maximum (LGM) at 26.5-19 ka
(Clark et al., 2009), are poorly understood owing to a highly fragmented
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estimate the volume of continental ice (upper plot; Fig. 1); a relative
enrichment of 180 in seawater is linked to significant ice accumulation
on the continents (around 5%. during the last glacial maximum at —~25
ka), whereas a decrease is associated with a turn toward non-glacial
conditions (around 3% during the last interglacial at 125 ka; Adkins
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et al., 2002; Berger et al., 2016; Elderfield et al., 2012; Lisiecki and
Raymo, 2005; Schrag et al., 1996; Sosdian and Rosenthal, 2009). Other
factors complicate the translation of marine 530 data to continental ice
volume, notably variations in surface and deep-water temperatures that
account for 0.4 to 1.0%o of the difference between glacial and intergla-
cial conditions (Adkins et al., 2002; Elderfield et al., 2012; Hastings
et al., 1998; Lea et al., 2000; Schrag et al., 1996; Sosdian and Rosenthal,
2009; Tierney et al., 2020). Explaining the effects of ice volume, tem-
perature, salinity and source/transport distance through the Quaternary
remains a key challenge for Quaternary workers (Tierney et al., 2020).
Nevertheless, recognizing the limirations of the marine 3'¥0 record,
there appears to be broad agreement that at least half (possibly >70%)
of the signal is driven by land ice (De Boer et al., 2014), and the marine
8180 record has become a key indicator of continental ice volume (and a
solution for concomitant sea-level expression) during intervals when
few geological and age constraints are available (e.g. Barchelor et al.,
2019).

Marine Isotope Stage 3 (MIS 3; 57 ka to 29 ka) offers a useful time
period for comparing continental ice estimates derived from the marine
580 record to the empirically constrained footprint of Northern
Hemisphere ice sheets and equivalent global mean sea level (GMSL).
Importantly, MIS 3 aged geological deposits are more readily available
and more easily datable than those of earlier intervals of the Quaternary.
Marine Isotope Stage 3 was an interval where the marine 8'%0 record
indicates gradual continental ice growth toward the last glacial
maximum (LGM; upper plot; Fig. 1). Accordingly, traditional paleo-
geographic reconstructions have portrayed moderate continental glaci-
ation during thart interval (e.g. Dredge and Thorleifson, 1987; Dyke
et al., 2002). However, recent stratigraphic studies have reported new
geochronological and biostratigraphic data from the core of glaciated
regions that argue for significant changes in Northern Hemisphere ice
extent during MIS 3 (Dalton et al., 2016; Helmens, 2014; McMartin
et al., 2019; Sarala et al., 2016; Wohlfarth, 2010). Furthermore, recent
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glacial isostatic adjustment modelling efforts support the feasibility of
reduced ice cover and volume in some key areas of the formerly glaci-
ated region (Gowan et al., 2021; Pico et al., 2018; Pico et al., 2017).
Together, these data indicate substantial variability in the spatial dis-
tribution of MIS 3 continental ice that motivates a comparison to the
marine 580 record.

Siddall et al. (2008) provided the most comprehensive overview of
sea level data during MIS 3. They used several 0 proxy records and
coral-based sea level indicators to constrain variations in sea level. In
that paper, proxy-based estimates were tuned on the basis of an assumed
LGM sea level of —120 m and the results suggested four or five fluctu-
ations in sea level during MIS 3, with a magnitude of 10-30 m. Siddall
et al. (2008) also proposed that the first half of MIS 3 had an average sea
level of about —60 m and the second half of about —80 m, though with
uncertainties on these estimates on the order of +30 m.

Here, we examine how well the marine 5'%0 record estimates con-
tinental ice volume during MIS 3 by reviewing recent empirical evi-
dence, modelling outcomes and other global sea level records. First,
existing estimates are summarized for past global mean sea level during
MIS 3. Then, the geological data that constrain the footprint of MIS 3 ice
sheets for key regions of the Northern Hemisphere (Eurasian, Lauren-
tide, and Cordilleran) are discussed to ascertain the variability of the
spatial extent of continental ice at that time. To infer continental ice
volume, we summarize results from recent modelling studies of glacial
isostatic adjustment, including estimated ice sheet thickness based on
equilibrium ice sheet physics. We emphasize the variability of Northern
Hemisphere ice extents, where it is believed the largest changes in ice
volume occurred (Clark et al., 2009).

2. Global mean sea level during MIS 3

Direct physical evidence for sea-level changes prior to the LGM is
difficult to obrain because records of GMSL have been largely obliterated

Fig. 1. Benthic 8’0 data through the last
glacial cycle (upper plot; Lisiecki and

§'®0 assumptions
Raymo, 2005) along with sea level during

hisgehaer conll'ienséntal Marine Isotope Stage 3 (~57 ka to ~29 ka),
level ice inferred using various oxygen isotopic

i i methods (lower plot). These records were
corrected for temperature effects in the

Ios‘ggr con?gg%tal original studies. The dashed lines indicate a
leve ice recalculated infeired sea level based on a

LGM eustatic sea level of —111.9 m (Simms
et al., 2019) rather than —130 m assumed in

Inferred sea level (m)

the original studies. Also included are three
GMSL curves from the ice sheet reconstruc-
tion by Gowan et al. (2021), which are fitted
within the empirically constrained footprint
of Northern Hemisphere ice sheets, as well as
ICE-PC2 (Pico et al., 2017). Note the signif-
icantly higher sea level calculated by Gowan
et al. (2021) during MIS 3 than what was
inferred from oxygen isotopic records.
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by more recent events, such as ice advance and postglacial sea level rise.
Accordingly, estimates of past GMSL are often instead inferred from
various 8'80 proxy records, such as global oxygen isotopic records from
benthic foraminifera (Waelbroeck et al., 2002; temperature signal
removed via statistical method); planktonic foraminifer stacks (Shakun
et al., 2015; temperature signal removed using a Mg/Ca proxy);
restricted basins such as the Red Sea (Grant et al., 2014; temperature
effect assumed to be small); and statistical analysis of multiple datasets
(Sprart and Lisiecki, 2016; seven records all corrected for temperature
effects). These records yield an inferred GMSL between —60 and — 90 m
for MIS 3, without accounting for uncertainties (lower plot; Fig. 1). A
thorough review of the sea level records is beyond the scope of this
paper. However, additional commentary on these records is provided in
the Discussion.
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3. Footprint of Northern Hemisphere ice during MIS 3

Geological sites dating to MIS 3 are widespread in the glaciated re-
gion of the Northern Hemisphere (Fig. 2). Many key geochronological
data have been published over the past ~15 years with substantially
improved techniques (e.g. targeted radiocarbon dating of terrestrial
plants; and optically stimulated luminescence dating using single-
aliquot regenerative-dose or single grains). Thus, there are presently
many high-resolution geological records with multiple age constraints
and/or chronological control combining different dating techniques that
lend credibility to the MIS 3 age assignment. The Eurasian, Laurentide
and Cordilleran are three major Northern Hemisphere ice masses.

3.1. Eurasian Ice Sheet

Early studies on the Late Quaternary glacial history of Fennoscandia
(northern Europe) were hampered by a highly fragmented sedimentary

Sites dated to MIS 3
+ Published from 2006 to 2020

©  Published prior to 2006

%reeensd Glacial Maximum (~25 ka)

i I:l Ice extent during MIS 3
- (derived from various sources)

Fig. 2. Available geological sites in the Northern Hemisphere that date to Marine Isotope Stage 3 (~57 ka to ~29 ka), grouped by age of publication (<15 years old
= orange cross; >15 years old = point). Also shown is the hypothesized extent of MIS 3 ice. The Cordilleran Ice Sheet is a new interpretation based on scrutiny of the
geological dataset (see Fig. 6), the Laurentide and Scandinavian ice sheets are based on previous work (Arnold et al., 2002; Dredge and Thorleifson, 1987), and the
extent of other ice masses (notably, those not undergoing significant change during MIS 3, for example Greenland) are based on a previous review (Batchelor et al.,
2019). The last glacial maximum (~25 ka) is shown as a black dotted line, after Batchelor et al. (2019). The geological sites, located well-within the region glaciated
at the last glacial maximum, support a significant reduction in Northern Hemisphere ice during MIS 3. Data from North America were compiled previously (Dalton
et al.,, 2019; Dalton et al., 2022), and European data are from a variety of sources including Wohlfarth (2010), Ukkonen et al. (2007), Sarala et al. (2016) and

Alexanderson et al. (2010). All MIS 3 publications are listed in Appendix A.
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record and limited age control (Andersen and Mangerud, 1989; Donner,
1995; Hirvas, 1991; Lundqvist, 1992; Mangerud, 1991). At that time,
reconstructions were tentative and largely in agreement with the record
of global ice volume changes inferred from the marine §°0 record.
Based upon the latter, it was assumed that most parts of Fennoscandia
were covered by an ice sheet during the entire MIS 4 interval (71 ka to
57 ka) to MIS 3.

More recently, large-scale ice-free conditions in Fennoscandia during

Global and Planetary Change 212 (2022) 103814

MIS 3 have been suggested based on extensive radiocarbon, optically
stimulated luminescence and thermoluminescence datasets from Nor-
way (Olsen et al., 2001a; Olsen et al., 2001b), Denmark (Houmark-
Nielsen and Kjaer, 2003), Finland (Helmens, 2014; Johansson et al.,
2011; Makinen, 2005; Sarala, 2005; Sarala, 2019) and Sweden (Wohl-
farth, 2010). Importantly, key sites have been revisited and new sites
have been studied using improved dating techniques (e.g. accelerator
mass spectrometry -*C dating on carefully selected macrofossil remains
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Fig. 3. A. A selection of late Quaternary environmental proxies and infeired temperature values for the Sokli site (NE Finland) situated in the central area of

Fennoscandian glaciation. Warm interglacial conditions with developments towar

d boreal forest and summer temperatures exceeding present-day values are

recorded for all three warm stages of MIS 5 (i.e. 5e, 5¢, 5a) and the Holocene. The area was further ice-free during MIS 5d and early MIS 3 when steppe-tundra (MIS
5d) and low-arctic shrub tundra vegetation types (MIS 3) developed. Note that the lake deposit of early MIS 3 age, as well as of MIS 5a age, are truncated and only
record the early part of these warm stages. At the nearby Kaarreoja site, the development toward birch forest with local stands of pine trees is reported for early MIS 3
(Sarala et al., 2016). The early MIS 3 and MIS 5e, 5¢c and 5a warm stages coincide with periods of higher-than-present insolation at high northern latitudes (see B in
figure). B. Late Quaternary stratigraphies in marine sediments, globally according to Lisiecki and Raymo (2005) and for the eastern subpolar North Atlantic following

McManus et al. (1994) and Bond et al. (1993); Greenland Interstadials are after John!

sen et al. (1992) and Dansgaard et al. (1993). The benthic §'%0 stack is a proxy

for global ice volume and ocean temperature and the record of N. pachyderma (s.) abundances for sea-surface temperature. Variations in summer insolation at high

northern latitudes (Berger and Loutre, 1991) are indicated to the right. Adapted from
and Helmens et al. (2021); Helmens et al. (2018).

Helmens (2014) with new data from Sokli as presented in Salonen et al. (2018)
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of terrestrial plants) that support earlier published datasets and in-
terpretations (Alexanderson et al., 2010; Howett et al., 2015; Kleman
et al., 2020; Lunkka et al., 2008; Lunkka et al., 2015; Moller et al., 2020;
Moller et al., 2013; Paus et al., 2011; Salonen et al., 2008; Salonen et al.,
2014; Sarala and Eskola, 2011). Notably, a key Late Quaternary sedi-
mentary sequence preserved at Sokli, northern Finland, indicates ice-
free conditions in what is the near-central area of Fennoscandian
glaciation at least during part of early MIS 3 (Fig. 3; Helmens et al.,
2007; Helmens et al., 2009). The same features are also seen in Kaar-
reoja, northernmost Finland, where a full interstadial sediment succes-
sion with associated vegetation record is inferred during MIS 3 (Sarala
et al., 2016). An objective margin reconstruction of the mid-MIS 3
period (34 ka to 38 ka) based on many of these data, depicts ice cover
being restricted to mountainous regions of Norway and Sweden (Hughes
et al., 2016).

The MIS 3 interstadial vegetation in Fennoscandia was mostly open
and pioneer birch-dominated (Helmens, 2014). Rapidly responding
aquatic taxa (plants, insects) record high insolation-forced, warm sum-
mers (Bos et al., 2009; Engels et al., 2008; Helmens et al., 2007; Sarala
et al., 2016; Viliranta et al., 2012). To the west, in the Norwegian Sea,
enhanced accumulation rates of ice-rafted debris between 50 ka and 35
ka compared with the Holocene (Baumann et al., 1995) indicates the
existence of local, mountain-centered ice caps. The reconstructed dry
continental climate for stadials on land (Alexanderson et al., 2011;
Hittestrand and Robertson, 2010; Helmens, 2014) and their relatively
short duration, however, suggests a spatially restricted ice cover
(compared to the LGM) over Fennoscandia between —50 and — 35 ka.
To the southwest of Fennoscandia, the last Celtic Ice Sheet only
expanded over Scotland after —35 ka (Ballantyne and Small, 2019), and,
to the northeast, the Barents and Kara Seas were probably ice-free be-
tween —45 and ~20 ka (Larsen et al., 2006). Collectively, the data show
ice-free conditions persisted over large parts of northern Europe,
possibly interrupted by glaciation, in the time interval between —50 and
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—35 ka.

3.2. Laurentide Ice Sheet

Knowledge of North American glaciation has evolved considerably
over time, starting with a hypothesis of several independent glaciers in
the late 1800s (Tyrrell, 1898), then moving toward a model with a large-
domed Laurentide Ice Sheet at the LGM (Flint, 1943). Extensive strati-
graphic records dating to MIS 3 are found throughout the glaciated re-
gion of North America (notably, the St. Lawrence Lowlands, Southern
Quebec Appalachians, Maritimes, Southern Ontario). However, the
stratigraphic record in the Hudson Bay Lowlands (non-glacial deposits
consisting of inter-till wood, peat, shells, and fluvial sediments) offers
critical evidence on former ice dynamics for North America owing to its
position at the geographic center of the Laurentide Ice Sheet. Based on
an analysis of available geochronology data from this region in the
1980s (Andrews et al., 1983; Berger and Nielsen, 1990; Forman et al.,
1987), Dredge and Thorleifson (1987) hypothesized both a large and
small ice extent over North America during MIS 3. The reduced ice
model, based largely on radiocarbon ages from shells, was met with
criticism that cited the likelihood of modern-carbon contamination.
Accordingly, the large ice model (showing ice covering Hudson Bay)
prevailed as the more likely scenario (Thorleifson et al., 1992) and was
adopted into subsequent ice sheet literature (notably, Dyke et al., 2002).

More recently, radiocarbon and luminescence dating of the strati-
graphic record preserved in the Hudson Bay Lowlands suggests the
geographic center of the Laurentide Ice Sheet was ice-free during some
interval (s) of MIS 3 (Dalton et al., 2016). These data include numerous
stratigraphic sections, found largely along riverbanks, bearing inter-till
wood, peat, shells, and fluvial sediments that have been dated using
several methods (Fig. 4). At sites where material was available, multiple
dating attempts were made. Pollen data for the ice-free interval suggest a
climate slightly cooler and drier than present day (Dalton et al., 2017).
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Fig. 4. Key stratigraphic and chronological data from the Hudson Bay Lowlands, Canada. These data suggest an ice-free geographic center of the Laurentide Ice Sheet
during MIS 3. Figure modified from Dalton et al. (2016); bar plot includes additional optically stimulated luminescence ages from Dalton et al. (2018).
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There is no direct evidence of an ice margin nearby. However, the
interstadial climate suggests ice lobes may have persisted in Labrador
and Keewatin, thus we adopt the mid-Wisconsinan minimal ice limits
(Hypothesis 2) first proposed, but not favored, by Dredge and Thor-
leifson (1987). Although the duration of the hypothesized retreat is
unknown, glacial isostatic adjustment studies based on fitting sea-level
records along the east coast of the United States require minimal ice
sheet loading in eastern Canada from 80 ka through mid-MIS 3 (Pico
et al., 2017).

Additional evidence for ice-free conditions near the geographic
center of the Laurentide Ice Sheet comes from radiocarbon dating of
glacially transported marine mollusks in northwest Hudson Bay near
Repulse Bay (Rae Isthmus ice stream; McMartin et al., 2019). In that
area, eight shell samples from five sites yielded finite radiocarbon ages
ranging from 35.8 + 0.5 ka to 42.4 + 0.5 ka (calibrated using Calib 8.1.0
and Marine 20 with 1o error; Heaton et al., 2020; Reimer et al., 2020;
Stuiver and Reimer, 1993). Field duplicates were collected at one site
and aliquots at two sites were analyzed in separate laboratories. Physical
pretreatment of the shells prior to etching included removal of the outer
chalky layer or any visible contamination including encrustations of
secondary carbonates or lichen. The cleaned fragments were then dis-
solved in dilute acid to further remove a portion of the shells' exterior,
and calcite components with different percentages were removed
depending on the sample cleanliness and size (10-50% removal) before
AMS analysis. One of the possible pathways for a MIS 3 marine incursion

86°30' W
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in this area is through the development of a calving bay from the east up
Hudson Strait (McMartin et al., 2019). Shell ages in the >30 ka range are
contentious owing to the possibility of modern carbon contamination
during burial or surface weathering (e.g. Douka et al., 2010b; Miller and
Andrews, 2019). Although such contamination by small amounts (<1%)
of young carbon cannot be entirely discounted, rigorous physical and
chemical pretreatment of the samples increases the chance of measuring
indigenous *C from the remaining hard, primary core of aragonite and
minimizes the effects of secondary carbonate components. To more
accurately evaluate the potential effects of recrystallization during
burial, the identification of diagenesis could be achieved through the
determination of mineralogical phases using high-precision methods (ie.
Douka et al., 2010a; Douka et al., 2010b). In addition, independent
dating techniques can be used to validate the radiocarbon chronology
(see McMartin et al.,, 2019). The location of the MIS 3 shells in
streamlined calcareous till on a plateau above the local (Holocene)
marine limit (Fig. 5) coincides with a relatively old terrain that has
largely escaped the deglacial ice flows into Repulse Bay(McMartin et al.,
2021), whereas the Holocene shells collected in the same setting but
below the marine limit are compatible with regional radiocarbon ages
indicating a minimum deglaciation age of 8 ka. This grouping, together
with the careful pretreatments used here, suggest relatively minor post-
depositional alterations to the ages and support a marine episode prior
to LGM in northwestern Hudson Bay. Contamination by old carbon in
ocean waters or carbonate substrates is also a possibility, but this would

86° W

Repulse

¢ 7102 Holocene ka
+41.4+03 MIS 3 ka

221 m
B m

Elevation

66°15' N1

87° W

86°30' W

86° W

Fig. 5. Calibrated marine shell samples dating to MIS 3 collected in Rae Isthmus ice stream till south of Repulse Bay, Canada (modified from McMartin et al., 2019).
All ages are given in thousand years BP and calibrated using Calib 8.20 and the Marine 20 curve (Heaton et al., 2020; Reimer et al., 2020; Stuiver et al., 2021). (AR =

152 + 37 years; ages reported within 2 ¢ error).



A.S. Ddlton et al.

only make ages a few hundred to a few thousand years too old (Bezerra
et al., 2000), and the ages of the Repulse Bay shells would remain within
the MIS 3 period.

3.3. Cordilleran ice sheet

The Olympia Interglaciation, first defined by Armstrong et al.
(1965), was an interval prior to the LGM when ice was absent from much
of the Cordillera in western North America. Locally, the Olympia
Interglaciation is recorded by the Bessette Sediments (Fulton, 1968;
Fulton and Smith, 1978) and the Cowichan Head Formation (Alley,
1979; Armstrong and Clague, 1977), with finite radiocarbon ages from
beyond the radiocarbon dating limit (>45 ka) to 20 ka (Clague, 1981;
Hebda et al., 2016; Hickin et al., 2016; Mathewes et al., 2019). These
MIS 3 sediments are present in coastal lowlands and interior valleys
within the limit of the LGM Cordilleran Ice Sheet and comprise a wide
variety of non-glacial sediments, some with forest beds and, locally, the
remains of fossil bison, horse, and mammoths.

We present a novel hypothesis of Cordilleran ice extent during MIS 3
(Fig. 6) where ice is restricted to montane source areas. The absence of
ice in intermontane areas and coastal lowlands is suggested by our
compilation of >90 radiocarbon ages from the Bessette sediments and
Cowichan Head Formation, correlative strata, and from Late
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Fig. 6. Available geological sites in the footprint of the Cordilleran Ice Sheet
that date to MIS 3, grouped by age of publication (<15 years old = orange
cross; >15 years old = point). The presence of MIS 3 sediments in coastal
lowlands and interior valleys suggests a reduced Cordilleran Ice Sheet at that
time. A listing of all MIS 3 publications is available in Appendix A.
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Wisconsinan advance outwash (Quadra Sand). Our hypothesis indicates
that lowland areas, interior valleys, and intermontane plateaus in at
least southern and central British Columbia were ice-free continuously
for several tens of thousands of years during MIS 3. This interpretation is
supported by paleoecological work on the Olympia nonglacial deposits
which suggests a climate during MIS 3 that was similar to or cooler than
today (fossil beetles and pollen analysis; Alley, 1979; Armstrong and
Clague, 1977; Clague et al., 1990; Harington et al., 1974), therefore
regional conditions were likely insufficiently cold and wet to allow
glacier advance beyond montane source areas into intermontane areas
and coastal lowlands. Our empirically based ice depiction is in broad
agreement with model simulations that suggest reduced Cordilleran ice
cover during MIS 3 (Seguinot et al., 2016). Dynamic Cordilleran ice
during MIS 3 is also supported by increased ice-rafted debris into the
Pacific Ocean at that time (Walczak er al., 2020). Although MIS 3
Cordilleran ice cover was certainly much greater than today, the totality
of evidence indicates that ice cover was much less than at the LGM.

4. Ice sheet volumes in the Northern Hemisphere from
numerical modelling

Direct constraints on GMSL and ice thickness during MIS 3 are
limited because of poor preservation in the paleorecord. Nevertheless, to
evaluate the discrepancy berween the estimates of GMSL derived from
the marine §'%0 record and the empirically constrained footprint of
Northern Hemisphere ice, we compare prior studies aimed at con-
straining ice sheet volumes during MIS 3 to the ice volume inferred from
the marine 8'°0 record (60 to —90 m sea level equivalent: Fig. 1).
Recent glacial isostatic adjustment studies suggest peak global mean sea
level reached 30 to 50 m during mid-MIS 3. An analysis of sea-level
markers in sediment cores in the Bohai Sea, which accounted for
glacial isostatic adjustment, sediment compaction, and sediment
loading, found that peak global mean sea level reached approximately
—40 m (Pico et al., 2016). A later study used anomalously high sea-level
records along the east coast of the United States to infer that the eastern
Laurentide Ice Sheet grew rapidly from mid-MIS 3 leading to the LGM,
suggesting North American ice sheets were the major contributor to a
rapid global sea level fall from MIS 3 to the LGM (Pico et al., 2017).
Furthermore, glacial isostatic adjustment simulations involving a late
and rapid growth of the Laurentide Ice Sheet were shown to be consis-
tent with most sea-level bounds associated with non-glacial deposits of
MIS 3 age in Canada (Fig. 8; Pico et al., 2018).

Recently, Gowan et al. (2021) revisited these studies using glacial
isostatic adjustment simulations with ice sheet history reconstructions
determined using a simplified ice model constrained by geologic evi-
dence of ice margin positions, sea level, and ice flow direction. Based on
limited ice volume increases relative to present in most ice sheets (see
sections above), this study assumed the main source of global ice volume
change was due to variations in the Laurentide Ice Sheet. Fig. 7 shows
the two hypothesized ice sheet configurations presented in this study:
one with an ice free Hudson Bay (e.g. Dalton et al., 2019), and one where
Hudson Bay remains ice covered (e.g. Miller and Andrews, 2019). The
configuration was adjusted to ensure the surface slope of the ice sheet
was in the direction of known ice flow direction indicators (e.g. Gauthier
el al., 2019). Fluctuations in the ice sheet extent were assumed to
coincide with the timing of Heinrich Events (Andrews and Voelker,
2018), which may have caused fluctuations in eustatic sea level on the
order of 5 to 10 m (Chappell, 2002; Yokoyama et al., 2001). The study
found that sea-level simulations using these ice sheet reconstructions fit
the sea-level constraints in the Bohai Sea used in Pico et al. (2016) but
not the east coast of the United States (Pico et al., 2017). This misfit is
likely due to greater ice sheet loading in eastern Canada for the Gowan
et al. (2021) reconstruction, whereas the Pico et al. (2017) study re-
quires minimal ice loading in eastern Canada from 80 ka to 44 ka.
Regardless of scenario, global mean sea level is calculated to remain
above —50 m between 55 and 35 ka (see Fig. 1), in agreement with prior
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Fig. 7. Topography of Northern Hemisphere ice sheets during MIS 3 (42.5 ka) after Gowan et al. (2021). The minimal ice configuration (19 m SLE) shows a
deglaciated Hudson Bay (as suggested by Dalton et al., 2019), whereas the maximal ice configuration (30 m SLE) shows this region fully glaciated (as suggested by
Miller and Andrews, 2019). Both scenarios require sea level to be above —50 m between 55 and 35 ka, which is substantially higher than what has been inferred from

oxygen isotopic records (see Fig. 1).

studies that inferred a global mean sea level peak of —38 + 7 m (Pico
er al., 2017; Pico et al., 2016). We stress that ice sheet reconstructions
discussed here (Gowan et al., 2021; Pico et al., 2017) assume different
ice configurations, in particular whether ice is present or absent over
eastern Canada during MIS 3. Regardless, a common conclusion drawn
by these studies is a higher GMSL during MIS 3 than predicted via the
marine 5'%0 record (Fig. 1). This global mean sea level inference sug-
gests the volume of ice inferred from the marine 8*%0 record is incon-
sistent with the empirically constrained footprint of Northern
Hemisphere ice sheets during MIS 3.

Finally, we adopt a third approach to calculate ice volume and sea
level changes during MIS 3. We import hypothesized Northern Hemi-
sphere ice configurations by Batchelor et al. (2019), which are con-
strained by empirical data, where available, into the same setup used to
create the PaleoMIST reconstructions (Gowan et al., 2021). Sea level
equivalent is calculated by how much the ice volume in the ice sheets
would uniformly lower sea level, based on modern day ocean area. In
these tests, the maximum MIS 3 scenario from Batchelor et al. (2019)
produces the largest volume of ice, with a sea level equivalent of 54 m
(Table 1). The minimum scenario is 10 m, while the two PaleoMIST
scenarios fall between these values. Because ocean area would shrink as
the ice sheets grow, the actual sea level drop will be a few meters lower
than what is presented in the table. Nevertheless, even in the maxinmum
case at 45 ka, it is unlikely that ice sheets held more than 60 m of sea

Table 1
Calculation of sea level equivalent ice volume of Northern Hemisphere ice sheets
during MIS 3.

Time Batchelor Batchelor Batchelor Gowan Gowan
et al. etal. etal. et al. et al.
(2019) (2019) (2019) (2021) (2021)
min best max PaleoMIST PaleoMIST
min max
30 39.1 48.1 82.3 44.6 45.1
ka
35 34.4 40.7 79.8 32.7 32.8
ka
40 14.6 19.3 79.0 21.6 31.7
ka
45 2.9 14.6 54.0 31.1 40.0
ka

level equivalent, which offers additional support for the hypothesis of
actual relative sea level was higher than inferred from the §'%0 record
during MIS 3.

5. Discussion

Our work suggests a discrepancy between the volume of continental
ice inferred from the marine 8%0 record during MIS 3 (between —60
and — 90 m of sea-level equivalent) and the volume of ice constrained
using geological data (between —30 m and — 50 m of sea-level equiv-
alent). Some discrepancy may be expected given all uncertainties
involved in translating marine 6'0 data to continental ice volume (e.g.
uncertainties in past ocean temperature and salinity, as well as the
distribution of continental ice sheets). We acknowledge the possibility of
issues with the geochronological datasets (noted by the eritiques of these
datasets by Arnold et al., 2002; and Miller and Andrews, 2019). How-
ever, the magnitude of the discrepancy and the ensemble of empirical
evidence supported by numerical models cannot be ignored.

5.1. Uncertainties in North American ice sheet extent during MIS 3

Readers should be aware of two differing hypotheses for North
American ice sheet configuration during MIS 3. Fundamentally, both
result in a higher GMSL during MIS 3 than predicted via the marine §'%0
record (see Fig. 1, Table 1, and Gowan et al., 2021). However, because
they differ substantially in their depiction of ice coverage over North
America, we consider a brief overview to be appropriate here. As out-
lined above (Section 3.2), radiocarbon and luminescence dating of the
stratigraphic record preserved in and around Hudson Bay suggests the
geographic center of the Laurentide Ice Sheet might have been ice-free
during some interval (s) of MIS 3 (Dalton et al, 2016). However,
Miller and Andrews (2019) argue that finite radiocarbon ages from the
Hudson Bay Lowlands principally reflect contamination by contempo-
rary carbon sources and that the geochronological argument for an ice-
free Hudson Bay Lowlands during MIS 3 is flawed. Miller and Andrews
(2019) also argue that thick ice over Hudson Bay is required for Heinrich
Events. Dalton et al. (2016) scrutinized geochronological data from the
Hudson Bay Lowlands and removed numerous radiocarbon ages from
further consideration based on that possibility. However, Dalton et al.
(2016) concluded that >35 ages (including radiocarbon dates on wood
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and oprtically stimulated luminescence ages) remain in support of local
ice-free conditions during MIS 3. Subsequent scrutiny of the geochro-
nological dataset by Miller and Andrews (2019) suggested that only two
of the MIS 3 radiocarbon ages can ‘plausibly considered to be finite’.

Clearly, future chronostratigraphic work in the Hudson Bay Low-
lands is critical for resolving the extent of North American ice sheets
during MIS 3. Regarding radiocarbon dating, contamination by small
amounts (<1%) of young carbon can make infinite ages to appear finite,
particularly near the upper limit of the method (~50 to 35 ka; Taylor,
1987). It is therefore important to supplement radiocarbon chronologies
with ages acquired using other techniques, when possible. Moreover,
future work on these sediments should involve duplicates and replicates
age samples, as well as exploration of filtered datasets, Bayesian
modelling and appropriate pre-treatment methods (e.g. Douka et al.,
2010b; Young et al., 2021). It is noteworthy that, outside of glaciated
regions, late MIS 3 radiocarbon dates (ca. 30 to 45 ka) are routinely
accepted and provide a chronological framework for late MIS 3 vege-
tation and climate dynamics that is in general agreement with the
Greenland ice core and North Atlantic marine records (Behre and van
der Plicht, 1992; Herring and Gavin, 2015; Nishizawa et al., 2013;
Woillard and Mook, 1982). In this work, no large-scale rejections of MIS
3 radiocarbon ages have taken place.

Geochronological issues aside, removal of ice over the eastern sector
of the Laurentide Ice Sheet leads to a significantly improved match with
dated MIS 3 shorelines along the eastern United states (GIA work of Pico
et al., 2017). Moreover, the stratigraphy of the Hudson Bay Lowlands
directs to a severe reduction in ice extent at some point during the last
glacial cycle. Notably, in the James Bay lowlands, thick sequences of
varves occur between well-dated interglacial sediments (Allard er al.,
2012) and LGM glacial deposits (Dubé-Loubert et al., 2013; Skinner,
1973), thus implying ice retreat beyond the James Bay region sometime
between the last interglaciation (—125 to —80 ka) and the LGM. Finally,
from outside glaciated regions, high-resolution records of NHZ soil
emissions and wildfire activity in North America resolved from
Greenland ice cores suggest long multi-millennial scale periods between
60 ka and 45 ka and again between 38 ka and 35 ka with peak soil NHZ
emissions and wildfire activity to near interglacial levels (Fischer et al.,
2015). These proxy data suggest North America may not have sustained
LGM-like ice cover through MIS 3. Alternatively, there may have been
numerous intervals of ice sheet formation from plateau nucleation areas
surrounding Hudson Bay and the subsequent collapse on multi-
millennial time scales.

5.2. Searching for evidence of large Laurentide Ice Sheet during MIS 3

A large Laurentide Ice Sheet could account for the missing ~30 m of
sea-level equivalent during MIS 3; thus, it is worth investigating all
evidence related to the potential expansion of this ice mass. One of the
few lines of evidence for a physical limit during MIS 3 is a moraine
remnant in central Wisconsin, just beyond the LGM limit, that yielded a
range of 1°Be surface exposure ages from 82 ka to 24.3 ka (n = 16). After
removal of three outliers, the apparent age of this moraine is 35.8 + 2.0
ka (Ceperley et al., 2019). The emplacement of this moraine might relate
to a rapid advance from the Labrador Dome around 38 ka that has been
associated with Heinrich Event 4 (Hemming, 2004). In this scenario, ice
might have advanced over Lake Michigan (between 39.1 and 30.4 ka;
Carlson et al., 2018) and potentially to almost LGM-extent in some areas
south of the Great Lakes (oprtically stimulated luminescence dating and
¢ dating of proglacial lake sediments; Wood et al., 2010). However,
this advance would have occurred after the minimal North American ice
extent, and thus would not conflict with our hypothesis. Moreover, this
cosmogenic age remains uncertain without a second radionuclide to
correct ages for uncertainties related to surface weathering, moss and
lichen growth, spallation and other processes (Ceperley et al., 2019).

Another piece of direct evidence for MIS 3 ice advance comes from
tills in Towa. Kerr et al. (2021) present radiocarbon ages from wood
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bracketing tills that suggest short-lived ice advances from 45 ka to 35 ka
(Fort Dodge advance) and from 34 ka to 30 ka (Lehigh advance). These
data suggest a dramatic extension (ice stream?) of the Keewatin Dome
southward through Manitoba at that time (Kerr et al., 2021). However,
most of the Southern Plains remained ice-free (Bélanger et al., 2014;
Burns, 1996). An early (MIS 3?) southeastward ice flow direction is
recorded in eastern Manitoba, which supports a Keewatin-sourced ice
advance (Gauthier and Hodder, 2020; Gauthier et al., 2019). The timing
of the advances of this ice lobe may be reflected in a nearby speleothem
record suggesting a relatively warm temperature early in MIS 3, with
decided cooling post-55 ka (Dorale et al., 1998). Additional sediment
provenance work suggests a potentially persistent extension of the
Labrador Dome to almost LGM extent during parts of MIS 3 (Dendy
et al., 2021). The precise configuration of these ice lobes (along with
their total ice volume) is unclear. However, these data are suggestive of
greater (or highly dynamic) ice cover over North America during MIS 3.

Over North America, there is some indirect proxy evidence sug-
gesting a moderately large continental ice sheet during MIS 3. However,
this evidence can be explained by non-glacial processes and/or the brief
ice extension noted by Kerr er al. (2021). Notably, the eolian-sourced
Roxana Silt (and correlatives, e.g. Gilman Canyon Formation) is
spatially ubiquitous in the mid-continental United States and was
deposited from 55 ka to 30 ka (Bettis et al., 2003; Follmer, 1996; Forman
and Pierson, 2002; Leigh, 1994). This loess deposit was sourced from
major river valleys and is associated with valley aggradation as an ice
sheet advanced, similar to what was observed when LGM ice advanced
into the region (Peoria Loess; Bettis et al., 2003). A salient observation is
that large-scale valley aggradation and associated increases in sediment
supply and eolian flux at the LGM and during MIS 3 have also occurred
in drainages in southeastern and south-central North America, far
removed from the direct effects of meltwater from the Laurentide Ice
Sheet (Ivester et al., 2001; Leigh et al., 2004). These studies and others
indicate that increased riverine sediment supply and net aggradation
can reflect broader changes in seasonal precipitation, ecosystems and
surface processes as climate oscillated in the late Quaternary, rather
than solely indicate glaciation in a catchment.

Oxygen isotopic excursions that may be proxies for a large Lauren-
tide Ice Sheet that breached the Mississippi River catchment have been
inferred from sedimentary records from the Gulf of Mexico (Aharon,
2003; Flower et al., 2011; Sionneau et al., 2013; Tripsanas et al., 2007).
However, the meaning of negative oxygen isotopic excursions in MIS 3
remains unresolved. Significant negative isotopic excursions (>0.5%)
have been documented in cores from Bryant Canyon, Gulf of Mexico, at
37 ka, 45 ka and 53 ka, which were interpreted as brief episodes of
meltwater flux with limited excursions of the Laurentide Ice Sheet into
the Mississippi River drainage (Tripsanas et al., 2007). In contrast, a
subsequent analysis of these meltwater events in the Gulf of Mexico with
added analysis of associated clay mineralogy indicates a non-glacial
source for these isotopic excursions with enhanced contributions from
western and northeastern sources (Sionneau et al., 2013). If these ex-
cursions were glacial in origin, they can be explained by the short dra-
matic extension (ice stream?) of the Keewatin Dome southward through
Manitoba at that time (Kerr et al., 2021), which would account for only a
very small ice volume given their presumably thin, streamlined natures
and short-lived duration (Margold et al., 2015).

5.3. Searching for other stores of continental ice during MIS 3

The assumed main source of ice volume variations through the last
glacial cycle was the Laurentide Ice Sheet (Clark et al., 2009; Stokes
et al., 2012). However, the lack of support for a large Laurentide Ice
Sheet during MIS 3 (see Section 5.2) may point toward the importance of
other ice masses for hosting the missing —30 m of sea-level equivalent.
In Europe, some ice growth in northern Fennoscandia and northwestern
Russia was possible during early MIS 3 (Svendsen et al., 2004). Man-
gerud et al. (2010) also provide evidence for ice expansion in Northern
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Europe around 40 ka, but this likely had a local source (coastal Nor-
wegian mountains) and provides no evidence for large-scale glaciation.

It is possible that some of the missing ice volume may have been
spread over smaller North American ice masses. For example, the misfit
with relative sea-level indicators in the Magdalen Islands (Fig. 8; Pico
et al., 2018) hints that ice loading history may be further refined with
the addition of MIS 3 ice to the nearby Canadian Appalachians. It is also
possible that the northernmost Cordilleran Ice Sheet underwent
expansion early in MIS 3 (10Be ages; Ward et al., 2017). However,
mountain glaciers hold substantially less ice volume than those on the
continent (Tierney et al., 2020), and it is unlikely these regions could
hold the missing —30 m of sea-level equivalent implied by the marine
580 record during MIS 3. Additional study of formerly glaciated ter-
rains will provide further refinement of ice loading history across the last
glaciation phase. However, the majority of the —30 m discrepancy
remains.

Finally, it is possible that ice was growing in the Southern Hemi-
sphere, with the most plausible location being the Antarctic Ice Sheet.
However, empirical records from key regions of ice storage do not
support ice growth during MIS 3. Instead, available data suggest that the
Southern Hemisphere had similar or less ice than today. For example,
dating of lacustrine and marine sediments suggest that East Antarctica
was ice-free during peak MIS 3 conditions (Berg et al., 2016). Moreover,
fossil penguin remains suggest the extent of the Ross Ice Shelf was
similar to present during peak MIS 3 (Emslie et al., 2007) and may have
only reached its maximum extent around 30 ka (Bart and Cone, 2012).
The Indian Ocean sector of the East Antarctic Ice Sheet may have had
extra ice volume, which is argued to be necessary to explain MIS 3-aged
raised marine deposits (Ishiwa et al., 2021), but the total inferred excess

58°N

50°N -

4N

St Lawrence Lowlands (east)
- St Lawrence Lowlands (central)

Relative sea level (m)

30 35 40 45 50 55 60 65
time (ka)

Global and Planetary Change 212 (2022) 103814

volume (0.5 m SLE) did not significantly impact global sea level.

5.4. Assessing the feasibility of rapid continental ice advance

Our hypothesis implies dramatic growth and recession of Northern
Hemisphere ice masses, notably the Laurentide Ice Sheet over Hudson
Bay. Previously it was thought that continental ice sheets need long
response periods to retreat and advance. The classic glaciation maps for
northern Europe depict gradual growth in the Fennoscandian Ice Sheet
over several tens of thousands of years, starting in MIS 4 and culmi-
nating in the last glacial maximum (Donner, 1995; Kleman et al., 1997;
Lundqgvist, 1992; Mangerud, 1991). However, improvements to
geochronology and ice sheet modelling indicate a more sensitive
response to climate variability. Extensive ice-free areas over central
Fennoscandia are reconstructed for late MIS 3 prior to ca. 30 kyr BP
based on *C-dated mammoth remains from Finland and Sweden
(Ukkonen et al., 2007; Ukkonen et al., 1999); ice subsequently expanded
to a maximum LGM-position on the northern Russian Plain within a
timeframe of only 10 kyr (Lunkka et al., 2001).

We also provide two examples of rapid glacier growth from North
America. In the west, ice expanded from mountain source areas 250 km
from the LGM limit after 19.5 ka (Hicock et al., 1982). Only about 4 kyr
later, the Cordilleran Ice Sheet achieved its maximum extent. A second
North American example is the rapid advance of the Labrador Dome
over Hudson Bay and to the Great Lakes around 38 ka, associated with
Heinrich Event 4 (Hemming, 2004). At that time, ice likely advanced
over Lake Michigan (between 39.1 and 30.4 ka; Carlson et al., 2018) and
potentially to almost the LGM limit in some areas south of the Great
Lakes (optically stimulated luminescence dating of proglacial lake
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Fig. 8. Locations of marine deposits dated to MIS 3 in eastern North America and their fit to an ice history (ICE-PC2) characterized by a lack of ice over eastern
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sediments; Wood et al., 2010). This was not a small-scale extension of
the ice margin, rather it was a rapid, large-scale advance of >700 km
southward in the matter of a few millenia (Carlson et al., 2018). A simple
dynamic ice sheet modelling study found that, using accumulation rates
similar to that of the present-day Arctic, rapid glaciation rates starting at
mid-MIS 3 (44 ka) are predicted, and are sufficient to achieve LGM ice
volumes (Pico et al., 2018). Using an idealized model setup, Ji et al.
(2021) demonstrated that the merger of two ice domes such as within
Hudson Bay would lead to a rapid buildup of ice due to a positive
feedback when the ice surface reached above the equilibrium line over a
wide area. Thus, we consider the rapid growth and retreart of the Lau-
rentide Ice Sheet during MIS 3 to be feasible. Rapid ice retreat is also
possible based on recent empirical and numerical modelling studies that
examined post-LGM ice retreat (e.g. possible retreat rates of >1000 km
over several 1000s years; Ullman et al., 2015).

The Fennoscandian ice masses were considerably smaller during MIS
3 compared to the Laurentide, but also underwent rapid advance and
retreat. Greatly reduced and variable Fennoscandian ice sheet configu-
rations during MIS 5 (—~130 ka to 71 ka) and MIS 3 are recorded by the
Sokli record and ascribed to enhanced high-latitude insolation values
during the warm stages of MIS 5 and early MIS 3 compared to present
(Fig. 3). Moreover, there are almost continuous series of optically
stimulated luminescence records both from southern Finnish Lapland
and central Lapland covering MIS 5 and MIS 3 (Sarala et al., in review),
suggesting that at least the southern parts of northern Finland were
mostly ice-free at that time. Instead, in the central and northern parts of
the Finnish Lapland ice sheets existed during the late MIS 5 (probably
during MIS 5b at —87 ka) and MIS 3, but the stadial phases seemed to be
relatively short. Furthermore, there is evidence that northern Finland
have been ice free still during 25 ka to 22 ka ago (Sarala et al., 2010).
This analysis indicates that stadial stages were relatively short and
Fennoscandia glaciers were highly responsive to summer temperature
variability during the last glacial cycle.

5.5. Factors that influence the marine 5°0 record and estimates of
continental ice

The marine 5'%0 record is commonly used as a proxy for continental
ice volume changes during the Quaternary (sometimes with caveats
including corrections for temperature; Bintanja et al., 2005; Govin et al.,
2015). However, for early periods of the Cenozoic when continental ice
sheets were largely absent, the marine 5'80 record is used to deduce
changes in ocean water temperatures (e.g. Zachos et al., 2001). Disen-
tangling the two main driving parameters in the marine §'%0 record —
temperature and ice volume — is a complicated rask. In the early days of
interpretation of these data, Shackleron (1967) suggested there was an
ice volume component in addition to the known temperature component
(Emiliani, 1966). In later work, the additional influence of benthic ocean
temperature changes on the 5'%0 record was discussed (Chappell and
Shackleton, 1986; Shackleton, 1987). More recently, Lisiecki and Raymo
(2005) acknowledged these issues in the widely used global benthic
stack.

Several attempts have been made to extract a more accurate ice
volume signal from the marine 8'%0 record. Linsley (1996) presented a
high-resolution 5'%0 record from the Sulu Sea, western Pacific Ocean,
showing significantly different 8'0 values for MIS 3 than the global
stack of Martinson et al. (1987). This discrepancy is ascribed to the semi-
isolated configuration of the Sulu Sea basin, insulating the Sulu Sea from
oceanographic changes, thus preserving the ice volume signal (Linsley,
1996). Acknowledging the multiple signals of the marine 5'°0 record,
Bintanja et al. (2005) took a modelling approach to try to extract the ice
volume signal. By integrating continental ice extent and ocean temper-
atures with the global 820 stack of Lisiecki and Raymo (2005), the
authors concluded the impact of continental ice sheets accounted for
10-60% of variation in the marine 880 record. Shakun et al. (2015) also
attempt to disentangle the ice volume and temperature signals and

11

Global and Planetary Change 212 (2022) 103814

suggest a greater influence of temperature in the early part of glacial
cycle. Our findings potentially support the work of Shalkun et al. (2015),
and would shift estimates for global ice volume from the marine 6180
record toward higher GMSL. Foraminiferal diagenesis has been identi-
fied as a potential source of isotopic bias in ocean records (Poirier et al.,
2021). In sum, our work builds upon previous efforts to separate the two
main driving parameters in the marine 8*80 record (temperature and ice
volume) and provides additional empirical evidence in support of these
modelling inferences.

As demonstrated in Gowan et al. (2021), part of the discrepancy
could derive from the transfer function used to convert from 880 to sea
level. Waelbroeck et al. (2002), Shakun et al. (2015) and Spratt and
Lisiecki (2016) assume global sea level at the Last Glacial Maximum was
—130 m. However, Simms et al. (2019) suggest that the value may be
18.1 m higher. In Fig. 1, we recalculated sea level using a value of
—111.9 m, which raises sea level during MIS 3 by approximately 10 m in
all the records (Gowan et al., 2021). Another explanation could lie in the
ocean. Various climate models suggest that even a small change in the
height of the ice sheets is sufficient to cause the Atlantic Meridional
Overturning Circulation to transition to a weak mode (Obase and Abe-
Ouchi, 2019; Peltier and Vettoretti, 2014; Zhang et al., 2014). Thus,
under unknown (or unstable) ocean circulation conditions, deep ocean
water may not have been well mixed. Further investigating these issues
is critical for uncovering the reason behind the ~30 m discrepancy
during MIS 3.

Tt should be noted that the discrepancy between the marine and land-
based records concerning global ice volume changes is not restricted to
MIS 3. The long late Quaternary sediment record preserved at Sokli in
the central area of Fennoscandian glaciation shows that interglacial
conditions, with a vegetation and climate comparable to the Holocene,
not only prevailed during MIS 5e (—123 ka) but also occurred during
MIS 5¢ (—96 ka) and MIS 5a (—82 ka; Fig. 3), precluding the presence of
any significant ice mass in Fennoscandia during at these times. This is in
disagreement with the 8'80 record that suggests enhanced ice volumes
during MIS 5c and 5a compared to the Holocene, but in agreement with
data from tectonically stable locations indicating a sea-level highstand
comparable to today during MIS 5a (Dorale er al, 2010). Glacial
isostatic adjustment modelling results for these times also suggest that
sea level was higher than predicted from the 8'0 record (Creveling
et al., 2017). The warm conditions at Sokli during the warm stages of
MIS 5 and early MIS 3 (Fig. 3) are ascribed to increased high-latitude
insolation values during these periods compared to present (Fig. 3).

5.6. Obtaining sea level estimates from corals

One source of validation of the §%0 record is the Huon Peninsula
(Papua New Guinea) coral terrace sequence (Chappell et al., 1996;
Waelbroeck et al., 2002). Interestingly, early dating attempts at that site
using alpha-spectrometry suggested that the inferred sea level during
MIS 3 (after correcting for the uplift rate) was —30 to —70 m, which
aligns with our hypothesis. Chappell et al. (1996) employed more pre-
cise thermal ion mass spectrometry measurements that led to the same
terrace being determined to be older, and as a result the inferred sea
level estimate was 20-40 m lower, providing a reconciliation between
the sea level estimates and inferences from the 8'%0 record.

Some more recent work presents an alternative interpretations of the
data at Huon Peninsula, which aligns more closely with our hypothesis.
Hibbert et al. (2016) created a database of sea level indicators from
corals, recalculated their ages, and reassessed the vertical uncertainties
using the modern depth range of coral species. Their analysis showed a
potential sea level estimate ten of meters higher than the median esti-
mate. The uncertainty range derived using the modern depth range may
overestimate the true water depth that can be inferred from an in-situ
coral if other geological evidence is present to provide support for a
shallower depth (e.g. through coral assemblages; Chutcharavan and
Dutton, 2020). The tectonic uplift rate is complicated in the Huon
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Peninsula because it is spatially variable. Using a high resolution digital
elevation model, de Gelder et al. (2021) calculated the uplift rate from
the MIS 5e reef across the Huon Peninsula, and used that to estimate the
MIS 3 highstand position. They found that the reevaluated uplift rates
would raise the estimated sea level during MIS 3 by 3-10 m. These
factors demonstrate the difficulty of using sea level estimates from
corals, especially in rapidly uplifting regions, and highlight the care that
must be taken when interpreting them.

6. Conclusion

The accumulating geological data from the glaciated region of the
Northern Hemisphere, along with glacial isostatic adjustment maodel-
ling, summarized herein, are in opposition to large ice sheets during MIS
3 as deduced from the relatively enriched marine 880 values in the
global stack. Although some geochronological data are vulnerable to
misinterpretation (especially radiocarbon ages near the limit of reli-
ability for that method) the ensemble of evidence pointing to signifi-
cantly reduced ice volumes during MIS 3, following MIS 4 deglaciation,
cannot be ignored. This work urges caution regarding the reliance of the
marine 5180 record as a de facto indicator of continental ice during
times when few geological constraints are available, which underpins
many Quaternary studies.
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