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ABSTRACT

In the Northern Hemisphere, an insolation driven Early to Middle Holocene Thermal Maximum was followed by
a Neoglacial cooling that culminated during the Little Ice Age (LIA). Here, we review the glacier response to this
Neoglacial cooling in Greenland. Changes in the ice margins of outlet glaciers from the Greenland Ice Sheet as
well as local glaciers and ice caps are synthesized Greenland-wide. In addition, we compare temperature re-
constructions from ice cores, elevation changes of the ice sheet across Greenland and oceanographic re-
constructions from marine sediment cores over the past 5,000 years. The data are derived from a comprehensive
review of the literature supplemented with unpublished reports. Our review provides a synthesis of the sensi-
tivity of the Greenland ice margins and their variability, which is critical to understanding how Neoglacial glacier
activity was interrupted by the current anthropogenic warming. We have reconstructed three distinct periods of
glacier expansion from our compilation: two older Neoglacial advances at 2,500 — 1,700 yrs. BP (Before Present
= 1950 CE, Common Era) and 1,250 - 950 yrs. BP; followed by a general advance during the younger Neoglacial
between 700-50 yrs. BP, which represents the LIA. There is still insufficient data to outline the detailed spatio-
temporal relationships between these periods of glacier expansion. Many glaciers advanced early in the Neo-
glacial and persisted in close proximity to their present-day position until the end of the LIA. Thus, the LIA
response to Northern Hemisphere cooling must be seen within the wider context of the entire Neoglacial period
of the past 5,000 years. Ice expansion appears to be closely linked to changes in ice sheet elevation, accumu-
lation, and temperature as well as surface-water cooling in the surrounding oceans. At least for the two youngest
Neoglacial advances, volcanic forcing triggering a sea-ice /ocean feedback, could explain their initiation. There
are probably several LIA glacier fluctuations since the first culmination close to 1250 CE (Common Era) and
available data suggests ice culminations in the 1400s, early to mid-1700s and early to mid-1800s CE. The last LIA
maxima lasted until the present deglaciation commenced around 50 yrs. BP (1900 CE). The constraints provided
here on the timing and magnitude of LIA glacier fluctuations delivers a more realistic background validation for
modelling future ice sheet stability.
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1. Introduction

Ongoing Arctic warming has prompted a huge interest in how the
Greenland Ice Sheet (GrIS) responded to climate change during the last
millennia, evidence which seems crucial for understanding the ice sheet
behavior to long-term changes in external forcing. At the moment,
predictions on ice sheet stability are hampered by the lack of knowledge
about the potentially delayed impact of the LIA cooling and major ice
advance on modern ice mass loss. Here, we attempt to synthesize
existing data into a compilation that provides a proper baseline
assessment.

The Holocene Thermal Maximum (HTM) was a period with Northern
Hemisphere temperatures higher than present (Kaufman et al., 2004;
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Axford et al., 2021). In Greenland, depending on the location and type of
proxies it has been dated to between c. 8,000 and 4,000 yrs. BP (Funder
et al.,, 2011; Weidick et al., 2012; Fréchette and de Vernal, 2009;
D’Andrea et al., 2011; Axford et al., 2013; Bennike et al., 2010; Kobashi
etal., 2017; Buizert et al., 2018; Andresen et al., 2022). The termination
of the HTM was succeeded by a cooler Neoglacial period, which has been
conventionally subdivided into older and younger phases (Weidick
et al.,, 2012). We adapt to this, but assign the older Neoglacial phase
from 5,000 to 950 yrs. BP and the younger known as the LIA from 750 to
50 yrs. BP; these cold periods are intersected by a regional atmospheric
warming during the Medieval Warm Period (MWP) c. 950 — 750 yrs. BP.

Climatically, the LIA is a period associated with reduced global
temperatures and widespread glacier advances (Grove, 2004). Other
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Fig. 1. Greenland ice sheet in the glaciated northern hemisphere. Grey dots: deep ice cores in Greenland and Ellesmere Island. Seven zones subdivide the ice sheet
into main mass balance drainage areas (modified from Rignot and Mouginot, 2012). N (north), NE (northeast), CE (central east), SE (Southeast), SW (southwest), CW

(central west), NW (north west).

Arrows indicate conceptual patterns of wind driven transport of aerosols and drift ice associated with the large-scale atmospheric patterns. Asian mineral dust aerosol
is transported eastward to Greenland in spring, and drift ice is transported southward during summer and fall (purple arrows) associated with high pressure over
Greenland, while sea salt aerosol is transported northward to Greenland from the North Atlantic during winter (grey arrow) associated with atmospheric low pressure
around Iceland. During the Holocene cold periods, these wind patterns have been intensified, as indicated by increased loadings of mineral dust and sea salt aerosols
in Greenland and by more southerly migrations of drift ice. The intensification is combined with a generally southward shifted westerly circulation.
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associated historical impacts are the North Atlantic Fish Revolution (c.
1500 CE) (Holm et al., 2019), the end of the Greenlandic Norse settle-
ments (c. 1350 CE) (Dugmore et al., 2012), and expanded sea-ice cover
in the Arctic Ocean (c. 1700 — 1800 CE) (Macias Fauria et al., 2010).
Northern Hemisphere temperature reconstructions estimate a LIA
cooling between 0.5 and 1.0 °C relative to the global mean (Mann et al.,
2008, 2009; Ahmed et al., 2013; Kaufman et al., 2009; Briner et al.,
2016; Kobashi et al., 2017; Neukom et al., 2019a). Reconstruction of
global mean temperature suggests that the early 20th century (1900-
1909) was cooler than >95% of the Holocene (Marcott et al., 2013).
Instrumental temperature records and model simulations also show
significantly warmer conditions after the 1920s, thus effectively termi-
nating the LIA and thus the Neoglacial period (Box et al., 2013; Neukom
et al., 2019b).

In Greenland, glaciers also responded to the Neoglacial cooling, but
it has generally been assumed that the time when glaciers reached their
maximum extent was somewhat delayed relative to the onset of the LIA
temperature cooling with maximum glacier advance in the 1700s CE or
the end of the 1800s CE (Dahl-Jensen et al., 1998; Weidick et al., 2012)
(Fig. 1). In recent years a number of studies have been conducted in
Greenland to understand the ice marginal response of the GrIS to the
Neoglacial cooling e.g., Young and Briner (2015); Briner et al. (2016)
and Larsen et al. (2018), as well as local glaciers and ice caps (Bradley
and Bakke, 2019). Furthermore, several ice-, lake- and marine-proxy
records have documented the climate variations leading up to the
culmination of the LIA (Briner et al., 2016; Axford et al., 2021). How-
ever, until now no Greenland-wide assessment of the climate and glacier
response for this specific period has been undertaken (Vasskog et al.,
2015). The following synthesis falls into three parts. The first part de-
scribes the dynamics of the ice sheet and surrounding ocean variability
using records from ice cores as well as lacustrine and marine sediment
cores. The second part, compiles ice margin changes from a series of
point-specific proxy records. The last attempts to reconcile all the
proxies considered during the ice sheet advance, culmination, and
retreat phases throughout the Neoglacial.

Data compilation is centered around the lastest advance-
culmination-retreat phases of glacier ice in Greenland and the associ-
ated terrestrial geomorphological and stratigraphic records. For advance
phases, we used 14C dates organic material (peat, gyttja, wood, plant
microfossils), bone (reindeer antlers, polar bear skulls) and predomi-
nantly shells (molluscs and mollusc fragments). Dates from mixed shell
samples were excluded due to age variability. In the stratigraphical re-
cord, we aimed for LIA sequences covering the last 2000 yrs in threshold
lakes. Subfossil plants were compiled from microfossils that recently
melted free from retreating glacier fronts. Ice cores rely on the ice-core
chronology established for individual sites. Culmination phases rely on
cosmogenic exposure ages (10Be) from end moraines within the Neo-
glacial landscape. '°Be ages follows the original publication and the
production rates used. Absolut dates from the retreat phases comes from
minimum limiting 14C ages from organic matter above minerogenic
sediment in threshold lakes while other estimates are derived from
lichen ages and historical maps and aerials. Common for all compiled
dates is a census date of 1 February 2020.

The two-part division of the Neoglacial serves as a framework for
comparison between the different temporal datasets and as the review
proceeds below should become self-evident. We note that the LIA is not
assigned any chronostratigraphic time and therefore considered an
informal stratigraphic unit similar to the MWP with undefined bound-
aries and age ranges. This is also clearly reflected in the onset times
suggested in the reviewed literature for the LIA cooling spanning be-
tween 800 — 550 yrs. BP. In this review, we operate with a range of age
scales from the Middle Holocene to the 20th century, which constitute a
challenge when reporting age within the same age nomenclature. We
consequently report all ages in years before present (yrs. BP), but sup-
plement reported ages in the Common Era (CE) when it makes sense in a
historical context.

Earth-Science Reviews 227 (2022) 103984
2. Climate records in Greenland

In the following we briefly review the ice-core records focusing on
Holocene temperature reconstructions and atmospheric circulation
changes during the Neoglacial cold periods.

2.1. Ice-core records

2.1.1. Ice-core temperature reconstruction

The composition of stable water isotopes in glacier ice, 580 and §2H,
reflects cloud temperatures during past precipitation (Dansgaard et al.,
1973), and has been widely used as a paleo-thermometer for air tem-
peratures above the snow surface. The ice-core stable isotope records
from GRIP, NGRIP, Dye 3, Camp Century, Renland, and GISP2 in
Greenland (Johnsen et al., 2001 and references therein) and from
Agassiz, Ellesmere Island in Canada (Fisher et al., 1995) have provided
continuous, high-resolution proxy records of Holocene temperature
variations. These records were corrected for effects from altitude
changes due to ice flow and ice-sheet elevation changes (Vinther et al.,
2009; Lecavalier et al.,, 2017). However, the paleo-thermometer
deduced from stable water isotopes may be biased because it reflects
the temperature only at times of precipitation, it is influenced by tem-
perature changes at the moisture source and changes in the transport
path-way, and the relationship between isotope composition and air
temperature is complicated by local factors such as temperature inver-
sion strength (e.g., Jouzel et al., 1997). Therefore, other temperature
proxies from ice cores have been used along with the isotopic records,
specifically melt layers observed in the ice cores which indicate that
temperatures had been high enough to produce melt at the snow surface.
The quantity of melt layers has been combined with §'80 records to
constrain summer temperatures (Alley and Anandakrishnan, 1995;
Fisher et al., 1995; Fisher et al., 2011; Herron et al., 1995; Kameda et al.,
1995). Snow accumulation is inversely correlated with temperature and
can, in similarity with stable isotope ratios, be used as a temperature
proxy (Meese et al., 1994). Meese et al. (1994) used a series of annual
markers in the GISP2 ice core to construct a snow accumulation record
spanning the Holocene period. Gravity-driven fractionations of Ar and
N, gas isotopes in the snow column respond to vertical temperature
gradients produced by changes in both the temperature at the snow
surface and to the accumulation rate. Used in combination, 5*CAr and
515N from enclosed air bubbles in glacier ice provide a paleo-
thermometer that is independent of the conditions for precipitation
(Severinghaus et al., 1998) and the GISP2 ice core records of 5*Ar and
5'°N have provided a Holocene temperature reconstruction for
Greenland (Kobashi et al., 2017). Buizert et al. (2018) reconstructed
Holocene temperatures using an inverse modelling of the GISP2 §'°N
record. The ice temperatures in glaciers are themselves archives of past
temperatures because thermal conductivity is poor in ice. Therefore,
Monte Carlo inverted borehole temperature records have been read as
accurate, if poorly resolved, temperatures from the past (Dahl-Jensen
et al., 1998), and have served as calibrations of the better resolved
temperature proxies from ice cores (Fig. 2).

The temperature records based on §'%0 from ice cores show a HTM
followed by a gradual cooling trend culminating with the LIA (Fig. 2).
The timings of HTM and thus the onset of the Neoglacial cooling, varies
between the different §!%0 ice core records with the North GRIP record
(Andersen et al., 2004a, 2004b; Vinther et al., 2006; Johnsen et al.,
2001) dating the HTM to 8,000 - 4,000 yrs. BP, while the records from
the Renland and Agassiz ice caps (Vinther et al., 2009) yield dates on
HTM to 10,000 — 6,000 yrs. BP (Buizert et al., 2018). A more recent 5'0
temperature reconstruction from the Agassiz ice cap dates the HTM even
earlier, to 11,000 - 8,000 yrs. BP with maximum temperatures around
2°C warmer than present (i.e., 2009 CE), indicating a temperature
gradient between the Renland and Agassiz ice core locations that is
reducing during the Early Holocene (Lecavalier et al., 2017). Pro-
nounced centennial and millennial scale variations are absent in the
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Fig. 2. Holocene temperature reconstruction from deep ice cores in Greenland. (A) Red: North-GRIP §'80 record (Vinther et al., 2006), (blue) gas-fractionation
temperature from GISP2 (Kobashi et al., 2017), (B) Ice Sheet elevation and upstream corrected temperature from isotope records, red: Renland and Agassiz
(Vinther et al., 2009), blue: Agassiz (Lecavalier et al., 2017), (C) Borehole temperatures from GRIP (blue) and Dye 3 (green) (Dahl-Jensen et al., 1998). We subdivide
the Neoglacial into an older and younger part similar to Weidick et al. (2012), but assign an age to the older part between 5,000-950 yr BP. and the younger part to

750-50 yr BP.

580 records except for a very pronounced event at 8,200 yrs. BP (Alley
et al., 1997; von Grafenstein et al., 1998; Barber et al., 1999; Alley and
Agtistsdottir, 2005). The discrepancies between the ice-core records
with respect to timing of HTM are not only due to latitudinal differences
in the Holocene temperature development. The records are also affected
by limitations in the temperature reconstructions from water isotopes.
For the same reason, there are only limited millennium-scale variations
in the temperature records i.e., no indication of a cooling that could
identify the onset of a Neoglacial period after the HTM. However, such a
cooling can be seen in other Greenland ice-core temperature
reconstructions.

The records of ice melt from GISP2 (Alley and Anandakrishnan,
1995) and Agassiz (Lecavalier et al., 2017) show pronounced melting
during the HTM that decreased markedly around 6,000 BP indicating a
decrease in summer temperatures at that time. The gas fractionation
temperature reconstruction from GISP2 (Kobashi et al., 2017) show, in
contrast to the 8'%0 records, large centennial to millennial scale climate
variability with a peak warmth around 8,000 yrs. BP. This is followed by
a general cooling trend with a major cold period during 6,100 — 5,000
yrs. BP, which is again followed by a slight temperature increase until
around 4,500 yrs. BP (Mid-Holocene Optimum) (Fig. 2). Afterwards, the
temperature shows large variability with a slow underlying cooling
trend toward the temperature minimum during the LIA - 600 yrs. BP
(1350 CE). The MWP is indicated in the interval from 1,350 — 600 yrs. BP
(600 - 1350 CE) with a peak warmth around 1,200 yrs. BP (800 CE). The
maximum temperatures around 7,860 yrs. BP were 2.9 + 1.4 °C warmer
than recent decades, while the decades 210 — 170 yrs. BP (1740 — 1780
CE) were 2.9 £ 0.9 °C colder.

The Monte Carlo inverted borehole temperature record from GRIP
(Dahl-Jensen et al., 1998) dates the HTM to 8,000 — 5,000 yrs. BP, while
the borehole temperature reconstruction from Dye 3 shows a much
younger HTM 4,000 - 5,000 yrs. BP. These reconstructions exhibit
decreased temporal resolution back in time, and millennial scale tem-
perature changes in the early Holocene cannot be detected (Dahl-Jensen
et al., 1998) and so they may not be the preferred reconstructions of
HTM. However, the two borehole records show a similar temperature
history for the last 4,000 yrs. with a temperature minimum around
2,000 yrs BP and a temperature maximum around 950 yrs. BP (1000

years CE) (MWP) 1°C warmer than present in Greenland. In the records,
the LIA is made up of two cold periods, with temperature minima at 400
and 100 yrs. BP (1550 and 1850 CE), and with temperatures respectively
0.5 and 0.7°C below the present. After the LIA, temperatures reach a
maximum around 20 yrs. BP (1930 CE). The findings of two cold periods
during the LIA are also recognized in the snow accumulation and melt-
layer records from GISP2 (i.e., Meese et al., 1994) where two cold phases
can be observed at around 400 and 100 yrs. BP (1550 and 1850 CE). In a
composite snow accumulation record retrieved from the seasonal
isotope data from GRIP, NGRIP and Dye 3, however, occurrence of low
accumulation is found but not consistent with cooling periods around
400 and 100 yrs. BP (1550 and 1850 CE) (Andersen et al., 2006).

The 6'%0 signal in the Greenland ice cores can be resolved into
annual cycles for the last 2,000 yrs. (Johnsen et al., 2000) and the sea-
sonal 8'80 values have been shown to provide a better temperature
proxy than annual mean §'%0 values (Vinther et al., 2010; Zheng et al.,
2018). In line with the Monte Carlo inverted borehole temperatures
from GRIP and Dye 3 (Dahl-Jensen et al., 1998) the winter 5180 signal
from GRIP, Crete and Dye 3 all show a MWP from 1,150 — 950 yrs. BP
(800 -1000 CE) and a cold period around 90 yrs. BP (1860 CE) (Vinther,
2011). However, a cold period around 1500 CE that is clearly seen in the
borehole temperature records and, in the Dye 3 winter 880 signal is not
seen in the winter §'80 signals from GRIP and Crete (Vinther, 2011).

2.1.2. Atmospheric circulation across Greenland in Neoglacial time

Records of soluble ions in the GISP2 ice core provide proxy records of
atmospheric circulation strength over the Holocene period (O’Brien
et al., 1995). More specifically nsskK* (Fig. 3A) that records deposition of
windblown terrestrial material from the Asian continent during the
spring season is thought to be a proxy for the Siberian high, and ssNa™*
(Fig. 3B) that records depositions of sea salt aerosols from the North
Atlantic during the winter season is a proxy for the Icelandic low
(Meeker and Mayewski, 2002).

In contrast to the Greenland §'80 records, the time series of aerosol
species from GISP2 points to quasi-cyclic ~2600-year interval of colder
climate throughout the Holocene among which the 8,200 yrs. BP event
and the LIA are found (O’Brien et al., 1995). The cold intervals are
especially clear in the nssK* fluxes where the dates given are, 8,800 —
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Fig. 3. A) and B) show respectively the nssK* and
the ssNa™ concentrations from the GISP2 ice core
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7,800; 6,100 - 5,000; 3,100 - 2,400; and 600 — O yrs. BP that coincide
with glacier advances and cooling intervals observed worldwide
(O’Brien et al., 1995; Mayewski et al., 2004; Rohling et al., 2002). The
transition from the MWP into the LIA around 600 yrs. BP is the most
rapid transition observed in the record of the Holocene period (Meeker
and Mayewski, 2002). O’Brien et al. (1995), explain increased fluxes of
Asian dust and sea salt in Greenland by more arid conditions over
continents, a southward displacement of the westerlies resulting in
increased atmospheric loadings of Asian dust, and increased meridional
atmospheric transport of sea salt aerosol in the North Atlantic. Meeker
and Mayewski (2002) compared nssK' and ssNa™ from the top of the
GISP2 ice core with monthly instrumental sea level pressure data. They
found that the LIA was associated with an enhanced high-pressure
anomaly over Siberia in spring, and an enhanced low-pressure anom-
aly over south Greenland and the northern North Atlantic during winter
and a high-pressure anomaly in northern Canada in both spring and
winter.

The cold intervals found in the GISP2 glacio-chemical series have
been linked with the “Bond cycles” that are ~1500-yr intervals of drift
ice in subpolar North Atlantic areas seen in records of ice rafted debris
(IRD) (Fig. 3C) and pointing to a strong ocean-atmosphere coupling
during these intervals (Bond, 1997; Wanner et al., 2011). The
millennial-scale occurrence of drift ice in subpolar areas is explained by
a southward and eastward displacement of the East Greenland Current
(EGC) and Labrador Currents (LC), which carry sea ice-laden cold and
fresh water southward along the East coast of Greenland and Canada,
respectively (Bond, 1997; Bond et al., 2001). These changes in the North
Atlantic Ocean circulation were associated with a basin-wide cooling
that may have resulted from reduced North Atlantic Deep-Water for-
mation and was accompanied by enhanced northerly winds in the North
Atlantic associated with an intensified high-pressure anomaly over
Greenland (Bond, 1997, Bond et al., 2001). A strong ocean-atmosphere
coupling in the North Atlantic during the Holocene cold events have also
been observed in other atmospheric circulation proxies elsewhere. In
monsoon proxy records from the Arabian Sea (Gupta et al., 2003) and
Lake Qinghai on the Northeastern Tibetan Plateau (An et al., 2012), as
well as in stalagmites from the Dongge Cave in south China (Wang et al.,
2005), a link between weakened Asian summer monsoon and enhanced
IRD in the North Atlantic has been found. Weakened summer monsoons
result from a southward displacement of the intertropical convergence
zone and the westerlies during summer. Proxy data from Lake Qinghai
further shows that strengthened westerly circulation in winter is linked
with enhanced IRD in the North Atlantic (An et al., 2012). Also, Sorrel
et al. (2012) and Goslin et al. (2018) identified periods of intensified
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storminess in Europe throughout the Holocene, indicating a strength-
ening and southward displacement of westerly winds, which was linked
with enhanced IRD in the North Atlantic.

A major feature of atmospheric circulation changes across Greenland
during the Holocene cold events could be a generally southward-
displacement and intensification of westerly circulation. During
winter, this pattern produced both stronger meridional flow in the North
Atlantic region and an intensified Icelandic low. The spring/summer
were comparatively dry over continents due to enhanced zonal atmo-
spheric transport. Northerly winds in the North Atlantic flowed from a
high-pressure anomaly over Greenland. Such changes in atmospheric
circulation must have had implications for precipitation in Greenland,
and changes in snow accumulation associated with the LIA cooling have
been observed in some ice cores e.g., from GISP2 (Meese et al., 1994)
and from NEEM (Masson-Delmotte et al., 2015). However, on hundred-
year averages, large spatial differences in accumulation rates east and
west of the ice divide in central North Greenland was observed in
airborne radar-detected stratigraphy (Karlsson et al., 2016). Over the
last 700 yrs., accumulation rates varied little in the area west of NEEM,
while accumulation rates varied up to 20% in the area north of NGRIP.
These differences suggest that variations in snow accumulation observed
in ice cores were local changes, in response to changed circulation,
rather than large scale changes in snow accumulation (Karlsson et al.,
2016).

2.2. Lake sediment records

Relatively few quantitative reconstructions of climatic variables
have been produced from climate-sensitive lakes around the margins of
the GrIS. The longest and most sensitive sedimentary records are typi-
cally found in headwater lakes located above the postglacial marine
limit, and that did not receive meltwater inputs from glaciers following
Early Holocene deglaciation i.e., non-glacial fed lakes (see Sections 4.1.3
and 4.3.4 - Threshold lakes). Traditionally, the Holocene development of
environments and temperatures were based on pollen analyses from lake
sediment records, and a survey of pollen diagrams in all parts of
Greenland showed that a reduction in vegetation in most areas began at
4,500 yrs. BP, and as early as 6,000 yrs. BP in East Greenland (Funder
and Fredskild, 1989). More recently, quantitative reconstructions of
July or summer air temperature and summer lake temperature have
been developed using training sets of chironomids (Axford et al., 2013,
2017, 2019; McFarlin et al., 2018), pollen (e.g., Fréchette and de Vernal,
2009; Gajewski, 2015), and algal alkenones (D’Andrea et al., 2011),
respectively. Annual paleo- precipitation records and effective annual
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moisture were reconstructed using 5%H from leaf waxes (Balascio et al.,
2013; McFarlin et al.,, 2019; Thomas et al., 2016, 2020), §'0 from
chironomids (Lasher et al., 2017; Lasher and Axford, 2019), biogenic
silica (Andresen et al., 2004), organic matter and mineral flux (Anderson
et al., 2012) as well as diatoms (Perren et al., 2012). Mineral content has
also been used to semi-quantitatively reconstruct summer air tempera-
ture (Willemse and Tornqvist, 1999). While these records provide a
relevant context for Late Holocene terrestrial climate history, most have
focused on the Early to Middle Holocene and are resolved on a millen-
nial to century scale, with a single or only a few observation points
covering the last ~1500 yrs. The Holocene climate change from many
lake records in Greenland have been synthesized elsewhere (Sundqvist
et al., 2014; Briner et al., 2016; Axford et al., 2021). Therefore, only a
brief summary of the findings relevant to the Neoglacial and LIA periods
is provided here along with an overview of more recent work showing
synchronous regional changes.

2.2.1. South and Southwest Greenland

In the South and Southwest Greenland, multiple lines of evidence
from biological and geochemical proxy data support a cooling trend
from the Middle to Late Holocene by as much as 2 to 5 °C culminating in
the last millennium (Briner et al., 2016 and references therein). The
coldest summer conditions reconstructed from chironomid assemblages
for South Greenland during the LIA were slightly warmer than elsewhere
in Greenland i.e., ~2 °C colder than modern values (Lasher and Axford,
2019; Chipman et al., 2018) and occurred relatively late into the 18th
and 19th centuries (250 - 50 yrs. BP). In contrast, summer temperature
reconstructions from pollen suggest warmer temperatures after ~4,500
yrs. BP and potentially spatially heterogeneous conditions across the
regions (Briner et al., 2016; Fredskild, 1973, 1983a; Gajewski, 2015;
Kelly and Funder, 1974). More negative and variable values of the North
Atlantic Oscillation (NAO) index after 650 yrs. BP were suggested to
explain changes in hydro-climatic conditions during the LIA in South
and Southwest Greenland (Olsen et al., 2012a; Lasher and Axford,
2019).

However, the influence of the NAO on temperature and precipitation
during the Late Holocene in the region and further north remains
debated (Aebly and Fritz, 2009; D’Andrea et al., 2011; Olsen et al.,
2012a; Lasher and Axford, 2019; Lasher and Axford, 2019). Highly
variable, yet overall warm conditions 1,050 — 550 yrs. BP, thus including
the early cold LIA period inferred from a sub-centennially resolved
paleotemperature record from South Greenland could not be associated
with a positive NAO phase. Rather, this warmer phase appeared
consistent with shifts in subpolar ocean currents (Lasher and Axford,
2019). Shifts in vegetation assemblages around 2,000 yrs. BP suggested
not only cooler, but also more humid conditions from the Middle Ho-
locene comparable to current conditions in the Godthébsfjord area of
Southwest Greenland (Fredskild, 1983b).

2.2.2. West and Northwest Greenland

In Western and Northwestern Greenland, the Late Holocene is
associated with overall cooler but more variable air temperatures and
relatively higher effective precipitation compared to the Middle Holo-
cene (McGowan et al., 2003; Anderson and Leng, 2004; Aebly and Fritz,
2009; D’Andrea et al., 2011; Anderson et al., 2012; Perren et al., 2012;
Axford et al., 2013; Briner et al., 2016; Lasher et al., 2017). This
apparent inverse relation between sediment organic carbon content
(OC) and temperature prompts a more careful consideration of the
mechanisms at play when inferring paleotemperatures from OC-based
proxies in lacustrine records (Anderson et al., 2018). The alkenone-
based, high-resolution records of lake temperature developed at Braya
S¢ and Lake E in West Greenland provide strong evidence for successive
and abrupt changes to cold conditions during the Neoglacial (D’Andrea
et al., 2011). The coldest summer lake water conditions in the last 1000
years are inferred between ~850 — 630 yrs. BP and are reconstructed to
be around 3-4 °C, which would be on the lower end of the measured
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summer range of 3-24 °C at present (D’Andrea et al., 2011). Farther
north, the coldest summer and autumn water 5-°0 inferred temperatures
of the Holocene record are ~1.5-3°C cooler than present and are
observed after 1,200 yrs. BP (Lasher et al., 2017). Summer air temper-
ature inferred from chironomid assemblages were ~4-5 °C lower than
modern temperature between 250 — 50 yrs. BP in West Greenland
(Axford et al., 2013). This timing is in similarity with cooling in South
Greenland, but contrasts with earlier cooling in Northwest Greenland i.
e., around ~500 yrs. BP (McFarlin et al., 2018; Axford et al., 2019). The
cooling was preceded by approximately 2 °C warmer than present
conditions at North Lake West Greenland in the 20th century (50 yrs. BP
onwards) (Axford et al., 2013). A recent multi-site analysis of catchment
related organic carbon (OC) sources using carbon isotope composition,
the C/N ratio and OC accumulation rates, showed that the Late Holocene
cooling trend in West Greenland can be associated with an increase in
terrestrial carbon burial in lake sediments and an overall decrease in
authigenic production. This may be due at least partly to increased
lateral transport of carbon to lakes with enhanced catchment instability
(Anderson et al., 2018).

Some of the paleo-precipitation records in West Greenland suggest
conditions in the Late Holocene were more variable than this broad
picture. Analysis of 5°H from leaf waxes suggests that a change in
moisture sources led to decreased winter snowfall from the Middle
Holocene until present (Thomas et al., 2016). This decrease would be
closely linked to the regional cooling trend in air and ocean surface
waters through a weakening of the West Greenland Current and
enhanced early winter sea ice cover in northern Baffin Bay and the
Labrador Sea (Thomas et al., 2016). Lake water balance modelling from
connected lakes at Kangerlussuaq revealed pluvial intervals at 4,600 and
2,000 yrs. BP overlaying overall relatively low lake levels for the Late
Holocene, with a particularly low-stand in the last 700 years (~1,250
yrs. BP onwards), also pointing to changes in precipitations seasonality
as a likely mechanism (Aebly and Fritz, 2009). Similarly, diatom records
from the same area suggest the relatively wet Neoglacial conditions are
followed by dryer conditions in the last 500 yrs. (~1,450 yrs. BP on-
wards; Perren et al., 2012).

2.2.3. North, East and Southeast Greenland

As summarized by Briner et al. (2016), most of the qualitative and
semi-quantitative multi-proxy lake records including macro- and
microfossil abundance, geochemical and physical data from North to
Southeast Greenland also support a cooling trend after the Middle Ho-
locene, some of which clearly culminate during the LIA, or at least from
c. 1,800-900 yrs. BP and onwards (Wagner and Melles, 2002; Bennike
and Wagner, 2012; Olsen et al., 2012a; Wagner and Bennike, 2015). This
cooling trend has been associated with decreasing summer temperatures
(Briner et al., 2016). The accelerated rate of Neoglacial summer cooling
at Last Chance Lake (East Greenland) of 3-5 °C between peak HTM
(~5,500 yrs. BP) and ~500 yrs. BP is large when compared to other
types of paleotemperature records for the region (Vinther et al., 2009;
Axford et al., 2017). Yet, the summer temperature values reconstructed
are within the 4 — 5 °C range also inferred in West and Northwest
Greenland, centered earlier around 500 yrs. BP (Axford et al., 2017).
Different chironomid training sets from modern assemblages in lakes
located between the Canadian High Arctic Archipelago to Maine, eastern
USA and Iceland have been applied to reconstruct July air temperatures
in Greenland (Francis et al., 2006; Langdon et al., 2008), representing a
large part of our current knowledge of past quantitative temperature
change from lake records in the region. While these chironomid-based
reconstructions are supported by good levels of fit to the respective
models applied, high taxonomic resolution datasets are required to
reliably detect the potentially high spatial and temporal variability of
temperature changes during the LIA in Greenland beyond the ice sheet
margins (Chipman et al., 2018; Axford et al., 2017; Medeiros et al.,
2020). An Arctic-wide chironomid training set, incorporating data from
a range of climatic settings, including from Southwest Greenland is
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currently in development (Brodersen and Anderson, 2002; Medeiros
et al., 2020). This could improve model fitness for Greenland-based
quantitative reconstructions. Recent work from Northeast Greenland
combining macrofossils and biomarkers supports the Neoglacial cooling
trend, but also shows only limited potential for branched glycerol dia-
lkyl glycerol tetraethers (brGDGTs)-based air temperature re-
constructions in this high latitude region (Kusch et al., 2019).

Quantitative precipitation reconstructions for East Greenland are
sparse (Briner et al., 2016). Evidence from 8°H from leaf waxes from
Southeast Greenland indicate a Late Holocene increase in effective
moisture. The factors driving this increase could be longer periods of ice
cover due to lower summer temperature which reduced lake water
evaporation and increased runoff from higher winter snow accumula-
tion (Balascio et al., 2013). Though paleo-precipitation records still
remain too few to demonstrate such large-scale pattern and account for
intra-regional variability, this evidence would suggest a precipitation
seesaw across Greenland comparable with the observation of Thomas
et al. (2016) of decreased winter snow accumulation during the Late
Holocene in West Greenland.

The lake sediment records generally offer evidence for millennial-
scale climate change in different regions during the Late Holocene. A
pattern characterized by cooler summers, wetter and generally more
variable conditions than those prevailing during the mid-Holocene
culminated between 500-50 yrs. BP, particularly in the South, South-
west, West and Northwest of Greenland where most records are found.

This colder climate, also identified from a compilation of annual
temperature proxy records across the Arctic (McKay and Kaufman,
2014), was often followed by warmer conditions during the 20th cen-
tury (50 yrs. BP onwards). Unsurprisingly, the more highly resolved
records reflect higher spatial and temporal heterogeneity on decadal to
century scales, suggesting terrestrial climate at the margins of the GrIS
during the LIA and Late Holocene was probably less homogenous than
this broad picture indicates. On a sub-centennial scale, modelled and
proxy-based hydroclimatic reconstructions from ice cores and a limited
subset of lake records in Greenland suggested wetter conditions occur
during warmer periods over the last millennia (Charpentier Ljungqvist
et al., 2016). This pattern, however, is opposite to that of the millennial-
scale hydroclimatic variability reconstructed from the Greenland lake
records reviewed here, where the warm Early to Middle Holocene period
has been associated with drier conditions relative to the Late Holocene.
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Some of this variability may be explained by nonlinear changes in
climate seasonality throughout the Holocene. Improved spatial coverage
of sub-centennial to decadal resolved lake proxy records sensitive to
seasonal variability for the period will help refine our mechanistic un-
derstanding of large-scale (hydro)climatic dynamics at play.

2.3. Marine sediment records

Oceanographic conditions in East Greenland are highly influenced
by the fresh and cold East Greenland Current (EGC) transporting sea ice
and polar waters from the Arctic Ocean via the Fram Strait southwards
along the East Greenland coast (Fig. 4). In East and Northeast Greenland,
the subsurface Atlantic Intermediate Water (AIW) is linked with the
North Atlantic drift as it originates from a southward turning branch of
the warm West Spitsbergen Current and from southward flow of the
Atlantic layer from the Arctic Ocean. Off the coast of Southeast
Greenland, the warm and saline Irminger Current (IC) slides underneath
the EGC at depths of ¢. 200 m. The IC and EGC mix off Southwest
Greenland to become the West Greenland Current (WGC), which prop-
agates northward. Off the coast of Northwest Greenland, the cold and
fresh Baffin Bay Current flows southwards via Nares Strait, carrying sea
ice (Buch, 2002). Marine geological studies from the Southeast
Greenland shelf (Andersen et al., 2004a, 2004b; Kuijpers et al., 2003),
East Greenland (Knudsen et al., 2008a, 2008b), Denmark Strait
(Andresen and Bjorck, 2005) and the North Atlantic (Koc et al., 1993)
indicate a regional cooling following the HTM concurrent with a marked
intensification of the EGC from around 4000-3500 yrs. BP and onwards
to the LIA. This long-term trend, however, is characterized by centennial
to multi-decadal scale fluctuations. Studies of marine sediment obtained
in the vicinity of Greenland are summarized below (Fig. 4A-D). The
summarized data covers the past c. 2000 years to provide an overview of
the conditions prior to the onset of the LIA.

2.3.1. Older Neoglacial — time prior to the Little Ice Age

Several studies from Greenland indicate a marked warming of the
North Atlantic drift around 1,950 — 1,600 yrs. BP corresponding in time
with the European Roman Warm Period (RWP (0 - 350 CE), Lamb, 1977;
250 BC - 400 AD (Cambell et al., 1998)). This warming by Greenland,
which may have been in response to frequently occurences of a positive
NAO index at this time (Nesje et al., 2001; Olsen et al., 2012a) along
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with a globally warmer ocean (McGregor et al., 2015), is reflected by a
stronger subsurface AIW influx along the Northeast and East Greenland
coast (Perner et al., 2015, 2016). In spite of the warming, sea ice re-
constructions indicate a relatively extended sea ice margin in Northeast
Greenland in the period 1,950 - 1,250 yrs. BP (0 — 700 CE) (Spielhagen
et al., 2011; Perner et al., 2015). Warmer Atlantic waters are also
recorded in the Disko Bugt region of West Greenland concurrent with
the European Warm Period (Perner et al., 2013, 2016; Andresen et al.,
2011; Wangner et al., 2018; Seidenkrantz et al., 2007; Lloyd et al., 2007;
Moros et al., 2006; Kolling et al., 2018) and in Northwest Greenland
where sea ice decreased and generally warmer sea-surface temperatures
(SSTs) prevailed in Nares Strait (Mudie et al., 2005). Around the time of
the Dark Ages Cold Period (DACP, 1,600 — 1,000 yrs. BP (350 — 950 CE);
Lamb, 1977) also referred to as Late Antique Little Ice Age (LALIA, 1,550
- 1,185 yrs. BP (400 — 765 CE); Helama et al., 2017), the majority of the
marine records by Greenland document a transition towards colder
conditions likely in response to a general southward movement of the
polar front. Around this time sea ice increased, but also fluctuated in
East and South Greenland (Jennings et al., 2002, 2011; Miettinen et al.,
2015; Kolling et al., 2018; Jensen et al., 2004; Roncaglia and Kuijpers,
2004) and in Disko Bugt in West Greenland (Krawczyk et al., 2010,
2013, 2017; Moros et al., 2006, 2016; Andresen et al., 2011; Ribeiro
et al., 2012; Seidenkrantz et al., 2008; Sha et al., 2012, 2017, Allan et al.,
2018; Kolling et al., 2018). Concurrently, the occurrence of the Irminger
Current offshore South Greenland was relatively intense (Lassen et al.,
2004; Mgller et al., 2006; Seidenkrantz et al., 2007; Andresen et al.,
2013, Andresen et al., 2017). As a result of both increased IC and sea-ice
occurrence this resulted in a more fluctuating WGC reflecting episodi-
cally more (less) of the EGC (IC) component to the WGC (Perner et al.,
2013, 2016, Andresen et al., 2011, Wangner et al., 2018; Seidenkrantz
et al., 2007; Lloyd et al., 2007; Moros et al., 2006; Kolling et al., 2018).

The onset of the MWP (950 — 1250 CE; Lamb, 1977) was rather
asynchronous across Greenland and took place between 1,000 — 700 yrs.
BP. This period is also referred to as the Medieval Climate Anomaly
(MCA), and is characterized by decreased sea-ice occurrence in North
East Greenland (Spielhagen et al., 2011; Perner et al., 2015), Central
East Greenland (Kolling et al., 2017; Andersen et al., 2004a, 2004b,
Jennings and Weiner, 1996) and warming of the AIW (Perner et al.,
2015, 2016). In contrast, a marine sediment core study offshore
Southeast Greenland indicates that the EGC temperature was relatively
constant between the DACP and the onset of the LIA with no signs of an
intervening MWP warming (Andersen et al., 2004a, 2004b) and fora-
miniferal studies indicate glaciomarine conditions near Helheim Glacier
between 1,450 and 650 yrs. BP (500 CE and 1300 CE) (Andresen et al.,
2013) thus also with no traces of a warm MWP. In South Greenland most
sites even record a cooling of the IC during the MWP, likely in response
to the concurrent frequently positive NAO index (Dawson et al., 2002),
which would strengthen the subpolar gyre and allow less IC water to
spill onto the South Greenland shelf (Miettinen et al., 2015; Andresen
et al., 2017). Although ice core studies indicate atmospheric warming
over Greenland during the MWP (Kobashi et al., 2017) marine sediment
core studies from Disko Bugt do not consistently track this warming but
rather indicate that sea ice occurrence was variable here (Krawczyk
et al., 2013; Ribeiro et al., 2012; Seidenkrantz et al., 2008; Moros et al.,
2006) and that the WGC temperature fluctuated (Perner et al., 2011;
Andresen et al., 2011; Wangner et al., 2018). Contrastingly, long-lasting
episodes of surface water warming are observed within inner Disko Bay
(c. 1,600 - 450 yrs. BP; c. 350 -1500 CE; Lloyd, 2006) and around
Holsteinsborg Dyb located just south of Disko Bay (1150 — 650 yrs. BP;
800 — 1300 CE; Sha et al., 2012). Minor short-lived surface water
warming around 1,000 — 500yrs BP (1000-1500 CE) has been reported
along the coast of Northwest Greenland (Mudie et al., 2005; Hansen
et al., 2020).

2.3.2. Younger Neoglacial - the Little Ice Age
The period around 1300 CE signifies the early onset of a major
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oceanographic transition around Greenland (Fig. 4C), i.e., the onset of
the LIA. The EGC intensified markedly around this time (Spielhagen
et al., 2011; Werner et al., 2011; Bonnet et al., 2010; Divine and Dick,
2006) and this is evident from records tracking all the way down the east
coast of Greenland (Kolling et al., 2017; Andersen et al., 2004a, 2004b,
Jennings and Weiner, 1996, Miettinen et al., 2015) towards the west
coast (Jensen et al., 2004; Sha et al., 2016; Roncaglia and Kuijpers,
2004). Using a large spatial network of well dated marine proxy sea-ice
records Miles et al. (2020) has recently found robust evidence for
extreme export of sea ice commencing abruptly around 650 yrs. BP
(1300 CE). The onset was characterized by a century-long lasting pulse
of ice along the East Greenland Current, which resulted in downstream
increases of polar waters and ocean stratification thatremained gener-
ally sustained during the subsequent, coldest centuries of the LIA.

At the same time the warm IC intensified episodically during the LIA
(Perner et al., 2016; Andresen et al., 2013; Jennings et al., 2011; Miet-
tinen et al., 2015; Lassen et al., 2004; Seidenkrantz et al., 2008; Mgller
et al., 2006). A high-resolution study has shown that the LIA IC water
warming on the shelf may have occurred episodically in response to
lowered solar activity (Andresen et al., 2017). Lowered solar activity
would increase the frequency of blocking highs and a negative NAO
index (Barriopedro et al., 2008). This would in return shrink the sub-
polar gyre and displace it westwards (Barrier et al., 2014) resulting in a
warming of waters in South Greenland (Andresen et al., 2017). The
strong water mass stratification during the LIA with strong EGC as well
as strong IC inflow towards Greenland resembles the conditions recor-
ded during the DACP in South Greenland. However, the causes behind
subsurface water warming episodes on the east, southeast and southwest
Greenland shelf may not be the same during the LIA, the DACP and the
RWP, since the Atlantic water temperature on the Greenland shelf is
influenced by both the upstream North Atlantic Drift as well as the dy-
namics and strength of the subpolar gyre.

The WGC, which had started to cool during the DACP, experienced a
further intensification of cooling during the LIA near the Disko Bugt —
implying that the LIA intensification of the EGC was relatively more
significant than the concurrent intensification of the IC. This cooling
favored sea-ice formation from around 850 — 650 yrs. BP (1100 -1300
CE) (Seidenkrantz et al., 2008; Ribeiro et al., 2012; Lloyd et al., 2007;
Moros et al., 2006, 2016; Wangner et al., 2018; Allan et al., 2018; Kol-
ling et al., 2018; Sha et al., 2012, 2016, 2017; Andresen et al., 2011)
until the LIA culmination c. 300 yrs. BP (c. 1650 CE) (Perner et al.,
2011). In inner Disko Bay the onset of the LIA cooling is later at c. 450
yrs. BP (1500 CE) (Lloyd, 2006). Similarly, in Northwest Greenland
surface water cooled during the LIA (Mudie et al., 2005), with notable
cold episodes around 400 yrs. BP and 200 yrs. BP (1550 and 1750 CE)
(Knudsen et al., 2008a, 2008b).

It is noted that the EGC intensification events around DACP and
during the LIA were coeval with the so-called Bond events, which are
surface cooling episodes in the Denmark Strait and North Atlantic region
caused by intensive sea ice drift that has been related to decreased solar
activity (Bond et al., 2001).

3. Sea-level estimates of glacier variability in Greenland

During the Last Glacial Maximum (LGM) eustatic sea level was ~130
-135 m lower than the present day (Clark et al., 2009; Lambeck et al.,
2014), with the majority of freshwater being held by the Northern
Hemisphere ice sheets including the Laurentide, Innuitian and
Greenland Ice Sheets. Model reconstructions of the deglaciation suggest
that during the LGM, in addition to its present volume of ~7 m sea-level
equivalent (SLE) (Morlighem et al., 2017), the GrIS held an additional
4.65 m + 0.70 m of excess SLE (Khan et al., 2016; Lecavalier et al.,
2014). The ice marginal retreat and mass loss following the LGM, and in
some areas a subsequent Neoglacial re-advance, combined to produce an
integrated long-term visco-elastic signal, known as glacial isostatic
adjustment (GIA), in response to the changing ice mass over time. Thus,
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the local and regional extent of former ice cover, combined with the
local and regional earth structure, lead to a distinctive Late Holocene
GIA. This was characterized by millennial-scale uplift and marine
regression around the majority of the ice sheet and subsidence in the
southwest, where an ongoing forebulge collapse, generated by the
earlier ablation of the Laurentide Sheet combined with a Neoglacial ice
readvance caused subsidence and a local marine transgression (Khan
et al., 2016; Lecavalier et al., 2014). This Late Holocene pattern con-
trasts sharply with the isostatic uplift measured with GPS throughout
Greenland today (Bevis et al., 2012, 2019).

3.1. Past 2000 years of Greenland relative sea level

There are around 1200 sea-level index points from around Greenland
that record changes in relative sea level (RSL) during the Holocene
(Lecavalier et al., 2014). The greatest fall in RSL, on the west coast at
Sisimiut, is from a peak of ca. 130 m a.s.l. at 10,000 yrs. BP to a mini-
mum of ca. 4 m below m.a.s.l at 2,000 yrs. BP (Bennike et al., 2011; Long
et al., 2009) (Fig. 1). This pattern of rapid Early Holocene RSL fall to
below the modern level in the Middle to Late Holocene, followed by a
rise to the present level in the past few thousand years, is evident around
much of the coast of Greenland, but is particularly pronounced in the
West and Southwest (e.g. Bennike et al., 2011; Long et al., 1999, 2003,
2006, 2009; Long and Roberts, 2002; Sparrenbom et al., 2006a, 2006b;
Woodroffe and Long, 2013). In summary, the isostatic rebound triggered
by ice mass loss in the early Holocene was mitigated in the south and
west during the late Holocene by a combination of Laurentide and
Innuitian Ice sheet forbulge collapses and a Neoglacial GrIS re-advance.

As they are sequentially submerged, depressions in the bedrock
known as isolation basins record the inflection from falling to rising RSL
during the middle to late Holocene. The submerged isolation basin re-
cord from Nanortalik in Southern Greenland, shows that RSL reached a
minimum of ~10 m below the highest modern tide level between 8,000
- 6,000 BP, rising steadily from this low-stand to the present sea level
through the Middle and Late Holocene at a rate of approximately 1.2
mm/yrs (Fig. 1) (Sparrenbom et al., 2006a). Establishing the elevation
of the sills of these basins is not easy, however, and their sediments can
be eroded during the marine ingression (Long et al., 2011). Therefore,
RSL chronologies provided by ingression contacts in the sediment se-
quences collected from submerged isolation basins can provide RSL re-
constructions of only millennial, metre-scale resolution at best.

An additional source of information on RSL changes during the last
2000 years comes from salt marshes, which can yield high precision RSL
reconstructions (typically +/- 0.2 — 0.1 m in temperate settings by
combining microfossil analyses and a transfer function approach; Geh-
rels, 2000; Horton and Edwards, 2006). Salt marshes in Greenland are
found in low energy protected settings, at the head of tidal ponds or
fjords, and the mouths of rivers, as far north as at least 75° in West
Greenland and 65° in East Greenland. Salt marsh sediments have acted
like natural, long-term tide gauges over the last millennium, but deeper,
older saltmarsh sediments are not preserved in the nearshore environ-
ment, and there is often a gap between the end of the isolation basin
record and the start of a nearby saltmarsh sequence (Woodroffe and
Long, 2009). Studies of salt marsh sediments in Disko Bay, and at sites
near Sisimiut, Paamiut and Nanortalik in the southwest, show that RSL
started to rise starting ~700 years ago (Fig. 1). After this period RSL
slowed down and stabilized from Sisimiut northwards over the past
~400 years. This process occurred later further south (Woodroffe and
Long, 2009; Long et al., 2012: Woodroffe, pers. comm.). This rising RSL
trend agrees with isolation basin data, and both indicate bedrock sub-
sidence in South and West Greenland over the majority of the last two
millennia. However, changes in RSL stability during and since, the LIA
has been consistent with regional ice mass loss. The timing of this mass
loss is debated as the saltmarsh data suggests it began during the LIA
~350 yrs. BP (~1600 CE) at Sisimiut, ~150 yrs. BP (~1800 CE) at
Nanortalik (Long et al., 2012). The discrepancy between RSL
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observations and other proxies reconstructing the mass loss chronology
underscores our incomplete understanding of the impact of GrIS mass
balance changes on short and long-term processes related to RSL around
Greenland today, as well as the impact of external contributors to sea
level change and solid earth processes.

4. Ice marginal changes

We have divided the Neoglacial ice marginal fluctuations into
advance, culmination and retreat phases. Age constraints on glacial
expansion and recession are related to a suite of methods depending on
the climatic setting. We use evidence from past changes in ice sheet
elevation, reworked organic material, threshold lakes, and in-situ moss
chronology to bracket the age of the advance phases, while '°Be surface
exposure dating and dated archaeological sites offer a limiting age for
the culmination phases at sites in the terminal zone. Retreat phase dates
are provided by lichenometric methods and historical documentation
from maps and photographs (Fig. 5).

4.1. Advance phases

4.1.1. The response from ice elevation in central Greenland to marginal
changes

The Greenland deep ice core records show regional differences in
5180 values through time that primarily result from different histories of
atmospheric temperature, distance to moisture source, and ice-sheet
elevation change (Vinther et al., 2009). Based on the assumption that
temperature development on a millennial time scale was similar
everywhere in Greenland, Vinther et al. (2009) extracted Holocene
millennia scale ice sheet elevation histories at Camp Century, Dye 3,
GRIP, and NGRIP from their respective 5'80 ice core records. Later,
Lecavalier et al. (2013) extended this work accounting for isostatic in-
fluence on the isotope signal assuming a spatial gradient in the tem-
peratures across Greenland.

The dominant trends in Holocene ice sheet elevation records are
largely a response to increased snow accumulation, bedrock uplift and
glacier retreat at the margin following the termination of the last glacial
period (Cuffey and Clow, 1997; Vinther et al., 2009). However,
millennial scale oscillations in the records may result from Holocene
fluctuations in snow accumulation and glaciation at the margin (e.g.,
Alley et al., 2010). Response-times for elevation adjustments at the
central part of the GrIS have been estimated on the basis of a kinematic
wave model from Nye (1960, 1963) to be up to 5 millennia for regional
snow accumulation change (Alley et al., 2010; van der Veen, 2001) and
centuries for changes of marginal extent (Alley et al., 1987; Cuffey and
Clow, 1997; van der Veen, 2001). This implies that millennia-scale os-
cillations in the Holocene ice sheet elevation record are more prone to
reflect ice marginal fluctuations than regional snow accumulation
changes (Cuffey and Clow, 1997). Marginal changes, on the other hand,
may be associated with local changes in snow accumulation rates (e.g.,
Nye, 1960). The magnitude of ice sheet elevation response to changes in
glacier extent has been attempted (e.g., Cuffey and Clow, 1997; Alley
and Whillans, 1984), using the relationship between glacier height and
width derived from analytical modelling (Vialov, 1958; Cuffey and
Paterson, 2010). While ice sheet elevation is a result of long-term
climate history, the marginal extent at a given time can be estimated
inversely from the rate of elevation changes as pointed out by Nye
(1963). Here we use the ice core derived Central Greenland elevation
records from Lecavalier et al. (2013) in an extremely simplified inverse
approach to obtain the history of changes at the ice margin on a
millennial time scale. While the method does not quantify the extent of
the marginal ice, it does let us approximate the onset of marginal ice
responses. We assume that the shape of the GrIS is always adjusting in
order to reach a steady state condition. This transient equilibrium state
is never constant, but rather changing with a frequency considerably
higher than ice sheet response time. The rate of ice sheet elevation
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changes (that is the first derivative of the ice sheet elevation as a func-
tion of time) will reflect the magnitude of imbalance between elevation
and glacier extent, while the acceleration (that is the second derivative
of elevation as a function of time) should track changes in the glacier
extent. A positive acceleration indicates that the margin is advancing,
while a negative acceleration indicates that the margin is retreating.
When the sign of the acceleration change (that is when the second de-
rivative of elevation as a function of time is zero), it reflects a change in
the direction of glacier movement at the margin downstream from the
ice core site, defining starting points for glacier advance or retreat, or
equivalently maxima and minima for glacier extent. Although the cali-
bration of stable isotope records to ice sheet elevation has an absolute
uncertainty of up to 72 meters (Lecavalier et al., 2013), we assume that
the elevation records have recorded times of changes in the elevation
response to changes in marginal extent. This assumption is supported by
comparing the elevation histories from the GRIP and GISP2 stable
isotope records (Vinther et al., 2009, supp.). These were used to validate
error estimates in the ice sheet elevation records, showing that although
the elevations show some difference within the standard error, the two
records show very similar millennia trends. In Fig. 6 we show the second
derivative of the ice sheet elevation curves for GRIP, NorthGRIP, Dye 3
and Camp Century with periods of ice marginal advance and retreats
indicated on the curves. Accounting for a time-delay in elevation
response because glacial fluctuations at the margin is followed by a ki-
nematic wave of adjustment migrating from the margin towards the
central part the GrIS in 100-200 years (Cuffey and Clow, 1997; Alley
etal., 1987), we have moved the advance/retreat starting points derived
from the elevation curve back in time from the points of changing sign of
acceleration in order to derive the approximate timing of advance or
retreat onsets at the ice margin. We simulated the time development of
elevation response to an abrupt marginal change using the response
function for the GrIS Summit (Cuffey and Clow, 1997) and found that
the second derivative of the elevation curve responds with a pulse
starting after about 100 years, peaking after 200-250 years, and fading
out within the next few centuries. Considering that elevation response
delay-times increase with increasing distance from the margin, we have
set the delay-times in the elevation response to onsets of marginal
advance and retreat to 200 + 150 yrs. for the GRIP and NorthGRIP, and
100 + 100 yrs. for the Dye 3 and Camp Century records. Further,
considering that the elevation response to marginal changes last a few
centuries we have set the delay-times for the termination of advance and
retreat to 400 + 150 yrs. for the GRIP and NorthGRIP, and to 200 + 100
yrs. for the Dye 3 and Camp Century records.

We also assume that the ice sheet elevation is most sensitive to
changes at margins closest to the coring site. Spatially across GrIS, the
Dye 3 elevations respond to marginal changes in East Greenland around
65°N, GRIP elevation responds to marginal changes in East and West
Greenland around 72°N, NorthGRIP elevations respond to marginal
changes in East and West Greenland near 75°N, and Camp Century el-
evations respond to marginal changes in Northwest Greenland around
77°N (Fig. 1). Accordingly, the first pronounced ice advance phase after
the HTM (8,000 - 5,000 yrs. BP) started at around 4,800 BP in North-
west Greenland (77°N). Probably a brief advance also occurred in both
Central and Southeast Greenland within the uncertainty of the timing. A
second advance phase began around 3,600 years BP in Southeast
Greenland, and around 3,000 years BP in East and West Greenland 72 —
75°N (probably following a short-term advance at around 3,800 years
BP) and lastly in the Northwest Greenland (77°N) some 2,100 years BP.
A third advance phase began in Central East and West Greenland around
900 BP years at 75°N and 700 years BP at 72°N.

The ice margin history in Northwest Greenland around 77°N
deduced from the Camp Century elevation record seems to be decoupled
from the ice margin history from Central and Southeast Greenland. In
Northwest Greenland periods of ice-retreats correlate with the cold pe-
riods observed in the GISP2 nssK* record (Fig. 3) suggesting a rela-
tionship between ice extent and local precipitation at the ice margin in
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that part of Greenland.

4.1.2. Reworked organic material

Organic remains retrieved from end moraines or exposed on ice
surfaces during downwasting records the timing of ice advances over
ice-free land. We assembled 14C dates from 132 sites representing every
drainage area of the GrIS, published from the 1970s to present (Table 1,
Fig. 7). Marine samples have been corrected for a reservoir effect, AR, of
0 yrs. for West Greenland, -150 yrs. for East and 50 yrs. for North
Greenland following the standard used for Greenland 14C dates (e.g.,
Morner and Funder, 1990). The reservoir effect is related to the extent
and annual duration of sea ice, which inhibits atmospheric COy ex-
change (Tauber, 1979; Hanslik et al., 2010). Therefore, marine ages
from the HTM and LIA could have been respectively slightly higher and
lower than shown here (Funder et al., 2011). Conventional dates on
shells from studies carried out in 1970-80s often consist of mixed as-
semblages of different shells in order to secure enough material for a
date (e.g., Hakansson, 1972; Weidick, 1975; Kelly, 1980). To better
understand the age variability of these mixed assemblages, we collected
fifteen intact or fragmented shells of Mya arenaria, Hiatella arctica and
Astarte sp. in diamict sediment at the terrestrial part of the southwestern
front of Humboldt Glacier, Northwest Greenland in 2017 (Fig. 8). These
were all dated individually with AMS and show an age range between
3,600 to 500 yrs. BP, which yields a maximum (oldest) age of 500 yrs. BP
(1500 CE) for the LIA advance at the Humboldt Glacier (Sgndergaard
et al., 2020). On the northern flank, Bennike (2002) dated reworked
shells and found an advance about 150 years earlier. Either this attests to
a later maximum along the northern margin of Humboldt or more likely,
that the youngest shells have not been identified and dated. However, it
also raises concerns about the earlier mixed shell ages, as these might be
a result of individual shells with different ages. In the dataset we have
assembled, there are also examples to the contrary, where ages of mixed
samples (Hjort, 1997; Hjort et al., 1998) do match recent AMS results
(Larsen et al., 2018). Therefore, as a cautionary measure mixed sample
dates have been excluded from the probability and stack plots in Figs. 9
and 10.

Radiocarbon ages on reworked organic materials testify to a time
when the ice was behind its present extent (smaller than present) with
the youngest age providing a maximum limit for the subsequent ice
advance at any particular site. Thus, we only use dates from the LIA
moraine/sediments, which provide a maximum age of the LIA advance.
In general, the distribution of ages across the GrIS shows that the
youngest reworked material from the LIA in Northwest and Southeast
Greenland is mostly younger than 2,900 yrs. BP. In West Greenland, it is
older than 3,000 yrs. BP and in South and Northeastern Greenland, it is
older than 5,000 yrs. BP with many Early Holocene ages. We believe this
reflects the availability of coastal land during deglaciation whereby the
Northwest and Southeast Greenland are steep mountainous terrain,
leaving a narrow area of ice-free land at any time. The maximum ages
fall within two periods, 677 — 607 yrs. BP (1273 — 1343 CE) and 341 -
308 yrs. BP (1609 - 1642 CE), with a slight tendency for the East and
Southeast Greenland to be the youngest.

In a cumulative stack (Fig. 9), the first cluster of ages is pre-LGM,
39,000 — 26,000 yrs. BP and except for a single date at Frederikshab
Isblink in Southwest Greenland all were collected at Storstgmmen
Glacier in Northeast Greenland (Fig. 7). Weidick et al. (1996) relate this
to a smaller than present ice extent. Larsen et al. (2018) suggest that the
Northeast Greenland Ice Stream was ~20 — 70 km behind its present
extent. The isolated date from Frederikshab Isblink is from a mixed shell
sample and before the result has been reproduced and confirmed, we
will not speculate further. The second cluster of dates range from 10,500
— 7,700 yrs. BP. There is a paucity of dated material from 7,400 to 6,000
yrs. BP that might relate to glacier expansion during the older Neo-
glacial. This may have eroded the HTM sediments and organic material.
However, the widespread absence of minerogenic sediment in threshold
lakes contradicts this possibility. There is a plateau with a few dates from



cI

Table 1
Glacially reworked material.
Latitude Longitude Area Location Material Lab no. Conventional 14C Uncertainty =~ Marine Whole range corrected for marine reservoir - unmodelled ~ Source
reservoir (cal yr BP)
14C age, yr age (AR) From To % n o Median
69,11667 —50,05000 West Jakobshavn Isfjord Marine bivalve UCIAMS- 3780+15 3780 15 0 3808 3640 95,4 3723 44 3720 Briner et al.,
Greenland site 70131 2013b
69,11667 —50,05000  West Jakobshavn Isfjord Marine bivalve UCIAMS- 4965+15 4965 15 0 5407 5261 95,4 5312 36 5302 Briner et al.,
Greenland site 70132 2013b
69,11667 —50,05000  West Jakobshavn Isfjord Marine bivalve UCIAMS- 4050+15 4050 15 0 4149 3980 95,4 4074 44 4078 Briner et al.,
Greenland site 70133 2013b
69,11667  —50,05000  West Jakobshavn Isfjord Marine bivalve UCIAMS- 4000+15 4000 15 0 4084 3922 95,4 4009 41 4010 Briner et al.,
Greenland site 70134 2013b
69,11667  —50,05000  West Jakobshavn Isfjord Marine bivalve UCIAMS- 4940+20 4940 20 0 5386 5209 95,4 5283 32 5283 Briner et al.,
Greenland site 70135 2013b
69,11667 —50,05000  West Jakobshavn Isfjord Marine bivalve UCIAMS- 5375+15 5375 15 0 5838 5661 95,4 5743 45 5736 Briner et al.,
Greenland site 70136 2013b
69,41667 —50,33333  West Paakitsoq Macoma calcarea Ua-4577 3300+65 3300 65 0 3324 2954 95,4 3135 95 3137 Weidick and
Greenland Bennike, 2007
69,41667 —50,33333 West Paakitsoq Mya truncata Ua-699 3420+105 3420 105 0 3547 3006 95,4 3278 134 3282 Weidick et al.,
Greenland 1990
69,41667  —50,33333  West Paakitsoq Mytilus edulis Ua-4576 3560+65 3560 65 0 3625 3307 95,4 3455 79 3453 Weidick and
Greenland Bennike, 2007
69,41667  —50,33333  West Paakitsoq Yoldia Ua-1085 4520+135 4520 135 0 5113 4346 95,4 4708 182 4706 Weidick et al.,
Greenland hyperborea 1990
69,41667  —50,33333  West Paakitsoq Rangifer K-4572 3040+60 3040 60 3380 3068 95,4 3235 85 3239 Weidick et al.,
Greenland tarandus 1990
69,41667  —50,33333  West Paakitsoq Wood 1-5418 285+100 285 100 514 95,4 308 136 333 Weidick, 1972
Greenland
69,10000 —50,03333 West Tissarissoq Mya truncata Ua-4581 3590+65 3590 65 0 3660 3336 95,4 3488 79 3487 Weidick and
Greenland Bennike, 2007
69,10000 —50,03333  West Tissarissoq Hiatella arctica Ua-4582 3940+65 3940 65 0 4127 3735 95,4 3932 94 3930 Weidick and
Greenland Bennike, 2007
69,10000 —50,03333 West Tissarissoq Mya truncata Ua-4580 3945+70 3945 70 0 4137 3729 95,4 3940 101 3938 Weidick and
Greenland Bennike, 2007
69,10000 —50,03333  West Tissarissoq Mya truncata Ua-4583 4075170 4075 70 0 4337 3909 95,4 4116 107 4115 Weidick and
Greenland Bennike, 2007
69,10000 —50,03333  West Tissarissoq Odobenus Ua-2350 4290+100 4290 100 0 4765 4127 95,4 4411 147 4410 Weidick, 1992
Greenland rosmarus tusk
69,10000 —50,03333 West Tissarissoq Mya truncata Ua-4579 5240+75 5240 75 0 5795 5438 95,4 5606 86 5604 Weidick and
Greenland Bennike, 2007
69,10000 —50,03333  West Tissarissoq Balanus sp. plate Ua-4578 5710+55 5710 55 0 6258 5979 95,4 6114 74 6119 Weidick and
Greenland Bennike, 2007
68,90000 —50,25000  West Alangordliup Mya truncata Ua-1087 2620+110 2620 110 0 2655 2040 95,4 2319 155 2311 Weidick et al.,
Greenland sermia 1990
68,90000 —50,25000 West Alangordliup Mya truncata Ua-4585 2935+60 2935 60 0 2845 2516 95,4 2702 78 2713 Weidick and
Greenland sermia Bennike, 2007
68,90000 —50,25000  West Alangordliup Balanus sp. Ua-1088 4000+115 4000 115 0 4349 3702 95,4 4020 161 4016 Weidick et al.,
Greenland sermia 1990
68,90000 —50,25000 West Alangordliup Mya truncata Ua-4584 4930+60 4930 60 0 5433 5054 95,4 5251 99 5262 Weidick and
Greenland sermia Bennike, 2007
68,93333  —50,28333  West Alangordliup Terrestrial 1-6484 270+85 270 85 505 95,4 298 132 320 Weidick, 1973
Greenland sermia macrofossil
67,26667 —50,26667 West Leverett Glacier Organic deposit Ua-786 3225+110 3225 110 3711 3170 95,4 3454 135 3454 Ostmark, 1988
Greenland
67,10000 —50,30000  West Leverett Glacier Wood fragment UtC-2536 0+50 0 50 260 25 95,4 117 77 91 van Tatenhove
Greenland et al., 1996

(continued on next page)
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Table 1 (continued)

Latitude Longitude Area Location Material Lab no. Conventional 14C Uncertainty =~ Marine Whole range corrected for marine reservoir - unmodelled ~ Source
reservoir (cal yr BP)
14C age, yr age (AR) From  To % m G Median
62,07000 —50,17000  West Leverett Glacier Gyttja Utc-2537 2010+ 80 2010 80 2296 1741 95,4 1981 104 1973 van Tatenhove
Greenland et al., 1996
67,28333 —50,26667 West Instinguata sermia Organic deposit Ua-616 2660+90 2660 90 2992 2489 95,4 2769 123 2783 Ostmark, 1988
Greenland
67,16667  —50,38333  West Russell Glacier Organic deposit St-10179 625+105 625 105 781 487 95,4 610 73 607 Ericson, 1987
Greenland
62,60000 —50,11667  West Frederikshabs Shell (mix) 1-7622 21710+400 21710 400 0 26416 24565 95,4 25568 442 25590 Weidick, 1975
Greenland Isblink
61,00000 —46,60000 South Qalerallit imaa Balanus balanus Ua-3471 3195+65 3195 65 0 3184 2820 95,4 2999 93 2997 Weidick et al.,
Greenland 2004
61,00000 —46,60000  South Qalerallit imaa Arctica islandica Ua-3469 3285160 3285 60 0 3305 2946 95,4 3115 89 3116 Weidick et al.,
Greenland 2004
61,00000 —46,60000 South Qalerallit imaa Cardium Ua-3470 4155495 4155 95 0 4491 3961 95,4 4224 134 4226 Weidick et al.,
Greenland ciliatum 2004
60,98333  —46,68333  South Qalerallit imaa Concretion Birm-454 4690+130 4690 130 5662 4977 95,4 5383 175 5403 Kelly, 1975
Greenland
61,03333  —46,48333  South Imaangujuuk Cliliato Ua-3472 5365185 5365 85 0 5910 5573 95,4 5739 93 5737 Weidick et al.,
Greenland cardiumciliatum 2004
61,96667  —48,75000  South Sioralik Shell fragments 1-9957 7005+120 7005 120 0 7716 7272 95,4 7501 108 7500 Weidick et al.,
Greenland 2004
60,98333  —47,00000  South Sermilik Shell fragments 1-9958 7045+120 7045 120 0 7765 7315 95,4 7537 109 7534 Weidick et al.,
Greenland 2004
60,98333  —47,00000  South Sermilik Arctica islandica Ua-3468 7550+65 7550 65 0 8159 7878 95,4 8016 71 8011 Weidick et al.,
Greenland 2004
61,05000 —47,70000  South Qipisagqu Shell fragments 1-9956 7880+125 7880 125 0 8608 8049 95,4 8345 138 8343 Weidick et al.,
Greenland 2004
61,03333  —46,68333  South Qalerallit imaa Mya truncata Birm-455 7980+150 7980 150 0 8897 8148 95,4 8478 183 8463 Kelly, 1975
Greenland
65,66667 —37,85000 Southeast Mittivakkat Polar bear D1 350+40 350 40 0 102 95,4 43 29 38 Knudsen et al.,
Greenland 2008a, 2008b
65,70000 -37,80000 Southeast Mittivakkat Reindeer 1D2 720+50 720 50 736 559 95,4 662 47 671 Knudsen et al.,
Greenland 2008a, 2008b
65,70000 —37,80000 Southeast Mittivakkat Terrestrial AAR- 1435+60 1435 60 1520 1265 95,4 1350 55 1341 Hasholt, 2000
Greenland macrofossil 5399
65,70000 —37,80000 Southeast Mittivakkat Terrestrial ID3 1548+36 1548 36 1530 1360 95,4 1451 48 1457 Knudsen et al.,
Greenland macrofossil 2008a, 2008b
65,70000  —37,80000  Southeast Mittivakkat Terrestrial D4 1513440 1513 40 1523 1320 95,4 1413 56 1400 Knudsen et al.,
Greenland macrofossil 2008a, 2008b
79,61333 —22,51500 Northeast 79 Fjord Pusa hispida AAR- 4590+45 4590 45 150 4790 4480 95,4 4622 81 4618 Bennike and
Greenland 3833 Weidick, 2001
81,45000 —11,41667  Northeast Flade isblink Shell (mix) Lu-1876 4180+60 4180 60 150 4231 3872 95,4 4050 91 4049 Hakansson,
Greenland 1982; Hjort
et al., 1998
81,16000 —13,14000  Northeast Kilen, Kronprins Shell (mix) Lu- 2570 8870+80 8870 80 150 9530 9184 95,4 9373 88 9383 Hjort, 1997
Greenland Christian Halvg
81,16000 —13,14000 Northeast Kilen, Kronprins Shell (mix) Lu- 2572 8890+80 8890 80 150 9545 9202 95,4 9394 86 9404 Hjort, 1997
Greenland Christian Halvg
81,16000 —13,14000 Northeast Kilen, Kronprins Terrestrial Lu-2571 270+50 270 50 479 95,4 327 104 341 Hjort, 1997
Greenland Christian Halvg macrofossil
81,16000 —13,14000  Northeast Kilen, Kronprins Shell (mix) Lu- 2605 7830+80 7830 80 150 8317 7974 95,4 8142 91 8141 Hjort, 1997
Greenland Christian Halvg
80,46667 -16,33333 Northeast Maégegletscher, Shell (mix) Lu-1875 5240+60 5240 60 150 5571 5310 95,4 5444 75 5449 Hékansson,
Greenland Holm Land at 1982; Hjort
Ingolf Fjord et al., 1998

(continued on next page)
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Table 1 (continued)
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Latitude Longitude Area Location Material Lab no. Conventional 14C Uncertainty =~ Marine Whole range corrected for marine reservoir - unmodelled  Source
reservoir (cal yr BP)
14C age, yr age (AR) From  To % p c Median
70,88700  22,24900 Northeast Istorvet ice cap Terrestrial 0OS- 1040+35 1040 35 1055 911 95,4 957 38 952 Lowell et al.,
Greenland macrofossil 59703 2008
70,88700 22,24900 Northeast Istorvet ice cap Terrestrial 0s- 1210435 1210 35 1261 1013 95,4 1139 55 1135 Lowell et al.,
Greenland macrofossil 64826 2008
70,88700 22,24900 Northeast Istorvet ice cap Terrestrial 0S- 1220425 1220 25 1255 1065 95,4 1147 51 1143 Lowell et al.,
Greenland macrofossil 64832 2008
70,88700  22,24900 Northeast Istorvet ice cap Terrestrial 0OS- 1590+25 1590 25 1540 1411 95,4 1472 39 1467 Lowell et al.,
Greenland macrofossil 59581 2008
72,13333 —23,63333 Northeast Jagerdalselv, S Shell (mix) Lu-528 9590+75 9590 75 150 10490 10150 95,4 10304 91 10296 Hakansson,
Greenland shore of Kong 1972
Oscar Fjord
72,60000 —26,38333 Northeast Rhedins Fjord Shell (mix) Lu-713 7310+85 7310 85 150 7810 7475 95,4 7637 83 7632 Hékansson,
Greenland 1974
71,75000 —24,50000 Northeast Roslin Gletscher, Terrestrial W-1378 14904250 1490 250 1989 926 95,4 1435 269 1425 Levin et al.,
Greenland Schuchert Dal, macrofossil 1965
Scoresby Sund
77,16667  —22,00000  Northeast Storstrgmmen Ab Ua-275 24930+275 24930 275 150 28955 27834 954 28407 289 28406 Weidick et al.,
Greenland 1996
77,16667 —22,00000 Northeast Storstrgmmen Mt Ua-4570 26665+300 26665 300 150 30931 29618 95,4 30311 351 30347 Weidick et al.,
Greenland 1996
77,16667  —22,00000  Northeast Storstrgmmen Ha Ua-4569 27905+370 27905 370 150 32142 30769 95,4 31347 336 31286 Weidick et al.,
Greenland 1996
77,16667  —22,00000  Northeast Storstrgmmen Ha Ua-3352 33250+815 33250 825 150 38927 35048 954 37010 1010 36948 Weidick et al.,
Greenland 1996
77,16667 —22,00000  Northeast Storstrgmmen Ha Ua-3351 >40000 >40000 150 Weidick et al.,
Greenland 1996
77,16667  —22,00000  Northeast Storstrgmmen Mt Ua-3346 >40000 >40000 150 Weidick et al.,
Greenland 1996
77,16667 —22,00000 Northeast Storstrgmmen Nt Ua-3345 >40000 >40000 150 Weidick et al.,
Greenland 1996
77,16667 —22,00000  Northeast Storstrgmmen Ha Ua-3344 >40000 >40000 150 Weidick et al.,
Greenland 1996
77,16667 —21,96667 Northeast Storstrgmmen Ha Ua-3348 1815455 1815 55 150 1327 1091 95,4 1218 56 1224 Weidick et al.,
Greenland 1996
77,08500 —21,92000 Northeast Storstrgmmen HaMt K-6097 3230+85 3230 85 150 3090 2702 95,4 2875 100 2865 Weidick et al.,
Greenland 1996
77,16333 —21,97833 Northeast Storstrgmmen Balaenoptera K-6096 3630+90 3630 920 150 3585 3130 95,4 3356 114 3358 Weidick et al.,
Greenland 1996
77,16667 —21,96667 Northeast Storstrgmmen Ha Ua-3349 3725+60 3725 60 150 3620 3334 95,4 3471 73 3469 Weidick et al.,
Greenland 1996
77,16667  —21,91667  Northeast Storstrgmmen Ha Ua-3350 4180+60 4180 60 150 4231 3872 95,4 4050 91 4049 Weidick et al.,
Greenland 1996
77,18333  —21,95000  Northeast Storstrgmmen Mt K-5493 4840+90 4840 90 150 5244 4714 95,4 4953 129 4941 Weidick et al.,
Greenland 1996
77,18333 —21,95000 Northeast Storstrgmmen Mt K-5494 4910485 4910 85 150 5264 4830 95,4 5038 122 5029 Weidick et al.,
Greenland 1996
77,16667  —22,00000  Northeast Storstrgmmen Ha Ua-3347 5030+75 5030 75 150 5410 4959 95,4 5173 112 5178 Weidick et al.,
Greenland 1996
77,16500 —21,97833 Northeast Storstrgmmen MtHa K-6098 5180+95 5180 95 150 5588 5116 95,4 5377 116 5382 Weidick et al.,
Greenland 1996
81,39000 —17,08000  Northeast Flade isblink Astarte borealis AAR- 3379 + 34 3379 34 150 3158 2927 95,4 3042 60 3041 Larsen et al.,
Greenland (Marsk Stig Brae) 26365 2019
81,39000 —17,08000  Northeast Flade isblink Astarte borealis AAR- 4317 + 39 4317 39 150 4388 4123 95,4 4247 69 4247 Larsen et al.,
Greenland (Marsk Stig Bree) 26366 2019

(continued on next page)
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Table 1 (continued)

Latitude Longitude Area Location Material Lab no. Conventional 14C Uncertainty =~ Marine Whole range corrected for marine reservoir - unmodelled ~ Source
reservoir (cal yr BP)
¢ age, yr age (AR) From To % M c Median

81,39000 —17,08000 Northeast Flade isblink Astarte borealis AAR- 5180 + 29 5180 29 150 5456 5300 95,4 5378 45 5377 Larsen et al.,
Greenland (Marsk Stig Brae) 26367 2019

81,39000 —17,08000  Northeast Flade isblink Astarte borealis AAR- 4619 + 28 4619 28 150 4785 4546 95,4 4663 64 4661 Larsen et al.,
Greenland (Marsk Stig Brae) 26368 2019

81,39000 —17,08000  Northeast Flade isblink Astarte borealis AAR- 4617 + 34 4617 34 150 4786 4534 95,4 4659 69 4658 Larsen et al.,
Greenland (Marsk Stig Bree) 26369 2019

81,39000 —17,08000 Northeast Flade isblink Astarte borealis AAR- 4732 + 33 4732 33 150 4880 4680 95,4 4794 48 4805 Larsen et al.,
Greenland (Marsk Stig Brae) 26370 2019

81,39000 —17,08000 Northeast Flade isblink Astarte borealis AAR- 5155 + 29 5155 29 150 5441 5286 95,4 5362 44 5361 Larsen et al.,
Greenland (Marsk Stig Brae) 26371 2019

81,39000 —17,08000 Northeast Flade isblink Astarte borealis AAR- 3791 + 27 3791 27 150 3627 3451 95,4 3540 45 3541 Larsen et al.,
Greenland (Marsk Stig Brae) 26372 2019

81,39000 —17,08000  Northeast Flade isblink Astarte borealis AAR- 4495 + 27 4495 27 150 4565 4400 95,4 4476 43 4474 Larsen et al.,
Greenland (Marsk Stig Brae) 26373 2019

81,39000 —17,08000  Northeast Flade isblink Astarte borealis AAR- 3824 + 29 3824 29 150 3679 3484 95,4 3584 48 3584 Larsen et al.,
Greenland (Marsk Stig Bree) 26374 2019

81,55000 —16,06000 Northeast Flade isblink Hiatella arctica AAR- 52383 + 52383 1128 150 55092 50361 95,4 52637 1197 52549 Larsen et al.,
Greenland 26375 1128 2019

81,55000 —16,06000  Northeast Flade isblink Astarte borealis AAR- 45198 +502 45198 502 150 49323 46724 95,4 47997 657 47977 Larsen et al.,
Greenland 26377 2019

81,55000 —16,06000 Northeast Flade isblink Astarte borealis AAR- 4252 + 30 4252 30 150 4275 4047 95,4 4152 56 4152 Larsen et al.,
Greenland 26378 2019

81,55000 —16,06000 Northeast Flade isblink Astarte borealis AAR- 47737 + 701 4773 701 150 6599 3194 95,4 4876 858 4862 Larsen et al.,
Greenland 26379 2019

81,55000 —16,06000  Northeast Flade isblink Astarte borealis AAR- 50326 + 50326 1045 150 52793 48442 954 50542 1099 50468 Larsen et al.,
Greenland 26380 1045 2019

81,55000 —16,06000 Northeast Flade isblink Astarte borealis AAR- 4867 + 29 4867 29 150 5036 4845 95,4 4941 54 4938 Larsen et al.,
Greenland 26381 2019

81,55000 —16,06000  Northeast Flade isblink Astarte borealis AAR- 8329 + 37 8329 37 150 8841 8545 95,4 8673 72 8665 Larsen et al.,
Greenland 26382 2019

81,55000 —16,06000 Northeast Flade isblink Astarte borealis AAR- 4858 + 35 4858 35 150 5037 4835 95,4 4934 57 4930 Larsen et al.,
Greenland 26383 2019

81,55000 —16,06000  Northeast Flade isblink Astarte borealis AAR- 39792 + 344 39792 344 150 43637 42503 95,4 43044 281 43023 Larsen et al.,
Greenland 26384 2019

81,55000 —16,06000  Northeast Flade isblink Astarte borealis AAR- 45203 + 515 45203 515 150 49357 46711 95,4 48005 669 47985 Larsen et al.,
Greenland 26385 2019

82,35000 —40,85000 Northwest Adams Gletscher Terrestrial 1-9130 <200 200 Weidick, 1977
Greenland macrofossil

76,68333 —68,26667 Northwest Chamberlin Hiatella arctica 1-9801 280+80 280 80 0 190 95,4 63 51 50 Weidick, 1978
Greenland Gletscher

76,68333 —68,26667 Northwest Chamberlin Shell (mix) 1-9800 2650+105 2650 105 0 2675 2099 95,4 2362 150 2355 Weidick, 1978
Greenland Gletscher

74,13531  —56,33757  Northwest Cornell Gletscher Shell (mix) HAR- 1770+70 1770 70 0 1486 1184 95,4 1328 73 1323 Kelly, 1980
Greenland 2945

75,97009  —59,97528  Northwest Dgcker Smith Shell (mix) HAR- 7910490 7910 90 0 8559 8177 95,4 8374 97 8373 Kelly, 1980
Greenland Gletscher 2950

76,58333  —68,13333  Northwest Harald Moltke Brae,  Shell (mix) HAR- 7050480 7050 80 0 7677 7405 95,4 7536 70 7534 Kelly, 1980
Greenland Wolstenholme 2955

Fjord

79,90833 —64,03667 Northwest Humboldt Hiatella arctica AAR- 1245445 1245 45 150 735 555 95,4 654 42 656 Bennike, 2002
Greenland Gletscher 6677

79,92333  —63,97333  Northwest Humboldt Hiatella arctica AAR- 1355+40 1355 40 150 857 664 95,4 750 49 745 Bennike, 2002
Greenland Gletscher 5764

(continued on next page)
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Table 1 (continued)

Latitude Longitude Area Location Material Lab no. Conventional 14C Uncertainty =~ Marine Whole range corrected for marine reservoir - unmodelled ~ Source
reservoir (cal yr BP)
¢ age, yr age (AR) From To % M c Median

76,02333 —61,33672 Northwest Mohn Gletscher Shell (mix) HAR- 2510+80 2510 80 0 2345 1959 95,4 2170 101 2174 Kelly, 1980
Greenland 2947

77,89996  —70,28429  Northwest Morris Jesup Shell (mix) 1-9802 650+80 650 80 0 469 91 95,4 288 97 295 Weidick, 1978
Greenland Gletscher

76,91667 —66,93333 Northwest North Ice Cap Terrestrial W-532 <200 200 0 Goldthwait,
Greenland macrofossil 1961

76,91667 —66,93333 Northwest North Ice Cap Terrestrial W-537 520+200 520 200 0 908 95,3 503 191 519 Goldthwait,
Greenland macrofossil 1960

73,38484  —55,15975  Northwest Nunatakavsaup Shell (mix) HAR- 3400+80 3400 80 0 3456 3042 95,4 3257 103 3262 Kelly, 1980
Greenland sermia 2943

77,07721 —68,25261 Northwest Nunatarssuaq peat W408 4760200 4760 200 0 5917 4892 95,4 5453 254 5468 Goldthwait,
Greenland 1960

77,07721 —68,25261 Northwest Nunatarssuaq peat W532 <200 200 0 Goldthwait,
Greenland 1960

73,44578  —55,26415  Northwest Qaneq Shell (mix) HAR- 2880+80 2880 80 0 2806 2385 95,4 2616 106 2628 Kelly, 1980
Greenland 2952

75,89774 —59,74048 Northwest Rink Gletscher Shell (mix) HAR- 1790+90 1790 90 0 1539 1170 95,4 1352 94 1346 Kelly, 1980
Greenland 3572

76,03333  —65,53333  Northwest Sermipaluk glacier,  Shell (mix) HAR- 1130+70 1130 70 0 836 547 95,4 693 68 688 Kelly, 1980
Greenland Melville Bugt 2946

72,72000 —54,24000 Northwest Upernavik Isstrgm Shell (mix) HAR- 660480 660 80 0 476 111 95,4 301 95 308 Kelly, 1980
Greenland 2944

73,84633  —55,64448  Northwest Ussing Brae Shell (mix) HAR- 2980+80 2980 80 0 2955 2525 95,4 2758 98 2760 Kelly, 1980
Greenland 2942

72,97598 —54,53305 Northwest Upernavik Isfjord, Marine bivalve 0S- 3810+30 3810 30 0 3854 3650 95,4 3756 51 3757 Briner et al.,
Greenland site11GRO-9 92693 2013b

72,97598 —54,53305 Northwest Upernavik Isfjord, Marine bivalve 0S- 2050+£25 2050 25 0 1697 1538 95,4 1619 43 1618 Briner et al.,
Greenland site11GRO-9 92694 2013b

72,97598 —54,53305 Northwest Upernavik Isfjord, Marine bivalve 0S- 915+25 915 25 0 592 474 95,4 521 24 518 Briner et al.,
Greenland site11GRO-9 92695 2013b

72,97598 —54,53305 Northwest Upernavik Isfjord, Marine bivalve 0S- 3990+25 3990 25 0 4085 3892 95,4 3995 50 3996 Briner et al.,
Greenland site11GRO-9 92696 2013b

72,97598 —54,53305 Northwest Upernavik Isfjord, Marine bivalve 0S- 4230+25 4230 25 0 4412 4237 95,4 4331 48 4335 Briner et al.,
Greenland site11GRO-9 92697 2013b

72,97598 —54,53305 Northwest Upernavik Isfjord, Marine bivalve 0S- 4770425 4770 25 0 5195 4910 95,4 5028 68 5019 Briner et al.,
Greenland site11GRO-9 92698 2013b

72,82562 —54,53305 Northwest Upernavik Isfjord, Marine bivalve 0S- 920425 920 25 0 598 479 95,4 525 26 521 Briner et al.,
Greenland site11GRO-1 92343 2013b

72,82562  -54,53305 Northwest Upernavik Isfjord, Marine bivalve 0OS- 7180+30 7180 30 0 7715 7571 95,4 7640 35 7639 Briner et al.,
Greenland site11GRO-1 92344 2013b

72,82562 —54,53305 Northwest Upernavik Isfjord, Marine bivalve 0S- 4060+25 4060 25 0 4200 3979 95,4 4089 53 4092 Briner et al.,
Greenland site11GRO-1 92345 2013b

72,82562  —54,53305  Northwest Upernavik Isfjord, Marine bivalve 0OS- 5000+30 5000 30 0 5440 5281 95,4 5358 45 5357 Briner et al.,
Greenland site11GRO-1 92346 2013b

72,82562 —54,53305 Northwest Upernavik Isfjord, Marine bivalve 0S- 2070420 2070 20 0 1712 1556 95,4 1640 40 1641 Briner et al.,
Greenland site11GRO-1 92347 2013b

72,73068 —56,91260 Northwest Melville Bugt, Marine bivalve 0S- 8460+40 8460 40 0 9216 8976 95,4 9078 62 9069 Briner et al.,
Greenland Whale Bone site 99348 2013b

72,73068  —56,91260  Northwest Melville Bugt, Marine bivalve 0S- 8590+30 8590 30 0 9366 9123 95,4 9243 62 9246 Briner et al.,
Greenland Whale Bone site 99349 2013b

72,73068 —56,91260 Northwest Melville Bugt, Marine bivalve 0S- 3810+25 3810 25 0 3849 3665 95,4 3756 47 3757 Briner et al.,
Greenland Whale Bone site 99351 2013b

(continued on next page)
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Table 1 (continued)

Source

Whole range corrected for marine reservoir - unmodelled

(cal yr BP)
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Uncertainty
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Lab no.
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Fig. 7. Distribution of dated reworked material collected in LIA sediments and
landforms. See Table 1 for detailed sample information. N=133.

2,700 to 1,700 yrs. BP, which may also represent a low probability in-
terval associated with glacier expansion (Fig. 10). After the MWP, we
find two periods with little reworked organic material during 1,050 —
750 yrs. BP (900 — 1200 CE) and 500 — 125 yrs. BP (1450 — 1825 CE),
which matches the younger Neoglacial with two overall periods of
glacier expansion during the LIA even though this cannot be resolved
further given the restricted quantity of dates.

4.1.3. Threshold lakes

Threshold lakes only receive meltwater and glaciogenic sediments
(inorganic, minerogenic) during periods in which glacier ice is within
the lake catchment, whereas non-glacial organic-rich sediments (gyttja)
are deposited during intervals with no glacial ice extent in the catchment
(e.g., Briner et al., 2010). The sedimentary records from lakes with
catchments known to be sensitive to glacier proximity can provide in-
formation on past ice marginal fluctuations.

In general, the GrIS began to grow again after the HTM until it
reached a maximum dimension during the LIA (Funder et al., 2011).
This is reflected in threshold lake sediments by a succession of organic-
rich gyttja below a unit of clastic sediments representing the advancing
glacier during the LIA. In addition, some threshold lakes also record a
return to organic sedimentation above the clastic sediments as the
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Fig. 8. (A) Recent deglaciated forefield at cold-based margin of the Humboldt glacier, Northwest Greenland, 2017. (B) Radiocarbon dates from fifteen whole or
fragmented shells (Mya arenaria, Hiatella arctica and Astarte sp.) exposed in the forefield. Red circle: person for scale.

glacier retreated after the LIA (e.g., Kaplan et al., 2002). However,
depending on the distance between the lake and its threshold, the record
in different lakes will have different local representations of these
phases.

We synthesized most of the published threshold lake records that
include a LIA sequence (n=48) (Fig. 11), thereby refining and expanding
previous reviews of larger spatial and Holocene-scale patterns of change
(McKay and Kaufman, 2014; Sundqvist et al., 2014; Briner et al., 2016).
It is worth mentioning that the threshold lake records that we chose not
to include here due to their unconstrained LIA signal have been instru-
mental in constraining local glacial history during this period when
supported by other types of records such as °Be exposure dating of
boulders, and '#C dating of reworked marine mollusks and subfossil
plants (e.g., Bennike and Sparrenbom, 2007; Briner et al., 2013a, 2013b;
Kelley et al., 2012; Larsen et al., 2015; Levy et al., 2017; Larsen et al.,
2019; Sgndergaard et al., 2019). Moreover a few of the selected
threshold records have been chronologically improved for this study.
These are marked as unpublished. We selected ages closest to the tran-
sition to minerogenic sediment. For the majority of the records, these
ages represent a maximum limiting age for the glacial onset, as typically
most datable materials are found within the underlying organic layer
(Table 2). At Primary Lake, Northwest Greenland, for instance, both
bulk sediment and terrestrial macrofossils taken within <2 cm of the
gyttja/minerogenic interface from replicate cores, yielded ages with 80
years difference i.e., 690 yrs. BP (1260 + 30 CE) and 610 yrs. BP (1340
+ 50 CE), respectively (Briner et al., 2013a). The age model by
Hakansson et al. (2014), which considers different sedimentation rates
based on lithostratigraphic units provides a LIA advance age of 240 yrs.
BP contrary to 590 yrs. BP, yielding a ~350 yrs. difference for 2 - 4 cm
sediment depth distance. This type of systematic dating bias may cause
overall increasingly older ages for the advance at higher latitudes as
organic material accumulation and the sedimentation rate generally
decrease with latitude. Lakes with no age constraint on the minerogenic
layers (>15 cm offset from transition) were excluded from the analysis
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(n=6), except for modelled ages from two sites in East Greenland
(Round Lake and Emerald Lake; Lowell et al., 2013; Lusas et al., 2017).
These were included as references for the distribution compilation only
due to the paucity of suitable sites from that region (Fig. 11). Where the
surveyed lakes recorded a LIA advance that was unconstrained within a
continuous minerogenic layer following an older Neoglacial advance
(<2000 yrs. BP), the age for the earliest advance was selected.

Approximately half of the dated materials at the organic-
minerogenic transition (22 of 42) were not terrestrial macrofossils but
rather humic acids, bulk sediment organic carbon or aquatic macrofos-
sils (e.g., moss, Daphnia ephippia). These materials generally yield
coherent ages in their respective contexts (i.e., stratigraphic order) for
the lakes included here. These chronologies may integrate an overall
older signal due to incorporation of older carbon from reworked organic
material, e.g., reservoir effects (e.g., aquatic moss Drepanocladus exan-
nulatus; Olsen et al., 2012b) and methane-oxidizing bacteria consumed
by invertebrates incorporated in the sample (Schilder et al., 2015).
However, this bias is on a centennial to sub-centennial scale and not
significant here given the relatively low temporal resolution of the age-
depth models. All radiocarbon age estimates were calibrated to years
before present using the IntCall3 calibration dataset (Reimer et al.,
2013). Though most of the published literature on threshold lakes in
Greenland synthesized here report age estimates using mean values, we
found that these yields -50 to +28-year offsets compared to median
values. We therefore used the latter as a more accurate presentation of
the 14C probability distributions. Where provided by the authors, we
tested the effect of including glacier advance age estimates based on
their model rather than that of the closest measurement.

As expected, we found that generally younger ages were modelled by
as much as 400 years (e.g., Kaplan et al., 2002; Larsen et al., 2011, 2015,
2016, 2017; Levy et al., 2017). Using age estimates from context-specific
and reliable models built consistently across the dataset would likely
improve the accuracy of these estimates. However, the error associated
with these models, which is larger where no measurements are
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Fig. 9. Reworked organic material. We used organic material (peat, gyttja, wood, plant microfossils), bone (reindeer antlers, polar bear skulls) and predominatly
shells (molluscs and mollusc fragments). Holocene distribution of median values of the 95.4% calibrated radiocarbon age probability distributions (error=upper and
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Fig. 10. Normalized sum probability densities of calibrated radiocarbon age from reworked material. N=132.

available, would not necessarily yield more accurate or precise estimates Our synthesis of the threshold lakes dataset (n=42; 7 — 815 m.a.s.L;
over the most recent ~500 years than those of the probability distri- 61.0 — 73.0°N; 22.3 — 54.8°W) suggests a distinct period between 960 —
butions of the calibrated radiocarbon age determinations used here. 380 yrs. BP, characterized by accelerated and widespread Late
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Fig. 11. Distribution of dated threshold lakes. (A) lakes in GrIS catchment. (B) lakes in peripheral glacier catchment. (C) lakes catchment type. See Table 2.

Neoglacial advance of the GrIS or local glaciers and ice caps. This was
followed by sustained minerogenic glacial inputs to the lakes until the
20th century, ~50 yrs. BP (Fig. 11). Based on the summed probability
densities of the radiocarbon ages closest to the transition, this period
could extend to as early as 1150 yrs. BP, while the most synchronous
glacial advances for all regions combined occurred between 740 and 480
yrs. BP (Fig. 12). Approximately half (n=22) of the threshold lakes
surveyed record the largest Late Holocene extent during the LIA.
(Fig. 12) In these records, the first glacier advance occurred from 1,150
yrs. BP and was followed by sustained meltwater inputs to lakes until the
20th century (~50 yrs BP) or present, as observed from aerial photo-
graphs and satellite imagery in all regions surveyed. A slightly earlier
onset of glacier advance was recorded at ‘Ymer lake’ in Southeast
Greenland (omitted from this re-analysis) at a median age estimate of
1,279 yrs. BP (van der Bilt et al., 2018), similar to other sites in the
Southeast (Fig. 13). A number of lakes, however (n=10i.e., Sports Lake,
Lake Lucy, Sikuiui Lake, Frederikshéb, IS5, 1S21, Loon Lake, Kulusuk,
Saqqap Tasersua and Pauiaivik Lake; Table 2) record more variable
conditions than described above over the Late Holocene. At these lakes,
multiple advances indicating glacier fluctuations during both the older
Neoglacial and LIA occurred within the threshold level. The remaining
lakes (n=9) record an older Neoglacial advance with no distinct LIA
signal within the minerogenic layer. Only two lakes (Stores¢g and Run-
desg) in Southwest Greenland capture older or potentially older, organic
sequences that may indicate a larger Neoglacial compared to the LIA
threshold scenario (Larsen et al., 2016). However, poor age constraints
at these sites preclude establishing the timing of an older Neoglacial
onset. Furthermore, these lakes receive meltwater input during glacier
fluctuations that were related to local climate and/or topography in-
dependent of regional ice sheet fluctuations (Larsen et al., 2016).

4.1.4. In situ plant remain chronology

Dating of formerly ice-entombed in situ moss is another approach to
determine the pattern and timing of the LIA advance phase and ice build-
up. Studies from West and East Greenland sampled cold-based sectors of
polythermal ice caps or passive sectors of the GrIS (Lowell et al., 2013;
Schweinsberg et al., 2017, 2018). Ages of subfossil plants at the Istorvet
Ice Cap, East Greenland were initially interpreted as a time interval with
ice-free conditions and smaller than present ice extent. Accordingly, ice
cap extents were inferred to be smaller than present until about 1,845
yrs. BP (1025 CE) (Lowell et al., 2013). This interpretation was subse-
quently debated by Miller et al. (2013), who revaluated the data filtered
through a different sampling protocol (Miller et al., 2012). These moss

20

ages are now interpreted as past episodes of snowline lowering that led
to ice cap expansion, with the youngest age representing the final kill
date of plants before burial. In the case of Istorvet Ice Cap, this implies
that sometime after 1,150 yrs. BP (800 CE) the snowline was lowered
and persistent snow or ice cover occurred by 1,050 — 950 yrs. BP (900 —
1000 CE), with the independent ice cap finally reaching its Neoglacial
maximum by 825 yrs. BP (1125 CE) (Fig. 14) (Miller et al., 2013).

Using the same line of interpretation, age clusters from Nuussauaq
and Sukkertoppen, West Greenland showed six groups of ages (i.e.,
4,700 - 4,100; 3,700 - 3,600; 2,900 - 2,500; 1,800; 1,500 1,000; 800 —
200 yrs. BP) across a large elevation range implying events of wide-
spread snowline lowering and ice expansion (Fig. 13A-B). However, the
West Greenland records do not match entirely between individual sites
throughout the last 5000 years. Simultaneous events are seen at the
beginning of the older Neoglacial, 4,300 — 3,700 BP, then a stepwise
growth beginning c. 1,900 — 1,000 yrs. BP (c. 50-950 CE) and lastly
within the younger Neoglacial from 800 — 200 yrs. BP (1150 -1750 CE)
reflecting the classic LIA period (Schweinsberg et al., 2017, 2018). In
Northwest Greenland, Sgndergaard et al. (2019) finds moss kill dates for
a local ice cap indicating it was smaller than present for a period before
3300 =+ 100 yrs. BP (1350 + 100 BCE) until 900 + 100 yrs BP (1050 +
100 CE). This age distribution within the Neoglacial could signal mul-
tiple advance and retreat phases during the LIA period. By including the
East Greenland record spanning the last two millennia, we identify
events around 100 yrs. BP (950 CE) and > 400 yrs. BP (>1250 CE)
(Miller et al., 2013; Lowell et al., 2013) (Fig. 14), while Miller et al.
(2013) concluded that maximum LIA advance occurred after 280 yrs. BP
(1670 CE).

4.2. Culmination phase at the LIA maxima

4.2.1. 1%Be Surface exposure dating

Surface exposure dating (°Be dating) is a well-established method
for providing an age of deglaciation at terminal moraines. It is a measure
of the exposure of cosmic rays and accumulation of '°Be isotopes in
quartz minerals since the ice cover melted away. There are still rela-
tively few studies using !°Be dating of LIA moraines. Two studies
concern LIA moraines related to the GrIS (Reusche et al., 2018; Levy
et al., 2018) whereas four studies concern LIA moraines adjacent to local
glaciers and ice caps (Kelly et al., 2008; Winsor et al., 2014; Young et al.,
2015; Jomelli et al., 2016).

At two major outlet glaciers in Northwest Greenland '°Be ages
adjacent to Petermann Glacier and Humboldt Glacier reveal moraine
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Table 2
Synthesis of threshold lakes used in this study (n=48), of which 35 were included in analyses. Only lakes with minerogenic sediment suggesting glacial advance within their catchment in the last ~6000 years are included.
Lake Lat Long Elevation Ice body ReCal: LIA ReCal: LIA (4) ReCal: LIA(-) Error LIA age LIA Material for LIA age Reference
(m asl) advance Error on LIA age on LIA age 95% labcode constraint
(median cal 95% (cal ka yrs BP) (cal ka yrs BP) -
yrs BP) - earlier/anterior later/posterior
Iceboom Lake (IL) 69,239541  —49,99934 180 GrlIS 0,379 0,086 0,064 CURL- 14C age Aquatic macrofossils Briner et al., 2010
10083
South Oval Lake 69,31029 —50,173695 290 GrlIS 0,386 0,068 0,078 CURL- 14C age Aquatic macrofossils Briner et al., 2010
(SOL) 10084
Merganser Lake 69,115599 —50,071559 76 GrlIS 0,921 0,014 0,119 CURL- 14C age Terrestrial macros Briner et al., 2010
(ML) 11369
Loon Lake (LL) 69,057269  —49,92332 277 GrIS 0,604 0,047 0,067 AAR-24722 14C age Bulk (OC?) Briner et al., 2010
Goose Lake (GL) 69,06127 —49,901515 275 GrIS 2,221 0,11 0,063 CURL- 14C age Aquatic macrofossils Briner et al., 2010
10098
Raven Lake (RL) 69,06844 —49,889778 260 GrIS 0,708 0,024 0,023 CURL- 14C age Humic acids Briner et al., 2010
11391
Eqaluit taserssuat 68,983858 —50,130859 11 GrIS 5,745 0,14 0,084 CURL- 14C age Humic acids Briner et al., 2010
(Et) 11384
Kuussuup Tasia 68,732831  —50,672676 136 GrIS 0,964 0,089 0,038 08-85023 14C age Bulk sediment Kelley et al., 2012
(KT)
Sdr. Strgmfjord 66,99 —50,06 NA GrlS 0,388 0,132 0,388 UW-180 14C age Conventional - Organic Ten Brink, 1973;
detritus deposit van Tatenhove
et al., 1996
Sports Lake 67,132 —50,094 450 GrlS 0,917 0,043 0,118 0S-106736 14C age Bulk sediment Young and Briner,
2015
Lake Lucy 67,151 -50,123 380 GrIS 1,403 0,12 0,062 0S-93081 14C age Bulk sediment Young and Briner,
2015
Primary Lake 73,03422 —54,7883 280 GrlS 0,6 0,061 0,049 0S-92468 14C age Terrestrial macro Briner et al., 2013a
(11PRM)
Secondary Lake 73,0054 —54,7289 167 GrlIS 1,023 0,15 0,06 08-92441 14C age Bulk OC Briner et al., 2013a
(11SND)
Lake Lo 69,4667 —-50,2833 187 GrIS 0,6 0,064 0,065 LuS 9629 14C age Terrestrial macro Hékansson et al.,
(Sphagnum sp) 2014
Lake 187 69,4667 —50,2833 187 GrIS 0,574 0,077 0,065 LuS 9288 14C age Terrestrial macro (Peat) Hakansson et al.,
2014
Newspaper Lake 70,19649 —50,4408 326 GrlS 0,601 0,061 0,055 08-99860 14C age Aquatic macrofossils Cronauer et al.,
(Drepanocladus, 2015
Lepidurus arcticus)
Sikuiui Lake 70,21 -51,11 604 PGIC 0,797 0,108 0,061 0S-106899 14C age Terrestrial macro Schweinsberg et al.,
2017
Marble Lake 71,08155 —50,90318 714 GrlIS 2,643 0,119 0,153 0S-107408 14C age Aquatic macrofossils Philipps et al., 2018
Erratic Lake 71,06972 —50,8669 701 GrlIS 1,341 0,061 0,045 0S-107409 14C age Aquatic macrofossils Philipps et al., 2018
Kan0O1 64,004685 —49,609106 590 GrIS 0,285 0,138 0,285 LuS8812 14C age Terrestrial macro Larsen et al., 2015
Lake 09370 62,853007 —49,557048 815 GrIS 0,729 0,171 0,063 UBA-17728 14C age Bulk Larsen et al., 2015
Frederikshéb 62,620646 -50,135301 30 GrlIS 0,509 0,112 0,177 LuS9007 14C age Terrestrial macro Larsen et al., 2015
Isblink (FI)
1S5 65,2887 —50,241 561 GrIS 0,861 0,074 0,065 AAR-23019 14C age MM 1/4 mixed (aquatic Levy et al., 2017
and terrestrial)
macrofossils.
Badesg 64,13 —-51,36 34 PGIC, 3,843 0,115 0,123 AAR23024 14C age Terrestrial macrofossil Larsen et al., 2017
Kobbefjord
Langesg 64,13 —51,33 38 PGIC, 4,26 0,146 0,107 AAR25706 14C age Bulk (Humic acids) Larsen et al., 2017
Kobbefjord
Lake IS21 64,17 —51,34 674 PGIC, 0,672 0,029 0,105 AAR25711 14C age Bulk (Humic acids) Larsen et al., 2017
Qasigiannguit
ice cap

(continued on next page)
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Table 2 (continued)

Lake Lat Long Elevation Ice body ReCal: LIA ReCal: LIA (+) ReCal: LIA(-) Error LIA age LIA Material for LIA age Reference
(m asl) advance Error on LIA age on LIA age 95% labcode constraint
(median cal 95% (calkayrs BP)  (cal ka yrs BP) -
yrs BP) - earlier/anterior later/posterior
Qipisarqo Lake 61,011389 —47,571102 7 GrIS 0,384 0,09 0,096 CURL-3036 14C age Corr. humic acids Kaplan et al., 2002
QD corrected
(-230 yrs)
Akuliarusseq (Aku) 61,302467 —46,006667 NA GrlIS 0,382 0,054 0,095 AAR17494 14C age Terrestrial macrofossil Larsen et al., 2016
Kangerdluatsiaup 60,977024 —46,730248 100 GrlS 0,14 0,14 0,14 UBA-19957 14C age Terrestrial macrofossil Larsen et al., 2016
tasia
Sermilik 60,977734 —47,0594 100 GrlIS 0,493 0,04 0,162 AAR17498 14C age Terrestrial macrofossil Larsen et al., 2016
Kingigtoq 61,8248 —48,638567 550 GrIS 0,543 0,088 0,027 AAR17500 14C age Terrestrial macrofossil Larsen et al., 2016
Lower Nordbosg 61,344208 —45,366595 600 GrlIS 0,119 0,154 0,109 LuS8706 Model Terrestrial macrofossil Larsen et al., 2011
(LN) (Betula nana leafs and
seed, Vaccinium leafs)
Torqulertivit Imiat 65,70807 —38,193784 89 GrlS 6,338 0,061 0,049 AAR-16535 14C age Terrestrial macrofossil Larsen et al., 2015
(TD
Kulusuk Lake 65,56 -37,11 202 PGIC, Kulusuk 1,238 0,047 0,057 0S-96454 14C age Daphnia ephippia Balascio et al., 2015
glaciers
Smaragd 65,692589 —37,904112 90 PGIC 0,69 0,038 0,019 UBA-17305 14C age Humic acids Larsen et al.,
submitted
Helheim 297 66,44 —38,27 297 GrlIS 1,553 0,063 0,13 AAR-17501 14C age Terrestrial macrofossil Bjork et al., 2018a,
2018b
Helheim 303 66,44 —38,25 303 GrIS 0,65 0,025 0,088 UBA-19097 14C age Terrestrial macrofossil Bjork et al., 2018a,
2018b
Helheim 309 66,44 —38,25 309 GrlS 0,185 0,1 0,185 AAR-18941 14C age Terrestrial macrofossil Bjork et al., 2018a,
2018b
Gletscherlukket 63,176472 —41,48997 60 PGIC 0,528 0,127 0,197 Ua-52927 14C age LIA Larsen et al.,
XC1423 submitted
Gletscherlukket 63,179234 —41,488952 40 PGIC 0,181 0,109 0,181 Ua-52929 14C age LIA Larsen et al.,
XC1424 submitted
Two Move Lake 70,906815 —25,587194 696 PGIC, Bregne ice 1,457 0,067 0,084 0S-98646 14C age Aquatic plant Levy et al., 2014
(TML) cap
Bone Lake 70,89 —22,27 422 PGIC, Istorvet 0,79 0,122 0,064 0S-86722 14C age Aquatic moss Lowell et al., 2013;
ice cap Lusas et al., 2017
Round Lake 70,89 —22,27 420 PGIC, Istorvet 0,8 0,09 0,09 Model Lowell et al., 2013;
ice cap Lusas et al., 2017
Emerald Lake 70,884 —22,276 419 PGIC, Istorvet 0,8 0,37 0,37 Model Lowell et al., 2013;

ice cap

Lusas et al., 2017
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Fig. 12. Holocene distribution of median values of the 95 calibrated (2 o) radiocarbon age probability distributions (error=upper and lower boundary) constraining
the onset of sustained glacier influence in Greenland threshold lakes until ~20th century — present (OxCal v4.3.2 Bronk Ramsey, 2015).

abandonment at 250 yrs. BP (1700 CE) (Reusche et al., 2018). The 10ge
ages from Petermann Glacier record a bimodal distribution with a
Neoglacial build-up phase at 2800 + 300 yrs. and moraine abandon-
ment 300 + 260 yrs. whereas there is a more uniform cluster of ages at
Humboldt Glacier that suggests abandonment 260 + 160 yrs. (Reusche
et al., 2018). At Uigordleq Lake valley in West Greenland, three mo-
raines have been dated outside a small valley glacier (Young et al.,
2015). The mean °Be ages of nested moraines date to 1040 + 190 yrs.
BP (910 + 190 CE) (distal, n = 3), 1160 =+ 270 yrs. BP (790 + 270 CE)
(intermediate, n = 3), and 820 + 40 yrs. BP (1130 + 40 CE) (proximal, n
= 3). A number of moraines have also been dated in front of Lyng-
marksbraeen glacier, West Greenland (Jomelli et al., 2016). The outer-
most moraine (M1) is from the Early Holocene, whereas the inner three
moraines are from the Late Holocene and yield ages of 750 + 130 yrs. BP
(1200 + 130 CE) (M2), 500 =+ 90 yrs. BP (1450 + 90 CE) (M3) and 230
+ 60 yrs. BP (1720 + 60 CE). In Kangerlussuaq, West Greenland, LIA
moraines outside the GrIS date between 0.1-0.2 ka (n = 3) and it was
concluded that they were formed within the last 200 years (Levy et al.,
2018). In South Greenland, both the older Neoglacial and LIA moraines
of the Kiagt{it Sermiat — a local glacier, have been dated (Winsor et al.,
2014). The older Neoglacial Narsarsuaq moraine abandonment is dated
to 1510 + 110 yrs. whereas the LIA moraine yields ages of 1340 + 150
yr. In East Greenland, four moraines (i.e. G-I to G-IV) have been dated
outside a local glacier in Gurreholm Dal (Kelly et al., 2008). The G-II to
G-III yielded late glacial and Early Holocene dates, whereas the G-I
moraine, which represents the LIA, is dated to between 780 + 40 yrs. BP
and 310 + 20 yrs. BP (n=4).
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The 1%Be ages from the two GrlS sites show that the LIA culminated
between ~300 to 100 yrs. BP (Reusche et al., 2018; Levy et al., 2018). In
contrast, the LIA culmination phase of three local glaciers and ice caps is
older and dates between ~900 and 1300 yrs. BP. Additionally, there is
sporadic evidence of a Neoglacial phase around ~2800 to 1600 yrs. BP
where the GrIS and local glaciers were equal to or larger than the LIA
extent (Kelly et al., 2008; Winsor et al., 2014; Young et al., 2015; Jomelli
et al., 2016).

4.2.2. Archaeological sites

From almost all parts of Greenland, there are ruins and archaeolog-
ical sites situated in proximity to glacier front. Greenland was first
settled by Paleo-Inuit of the Arctic Small Tool tradition around 4500 BP.
Several Palaeo-Inuit migrations such as Greenlandic Dorset (2750-1950
yrs. BP) and Late Dorset followed, and around 700 BP Inuit spread from
the Nares Strait region north around Greenland as well as south into
West Greenland. All of these hunter-gatherers explored and utilized the
varied ecological niches and left behind settlements with stone struc-
tures including hearths and tent rings used to anchor the tent skin firmly
to the ground and sometimes graves or kayak supports like those shown
near Nuulliit Glacier in Fig. 15. Architectural features such as these are
unlikely to survive overriding glaciers. The location and age of these
remains offer evidence of a maximum possible glacier extent at a given
time and can in certain instances supply an upper boundary for the LIA
extent where no other data is available.

The list of 21 ancient settlements included here show that glacier
fronts never advanced beyond these localities since abandonment
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Fig. 14. Probability plots of calibrated radiocarbon dates of in situ subfossil
plants. N=101, data from Lowell et al. (2013), Schweinsberg et al. (2017,
2018), Miller et al. (2013), Sgndergaard et al. (2019). Blue shading (periods
with glacier expansion), Grey shading (older and younger Neoglacial).

(Table 3). In some cases, there is circumstantial evidence suggesting that
the glacier or ice sheet margin is likely to have retreated considerably
behind its present location to accommodate settlements at these local-
ities, particularly for some of the Paleo-Inuit localities that were aban-
doned prior to the Neoglacial ice advances (Fig. 15; Table 3). The
distances from the sites to the nearest glacier have been extracted by
using the measuring tool integrated in http://nunniffiit.natmus.gl/s
patialmap. Several errors may have accumulated in these measure-
ments: i) the location of sites in many places has been extracted from
older analogous maps, descriptions, publications and hand drawn
sketches; ii) the glacier front depicted on the map underlying the digital
register is Greenland 1:250.000. Dating of the localities has been
inferred by typological observations most often relating to dwelling
types and in some instances from artifacts. The broad date ranges of the
general culture historical scheme of Greenland (Gullgv, 2004) have then
been adjusted according to well-documented local variations to this
scheme (Table 4). The Paleo-Inuit occupation phases of northern
Greenland are thus many hundred years shorter than the comparable
settlement phases in more resource rich West Greenland (Jensen, 2006;
Grgnnow and Jensen, 2003), and the Thule migration into and
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subsequent settlement of Northeast Greenland is also known to have had
a different trajectory than in the rest of Greenland (Sgrensen and Gullgv,
2012).

The proximity to the 1:250.000 map glacier position means that the
LIA termination was within 500-1500 m from the archaeological sites
and the age of the settlements exclude these glaciers from occupation
after 225 yrs. BP (1725 CE). Interestingly, sites in western, northwestern
and northern Greenland show that they have not been overridden in the
earlier Neoglacial as far back as 4,450 yrs. BP. The significance being
that pre-LIA-ice advances were close to the LIA termination or may have
been less significant and have been overridden by the LIA advance
(Fig. 15).

4.3. Retreat phase from the LIA maxima

4.3.1. Lichenometric records

Lichens have been used for over 60 years to date the onset of vege-
tation in Greenland and thereby infer the post-LIA exposure of bedrock
or boulder surfaces (Hansen, 2010). While this technique may seem
relatively straightforward, many environmental parameters influence
the growth rate of the lichens. It has been estimated that lichenometry
yields reliable ages for the past 300 years with an approximately 20%
uncertainty in West Greenland (Werner, 1990). For older periods the
uncertainty of the lichen ages is larger as they are calculated using an
unrealistic linear growth rate (c.f. Forman et al., 2007). The recent
literature from Greenland was recently reviewed by Hansen (2010) and
since then few new studies have been published based on dating mo-
raines using lichenometry. Accordingly, we only provide a brief sum-
mary of the main results, which constrain the retreat phase following the
LIA maxima. Most of the studies are from local glaciers and ice-caps in
Southwest and Southeast in addition to a few studies from the GrIS
margin in Southwest Greenland (Figs. 16, 17, Table 5).

In Southwest Greenland, several lichenometric investigations were
carried out between 62.6 and 67.8°N (Fig. 16). To the far south, LIA
moraines associated with the GrIS at Frederikshab Isblink and a glacier
nearby were dated to 340 and 240 yrs. BP (1610 and 1710 CE),
respectively (Hansen, 2010). Farther north around the Sukkertoppen
area a number of LIA and post-LIA moraines in front of three local
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glaciers were dated. At fkamiut Kangerdluarssuat moraines were dated
to 205, 100, 65, 20, 6 yrs. BP (1745, 1850, 1885, 1930, 1944 CE)
(Gordon, 1981) and close by at Tasiussaq, the moraines gave ages of
350, 200, 107, 22 yrs. BP (1600, 1750, 1843, 1880, 1928 CE) (Beschel,
1961). At Sukkertoppen, the moraines were dated to 170 and 60 yrs. BP
(1,780 and 1890 CE) (Gribbon, 1964). Farthest north at Kangerlussuaq
moraines in front of the GrIS at Isunguata Sermia were dated to 65 and
25 yrs. BP (1885 and 1925 CE) (Forman et al., 2007).

In Southeast Greenland, several lichenometric investigations were
carried out 65.7° and 68.2°N in front of local glaciers and ice-caps. At
Mittivakkat Glacier, the LIA moraine has been dated to 60 yrs. BP (1890
CE) (Hansen, 2008), 25 yrs. BP (1925 CE) at Tuno glacier (Hansen,
2012), -15 yrs. BP (1965 CE) at Hobb Glacier (Hansen, 2012), and 120
yrs. BP (1830 CE) at Tasiissaarssik Glacier (Gribbon, 1964). Farther
north at Miki Fjord and I.C. Jacobsen Fjord several moraines were dated
in front of local glaciers (Geirsdottir et al., 2000). The moraines at Miki
Fjord are dated to 861, 754, 301 yrs. BP (1089, 1196, 1649 CE) and at L.
C. Jacobsen Fjord to 1,014, 754, 594, 371, 254 yrs. BP (936, 1196, 1356,
1579, 1696 CE). The youngest moraines at both sites (301, 354 yrs. BP;
1649, 1696 CE) were correlated to the LIA maximum extent whereas the
older moraines were interpreted to represent Late Holocene advances
(Geirsdottir et al., 2000). In summary, based on the oldest estimates
from each site the ice recession following the LIA moraine formation
ranges from 540 to 65 yrs. BP (1410 to 1885 CE) in Southwest Greenland
and 301 to -15 yrs. BP (1649 to 1965 CE) in Southeast Greenland.
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Fig. 15. (A) Locality map with archaeolog-
ical sites, ages and distance to glacier front.
(B) Kayak supports on the Nuulliit settle-
ment in front og the Nuulliit glacier, North-
ern Greenland photographed by E. Holtved
(1936) in (Holtved, 1954) and Jens Fog
Jensen (2015). Note the heavily diminished
glacier tongue. See Tables 3 and 4. (C)
Principal sketch of human settlements on the
island of Pullassuaq and glacier front of
Sermersuaq (Humboldt glacier) in Kane
Basin. Pullassuaq holds a large number of
Paleo-Inuit settlements assumed to date
from Saqgaq to Late Dorset (4,450-500 yrs.
BP) as well as a few Thule culture settle-
ments (700-225 yrs. BP). Along the south-
western and southern side of the island there
are moraine ridges indicating that at some
point of time, probably at the maximum LIA
advance, the glacier front reached the is-
land, but did not override it. The dwelling
ruins were left undisturbed. When Pull-
assuaq was settled in times of the Paleo-
Inuit, the glacier front most likely had
retreated even further than its position until
1990’ies when it was approximately one km
from the islet.

Humbolt Glacier
(Sermersuaq)

4.3.2. Geomorphological imprints by LIA glaciers

The LIA cooling left a prominent geomorphological imprint in the
landscape when outlet glaciers from GrIS and local glaciers and ice caps
expanded beyond their present margins. Areas with channelized ice
flow, along fjords and valleys, or unchannelized ice flow, from more
passive ice lobes, both show a current landscape with fresh non-
vegetated surfaces covered with scattered boulders. This reflects the
former extent of the glacier, where ice abraded and eroded the previ-
ously deglaciated landscape free of vegetation, soil, and old sediments
(Fig. 18). At higher elevations, the transition to the intact vegetated
surfaces marks the former ice contact. When traced downstream at
marine-terminating glaciers, this contact often ends at sea level or at
land-terminating glaciers, often at end moraines that indicate the former
ice marginal position. The so-called trim zone reflects the ice volume lost
since the ice retreated from its advanced position (Weidick, 1959;
Kjeldsen et al., 2015).

We explored the Greenland-wide spatial distribution of trimlines and
end moraines using a glacier compilation of 243 outlet glaciers from the
ice sheet wider than 1.5 km in size (Rignot and Mouginot, 2012). As
these are mostly reported from ice fronts related to tidewater and lake-
terminating glaciers, we supplemented this record with an additional 65
outlets including land-terminating glaciers (Fig. 19). The location of the
308 outlets were subsequently mapped against a 25m gridded DEM and
a 2m black-and-white digital orthophotograph (Korsgaard et al., 2016)
for evidence of trimlines and end moraine landforms. We find that 168
of the outlets have a clear trimline or end moraine. The remaining 140
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Table 3

Archaeological sites. Periods in bold are the more reliable
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Name NKAH Lon Lat Culture dating Distance MASL  Glaicer name Revised cultural most min_age
represented BP to Glacier phases: Saqqaq, probable
(m) Independence I / periods of
Greenlandic Dorset ~ human
/ Late Dorset / presence
Thule / Hist. Inuit BP
Anarctic Bugt 5222 —14,41212  80,92318  Greenlandic 2750- 1210 3-8 2750-2550 2750-2550 2550
Dorset 1950
Antarctic Bugt 5147 —14,43190  80,91702  Neo Inuit / 700-225 1800 3-5 500-350 500-350 350
Thule
Qillaap Nunaa 3869 —66,10487  77,29199  Inuit 2750- 1219 Leidy 4450-1900 / 2750- 4450-1900 225
undefined 1950 / gletcheren 2550 / 700-225 / 2750-
700-225 2550 /
/225- 700-225
present
Illupaluk 3863 —71,68193 77,91912 Inuit 2750- 742 Diebitch 4450-1900 / 2750- 4450-1900 225
undefined 1950 / gletscher 2550 / 700-225 / 2750-
700-225 2550 /
/225- 700-225
present
Sulussuutikajik 633 —22,96677  69,90830  Thule 700-225 4406 500-225 500-225 225
Nigertuluup 4040 —35,18330 66,33330 Eskimo 700-225 4670 500-225 / 225- 500-225 225
Ittiva undefined /225- present
present
Amitsuarsua 2128 —48,24352  61,52045  Thule 700-225 3074 Sioralik Brae 500-225 500-225 225
Qallunaat 1720 -50,31230 68,93270 Hist 155-109 2079 Saqqarliup 155-109 155-109 109
Nunaata sermia
Kangimut
Isua
Tluluarsuip 1662 —50,46620  69,87800  Saqqaq 4450- 2260 4 Kangilerngata 4450-3350 / 700- 4450-3350 225
Talerua, Nord /Thule 2750 / Sermia 225 / 700-225
700-225
Tluluarsuit, 3331 —50,45060 69,87230 Thule / Hist 700-225 2125 Kangilerngata 700-225 / 152-60 700-225 / 225
nordgst /152-60 Sermia 152-60
Illunnguaq 1665 —50,36150  69,97540  Thule 700-225 2500 Kangilerngata 700-225 700-225 225
Sermia
Innerit 3634 —51,08150  71,01350  Thule 700-225 4306 Perdlerfiup 700-225 700-225 225
Sermia
Qoorupaluk 521 —67,91035  77,51730  Palaeo Inuit 4450- 615 Hubbard 4450-3850 / 2750- 4450-3850 2550
500 Gletscher 2550 /1250-500 / 2750~
2550
/1250-500
Inerssussat 3861 —71,34115 77,86885 Thule 700-225 4947 Morris Jesup 700-225 700-225 225
Glacier
Tufts Elv Vest 4015 —69,82416 78,28729 Paleo Inuit / 4450- 2303 1250-500 / 800- 700-225 225
Thule 500 / 225
700-225
Tufts Elv @st 4016 —69,50528  78,28022  Paleo Inuit / 4450- 3868 1250-500 / 800- 700-225 225
Thule 500 / 225
700-225
Minturn Elv 4017 —68,18745  78,50701  Eskimo 700-225 2680 4450-3850 / 2750- 700-225 225
undefined /225- 2550 /1250-500 /
present 700-225 /225-
present
no name’ 5353 —65,93949  79,18524  Undefined 700-225 2796 Humboldt 4450-3850 / 2750- 1750-2550 2550
/225- Glacier 2550 /1250-500 / /1250-
present 700-225 /225- present
present
Frykmann Site 4032 —64,26652 79,91025 Greenlandic 2750- 1764 Humboldt 2750-2550 / 1250- 2750-2550 500
Dorset / Late 1950 / Glacier 500 / 1250-
Dorset 1250- 500
500
Pullassuaq 3887 —64,38454 79,90467 Paleo Inuit / 4450- 1821 Humboldt 4450-3850 / 2750- 4450-3850 2550
Thule 500 / Glacier 2550 /1250-500 / / 2750-
700-225 700-225 2550
/1250-225
New’ Nulliit 3984 -70,59279  76,79558  Thule 700-225 1873 Nuulliit 700-225 700-225 225
Glacier

outlets are surge-type glaciers or large outlets with long and wide

calving fronts producing unrecognizable trimlines or trimzones.

It is possible to assess post-LIA retreat from these terminal positions
to the mid-1980s using the same orthophotographs (Korsgaard et al.,
2016). The maximum extent of land-terminating glaciers is mapped at

the outermost moraine crest, while marine-terminating glaciers are
mapped at their most distal trimline or moraine (Fig. 19). Many glaciers
along the northwest and southeast coasts have retreated significantly —
more than 10 km - since their LIA culmination. Some larger outlet
systems, such as Jakobshavn, Kangiata Nunata Sermia (KNS) and
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Table 4
Cultural division of the archaeological period in Greenland.
Tradition Culture phases Yrs BP
Paleo-Inuit Saqgqaq 4450-2750
Independence I 4450-3850
Greenlandic Dorset 2750-1950
Late Dorset 1250-500
Inuit Thule 700-225
European Historical 225-present

Kofoed-Hansen Bra, have had a maximum retreat since the LIA of more
than 20 km. The pattern of these retreats mirrors the well-known spatial
distribution of changes reported during for last two decades (Kjer et al.,
2012; Bjgrk et al., 2012: Moon et al., 2012; Vijay et al., 2019; Mouginot
et al., 2019) and the pattern of post-LIA thinning (Kjeldsen et al., 2015;
Khan et al., 2014; Khan et al., 2020).

The surface change assessed by Kjeldsen et al. (2015) can be used to
evaluate the surface lowering associated with ice marginal retreat. In
order to assess the post-LIA behavior of each outlet glacier of the GrIS,
we use the data to estimate the average elevation change within a spe-
cific area of each outlet glacier. As the glaciers vary in size, configura-
tion, and setting, and in their post-LIA response, we extracted data using
two approaches. For marine terminating glaciers, we created a 2 km
buffer around the 250 m height above ellipsoid (HAE) contour based on
ArcticDEM (Polar Geospatial Center from DigitalGlobe, Inc. imagery),
and extracted elevation data within this area. For land- and lake-
terminating glaciers, we created a 2 km buffer around the lowest 10
km of the main flowline, relative to the 1978/87 CE ice front position,
and extracted elevation data within this area.

In the period between the LIA maximum (assumed to be c. 1900 to be
comparable to Kjeldsen et al., 2015) and 1983, the glacier retreat
matches the surface lowering rate for Northwest and Southeast
Greenland, as well as for the large outlets at Jakobshavn Isbrae, KNS,
Frederikshab Isblink, Qassimiut Lobe, Kangerlussuaq Glacier and Hel-
heim Glacier, with rates of vertical change between 1 and 10 m annu-
ally. Interestingly, the north and northeast coast, including the marine
outlets at Zachariae Isstrgm and Nioghalvfjerdsfjorden Glacier, show
restricted surface lowering although some of them have retreated

Isunguata Sermia 1885

=
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significantly (Figs. 1, 19). This is most likely because of detachment of
floating glacier tongues, which does not result in an immediate dynamic
thinning or marine drawdown effect on the surface elevation before
retreat of the grounding line.

At the interface between the former ice surface, or trimline, and the
higher lying terrain, lateral moraines might appear. In Greenland, these
are commonly expressed as moraine deposits with oversized boulders
that have been pushed, or rolled, by the glacier (Fig. 18). Sorted sedi-
ment might be found at the interface, sometimes in ponds or plateau
deposits, which reflect outwash activity by meltwater flowing down-
stream. In cases where the glacier has retreated and the surface has
lowered, a series of lateral moraines might be visible. We speculate that
these reflect consecutive still stands, or maybe even minor advances
during a general retreat phase (Fig. 18). In glacier forefields, this land-
scape is matched by a series of recessional end moraines expressed as
successive lobate shaped raised terrain often consisting of unsorted
moraine deposits.

The terrain surface has often been eroded since moraines were
formed (Fig. 20). Ice-cored moraines show collapse features such as
sinkholes or terraced slopes, however mostly, meltwater erosion has
removed large parts of deposited landforms (Fig. 21). (See Fig. 22.)

4.3.3. Historical maps and glacier mapping

As the termination of the LIA falls within the era of historical records
in Greenland, there is a possibility that the onset of retreat has been
captured in these records. A historical review of glacier front positions in
West Greenland has previously been published on the basis of historical
maps and written accounts (Weidick, 1959, 1968). The date for these
maps varies from before, during, and after what is presumed to be the
termination of the LIA (1800 - 1920) (Fig. 21, Table 6). In the historical
reviews (Weidick, 1959, 1968) glacier lengths and frontal positions are
given for numerous glaciers in Southwest Greenland. Glacier positions
were established by comparing the old maps with newer maps and aerial
photos, as well as with the written testimonies from the original publi-
cations. The main purpose for re-assessing the historical maps in this
review is to examine whether the maps can provide accurate informa-
tion regarding the glacier marginal positions in relation to the mapped
LIA extent. Here, we present a suite of historical maps from West and

1.C. Jacobsen Fjord 1696
Miki Fjord 1649

ks $\ Tasilap Kua 1830
Tasiissaarssik Glacier 1830
Hobb Glacier 1965

Mittivakkat Glacier 1890

1965

Lichen age (yr CE)

200 km

Fig. 16. Distribution of surveyed lichen localities. See Table 5.
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Fig. 17. Common lichen species used for lichenometry in Greenland. (A) Physcia caesia (Hoffm.) Fiirnr. The more or less circular, pale grey thalli often form
composite thalli as seen on the figure, where the biggest thallus measures c. 5 cm diam. Sermilik, Southeast Greenland. (B) Umbilicaria virginis Schaer. The species has
up to 8 cm broad, often circular, grey; reticulately ridged thall, which often form colonies. The thalli shown on the figure are smaller, up to c. 1 cm broad. Sermilik,
Southeast Greenland. (C). Rusavskia elegans (Link) S. Y. Kondr. & Karnefelt (Syn. Xanthoria elegans (Link) Th. Fr.). The species has up to 5 cm broad, often circular,
reddish orange thalli, which can fuse together with other thalli. Zackenberg, North East Greenland The diameter of the biggest thallus on the figure is c¢. 5 cm. (D).
Pseudephebe minuscula (Nyl. ex Arnold) Brodo & D. Hawksworth. The up to 3 cm broad (biggest thallus on the figure), black-brown thalli are like the well-known
green Rhizocarpon geographicum (L.) DC. one of the most often used lichens used in lichenometric measurements in Greenland. The species forms more or less circular

thalli. Sermilik, Southeast Greenland.

North Greenland. East Greenland is excluded, due to the lack of suitable
maps of non-surging glaciers.

We select historical maps, in which the mapping of the glacier
margins is original and not copied from older maps. We also select the
best available maps from the period prior to 1920. We exclude maps
where the general cartography is obviously wrong, or where the travel
route during mapping is known and far from the mapped glacier margin
(Table 6). Lastly, we also exclude maps of glaciers with surge behavior,
where these are identified based on looped moraines, glaciers with
crevasse squeeze ridges in the fore field, glaciers advancing more than
50 m yr—1 and glaciers with a collapsed accumulation zone (Bjork et al.,
2018a, 2018b).

We georectify the historical maps on the basis of a 2-meter digital
orthophoto (Korsgaard et al., 2016), which in this part of Greenland is
mainly from imagery recorded in 1985, supplemented with images from
1981. By placing tie-points near the glacier fronts at easily recognizable
landforms such as headlands, islands, and river outlets, the historical
maps are then tied down to the precise orthophoto with the most suit-
able transformation, distorting the original map in either one, two or
more dimensions. In cases where multiple glaciers appear on the same
map, individual rectifications have been carried out on each glacier
front. The end-result is a historical map with as precise coordinates as
possible in the vicinity of the glacier front.

Using the georectified historical maps, we measure the distance from
the mapped ice front and the LIA maximum position established from
the 1981/85 aerial images. To account for positional uncertainties, and
to give an estimation of the accuracy of the georectified historical map,
we consider the line width with which the map has been drawn and
measure the residual between known points or coastlines (Bjgrk et al.,
2012). As also mentioned in the historical review (Weidick, 1968), there
is uncertainty related to the use of historical maps. The quality of
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historical maps varies, which is reflected in the overall accuracy pre-
sented. For a number of glaciers, using the historical maps to pinpoint
the frontal position is redundant as the sum of errors far outweighs the
distance interval for post-LIA fluctuations.

Evaluating the historical maps, we find that the line widths with
which the glacier fronts have been drawn, ranges between 25 and 300
m. The average line width is 100 m for all georectified maps. The po-
sitional residual between mapped and true geographical feature also
varies greatly, from c. 100 m to more than 2 km, depending on the scale
of the map, the quality of the map, and the distance to the nearest tie-
point. This leads us to conclude that great carefulness must be used
when incorporating glacier front positions from historical maps.

While we assume that mapped features are correct, there are in-
stances where glacier features have been falsely mapped, and therefore
omitted from this study. One example is the Jungersen Glacier mapped
by Lauge Koch in 1916 during the 2nd Thule Expedition (Koch, 1932).
Traveling on a dog-sledge, Lauge Koch reached a massive impenetrable
ice wall and mapped it as the calving margin of Jungersen Glacier. The
real Jungersen Glacier calving margin, however, is currently 60 km
inland, and the fjord landscape shows no evidence of LIA presence in the
fjord, or anywhere near Koch’s map, nor does later mapping support this
advanced position. After reading the expedition journals and their de-
scriptions of the glacial features, we compare the travel routes to the
produced maps and exclude glacier mappings where our confidence in
their accuracy is low.

As we are primarily interested in the frontal position of the glacier in
relation to what is considered to be the maximum position of the LIA
(LIA-max), the distance from the glacier front deduced from the
georectified historical map to the presumed LIA-maximum position from
aerial photos has been measured. We divide the lengths into five groups
(Fig. 21); £500 m, 500-1500 m (larger or smaller), and >1500 m (larger
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Table 5

Lichenometry records.

Location Area Type Latitude Longitude Lichen species Thallus diam. Age of historical moraine Ny age Growth rate / lichen Source
(mm) (s) (CE) (CE) factor

Miki Fjord Southeast GIC 68,22230 —31,21650  Rhizocarpon geographicum coll. 9-32 1089, 1196, 1649 1649 Geirsdottir et al.,
Greenland 2000

1.C. Jacobsen Fjord Southeast GIC 68,21050  —31,38910  Rhizocarpon geographicum coll. 10-27 936, 1196, 1356, 1579, 1696 3 mm/100 years Geirsdottir et al.,
Greenland 1696 2000

Tasilap Kua Southeast GIC 66,12010  —37,00880  Rhizocarpon geographicum coll. 71 1830 1830 0.12-0.56 mm/year Englefield, 1986
Greenland

Tasiissaarssik Glacier Southeast GIC 66,09870  —37,00020  Rhizocarpon geographicum coll. 16 1830 1830 12 mm/100 years Gribbon, 1964
Greenland

Hobb Glacier Southeast GIC 65,81720  —38,20680  Pseudophebe minuscula 1965 1965 0.8-1 mm/year Hansen, 2012
Greenland

Tuno Southeast GIC 65,96810 —36,81720  Pseudophebe minuscula, Rhizocarpon 1925 1925 0.8-1 mm/year Hansen, 2012
Greenland geographicum

Mittivakkat Glacier Southeast GIC 65,67920  —37,88910  Rhizocarpon geographicum, 1890 1890 c. 0.2 mm/year Hansen, 2008
Greenland Pseudophebe minuscula

Isunguata Sermia Southwest GrIS 67,16060 —50,11080  Rhizocarpon sp. 12-16 1885, 1925 1885 Forman et al., 2007
Greenland

Tkamiut Southwest GIC 65,75540 —52,67160  Rhizocarpon geographicum 1745, 1850, 1885, 1930, 1745 40 mm/100 years Gordon, 1981

Kangerdluarssuat Greenland 1944

Tasiussaq Southwest GIC Rhizocarpon geographicum 1600, 1750, 1843, 1880, 1600 Beschel, 1961
Greenland 1928

Sukkertoppen Southwest GIC Rhizocarpon geographicum 22-54 1780, 1890 1780 30 mm/100 years Gribbon, 1964
Greenland

Midgaard Southwest GIC 63,24620  —50,58040  Rhizocarpon geographicum 1410 1410 Hansen, 2010
Greenland

Frederikshabs Isblink Southwest GrlIS 62,62410 —50,13030  Rhizocarpon geographicum 1610 1610 Hansen, 2010
Greenland

D 32 420 HY
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/Upper
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Fig. 18. Trimline in West Greenland (A) Trimlines at KNS (Kangiata Nunata Sermia). (B) Trimline zone with multiple lateral moraines showing consecutive stages of
still-stands (upper=oldest; Lower=youngest), Sermilik fjord, East Greenland. (C) Trimline zone at terrestrial termination, side lobe to the Sermilik glacier, Southeast

Greenland. (D) Lateral moraines Sermilik fjord, South Greenland.

or smaller).

There is a trend in the spatial distribution of the glaciers that have
historically mapped glacier fronts in front of their LIA-max positions.
They are concentrated in the north of the Uummannaq region (north of
Disko Bay) and in the Melville Bay region. This suggests that, at the time
the historical maps were made, the terminal positions of the glaciers in
these areas were at a maximum position, or very close to it. In South
Greenland, the trend is different. Here, a majority of the georectified
maps show the present glacier fronts at a retreated position in relation to
their LIA-max positions. Kangiata Nunata Sermia stands out, with c. 14
km retreat from the LIA-max position in 1889 (Jensen, 1889), which has
been speculated to be the LIA maximum position in the 1700s (Weidick
et al., 2012). This region is also the region where the oldest maps have
been used, which indicates a marked difference in retreat from the LIA-
max along the north-south axis. Despite these regional trends, the his-
torical mapping of the Melville Bay region in the early 1920s also shows
that neighboring outlet glaciers may have reacted very differently to the
post-LIA warming.

4.3.4. Threshold lakes

Threshold lakes also bear witness of ice retreat from the lake
catchment and is thus also a retreat phase proxy. In almost 70% of the
cases surveyed, the LIA (or earlier) advance recorded by an onset of
minerogenic material in the sediment appears to have continued, or for
conditions for minerogenic inputs in the lake’s catchment to have been
maintained until present, as per documented field reports of water
turbidity level or historical imagery. In the remainder ~30% of se-
quences that do register a return to organic sedimentation following the
LIA advance, documentation of the timing is most often reported in
relation to latest available (or consulted) historical imagery, either being
bracketed by two series of images (Iceboom Lake: 1964-1985 CE; Loon
Lake: 1959-1985 CE; Briner et al., 2010) or the most recent image e.g.,
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Sports Lake <1985 CE; Young and Briner, 2015; Table 2). The estab-
lishment of chronologies using a combined macrofossil-based AMS 14C
calibrated against both IntCall3 and atmospheric '*C curves (Bomb 13
NH) and continuous 2'°Pb and !%’Cs measurements of these organic
sequences would contribute to improve constraints on the most recent
glacial retreat at these sites.

5. Discussion

Our assemblage of proxy records from different archives represents a
first attempt to generalize Neoglacial and LIA glacier responses in
Greenland using data of varying spatial and temporal resolution, as well
as uneven distribution across Greenland. With this in mind, however, we
have summarized the possible trends during the different glacier phases
across the different records and compare them with different climate
proxies.

5.1. Reconciling the advance phase proxies

Ice-core records predict the possibility of three distinct ice advance
events during the last 3500 years (Fig. 6) with one event occurring at
3,000 - 2,200 yrs. BP in Central East and Central West Greenland (72 —
75°N), and at 3,600 — 1,800 yrs. BP in Southeast Greenland. Another
advance event occurred at 2,100 — 1,300 yrs. BP in Northwest Greenland
(77°N) and a third event began 900 yrs. BP in Central West, and East
Greenland (72 - 75°N). Higher resolution ice fluctuations within the last
500 years are very difficult to resolve from ice-core elevation data alone
(Figs 2, 3, 6 and 23). These three events of ice advance are all matched in
the terrestrial records. Dates from reworked material indicates glacier
expansion in the marginal area during two periods in the older Neo-
glacial; ¢. 2,700 - 1,700 and 1,250 - 950 yrs. BP, whereas one overall
advance occurred in the younger Neoglacial; 700 — 50 yrs. BP (1250-
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Fig. 19. (A) Retreat from the LIA maximum relative to 1978/87 CE. South Greenland (B) surface lowering from the LIA maximum relative to 1983 CE. N=308
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1900 CE), which represents the LIA advance (Fig. 23). The less promi-
nent period of expansion at 1,250 — 950 yrs. BP is not seen in the ice core
record.

Threshold lakes show minerogenic material in lake catchments from
4,400 yrs. BP until the 20th Century (Fig. 12). The first appearance of
glacier-derived sediment in the threshold lakes intensified from 1,150
yrs. BP (800 CE) until 350 yrs. BP (1600 CE). We interpret these
threshold lakes to reflect marginal advance from 1,650 yrs. BP and
widespread advance after 1.150 yrs. BP in all drainage zones covered by
threshold lakes data. The continuation of minerogenic material across
the MWP likely signifies a near-maximum position of the ice margin
throughout the younger Neoglacial period. The threshold lake compi-
lation also reveals some spatial structures. Since 1,150 yrs. BP, where
onsets of glacier-fed lakes have been recorded for all of the Greenland
sites, earlier onsets are recorded at more northern latitudes (latitudinal
gradient: West<Southwest<South) and at western longitudes (longitu-
dinal gradient: West<East; Southwest<Southeast) (Fig. 12). However,
relatively few ages are available to represent the eastern regions and this
latter relation should therefore be considered with caution. Onsets of
glacier-fed lakes are latest in South Greenland, beginning only around
630 yrs. BP. This is consistent with lake records in the South experi-
encing relatively late LIA culmination (~50 yrs. BP) and warmest tem-
perature lows compared to more northern regions. In Southwest
Greenland, glaciers began delivering meltwater inputs from 930 yrs. BP
and as early as 1,150 yrs. BP in the western drainage zones. Because
nearly half of the records were retrieved from West Greenland, glacier
fed lakes from this region contributed most to the total sum probability
densities (Fig. 12). Finally, the in-situ moss chronology shows snowline
lowering around 1,900 yrs. BP interrupted by an ice-free interval indi-
cated by a vegetation free period around the time of the MWP (950-750
yrs BP). Spatially, East Greenland seems to react later than the West
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coast records, but the data recovery of in-situ moss also remains still too
scarce to draw any firm conclusion from the variable data.

Although the marine records around Greenland reveal complex
variability in the cold surface and warmer subsurface currents, some
major trends can be detected; the majority of records indicate a strong
transport of warm Atlantic waters to Greenland at the end of the oldest
epoch, which matches the European RWP (Figs. 4, 23). Most records also
detect a general strengthening of the EGC after c. 1,500 yrs. BP during
the European DACP. The DACP was furthermore characterized by
cooling of Atlantic waters by East and West Greenland, which contrasts
with the synchronous strong IC inflow to Southeast and South
Greenland. The oceanographic change mimics the advance phases in
some coastal records, namely the threshold lakes and in-situ moss
chronology, but not the ice-core prediction of marginal change. Most sea
ice-influenced time series from East Greenland record milder conditions
during the MWP (c. 1,000 yrs. BP) than during the DACP, whereas the
records from West Greenland indicate a more fluctuating and spatially
heterogeneous climate regime during the MWP. Despite this heteroge-
neity the timing agrees with all advance phase records and there seems
to be a pause in the Neoglacial glacial activity before entering the
younger Neoglacial - LIA.

The period around 800 - 700 yrs. BP thus signifies the early onset of a
major oceanographic transition around Greenland (Fig. 4C), which we
interpret as the onset of the LIA. The EGC intensified markedly at the
time, which is evident from records tracking all the way down the east
coast of Greenland towards the west coast. At the same time, the warm
IC occurrence by Greenland intensified episodically during the LIA. The
WGC, which had started to cool during the DACP, experienced a further
intensification of cooling during the LIA near and by Disko Bugt —
implying that the LIA intensification of the EGC was relatively more
significant than the concurrent intensification of the IC. In Northwest
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Fig. 20. Photographs. (A) Overridden end moraines, Skjoldungen fjord. (B)
Recession moraines, probably a mix of annual moraines and winter-moraine
constructed during still-stand. Valley is roughly 2 km wide.

and West Greenland, the Baffin Bay sea-ice production increased during
the LIA with the Baffin Bay sea-ice edge moving into the vicinity of Disko
Bay. Marine IRD sediment records from Sermilik Fjord by Helheim
Glacier in SE Greenland indicate that this large outlet glacier had a stiff
melange and/or a floating ice tongue since at least the DACP and lasting
until the onset of the 20th century. It has been hypothesized that the
glacier did not lose its tongue or melange until sea ice decreased un-
precedentedly at the onset of the 20th century implying that sea ice
associated cold conditions buffered the glacier in spite of warm IC inflow
during the DACP (Andresen et al., 2017). In contrast, Jakobshavn Isbra
was a calving glacier during the warm RWP, DACP and MWP and only
started to grow an ice tongue, according to marine IRD sediment re-
cords, at the onset of the LIA (Wangner et al., 2018).

Across all proxy data and bearing in mind the cooling signal detected
in the ice core, ‘climate’ lake records and marine data, we suggest
initiation of glacier advances in all of Greenland during the LIA
commenced ca. 700 yrs. BP (ca. 1250 CE). Glaciers would likely already
be in an advanced position as seen from threshold lake data and were
sensitive to moderate climate forcing. This glacier expansion matches
the timing for the abrupt ice growth outlined for Icelandic and Arctic
Canada glaciers between 675 — 650 yrs. BP (1275 - 1300 CE), followed
by a substantial intensification 500 — 495 yrs. BP (1430 — 1455 CE)
(Miller et al., 2012). The cold North Atlantic climate anomalies have
been attributed to either internal climate variability (Drijthout et al.,
2013; Moreno-Chamarro et al., 2017) and/or external forcing from
decadally-paced clusters of volcanic eruptions (e.g., Miller et al., 2012)
and/or variability in solar activity (Miettinen et al., 2015; Sejrup et al.,
2010; Moffa-Sanchez et al., 2014; Sha et al., 2016).

Northern hemisphere albedo can be enhanced through increased
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atmospheric sulphate aerosol concentrations, associated with increased
volcanism, or increased spatial or temporal extent of snow and sea-ice
area (Hartmann et al., 2013). Importantly, enhanced regional albedo
can trigger regional, rather than global, cool periods. In the Arctic
context, there is further suggestion that initial cooling from volcanic
sulphate can produce feedback cooling from increased snow and sea ice
extent (Miller et al., 2012).Similarly, radiative decline due to frequent
volcanism in the period 500 — 1000 CE (Toohey and Sigl, 2017) may
explain the DACP advances) simultaneously with increased surface
water-cooling and southwards expansion of sea ice. In summary, given
our knowledge of northern hemisphere volcanic activity in the past four
millennia years, as well as sea ice-albedo feedbacks, we regard an
interplay between anomalous volcanism and sea-ice feedbacks as the
most likely cause of the Older and Younger Neoglacials described here.
The three Neoglacial glacier expansions in Greenland roughly match the
Iron Age Cold Periods, DACP and LIA within the European climate
division.

We are aware that Northern hemisphere cold periods can be trig-
gered by other different kinds of climate forcing than volcanism. Besides
subtle trends in incoming solar radiation and greenhouse gasses fluc-
tuations (Ruddiman et al., 2016; Fliickiger et al., 2002). Changes in
turbulent heat fluxes, however, can also produce persistent temperature
anomalies. Turbulent heat fluxes describe the sensible and latent heat
fluxes that are advected with either air or ocean currents. During the
instrumental record period, the 1930s Arctic warm period has been
attributed to anomalously high poleward heat transport (Overland and
Wang, 2005). This is emerging evidence that the Arctic can be period-
ically more effectively insulated against poleward heat transport by
either persistent strengthening of the polar vortex or persistent weak-
ening of the Atlantic meridional overturning circulation (Gardner and
Sharp, 2010; Wanamaker et al., 2012). It is possible that decadal-scale
variability in poleward turbulent heat transport to the Arctic may
have contributed to the initiation of the Older and Younger Neoglacials
described here. Substantial uncertainty remains associated with under-
standing climatic drivers and responses of Late Holocene cool periods
(Bader et al., 2020).

5.2. Reconciling the culmination phase proxies

The coastal records generally support the advance phase division
with three culminations during the last 3000 yrs. The distribution is
partly due to relatively few dates obtained from surface exposure dating
and the low resolution provided by the archaeological sites. Oceano-
graphic changes and glacier changes in the Vaigat Strait, north of Disko
Island, show that more pronounced WGC cooling episodes occurred
around 550, 250 and 50 yrs. BP (1400, 1700 and 1900 CE) and large
peaks in IRD were observed concordant with a minor short-lived intra-
LIA warming of the WGC (Andresen et al., 2011) at the time of the LIA
maximum of the Jakobshavn marine-based glacier (Weidick and Ben-
nike, 2007). This indicates a more dynamical LIA situation than pre-
dicted from the ice core records.

Shallow ice cores from the GrIS contain information on spatial var-
iations across the ice sheet. Often a series of ice-core records have been
stacked in order to infer local variability from the regional climate signal
in these records (Vinther et al., 2010). Fischer et al. (1998) compiled a
stacked 8'%0 record for North Greenland reaching to 500 years BP based
on the North Greenland Traverse B21-, B18- and B16-core records. The
North Greenland Traverse covered the entire width of the northern
sector of the ice sheet (fig 1). They found higher sensitivity to LIA
temperature changes in the North Greenland ice-core stable isotope
records compared to the ice-core isotope records from Central and South
Greenland and pointed to cold periods in the 17th and first half of the
18th centuries and in the first half of the 19th century followed by a
warming trend. Temperatures for the last 150 years were 0.7 °C warmer
than the average of the series. This is supported by a stack of shallow
cores from the NEEM site reaching back to 226 yrs. BP (1724 CE),
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Fig. 21. Moraine degradation. Terminal moraine at Tunu glacier, Sermilik fjord, Southeast Greenland. Image recorded in 1933 CE (landform in middle part of the
image). (B) same location in 2011. Modern glacier front is 1400 wide and distance between the 1933 and 2011 moraine is ca. 1.2 km. Note the fluvial erosion of the
terminal moraine. (C) LIA end-moraine degradation at Kangerlussuaq, associated with ice-covered moraines, some 30 m high.

representing a single site but with glacial noise suppressed (Masson-
Delmotte et al., 2015). WeiBbach et al. (2016) made a stacked record
reaching back one millennium and covering a larger area of North
Greenland, including twelve North Greenland Traverse ice core records
and the NGRIP ice core record. Here, two separate sub-stacks of the
North Greenland records; one stack for cores located in Northeast
Greenland, shielded from the westerly winds, and another for cores
located on the ice divide. Although these sub-stacks are subject to a 30-
year running mean, they demonstrate large regional differences and no
consistent patterns such as anti-correlation or leads and lags. While the
sub-stacks show a near anti-correlation during 950 — 700 yrs. BP (1000 —
1250 CE) they show a good correlation during 550 — 40 yrs. BP (1400 —
1990 CE). The North Greenland stack was compared to other Arctic
records, including the Dye 3 ice-core record and points to a warm
anomaly around 530 yrs. BP (1420 CE) that is seen in all northern re-
cords but not in the Dye 3. Regional-scale atmospheric variability can be
identified by mapping the leading principal components of the isotope
records and correlating individual ice cores records with temperature
and pressure data (Vinther et al., 2010). Spatial variability in Greenland
ice core records becomes evident when reviewing them individually
with respect to two cold spells during the first half of the 19th century,
which are both found in the PAGES2k temperature reconstruction
(Neukom et al., 2019a). Masson-Delmotte et al. (2015) found that these
two cold periods, dated to 135 — 125 yrs. BP (1815 -1825 CE) and 114 -
104 yrs BP (1836 - 1846 CE), respectively, have different strengths in
the individual ice core 56180 records, and that the two spells exhibit
different spatial patterns over Greenland. The NEEM record (Masson-
Delmotte et al., 2015) as well as the principal components of winter 5'0
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records (Vinther et al., 2010; Ortega et al., 2014) show an intense
cooling during the younger of the two cold periods, while cooling during
the first cold period is less pronounced. However, ice cores from West
and Northeast Greenland show a more intense cooling between 135 —
125 yrs. BP (1815 - 1825 CE) and a less pronounced or even insignifi-
cant cooling during 114 — 104 yrs. BP (1836 — 1846 CE). It follows that
the 135 - 125 yrs. BP (1815-1825 CE) cooling is strongest in the North
Central part of Greenland and between 114 — 104 yrs. BP (1836-1846
CE) the strongest 5!%0 anomalies are encountered along a Northwest-
Southeast central Greenland transect (Masson-Delmotte et al., 2015).
The LIA appears in many marine studies off shore Greenland as well
as in the wider North Atlantic realm (Lapointe and Bradley, 2021) to be
two-peaked or locally even three-peaked with intervening short-lived
warming and often fluctuations within the cooler episodes. This could
find support in the duplication of lateral moraines within the trimline
zone, which is also recorded in written historical documents that shows
glacier advance in the early 350 yrs. BP (18th century), at least in some
West Greenland localities (Weidick et al., 2012). However, for the ma-
rine records, due to time resolution of the data and age uncertainties, it
would be premature to draw conclusions about regional synchronicity
(Fig. 4). There is certainly a structure to the ice fluctuations during the
LIA epoch in Greenland, which from the available data suggests ice
advance at ca. 1,700 yrs. BP (1250 CE) and culmination at about 550 yrs.
BP (1400 CE) and again in the 18th century. The LIA glacier response
must be seen in context with the older Neoglacial, meaning that the GrIS
was in an already advanced position before the younger Neoglacial - LIA
cooling. As such, the MWP and perhaps the RWP should be considered as
short-term punctuations within a generally cold period, starting ca.
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Fig. 22. Historical documentation. Printing year of geographical maps and ice extent from maps relative to the mapped LIA maximum extent.

4,000 yrs. BP because of complex interaction between atmospheric and
oceanographic changes. Thus, our compilation does not support the
general view of a delay in glacier response to the onset of the LIA (Dahl-
Jensen et al., 1998; Weidick et al., 2012). The prominent fresh-looking
landscapes in front of many outlet glaciers in Greenland are likely a
result of several millennia of glacier activity and climate induced ice
fluctuations and not a single LIA advance. Using additional geochro-
nological approaches to augment *“C determinations in this period e.g.,
219pb and rock surface OSL are crucial to further constrain the chro-
nology of LIA glacier oscillations.

5.3. Reconciling retreat phase proxies

As the LIA terminal area of most Greenland glaciers have been
overridden several times by Neoglacial ice advances it is very difficult to
recover evidence of multiple retreat phases except for the final period
within the LIA. In summary, we find that generally the onset of ice
retreat following the LIA and subsequent lichen growth begins between
540 to 65 yrs. BP (1410 to 1885 CE) in Southwest Greenland and 301 to
—15 yrs. BP (1649 to 1965 CE) in Southeast Greenland. Historical maps
testify to 114 — 104 yrs. BP (1840s-1850s CE) LIA maxima lasting until
the present deglaciation commenced around 50 yrs. BP (1900 CE). If the
sequence of lateral moraines seen at many outlet glaciers are interpreted
rigorously it should indicate a successive lowering from the highest
trimlines/lateral moraines generated by vertically and horizontally
expanded glaciers to lower elevated trimlines/lateral moraines that re-
cord recessive advances or still-stands either over the entire LIA or from
a final ice fluctuation i.e., early 19th century. The well-known present-
day retreat pattern and surface lowering of major outlet glaciers from
the GrIS is generally mirrored in the spatial distribution of the post LIA
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retreat after the 50 yrs. BP (1900 CE) advance following the warming in
1920s CE. We speculate that it is largely the same sensitivity pattern that
governs the retreat from all three Neoglacial events and the minor
retreat phases within the LIA.

Global mean sea level (GMSL) variability during the CE prior to the
20th Century very likely ranged between ~ + 7 cm and +11 cm in
amplitude (Kopp et al., 2016). However, assessment of Greenland’s
contribution relies primarily on estimates from deglaciation models (e.g.
HUY3 (Lecavalier et al., 2014) as extracting the source and magnitude of
sea-level contributions as global proxy sea level indicators is inconclu-
sive. Assessment of the GSML budget for the 20th Century in the IPCC
ARS included an unattributed residual for the period 1901 — 1990 CE,
however, lack of observation-based estimates meant that contributions
from the polar ice sheets and ocean thermal expansion was not included
(Church et al., 2013). Subsequent alternative statistical reanalysis of the
GMSL from tide gauges suggested a smaller rate of sea-level rise during
the 20th century than previously proposed, inferring the budget could
be closed without invoking any additional contributions from ocean
thermal expansion or ice sheets (Hay et al., 2015).

For the GrIS, however, reassessment of historical expedition maps,
historic imagery, and landscape geomorphology (e.g. this review, Bjork
et al., 2012; Csatho et al., 2008; Kjeldsen et al., 2015; Lea et al., 2014,
Weidick et al., 1996) clearly shows ice marginal retreat. Quantifying the
historical mass balance changes has been derived using different
methodologies. Box and Colgan (2013) used a surface mass balance
reconstruction from 1840 onwards, based on a spatial and temporal
statistical assimilation of meteorological station records, ice cores, and a
regional climate model output. They modelled iceberg discharge as a
function of runoff, to estimate a net eustatic sea level contribution of 25
+ 10 mm SLE during 1840-2010 CE (Box and Colgan, 2013). This
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Table 6
Historical map data.
Name Long Lat Map Relative to diff LIA  LIAmax bh500 bh_ 1500 05500 051500  Source
production LIA max
year
Sermegq silardleq —50,82180 70,78530 1848 Outside 972 972 Rink, 1851
(Itivdliarssiip)
Perdlerfiup sermia —50,95610 70,98860 1848 Outside 1109 1109 Rink, 1851
(Ingnerit Brae) Main
glacier
Store Gletscher (Store —50,59370 70,38180 1848 Inside 4334 4334 Rink, 1851
Qarajak)
Jakobshavn Isbrae —49,97510 69,18140 1851 Outside 1925 1925 Rink, 1852
Alangordliup sermia —50,20970  68,95690 1851 Outside 3300 3300 Rink, 1852
Sermilik (Sermitsialik) —47,02350  60,96590 1854 Behind —2130 -2130 Motzfeldt,
1854
Arsuk Glacier —47,91090 61,31500 1862 Behind —540 —-540 Schmidt, 1862
Kangerdluarssuk - V —46,31160  61,06800 1876 Behind —690 —690 Steenstrup,
1881
Sarqardliup sermia —50,32680 68,90380 1879 Behind —1220 -1220 Hammer, 1883
Store Gletscher (Store -50,59370  70,38180 1879 Outside 50 50 Steenstrup,
Qarajak) 1883
Perdlerfiup sermia —50,95610 70,98860 1879 Outside 50 50 Steenstrup,
(Ingnerit Brae) Main 1883
glacier
Sermeq kujatdleq —50,24440 70,00230 1879 Outside 60 60 Steenstrup,
1883
Usugqgliip sermia -50,36180  67,93520 1879 Outside 150 150 Jensen, 1881
Sermegq silardleq —50,82180 70,78530 1879 Outside 380 380 Steenstrup,
(Itivdliarssiip) 1883
Sermilik —50,65140 70,62850 1879 Outside 875 875 Steenstrup,
1883
Inugpait Qiat —50,03550  67,51480 1879 Outside 1080 1080 Jensen, 1881
Kangerdluarss{ip sermia —51,52450 71,25890 1879 Outside 2600 2600 Steenstrup,
1883
Sermeq —44,46850  60,56130 1880 Behind —400 —400 Holm, 1883
Se¢ndre Sermilik —44,50280  60,78620 1880 Outside 75 75 Holm, 1883
Alangordliup sermia —50,20970 68,95690 1883 Behind —465 —465 Hammer, 1889
Kangilerngata sermia -50,37770 69,88030 1883 Outside 50 50 Hammer, 1889
Jakobshavn Isbra —49,97510 69,18140 1883 Outside 1293 1293 Hammer, 1889
Kangiata Nunata sermia —49,64050  64,33350 1885 Behind —13830 —13830 Jensen, 1889
Sarqap sermia —50,65150 65,20740 1885 Outside 660 660 Jensen, 1889
Upernaviks Isstrgm —54,37870 72,84710 1886 Behind 0 0 Ryder, 1889
Cornell Glacier. Ryders —56,10460  74,22420 1886 Outside 740 740 Ryder, 1889
Isfjord
Sermegq silardleq -50,82180  70,78530 1892 Outside 300 300 Drygalski,
(Itivdliarsstip) 1897
Umiamako —52,47620  71,69780 1892 Outside 2860 2860 Drygalski,
1897
Sermeq —44,46850 60,56130 1894 Behind —748 —748 Jessen and
Moltke, 1896
Sermitsiaq —44,44820 60,52850 1894 N/A 0 0 Jessen and
Moltke, 1896
Jakobshavn Isbrae —49,97510 69,18140 1902 Behind —3570 —3570 Engell, 1902
Sermeq Avangnardleq —50,34940  69,34180 1902 Behind —1050 —1050 Engell, 1902
Tulialik —50,65000  68,52730 1902 Outside 140 140 Engell, 1902
Alangordliup sermia —50,20970 68,95690 1903 Behind —1700 —1700 Engell, 1902
Sarqardliup sermia —50,32680  68,90380 1903 Behind —865 —865 Engell, 1902
Kangilerngata sermia —50,37770 69,88030 1903 Outside 285 285 Engell, 1902
Qingua avangnardleq —50,12530  69,63430 1903 Outside 550 550 Engell, 1902
Sermeq avangnardleq —50,32200  70,05050 1903 Outside 700 700 Engell, 1902
Rink Gletscher —60,99140  76,24200 1916 Behind —5000 —5000 Koch, 1932
Unnamed Helland —64,62110  76,31050 1916 Behind —4000 —4000 Koch, 1932
Gletscher E
Kong Oscar Gletscher / —59,69720 76,01790 1916 Behind —3300 —3300 Koch, 1932
Nuussuup Sermia
Sverdrup Gletscher —58,00960 75,62170 1916 Behind —1500 —1500 Koch, 1932
Alison Gletscher / —56,08140 74,61430 1916 Behind —-700 —-700 Koch, 1932
Nunatakassaap Sermia
Unnamed Dgcker Smith —61,92040 76,33600 1916 Outside 800 800 Koch, 1932
Gletscher W
Gade Gletscher / —62,75500 76,40070 1916 Outside 1300 1300 Koch, 1932
Innaqqissorsuup
Oqquani Sermeq
Yngvar Nielsen Brae —64,07560 76,36670 1916 Outside 2300 2300 Koch, 1932
Savissuaq Gletscher —65,56030 76,34900 1916 Outside 2400 2400 Koch, 1932
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Name Long Lat Map Relative to diff LIA LIAmax bh 500 bh_1500 0s500 051500  Source
production LIA max
year

Peary Gletscher / —60,58680  76,08400 1916 Outside 3100 3100 Koch, 1932
Issuusarsuit Sermiat

Steenstrup Gletscher / —57,76750 75,30780 1916 Outside 4000 4000 Koch, 1932
Sermersuaq

Unnamed Savissuaqg W —66,09470 76,32370 1916 Outside 5000 5000 Koch, 1932

Dietrichson Gletscher —57,92290 75,46500 1916 Outside 5200 5200 Koch, 1932

Marie Sophie Gletscher —33,46680 81,81880 1921 Behind —5600 —5600 Koch, 1932

Academy Gletscher —32,45430 81,55560 1921 Outside 10 10 Koch, 1932

Storm Gletscher —72,77100  78,14130 1922 Behind —1200 —1200 Koch, 1932

Diebitsch Gletscher / —71,57460 77,96100 1922 Behind —450 —450 Koch, 1932
Arfalluarfiup Sermia

Harald Moltke Bra / Ullip —67,65520  76,58210 1922 Behind —300 —-300 Koch, 1932
Sermia

Bowdoin Gletscher / —68,54440 77,71430 1922 Behind -100 -100 Koch, 1932
Kangerluarsuup Sermia

Dodge Gletscher —72,67610  78,17420 1922 Behind —100 -100 Koch, 1932

Morris Jesup Gletscher / —71,05400 77,90860 1922 Outside 750 750 Koch, 1932
Neqip Sermia

Pituffik Gletscher / —68,70580  76,25400 1923 Outside 2300 2300 Koch, 1932
Paakitsup Sermersua

Jakobshavn Isbree —49,97510 69,18140 1879 Outside 1530 1530 Hammer, 1883

reconstruction estimated a net positive mass balance equivalent to ~1.2
mm SLE during 1840 — 1900 CE. This suggests that up until the begin-
ning of the 20th century, the ice sheet was near balance, which agrees
with other independent observations. Kjeldsen et al. (2015) used 1900
CE as a Greenland-wide average for when ice started to retreat from its
LIA maximum  position and wused observations from
stereo-photogrammetric imagery to provide spatially resolved,
observation-based geodetic mass balance estimates for three periods:
LIAmax (1900 CE - 1983 CE) 75.1 + 29.4 Gt/yrs., 1983-2003 CE 73.8 +
40.5 Gt/yrs., and 2003 — 2010 CE 186.4 + 18.9 Gt/yrs., leading to a total
contribution of 25.0 + 9.4 mm SLE, while estimates from an updated
semi-empirical model, similar to that of Box and Colgan (2013), yielded
28.0 + 23.8 mm SLE. These semi-empirical models that provide annual
estimates on a Greenland-wide scale, suggest variability during the 20th
Century. For example, considerable mass loss during the 1920s and
1930s and near balance conditions during the 1970s and 1980s, through
lack of spatial information on where mass loss has occurred. Conversely,
the photogrammetric-based estimates lack temporal resolution. How-
ever, the release of historic satellite imagery, combined with modern
high-resolution spatio-temporal data, has enabled mass balance recon-
struction at unprecedented scale from 1972 onwards. It is apparent that
the GrIS contributed 13.7 4 1.1 mm to GMSL rise from 1972 to 2018,
with the majority of loss occurring after the 1990s following almost two
decades of minor gain in the 1970s and loss in the 1980s (Mouginot
et al., 2019). The latter increase in mass loss during the late part of the
1990s and continual trend into the 21st century is supported by
numerous other studies (e.g. Khan et al., 2015; Shepherd et al., 2012).

6. Conclusions

e Across Greenland, we find a consensus in proxy data integrating
advance and culmination phases of outlet areas of the GrIS for three
distinct periods of glacier expansion, two within the older Neoglacial
2,500 — 1,700 yrs. BP and 1,250 — 950 yrs. BP and one within the
younger Neoglacial 700 — 50 yrs. BP, which includes the LIA cooling
and glacier expansion at ca. 1250 CE.

We find that the LIA response must be seen within the wider context
of the entire Neoglacial period over the past 5,000 yrs. Many glaciers
advanced early in the Neoglacial and persisted in a close to present-
day position and reacted to moderate climate forcing thereafter.
Ice expansion appears to be closely linked with changes in ice sheet
elevation, accumulation and temperature as well as surface water-
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cooling in the surrounding oceans. At least for the two younger

Neoglacial advances, volcanic forcing triggering a sea ice /ocean

feedback could explain their initiation.
e There is a centennial structure to the LIA ice fluctuations and
available data suggests ice advance began around 700 yrs. BP (1250
CE), with culminations in the 15th century, early to mid-18th cen-
tury and early mid-19th century. This implies that there is no delay in
glacier response to the onset of regional cooling across most of
Greenland and thus there is no lag in response time to the LIA
cooling. However, the exact timing of individual fluctuations re-
mains a problem due to poor chronological resolution, not least for
the culmination phase.
Evidence for retreat phases during the LIA is largely restricted to the
final retreat phase from the last LIA advance due to the transgressive
nature of the outlet glaciers over the same landscape. A clear
geomorphological imprint on the landscape shows a gradual
lowering of the ice surface generating a consecutive series of lateral
moraines associated with several recessive end moraines. The GrIS
has a distinct sensitivity pattern of retreat in Northwest and South-
east Greenland as well as for the large outlets of Jakobshavn Isbre,
KNS, Frederikshab Isblink, Qassimiut Lobe, Kangerlussuaq Glacier
and Helheim Glacier. We speculate that a similar pattern was acting
during retreat within the older Neoglacial retreat phases.
So far, the lack of spatial resolution of LIA data around Greenland
hampers a clear view on regional synchronicity between the different
advance and culmination phases.
Increased efforts to employ additional geochronological approaches
other than 'C determinations in these periods (e.g., 210Pb, OSL
surface dating) are crucial to further constrain glacier LIA advances
and retreat.
Estimates of the rate of contribution from Greenland to global mean
sea-level rise since the end of the LIA requires better understanding
of the timing of the final culmination and retreat phase on a regional
and local scale around Greenland. This study highlights the lack of
data currently able to infer regional synchronicity of the final
culmination and retreat phases. Until these data gaps are filled, we
will not be able to reconstruct pre-satellite era, post-LIA rate mass
loss with sufficient certainty.
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