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Abstract 

Establishing the timing of maximum Holocene warmth in the Arctic is critical for 

understanding global climate system response to external forcing. In Greenland, challenges in 

obtaining climate records that span the full Holocene have hampered efforts to robustly 

identify when the Holocene Thermal Maximum (HTM) occurred. Reconstructing land-based 

ice sheet history can fill this gap because these ice sheet regions respond sensitively to 

summer temperature. We synthesize new and published 10Be and 14C ages from southwest 

Greenland to map Greenland Ice Sheet (GrIS) margin positions from 12-7 ka and calculate 

retreat rates from 12-0 ka. We found that maximum GrIS recession occurred between ~10.4 

and 9.1 ka. Our reconstruction suggests that summer air temperatures in southwest Greenland 

were highest from ~10.4 to 9.1 ka, providing support for an early regional HTM. These 

results can serve as benchmarks for comparison with ice sheet and climate model simulations. 

 

Plain Language Summary 

As the climate warms, Arctic temperatures are expected to increase at a faster rate than the 

rest of the world. Previous research has determined that Arctic temperatures were several 

degrees Celsius higher than today at some point in the past 12,000 years, and understanding 

when this warm time occurred might give scientists important insights into Arctic climate 

conditions in the future. However, in Greenland, the timing of maximum warmth is not well-

defined because many existing climate reconstructions do not span all of the past 12,000 

years. In this paper, we use the retreat rate of the western Greenland Ice Sheet to determine 

when the warmest time of the past 12,000 years occurred. This method is advantageous 

because (1) retreat rates of this part of the Greenland Ice Sheet are directly related to summer 

air temperature, and (2) the retreat history of the western Greenland Ice Sheet retreat is well-
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known. We bring together new and previously published data that relates to Greenland Ice 

Sheet change to calculate how quickly the ice sheet retreated between 12,000 years ago and 

the present. Using this information, we determined that the warmest time of the past 12,000 

years occurred between about 10,400 and 9,100 years ago, which is several thousand years 

earlier than some previous estimates. These results can help improve computer simulations 

that are used to predict future changes in Arctic ice sheet extent, climate, and sea-level. 

1 Introduction 

Understanding the pattern and timing of Arctic system response to past warmth can 

inform model-based predictions of cryosphere evolution under projected climate scenarios. 

Across the Arctic, a relative wealth of paleoclimate data exists for the Holocene, and proxy 

compilations suggest that both the onset (Briner et al., 2016; Kaufman et al., 2004) and the 

cessation (McKay et al., 2018) of the Holocene Thermal Maximum (HTM) varied spatially. 

However, in most of the Baffin Bay region (encompassing eastern Arctic Canada and western 

Greenland), the presence of the Greenland and Laurentide ice sheets prevented the deposition 

of terrestrial paleoclimate archives (e.g., lake sediments) for much of the early Holocene. 

Lacustrine records that do exist from Baffin Bay present conflicting evidence of the timing of 

maximum Holocene warmth, with some proxies suggesting temperatures were highest in the 

early Holocene (Axford et al., 2013), while others suggest the warmest interval occurred 

during the middle Holocene (Gajewski, 2015). Ice cores provide continuous records of 

Holocene climate, but uncertainties in ice surface elevation change through time can 

complicate climatic interpretations (Vinther et al., 2009). Similarly, climatic signals from 

marine sediment records can be obscured by ice sheet meltwater discharge (Lloyd et al., 



 

 

©2019 American Geophysical Union. All rights reserved. 

2005). To firmly establish when HTM occurred in the Baffin Bay region, there is a critical 

need for new types of climate reconstructions that span the Holocene. 

In the Kangerlussuaq region of southwest Greenland (Fig. 1), extensive moraine 

systems (Lesnek & Briner, 2018; Ten Brink, 1975) formed during short-lived cooling events 

(e.g., the 9.3 and 8.2 ka events; Young et al., 2020). The sensitivity of this land-based GrIS 

sector to abrupt climatic change suggests the ice margin was in near-equilibrium with climate 

throughout the Holocene. Because the GrIS in this area is not heavily influenced by ice 

dynamics (e.g., calving; Csatho et al., 2014), and the ice margin has a relatively short 

response time (Young et al., 2020), its retreat history can be used as a proxy for surface mass 

balance, which is closely tied to summer temperature and winter precipitation (Cuzzone et al., 

2019). Here, we synthesize new and previously published chronologies to reconstruct the 

spatial pattern of GrIS change in the Kangerlussuaq region over the past ~12 ka. We then 

discuss the history of this ice sheet sector in the broader context of the HTM. 

2 Materials and Methods 

We compiled published age constraints that relate to the timing of southwest GrIS 

margin change. Of these ages, 295 are cosmogenic 10Be surface exposure ages, which directly 

date deglaciation, and 189 are minimum- or maximum-limiting 14C ages from lake sediments 

(n = 79), marine shells (n = 109), or benthic foraminifera (n = 1). We also generated 13 new 

14C ages from sediments in eight proglacial lakes (supplemental information). All 10Be ages 

were recalculated with version 3 of the CRONUS Earth calculator (hess.ess.washington.edu; 

Balco, 2017; Balco et al., 2008) using the Baffin Bay/Arctic production rate (Young et al., 

2013) and Lm scaling (Lal, 1991; Stone, 2000), which is commonly used to calculate 10Be 

exposure ages in Greenland (e.g., Lesnek & Briner, 2018; Winsor et al., 2015). However, for 

comparison with other production rates and scaling schemes, we have made available all 
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information needed to recalculate the 10Be exposure ages at the NOAA National Centers for 

Environment Information (https://www.ncdc.noaa.gov/paleo-search/study/26450). All 14C 

ages were (re)calculated in OxCal version 4.3 (Bronk Ramsey, 2009, 2017). Marine 14C ages 

were corrected using a total marine reservoir age of 540 ± 35 yr (ΔR=140 ± 35 yr; Lloyd et 

al., 2011). 

We combined the chronology compilation and the ArcticDEM (Porter et al., 2018) to 

map Holocene ice margin positions from ~71-64 N. Our mapping builds on previous work 

by Weidick (1974), who mapped Quaternary surficial deposits across West Greenland. Using 

our chronology compilation, we mapped the moraine systems by age and correlated them 

across the entire study area, interpolating ice margin positions between areas without well-

preserved moraine crests. Moraine locations were field-verified in Jakobshavn (Young et al., 

2011; Young et al., 2013), Naternaq (Kelley et al., 2015), Kangerlussuaq (Young et al., 

2020), Søndre Isortoq (Lesnek & Briner, 2018), and Kangersuneq (Fig. S1). 

We then used the ice margin map to reconstruct Holocene retreat rates on a land-

based GrIS sector in the Kangerlussuaq region (Fig. 1). We focused these efforts specifically 

on the Kangerlussuaq region, rather than the broader southwestern GrIS, for several reasons. 

First, in ice sheet regions dominated by surface mass balance (Cuzzone et al., 2019; Sole et 

al., 2008), the rate of ice margin change is related to climate forcing on centennial-to-

millennial timescales (Kelley et al., 2015). The retreat history of land-based GrIS sectors, 

such as in the Kangerlussuaq region, can therefore provide insight into climatic conditions 

over the Holocene. Second, a suite of five early Holocene moraine systems are preserved 

throughout the region (Fig. 1), and the age of each ice margin position is directly constrained 

by 10Be ages from moraine boulders (n = 60; Carlson et al., 2014; Levy et al., 2012; Winsor 

et al., 2015; Young et al., 2020) and supported by the broader chronology compilation. 

Finally, Holocene ice-margin recession in this region was not impacted by re-advances over 

https://www.ncdc.noaa.gov/paleo-search/study/26450
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large distances. Maximum-limiting 10Be ages from perched boulders outside of the Taserqat, 

Sarfartôq-Avadtleq, Fjord, and Ørkendalen moraine systems are statistically indistinguishable 

from moraine boulder 10Be ages (Young et al., 2020), indicating that the moraines were 

deposited during ice margin stillstands. Thus, the measured retreat rates for this GrIS sector 

are close to ‘true’ retreat rates. We calculated linear retreat rates along east-west trending 

profile lines that intersect mapped ice margin positions (Fig. 1). Linear retreat rates are 

reported in m a-1. To assess possible differences in retreat due to aclimatic (e.g., topographic) 

factors, we divided the study region into uniform zones that encompass 15 minutes of latitude 

and 5 degrees of longitude (Fig. 1), created swath topographic profiles (Supplemental Text 

S2.3), and calculated the area (not considering surface topography) between each dated 

moraine stage. We then calculated the area-integrated retreat rate between the moraine stages 

in each zone, which is reported in m2 a-1. 

We used 14C ages from proglacial threshold lake sediments (Briner et al., 2010) to 

estimate the timing and extent of inland retreat during the middle Holocene from 11 new lake 

sediment cores. During intervals when the GrIS was at or near its current extent, these lakes 

receive ice sheet meltwater, and silt-rich sediments are deposited in the lake basin. Once the 

ice margin recedes behind a topographic threshold (derived from BedMachine v3; Morlighem 

et al., 2017), ice sheet meltwater no longer reaches the lake basin and accumulation of 

organic-rich sediment (gyttja) begins. By 14C-dating the contacts between major sediment 

transitions, we constrain the age of GrIS movement into and out of a lake’s catchment (e.g., 

Bjørk et al., 2018; Håkansson et al., 2014; Larsen et al., 2015; Young et al., 2011). To 

estimate the timing of minimum ice extent, we calculated the midpoint between basal and 

upper 14C ages, and estimated the magnitude of inland recession by assuming the ice margin 
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maintained a constant retreat rate between the abandonment of the Ørkendalen moraines at 

~7.3 ka and the basal 14C ages (see supplemental information). 

3 Results 

We report six new 14C ages from four proglacial threshold lakes in the Kangerlussuaq 

region. Basal 14C ages from the contact between basal silt-rich and overlying organic-rich 

sediments, which represent the time when the GrIS margin retreated from each lake’s 

catchment, range from 5,980 ± 320 to 6,050 ± 120 cal yr BP (n = 4). Upper 14C ages at or 

very near the transition from organic-rich to mineral-rich sediments (n = 2) that record the 

GrIS advance back into the lake catchments are 690 ± 20 and 1,450 ± 150 cal yr BP (see 

supplemental information). In the Kangersuneq region (Fig. S1), seven new basal 14C ages 

from four proglacial threshold lakes range from 7,490 ± 70 to 9,160 ± 130 cal yr BP (n = 3). 

Upper ages from these lakes range from 490 ± 20 to 940 ± 20 cal yr BP (n = 4). 

Combining the lake sediment constraints with early Holocene ice margin positions 

(Fig. 1) allowed us to calculate linear GrIS retreat rates between 11.6 and 0 ka (Fig. 2). We 

also calculated area-integrated retreat rates for four intervals that are bracketed by the five 

dated moraine systems (Fig. 3; Table S4). Area-integrated retreat rates between 11.6 and 10.4 

ka average 7.0 ± 2.7 × 105 m2 a-1. From 10.4 to 9.1 ka, the net retreat rate increased to 10.7 ± 

3.7 × 105 m2 a-1. Between 9.1 and 8.1 ka, net retreat rates decreased to 7.5 ± 4.3 × 105 m2 a-1, 

and GrIS retreat rates slowed further between 8.1 and 7.3 ka, averaging 3.7 ± 2.7 × 105 m2 a-1. 

We investigated the relationship between topography and ice margin retreat, and 

based on our swath topography analysis, we found no relationship between area-integrated 

retreat rates and topography (Fig. S11). It is possible that there were intervals between 

moraine positions with higher retreat rates than were calculated here. Thus, the area-

integrated retreat rates presented here should be viewed as minimum estimates. 
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Basal ages from proglacial threshold lakes reveal an additional decrease in retreat 

rates after 7.3 ka (Fig. 2). The sub-ice drainage basin threshold for Four Hare Lake lies ~1 km 

behind the 2001 GrIS margin. A basal 14C age from a core collected from this lake indicates 

the GrIS first retreated out of Four Hare Lake’s catchment at 6,060 ± 120 cal yr BP. The 

calculated linear retreat rate between the Ørkendalen moraines and GrIS retreat out of Four 

Hare Lake’s sub-ice catchment was 2.0 m a-1 (Fig. 2a). 

At Lake Lucy, the sub-ice drainage basin threshold extends ~0.9 km behind the 2001 

margin (Young & Briner, 2015). The GrIS retreated out of Lake Lucy’s catchment at 6,050 ± 

60 cal yr BP, remaining behind the topographic threshold until 1,450 ± 150 cal yr BP. We 

estimate that the ice margin in this zone retreated ~3.7 km inland of its modern configuration, 

and reached this minimum position at ~3.8 ka. Between the Ørkendalen moraines and Lake 

Lucy’s sub-ice threshold, the net retreat rate was 1.2 m a-1 (Fig. 2b) 

The sub-ice threshold for Baby Loon Lake lies ~1 km behind the 2001 GrIS margin. 

Transitions between mineral-rich and organic-rich sediments occurred at 6,370 ± 130 cal yr 

BP and 690 ± 20 cal yr BP. We estimate that the ice margin in this zone retreated ~26 km 

inland of its current position, and achieved this extent at ~3.5 ka. Between the Ørkendalen 

moraines and Baby Loon Lake’s threshold, the net retreat rate was 12.0 m a-1 (Fig. 2c). 

Tasersuaq is a proglacial lake that lies ~40 km west of the modern GrIS and whose 

sub-ice drainage basin extends ~1.9 km inland of the GrIS margin. A shift in sedimentation at 

5,980 ± 320 cal yr BP, from glacially-derived mineral-rich sediments to silty gyttja that 

extends to the surface, marks an interval of lake inflow reorganization, and suggests that ice 

margin never retreated entirely from Tasersuaq’s drainage basin after ~6 ka (see 

supplemental information). Based on this inference, we suggest that in this location, the GrIS 
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retreated no more than ~1.9 km inland its present position during the middle Holocene, and 

net retreat rates did not exceed 0.6 m a-1 (Fig. 2d). 

4 Holocene retreat rates of the western Greenland Ice Sheet 

We observe increasing retreat rates through the earliest Holocene, with maximum 

Holocene GrIS recession occurring between ~10.4 and 9.1 ka (Fig. 3). After this interval, 

GrIS retreat rates decreased until they reached a minimum after ~7.3 ka. This decrease in 

retreat rates led to minimal inland recession during the middle Holocene, in most cases less 

than 4 km. Deceleration of GrIS retreat in the middle Holocene has been observed along 

other land-based margins in southwest Greenland (Fig. S1), including Paakitsoq (Håkansson 

et al., 2014), Nuussuaq (Cronauer et al., 2016), and Isua (Levy et al., 2017). In the 

Kangerlussuaq region, geophysical surveys reveal that sub-ice-sheet permafrost, which can 

only form when the area was deglaciated, extends just ~2 km inland of the GrIS terminus 

near Issunguata Sermia (Ruskeeniemi et al., 2018). Ice-dammed basin sediments near the 

Russell Glacier further constrain the timing of restricted ice extent to a relatively narrow 

window between ~6.8 and 4.2 ka (Carrivick et al., 2018). Thus, the collective evidence 

suggests that land-based southwest GrIS margins experienced a major slowdown in retreat 

rates after ~7 ka. 

The coherence in moraine system ages across southwestern Greenland points 

primarily to a climatic forcing of GrIS change during the Holocene (Young et al., 2013). In 

turn, rapid and widespread GrIS response to Holocene cooling events (Young et al., 2020) 

suggests the southwest GrIS margin was in balance with climate, and was not retreating in the 

early Holocene simply as a lagged response to latest Pleistocene warming (Buizert et al., 

2018; Shakun et al., 2012). We also find that topography was not a major influence on area-

integrated retreat rates (Fig. S11), further emphasizing the role of climate in driving GrIS 
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recession. Assuming that this sector of the GrIS was in equilibrium with Holocene climate, 

periods with high retreat rates should indicate intervals with persistent negative mass balance. 

Indeed, the fastest reconstructed ice margin recession occurred during a time of intense mass 

loss in simulations of GrIS-wide mass balance (e.g., Buizert et al., 2018; Fig. 3). 

Furthermore, both the Huy3 (Lecavalier et al., 2014) and Buizert et al. (2018) models 

simulate a transition from negative to near-zero mass balance at ~6.5 ka, consistent with our 

finding of reduced ice margin recession after ~7 ka. 

Model simulations suggest that the principal control on mass balance in land-based 

ice sheet areas in southwest Greenland is summer temperature (Cuzzone et al., 2019; 

Schlegel et al., 2016). Low levels of winter precipitation may also contribute to fast ice 

recession, and conversely, increased snowfall during periods of warmth has been 

hypothesized to partially offset temperature-driven mass loss (Thomas et al., 2016). 

However, numerical modeling indicates that warming of ~2 C above modern mean annual 

air temperature is capable of producing sufficient melt to outpace mass gains from increased 

accumulation (Rae et al., 2012). This modest temperature increase is similar in magnitude to 

estimates of Arctic-wide warming during the HTM (Kaufman et al., 2004). Therefore, our 

results suggest that in southwest Greenland, the warmest summer air temperatures over the 

entire Holocene occurred between ~10.4 and 9.1 ka. 

Resolving the timing of the HTM in the Arctic has been the focus of numerous 

studies, and recent syntheses (Briner et al., 2016; Kaufman et al., 2004) have highlighted 

considerable discrepancies in climate reconstructions across the Baffin Bay region (Fig. 4). 

Records from eastern Baffin Island (Lakes CF8 and CF3; Axford et al., 2009), south 

Greenland (Lake Igaliku; Massa et al., 2012), the Sisimiut region (Wagner & Bennike, 2012), 

southeast Baffin Island ice caps (Pendleton et al., 2019), and the Agassiz Ice Cap (Bourgeois 
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et al., 2000; Fisher et al., 2012; Lecavalier et al., 2017) suggest the warmest millennia of the 

Holocene occurred before ~8 ka, coincident with maximum summer insolation (Fig. 3). Yet 

reconstructions from chironomid assemblages (North Lake; Axford et al., 2013), pollen 

(Patricia Bay and Fog Lakes; Fréchette et al., 2006; Gajewski, 2015; Kerwin et al., 2004), the 

GISP2 ice core (Kobashi et al., 2017), and lake sediments (Akavaqiak Lake and SFL 4.1; 

Fréchette & Vernal, 2009; Willemse & Tornqvist, 1999) suggest that maximum air 

temperatures lagged peak insolation by several millennia. However, many reconstructions 

that identify a late HTM do not extend to the earliest Holocene (Fig. 4), leaving open the 

possibility of an earlier period of maximum warmth that is not captured by these shorter 

records. Although ice cores provide continuous, long-term climate information, 

reconstructions from the GrIS divide (e.g., Alley & Anandakrishnan, 1995; Kobashi et al., 

2017), which suggest peak warmth in the middle Holocene (Fig. 4), may not reflect climatic 

conditions at the margins, especially when considering the complication of core site elevation 

change through time (Vinther et al., 2009). Indeed, merging multiple ice core reconstructions 

with transient climate simulations produces an expanded interval of elevated summer air 

temperatures, spanning from ~10 to 6.5 ka (Fig. 4; Buizert et al., 2018), which is broadly 

consistent with our results from southwest Greenland. In summary, our record of GrIS 

margin change over the past ~12 ka supports an early HTM in the Baffin Bay region and 

demonstrates the advantage of Holocene-length temperature reconstructions for addressing 

questions about long-term regional climate trends. 

5 Conclusions 

Our compilation of 497 10Be and 14C ages from southwest Greenland allowed us to (1) 

generate a complete reconstruction of GrIS margin positions between ~12 and 7 ka, (2) 

estimate ice margin positions after ~7 ka, and thus (3) constrain net ice sheet retreat rates over 

the entire Holocene. Within this context, maximum southwest GrIS recession occurred 
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between ~10.4 and 9.1 ka, and retreat rates likely reached a minimum after ~7.3 ka. The lack 

of a relationship between net retreat rates and landscape-scale topography, and the 

widespread existence of moraines that date to short-lived cooling events, both implicate 

regional climate as the primary driver of southwest GrIS margin change over the past ~12 ka. 

The tight coupling of land-based GrIS margins to Holocene climate suggests that the summer 

air temperatures in southwest Greenland were highest from ~10.4–9.1 ka, providing 

independent support for an early HTM in the Baffin Bay region. Finally, our reconstruction 

offers new, geologically-constrained targets that can be used to assess ice sheet and climate 

model performance over the Holocene. 
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Figure 1. The Kangerlussuaq region. Early Holocene GrIS limits are indicated by the colored 

lines; mappable moraine crests are solid lines and interpolated ice margin positions are dotted 

lines. Moraine ages are averages with 1 SD external uncertainty. Chronologies used to draw 

GrIS limits are color-coded by age, ranging from >13 ka (purple) to 0 ka (red). Average 10Be 

deglaciation ages are indicated by circles whose size correlates to the number of samples at a 

given location. Maximum-limiting 14C ages are shown by right-facing triangles. Minimum-

limiting 14C ages are shown by left-facing triangles. Sources for previously published 14C and 
10Be ages are listed in Tables S1 and S2, respectively. Locations of proglacial threshold lakes 

are indicated by three letter codes: FHR = Four Hare Lake, LCY = Lake Lucy, BLN = Baby 

Loon Lake, TSR = Tasersuaq. Gray rectangles indicate zones used to calculate area-integrated 

retreat rates. Zone numbers referenced in Table S4 are shown by the black circles. Profile lines 

used to calculate linear retreat rates and create swath topography for each zone are indicated 

by the dotted black lines. On the inset map, the black dot shows the location of the town of 

Kangerlussuaq. 
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Figure 2. (a-d) Linear retreat rates in the Kangerlussuaq region along profiles with proglacial 

threshold lakes: Four Hare Lake (a), Lake Lucy (b), Baby Loon Lake (c), and Tasersuaq (d). 

Circles represent 10Be ages from moraine systems (Carlson et al., 2014; Levy et al., 2012; 

Winsor et al., 2015; Young et al., 2020). Triangles indicate 14C ages from proglacial threshold 

lakes. Squares indicate the estimated extent of inland GrIS retreat. (e) Average linear retreat 

rates for the four profiles. Dark gray lines represent average retreat rates per time interval and 

shading indicates the standard error of the mean. 
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Figure 3. (a) June 21 insolation at 65 N (Laskar et al., 2004). (b) Holocene temperature 

anomalies (relative to 1750 CE) derived from δ18O in the Agassiz Ice Cap (Lecavalier et al., 

2017). Dark green line shows average temperature and light green shading represents 2-sigma 

uncertainty. For comparison with panels (e) and (f), solid black lines depict average 

temperatures for the time periods bracketed by the moraine system 10Be ages and/or threshold 

lake 14C ages. (c) Chironomid-derived July temperature reconstruction from Lake CF8, eastern 

Baffin Island (Axford et al., 2009). (d) Simulated GrIS mass balance forced by fixed (relative 

to modern; black line) and variable (gray line) temperature seasonality (Buizert et al., 2018). 

Note the inverted y-axis. (e) Area-integrated GrIS retreat rates. Solid lines are average values 

for all areas, color coded by age, and the shading around each line represents the standard error 

of the mean. (f) Average linear retreat rates along profiles for Four Hare Lake, Lake Lucy, 

Baby Loon Lake, and Tasersuaq. Dark gray lines represent average retreat rates per time 

interval and shading indicates the standard error of the mean. 
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Figure 4. Timing of the HTM across the Baffin Bay region (adapted from Briner et al., 2016). 

Vertical yellow bar denotes the period of maximum southwest GrIS recession (10.4-9.1 ka). 

Horizontal red bars (and dots on inset map) represent sites with an early HTM; pink bars (and 

dots on inset map) are sites with a late HTM. Black bars indicate the onset of non-glacial 

lacustrine sedimentation or the base of sediment cores. Refer to text for site sources. 
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