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Reconstructing the sensitivity of past climate to forcings, and of ancient glaciers 

and ice sheets to this climate, can allow us to better understand the range of climate and 

cryosphere behavior we may see in the coming centuries. The Arctic is a region of 

particular importance due to its well-documented amplification of climate change, the 

presence of the Greenland Ice Sheet, and the acceleration of climate and cryosphere 

change in the past two decades. In this dissertation, I investigate the past 20,000 years in 

the area, focusing specifically on the last deglacial period and the late Holocene to 

answer the overarching question: what magnitude of forcing is required to exceed 

regional variability in the climate system?  I address this through three sub-questions: (1) 

was there regional variability in retreat of the Greenland Ice Sheet during the last 

deglaciation, and if so what drove this variability? (2) does Arctic regional climate match 

the average climate history of the region during the Common Era, and (3) is ice sheet and 

glacier behavior in southernmost Greenland during the late Holocene synchronous across 

different glacier types? I use a combination of geostatistical and geochemical techniques 

to answer these questions, and throughout stress the power of large datasets to reveal 

significant climate signal within proxy noise. 

To answer the first question, I present a database of all surface exposure ages and 

radiocarbon ages published for Greenland. I recalculate all ages using consistent 

production rates and scaling schemes to allow all ages to be directly compared with each 

other and to ice sheet models. Factor analysis of surface exposure ages reveals 

diachronous retreat of the ice sheet, with east Greenland deglaciating during and 



 

 

immediately following the end of the Younger Dryas cold period (~12.9-11.7 ka), with 

peaks in retreat ~13.0-11.5 ka. In contrast, terrestrial retreat of south Greenland occurs 

between 11.0 and 10.0 ka, and west Greenland retreats between 10.5 and 7.5 ka. This 

spatial variability is not present in either minimum-limiting radiocarbon ages or an ice-

sheet model reconstruction, and is likely due to ocean warming forcing an early retreat in 

east Greenland. The model reconstruction we compare to does not include realistic ice-

ocean interactions which likely account for the model-data misfit.  

To answer the second two questions, I investigate climate and cryosphere 

interactions in the late Holocene (~4 ka to present) in the Arctic. Temperature changes in 

the latest Holocene are less dramatic than the deglacial temperature increase, but occur at 

centennial timescales relevant to human societies. To address the second question, I use a 

climate field reconstruction to merge geochemical climate proxies that cover the 

Common Era (2 ka to present) with a spatially-resolved reanalysis dataset. This approach 

allows me to build gridded maps of Arctic temperatures at five-year resolution covering 

the period 10-2010 C.E., then use these maps to investigate spatial patterns in climate, 

potential forcings of this climate, and timings of significant temperature shifts in 

individual gridcells.  

Throughout the Common Era prior to recent warming, we observe significant 

spatial variability, particularly between the eastern and western Arctic, which are 

uncorrelated through most of the period. Continental areas in general show more 

variability than ocean regions. A preliminary variance attribution study reveals that a 

combination of five proposed forcings of Arctic climate (volcanic eruptions, the North 

Atlantic Oscillation, Atlantic meridional ocean circulation, CO2, and total solar 

irradiance) explain at most ~20% of climate variance during this period. Onset of Little 

Ice Age cooling is also spatially variable, with a range of ~600 years, and is very 

sensitive to the reference period used to calculate the transition to significantly colder 

temperatures. By contrast, recent emergence into significantly warmer temperatures is 

less sensitive to reference period, and shows warming significantly above background 

temperatures across most of the Arctic between 1850 and 1950 C.E., suggesting 



 

 

relatively early emergence throughout the Arctic, except in parts of the North Atlantic, 

Arctic Europe, and Siberia.  

To answer question 3, I present a set of 51 10Be cosmogenic surface exposure 

ages from six sites in southernmost Greenland. Each site records the late Holocene 

maxima of the adjacent glacier, so the exposure dates indicate timing of retreat from the 

late Holocene maximum extent of the ice sheet. Here, I find substantial variability in the 

response of the south Greenland Ice Sheet and its surrounding glaciers and ice caps to 

climate. Smaller mountain glaciers and ice caps, as well as glaciers draining the 

piedmont-like Qassimiut lobe of the ice sheet show a potential response to a localized 

warming event between ~1.0-0.4 ka. However, those glaciers draining the high altitude 

alpine-like Julianhåb Ice Cap show greater variability, with retreat ages between 3.7 and 

0.4 ka, This suggests the magnitude and duration of climate changes in the late-Holocene 

(before the most recent warming) were too small to force a widespread response of south 

Greenland’s terrestrial cryosphere.  
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1 

North Atlantic Climate and Cryosphere Variability Over the Past 20,000 Years 

 
Chapter 1 

 

Introduction 

 

1.1 Forward 

 

Using traditional estimates of glacier response time to climate forcing, the polar ice 

sheets should have too much thermal intertia to respond to climate forcing on decadal 

timescales. For this reason, in early IPCC reports, the Greenland and Antarctic ice sheets 

were estimated to be fairly stable, with limited potential contributions to global sea-level 

rise in the coming century (Warrick et al., 1991). However, several studies at the 

beginning of the 21st Century began to challenge this assumption. Jakobshavn Isbræ, the 

fastest non-surging glacier on the planet, which drains ~6% of the Greenland Ice Sheet, 

began to collapse in the late 1990s, thinning up to 15 m/yr and doubling in speed 

(Joughin et al., 2004; Thomas et al., 2003). Many other outlet glaciers around the ice 

sheet accelerated dramatically at this time and soon after (e.g. Howat et al., 2005; Rignot 

and Kanagaratnam 2006) Researchers proposed new processes contributing to dynamical 

thinning and retreat of the glaciers (e.g. Schoof, 2005; Schoof, 2007). Catastrophic 

draining of surface lakes through moulins can lubricate the bed, leading to ice 

acceleration (e.g. Zwally et al., 2002; Shannon et al., 2013;). At the ice margin, hydraulic 

fracturing and cliff destabilization can contribute to very rapid retreat of calving glaciers 

(Pollard et al., 2015). This can be exacerbated by intrusion of warm subsurface water 

from the open ocean through troughs in the continental shelf into fjords and the calving 

front, and by reverse bed slopes at the grounding line, which can enhance ice retreat (e.g. 

Jamieson et al., 2012; Pollard et al., 2015).  

This research was accompanied by advances in both direct and remote observation of 

the polar ice sheets, revealing rapid and accelerating retreat of the Greenland Ice Sheet in 

particular (e.g. Bevis et al., 2019; Chen et al., 2017). However, with only 15-20 years of 
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direct and satellite observations of the ice sheet, we must look to the historical and 

geologic record to understand the extent to which these observations are unprecendented 

in Earth’s history. Paleoclimate and paleoglaciological research uses Earth’s geologic 

record as a natural laboratory, with various times in the past when the climate was 

changing naturally as experiments to test hypotheses about the magnitude, rate, and 

spatial expression of climate change. So, by investigating Greenland’s past response to 

climate forcing, we can begin to understand how it might respond to anthropogenic 

climate change into the 21st and 22nd centuries.  

The period between the last Glacial Maximum (LGM, ~26-19 ka) and present is an 

ideal target for investigations of the Greenland Ice Sheet. Sequential ice advances tend to 

obliterate all evidence of previous advances, so the best record of glacier or ice sheet 

behavior always comes from its most recent advance and retreat. In addition, the 

proportion of precise and high-resolution climate proxy records increases dramatically 

closer to the present. This high data density allows us to use spatial statistics to extract 

new information from the large amount of existing data, and gives ample opportunity for 

comparing new data to better reconstruct spatio-temporal variability of the climate and 

cryosphere.  

Finally, this time period has a variety of rates and magnitudes of climate change. 

Most notable are the two events which bookend this period: the deglacial (~19-8 ka), 

characterized by dramatic climate warming (~3°C, Shakun et al 2012) and collapse of 

Northern Hemisphere ice sheets, and anthropogenic climate warming in the 20th and 21st 

Centuries. The latest Holocene (~4 ka-present), also contains several 100-500 year 

climate fluctuations, which are ideal for reconstructing the rate and magnitude of climate 

changes, as well as glacier and ice sheet response to these climate changes.  

 

1.2 Project Objectives 

 

The last deglaciation (~19-8 ka) is the most recent period of large scale climate warming 

accompanied by ice sheet collapse. Eustatic sea level increased ~125 m (Carlson and 

Clark, 2012) over this time period, due mainly to the collapse of the Laurentide, 



 

 

3 

Cordilleran, Scandinavian, and British-Irish Ice Sheets. The Greenland Ice Sheet 

contributed only ~5m to sea-level rise (Lecavalier et al., 2014), but this retreat was 

expressed in Greenland as retreat from at or near the shelf break to within its current 

boundaries (e.g. Funder et al., 2011; Lecavalier et al., 2014).  

 

In Chapter 2, I compile all existing ice margin ages from around the Greenland Ice Sheet, 

and apply factor analysis to investigate possible forcings of ice retreat over the deglacial. 

Unlike previous radiocarbon-based investigations, our study finds spatially diachronous 

retreat. East Greenland appears to deglaciate first, followed by south and finally west 

Greenland. We attribute this spatial variability, and the fact that it is not captured by a 

state-of-the-science ice sheet model, to variable forcings. The early retreat of eastern 

Greenland is likely forced by earlier ocean warming than western Greenland. This 

chapter highlights the importance of including the effect of direct ocean warming in ice 

sheet models.  

 

The late Holocene (~4 ka to present) and its associated Neoglacial ice advance (Solomina 

et al., 2015), presents a slightly different natural experiment. Instead of a dramatic 

climate shift from a glacial to a non-glacial state, the background climate conditions of 

the late Holocene are similar to their pre-industrial (before 1750 C.E.) levels. Greenhouse 

gasses did not change dramatically over the last 4 ka (until the advent of the industrial 

revolution). Earth’s orbital configuration has changed slightly over this period, but the 

late Holocene is much more similar to present than its LGM or deglacial conditions. 

There are only two major ice sheets through this period, and eustatic sea level 

fluctuations over this period are within 1m (Kopp et al. 2016). This does not mean that 

climate was static over this period however. Proxy records from around the world point 

to centennial-scale climate fluctuations, most notably the Little Ice Age, a period of 

generally cooler temperatures and ice expansion sometime in the last millennium. These 

centennial-scale fluctuations are important to investigate to establish background climate 

and glacier variability. In other words, if we can reconstruct the late Holocene climate 
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and glacier variability in more detail, we can begin to better understand exactly how 

unprecendented anthropogenic climate change and its consequences are.  

 

In Chapter 3, I investigate the climate proxy side of this question. We use climate field 

reconstructions to extract the common variability within geochemical proxy records and 

the Hadley reanalysis dataset. This allows us to extend the gridded reanalysis dataset 

throughout the Common Era and investigate both the drivers of climate change and the 

timings of the most prominent climatic events during the Common Era: the Little Ice Age 

and 20th-21st century emergence from background variability. We find surprisingly low 

explanatory power of five proposed drivers of Common Era climate (total solar 

irradiance, Atlantic Ocean circulation, the North Atlantic Oscillation, atmospheric carbon 

dioxide, and global sulfate loading). The five combined forcings explain ~20% of the 

reconstructed temperature record, suggesting either a significant portion of noise or other 

forcings not included in this variance attribution study. Possibly related to this, we map 

the Little Ice Age (defined as the most recent sustained cold period) in the record as a 

spatially-variable event, with most gridcells entering their coldest period in the 15th-18th 

centuries.  By contrast, warming out of Common Era variability occurs across the Arctic 

in the late 19th to early 20th centuries, suggesting timing of emergence studies using only 

the instrumental era may miss the early emergence of climate from background 

variability in the Arctic.  

 

This regional variability in Common Era climate helps us explain the cosmogenic 

exposure ages I present in Chapter 4. Here, I target southernmost Greenland, an area with 

a wide variety of glaciological regimes and a climate different from western Greenland. I 

target six moraines outboard of the most recent drift limit. Most glaciers leave their late 

Holocene maxima between 1.0 and 0.4 ka, overlapping with other surface exposure ages 

in Greenland as well as an initial advance of ice into lake catchments recorded by 

threshold lakes and implying that this early advance may have been the most extensive of 

the post-deglacial Holocene. However, glaciers draining the alpine-like Julianhåb ice cap 
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show more stochastic behavior, implying glacier size and geometry has an important 

impact on glacier sensitivity to climate change at centennial timescales.  
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2.1 Abstract 

The last deglaciation is the most recent interval of large-scale climate change and 

drove the Greenland ice sheet margin from the continental shelf to within its present 

extent. Here, we use a database of 645 published 10Be ages from Greenland to document 

the spatial and temporal patterns of retreat of the Greenland ice sheet during the last 

deglaciation. Following initial retreat of its marine margins, most land-based deglaciation 

occurred in Greenland following the end of the Younger Dryas cold period (12.9–

11.7 ka). However, deglaciation in east Greenland peaked significantly earlier (13.0–

11.5 ka) than that in south Greenland (11.0–10 ka) or west Greenland (10.5–7.0 ka). The 

terrestrial deglaciation of east and south Greenland coincide with adjacent ocean 

warming. 14C ages and a recent ice-sheet model reconstruction do not capture this 

progression of terrestrial deglacial ages from east to west Greenland, showing 

deglaciation occurring later than observed in 10Be ages. This model-data misfit likely 

reflects the absence of realistic ice-ocean interactions. We suggest that oceanic changes 

may have played an important role in driving the spatial-temporal ice-retreat pattern 

evident in the 10Be data. 

 

2.2 Introduction 

 During the global Last Glacial Maximum (LGM, 19–26 ka; Clark et al., 2009), 

the Greenland ice sheet (GrIS) covered ∼65% more area than its present extent and in 

many places extended to the continental shelf-slope break (Funder et al., 2011). Over the 

next ∼15 ka as temperatures increased, the GrIS retreated, reaching a smaller-than-

present extent in the early to middle Holocene (e.g., Carlson et al., 2014, Larsen et al., 

2015, Young and Briner, 2015). Several rapid climate fluctuations in the North Atlantic 

region are superimposed on the general warming trend from the LGM to the middle 

Holocene. Abrupt warming initiated the Bølling Interstadial period at ∼14.6 ka. Regional 

cooling initiated the Younger Dryas Stadial at ∼12.9 ka, and abrupt warming defines the 

onset of the Holocene at ∼11.7 ka (Shakun and Carlson, 2010, Clark et al., 2012, Buizert 
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et al., 2014). While the GrIS retreated in response to this most recent interval of large-

scale climate change, whether retreat was synchronous across the island is unknown. 

Several studies have examined regional to continental-scale deglaciation of 

Greenland, using both proxy data and model results (e.g., Bennike and Björck, 

2002, Dyke, 2004, Simpson et al., 2009, Funder et al., 2011, Lecavalier et al., 

2014, Young and Briner, 2015); the emergence of 10Be surface exposure dating enables 

increasingly detailed and precise geochronological studies. Thirty-seven studies 

using 10Be ages to date ice-marginal systems around Greenland have been published 

since 2007, addressing land-based retreat from the outer coast to the present margin 

(Figure 2.1). This rapidly growing data set documents spatial and temporal information 

about GrIS responses to deglacial climate change, and can be used to independently 

validate ice-sheet models. 

Here, we assemble a complete database of all published 10Be ages from 

Greenland. All ages are recalculated with the most up-to-date production rate (Young 

et al., 2013a) and scaling schemes, and are therefore internally consistent. We use this 

compilation and factor analysis to investigate the spatial-temporal patterns of GrIS 

margin retreat. We also compare our results against an updated 14C database and a recent 

ice-sheet model simulation of the last deglaciation (Lecavalier et al., 2014) to test 

whether the simulated GrIS response to deglacial climate change agrees with 

observations, building on recent model-data comparisons for the Holocene when the GrIS 

was smaller than its present extent (Larsen et al., 2015, Young and Briner, 2015). 

 

2.3 Methods 

 

2.3.1 The 10Be database 

 An extensive literature review revealed 36 publications (as of May 2016) that 

include 10Be exposure ages in Greenland (Figure 2.1, Table 2.1). A total of 645 ages have 

been published, with between two and 47 ages per publication. Most studies focused on 

constructing a local to regional ice-retreat chronology, although some use 10Be ages to 

evaluate response of parts of the GrIS to climatic events like the Younger Dryas, 9.3 ka 
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and 8.2 ka events (Young et al., 2013b, Larsen et al., 2016) or to constrain the thickness 

and extent of the GrIS during the LGM (e.g., Håkansson et al., 2007a). Several papers 

also investigated the behavior of local ice caps and mountain glaciers separate from the 

main ice sheet (e.g., Kelly et al., 2008, Möller et al., 2010, Levy et al., 2014, Lowell 

et al., 2013, Young et al., 2015, Larsen et al., 2016). All ages are included in our 

database. 

All the data necessary to calculate 10Be ages using the CRONUS-Earth online 

calculator (Balco et al., 2008; hereafter the CRONUS calculator) were extracted from the 

original publications. In case of ambiguity or missing data, corresponding authors were 

contacted to provide original data. If 26Al measurements were performed in the original 

study, 26Al concentrations, uncertainties, and standards were included in the database to 

facilitate calculation of 26Al exposure ages. However, 26Al ages were excluded from the 

data-model comparison presented below, because only 90 samples included 26Al ages in 

addition to 10Be ages, and 26Al ages were used in the original studies primarily to 

supplement 10Be ages and test for inheritance. 

In the original publications, slightly different standards were used for several 

fields in the CRONUS calculator. To account for this, the following minor modifications 

were performed with the original data to ensure the dataset is internally consistent. All 

granitic and gneissic samples were assigned a density of 2.65 g cm−3, and all sandstone 

samples were assigned a density of 2.38 g cm−3. Densities of granite/gneissic samples, 

where reported, ranged between 2.56 and 2.81 g cm−3; however, these were generally 

inferred instead of directly measured, so a constant density assigned here is equally 

plausible and is internally consistent. In addition, all samples were assigned zero post-

exposure erosion. Some evidence of erosion was observed in original studies, particularly 

in east Greenland (Levy et al., 2014, Håkansson et al., 2007b). However, in most regions 

little to no post-exposure erosion was observed, and small-scale glacial erosional 

features, such as polish and striae, were often observed, indicating the surfaces are well 

preserved since deglaciation. The database includes both the assigned densities and 

erosion rates and the original reported values for reference, although they are not 

included in our analyses. 
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No correction for isostatic uplift was included in the re-calculated ages for two 

reasons. First, only three of the original studies included an isostatic uplift correction 

for 10Be ages (Kelly et al., 2008, Young et al., 2011a, Rinterknecht et al., 2014). 

Including isostatic uplift in these two studies changed ages by 2–9%. Second, estimating 

the precise amount of isostatic uplift is difficult, because local relative sea-level change 

near ice sheets is influenced by isostatic adjustment of the solid Earth as well as changes 

in ocean surface height due to global meltwater influx and local gravity changes 

associated with surface (ice-ocean) and internal (Earth deformation) mass redistribution 

(Farrell and Clark, 1976, Milne and Shennan, 2013). Therefore, estimating the amount of 

atmospheric depth change requires the use of an isostatic sea-level model, which in turn 

requires estimating the position of the glacier margin, leading to somewhat circular 

reasoning and calculations. 

Once the database of published information was compiled, all 10Be ages were re-

calculated using the CRONUS calculator, version 2.2 (http://hess.ess.washington.edu/). 

Calculations using both the Northeast North American (Balco et al., 2009) and Arctic 

(Young et al., 2013a) production rates were performed. Results from all five scaling 

schemes calculated on the CRONUS calculator are reported in the database, along with 

information from the publications necessary to reproduce these calculations or re-

calculate ages with any future changes to regional production rates and/or scaling 

schemes. In our analysis, we use 10Be ages calculated using the Arctic production rate 

(Young et al., 2013a) and the Lal/Stone time-varying scaling scheme, with internal 

uncertainties. Use of alternate scaling schemes does not significantly impact results; the 

internal uncertainty calculated with CRONUS for a given sample is on average 6.1 times 

greater than the difference between the oldest and youngest ages calculated from the 

different scaling schemes. The difference between re-calculated ages and reported ages is 

negligible for most recent publications (from 2011 to 2015), but is significant for the 148 

ages published between 2007 and 2010, where the median difference between reported 

and re-calculated ages is 1.7 ka. The database is available in .xls, .kmz, and .shp form 

from the U.S. National Climate Data Center. No published samples are excluded from 

this database; even where 10Be ages were excluded from analysis in the original 
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publications they have been included here to ensure the dataset is complete for future 

investigations, which may have different research goals from those of the original 

publications. 

A subset of 10Be ages (n = 443 samples) was compiled to investigate the main 

phase of GrIS retreat from the LGM to the middle Holocene. The deglacial interval is 

defined here as occurring between 21 ka and the onset of Neoglacial cooling around 4 ka 

(Clark et al., 2009, Lecavalier et al., 2014, Larsen et al., 2015). This data set contains the 

same information as the main database, but all 141 samples older than 21 ka and all 39 

samples younger than 4 ka were excluded from the comparison a priori. Seven further 

samples were excluded from the dataset because while they are older than 4 ka, they are 

‘old’ outliers from late-Holocene moraines (Levy et al., 2014, Winsor et al., 2014), likely 

due to inheritance from earlier exposure histories. All 10Be ages from pebbles on 

moraines were excluded, to avoid anomalously young ages due to exhumation of small 

clasts. The only 10Be study in Greenland to rely heavily on amalgamated pebble samples 

due to a lack of suitable bedrock or boulder samples had widely scattered ages spanning 

∼8 ka (Alexanderson and Håkansson, 2014). This suggests that the oldest ages could be 

minimum limiting (i.e., constraining the younger limit of the potential age range of the 

moraine), because the pebbles have likely experienced significant exhumation since 

deglaciation (Alexanderson and Håkansson, 2014). 

 

2.3.2 14C Database 

In addition to the 10Be database, a deglacial database of 14C ages was constructed that 

builds on the existing database of Dyke (2004) (Figure 2.2, Table 2.2). The 14C database 

was used to check 10Be ages, testing the hypothesis that 10Be ages are on average older 

than 14C ages; 14C ages are by definition minimum limiting because they date death of 

organic material which grows sometime after retreat of the ice sheet. While this 14C 

database can also be used to test ice-sheet model simulations, the comparison was not 

done here. The ice-sheet model was tuned in part to the 14C records (Lecavalier et al., 

2014), so validating it with the 14C database would introduce an element of circularity. 

Like the 10Be database, the 14C database was constructed through a detailed literature 



 

 

14 

review. 791 14C dates and metadata were pulled from the original publications, and re-

calibrated using the IntCal13 calibration dataset in Calib14 (Reimer et al., 

2013; http://calib.qub.ac.uk). To maintain consistency across calculations from different 

research groups, all marine ages were corrected for a constant 400-year 14C reservoir age 

(i.e., ΔR = 0), which is commonly used around Greenland (Dyke, 2004, Carlson et al., 

2008, Jennings et al., 2006, Jennings et al., 2014). Radiocarbon ages were then calculated 

as the median between the upper and lower limits of all age distributions for both 1- and 

2-sigma uncertainties. The 14C database is available in .xls, .kmz, and .shp form from the 

U.S. National Climate Data Center. 

 

2.3.3 Factor analysis of cosmogenic and radiocarbon data 

Q-mode factor analysis (e.g., Imbrie and van Andel, 1964) and associated transfer 

functions have traditionally been applied to ocean sediment data in paleoceanography and 

paleoclimate. This method is most commonly used with marine biological assemblages to 

determine past ocean temperatures (e.g., Imbrie and Kipp, 1971, Mix et al., 1999). Imbrie 

and van Andel (1964)established the method for applying Q-mode factor analysis to 

geochemical data. This method takes a set of samples characterized by multiple variables, 

and extracts a set of factors representing theoretical end member assemblages that can be 

combined in different proportions to recreate the sample set. Q-mode analysis should be 

used with most geochemical data, as opposed to R-mode analysis, because its factors 

represent end-member samples instead of variables (ibid, Pisias et al., 2013). Q-mode 

factor analysis weights the relationships between all variables and all samples equally, 

and therefore does not rely on a priori assignment of groups based on perceived 

similarities and/or geographic location. This analysis will therefore provide objective 

estimates of (1) the number of end-member assemblages explaining the majority of 

variance within the samples; (2) the composition of these assemblages; and (3) the 

contributions of these end members to each individual sample (Imbrie and van Andel, 

1964). Here, 10Be and 14C ages are evaluated using factor analysis to determine if a 

spatial pattern can be objectively identified, and if this pattern can be related to 

paleoclimate records. 
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We performed the Q-mode analysis on normalized grid cell probability density 

functions (PDFs). Figure 2.3 shows a schematic illustration of the process for assigning 

samples to grid cells and building PDFs for the 10Be factor analysis. First, 10Be samples 

are sorted into grid cells. For simplicity and to facilitate later data-model comparison, we 

have used the Huy3 20 km model grid cell to sort the samples (Lecavalier et al., 2014). 

We assigned 10Be samples to their grid cells by calculating the distance from the sample 

to the midpoint of each grid cell. The sample was then placed into the nearest grid cell 

(1). Between 1 and 27 samples were located in each grid cell. Next, a Gaussian 

distribution was calculated at 10-year intervals from 0 ka to the maximum possible age of 

the sample (4-sigma greater than the re-calculated age, using the internal analytical 

uncertainty as the 1-sigma uncertainty) (2). The Gaussians for all samples in a grid cell 

are then summed to create a grid cell PDF (3). To avoid weighting the analysis to those 

grid cells with many samples, each grid cell PDF is normalized to an area under the curve 

of 1 (4). These normalized grid cell PDFs are then used for Q-mode factor analysis 

following Pisias et al. (2013). A final varimax factor matrix is achieved by rotating a 

preliminary matrix calculated with the retained significant orthogonal factors to 

maximize positive loadings of all factors. This results in the retained factors explaining 

approximately equal amounts of variance (Imbrie and van Andel, 1964). 

The process for calculating factors for the 14C database is identical to that for 

the 10Be database, with the exception that instead of using all data points in a given grid 

cell, we calculate the normalized PDF for only the oldest 14C age in a grid cell. This 

controls for the fact that many of the 14C ages come from lake or marine cores, where 

only the oldest age is relevant for determining minimum ice-retreat ages, and is also a 

way to identify the oldest minimum-limiting 14C age in a given 20 km area. 

 

2.3.4 Data-model comparison 

 Our 10Be database represents the most complete record of terrestrial GrIS retreat 

currently available and can therefore be used as an independent validation tool for ice-

sheet models. This data set provides a framework to test the Huy3 reconstruction of GrIS 

retreat from ∼19 ka to the present (Lecavalier et al., 2014). The ice-sheet reconstruction 
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is based on a thermodynamic ice-sheet model used in series with a glacial isostatic 

adjustment model of sea-level change. The ice model was run at 20 km grid resolution. 

For this analysis, we considered model output of ice extent at 1 ka intervals. The model 

was forced from 19 ka to the late Holocene using atmospheric temperatures extrapolated 

from the GRIP δ18O temperature reconstruction. Certain model aspects and parameters 

were varied to seek an optimal fit to both ice-extent data from the LGM through to the 

present as well as a regional relative sea-level database (see Lecavalier et al. (2014)for 

detailed descriptions of model forcing and physics). 

To facilitate comparison with the ice-sheet model reconstruction, each 10Be 

sample from the deglacial dataset was associated with a model grid cell as described in 

Section 2.2. Where more than three samples were present in an individual grid cell, 

Chauvenet’s criterion was used to test for outliers (Balco, 2011). This is a gentle test for 

anomalous data, which compares each 10Be age to the mean and standard deviation of the 

samples in a grid cell. If the sample deviation exceeds the maximum assigned for a given 

number of samples, the sample is excluded from the analysis. This method led to the 

exclusion of ten 10Be ages. In an effort to maintain objectivity in the data-model 

comparison, no further 10Be ages were excluded from the comparison, even when they 

were excluded from analysis in the original publications. 

After removal of samples with Chauvenet’s criterion, 443 samples remained for 

comparison within 102 model grid cells. To compare these ages with the model grid cells, 

all the normalized grid cell PDFs in each of the 14 regions around the island were 

summed (Figure 2.3, Figure 2.4), and the resulting PDF was compared to a histogram of 

model ice-retreat ages from that region (Figure 2.4). 

 

2.4 Results 

 

 2.4.1 Factor Analysis 

Results of the factor analysis are shown in Figure 2.5, Figure 2.6c. Note that 39 

ages from Upernavik, Thule, Johannes V. Jensen Land, and Store Koldewey were 

excluded from the analysis. We excluded these ages from the factor analysis because 
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these areas have a very high proportion of inherited 10Be, and have widely scattered ages 

(Larsen et al., 2016, Corbett et al., 2013, Corbett et al., 2015, Möller et al., 

2010, Håkansson et al., 2007b). Factor analysis including all ages is not significantly 

different from that presented here, but the factors explain a smaller proportion of the total 

variance. Six factors were required to explain ∼82% of the variance in the data, but only 

four were retained to calculate orthogonal factors. These explain ∼72% of total variance 

(Table 2.3) and simplify the final analysis. The final factors are named from the age of 

maximum probability, although it is important to note that each factor plot has significant 

structure beyond the peak. In particular, the 12 ka factor includes elevated values from 

∼20 ka to 11.5 ka. The 12 ka factor has its highest loadings in east Greenland 

(Figure 2.5a), with scattered grid cells in south and west Greenland, most notably a 

cluster of grid cells on the west coast of the Sisimiut-Kangerlussuaq region. In contrast, 

the 7.5 ka grid cell is almost exclusively concentrated in west Greenland, particularly in 

the eastern part of Sisimiut-Kangerlussuaq, Disko Bugt, and Uummannaq. Both the 10 ka 

and 11 ka factors are relatively high across the island, although the 10 ka factor is notably 

diminished in east Greenland. 

The map of dominant factors shows a similar spatial pattern to the maps of 

individual factors (Figure 2.5b). The dominant factor is defined here as the factor that 

explains the plurality of variance in a grid cell. In east Greenland, the 12 ka and 11 ka 

factors dominate. West Greenland is the only place where the 7.5 ka factor is dominant. 

The 10 ka factor is dominant in south Greenland, in addition to scattered grid cells where 

the 11 ka and 12 ka ages are dominant. The average communality of factors in all 

gridcells is 0.72; Figure 2.5c shows how this is distributed around the island. 

In contrast to the 10Be ages, factor analysis of 14C ages does not reveal a 

significant spatial pattern. Figure 2.7, Figure 2.8 show the results of the factor analysis 

of 14C ages. Ten factors were required to explain ∼80% of the variance in the data 

(Table 2.4); we retained four factors for the final analysis, which explain ∼62% of the 

total variance in the 14C ages. The four factors each have sharply defined peaks at 

11.2 ka, 10.2 ka, 9.5 ka, and 8.3 ka (Figure 2.7). However, none of the factors are heavily 

concentrated in any given region (Figure 2.8a), and there are no distinctive patterns in the 
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map of dominant factors (Figure 2.8b). In addition, communality in the factors is 

significantly lower in the 14C analysis (Figure 2.8c), with average communality of 0.61. 

 

2.4.2 Model-data comparisons 

Figure 2.4 shows that model-data fits vary between different regions in 

Greenland. The closest match between the Huy3 model and 10Be ages is in west 

Greenland, where model retreat ages overlap with 10Be PDFs in Upernavik, Uummannaq, 

Disko Bugt, Sisimiut-Kangerlussuaq, and Nuuk. In contrast, 10Be PDFs consistently peak 

between 1 and 4 ka before modeled ice retreat occurs in north, east, and south Greenland, 

including Scoresby Sund, Kangerdlussuaq, Sermilik, and Paamiut. In Bernstorffs and 

Narsarsuaq, the majority of modeled ice retreat occurs after the main peak in the 10Be 

ages, although the lead in 10Be ages is less pronounced than in the rest of east and south 

Greenland. 

 

2.5 Discussion 

The 10Be factor analysis results differ significantly from the deglacial GrIS retreat 

scenario outlined by Funder et al. (2011), which shows deglaciation from the outer coast 

after ∼11.7 ka in all locations except Scoresby Sund (deglaciated before ∼12.4 ka) and 

Kap Farvel at the southern tip of Greenland (deglaciated by ∼14 ka). In our analysis, 

significant terrestrial ice retreat occurred before ∼11.7 ka at Scoresby Sund, 

Kangerdlussuaq, Sermilik, Nuuk, and Sisimiut-Kangerlussuaq (Figure 2.5, Figure 2.6c) 

(also further north at Johannes V. Jensen Land, and Store Koldewey; Figure 2.4). Several 

studies from east Greenland investigated the behavior of local glaciers and ice caps after 

the retreat of the ice sheet (Kelly et al., 2008, Levy et al., 2014, Lowell et al., 2013); these 

minimum-limiting ages may suggest even earlier ice retreat of the GrIS from the region, 

consistent with the overall spatial pattern observed here. This difference is expected as 

the Funder et al. (2011) reconstruction relied largely on minimum-limiting 14C ages that 

reflect the first establishment of soils, marine life and vegetation, which has an unknown 

lag time behind ice-margin retreat. 
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In our factor analysis of 14C ages, there is no evidence of the spatial pattern 

clearly expressed in the 10Be data. A direct comparison of the average 10Be age and the 

oldest 14C age in the 27 grid cells containing both types of data shows that in most 

cases 14C ages lag 10Be ages, but that the offset is not constant (Figure 2.9). 10Be ages 

should directly date ice-margin retreat in most cases (if inheritance, erosion, or later 

exhumation are not an issue), so the offset is likely explained by the minimum-limiting 

nature of 14C ages and an unknown time between ice retreat and migration of vegetation 

to the site. 

In contrast to the spatial Greenland deglaciation pattern identified by factor 

analysis, the Huy3 model shows homogenous terrestrial ice-margin retreat. At a local 

scale, 10Be ages generally lead the Huy3 model results (Figure 2.4), with the exceptions 

of Uummannaq, Disko Bugt, Nuuk and Sisimiut-Kangerlussuaq regions. This pattern is 

particularly pronounced in east Greenland, where there is generally little to no overlap 

of 10Be PDFs and model histograms. The majority of data used to calibrate the Huy3 

model comes from west Greenland, particularly from near Disko Bugt, so it is perhaps 

not surprising that this region shows the best data-model fit. Discrepancies in other 

regions suggest some combination of model limitations (e.g., inaccurate or missing 

forcings), a young bias in the data used to tune the model (e.g., use of 14C ages), or 

systematic biases in the 10Be database. We note that the Huy3 model does have periods of 

GrIS retreat as early as ∼16 ka (Lecavalier et al., 2014), but this retreat is on the 

continental shelf and not in regions constrained by 10Be data. In the following sub-

sections, we discuss three hypotheses that could explain the spatial variability of 

terrestrial deglaciation and the data-model misfit. 

 

2.5.1 Elevation Signal in 10Be ages 

It is possible that the asynchronous retreat of the GrIS observed here is due to 

different elevations of samples. East Greenland has higher mountains in general than 

south and west Greenland, so the earlier deglaciation observed there could be a result of 

ice thinning, if the samples were taken at higher elevations. However, there is no 

relationship between elevation and 10Be ages in most parts of the ice sheet (Table 2.5); 
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the only two regions with an age-elevation relationship significant at p < 0.05 are Disko 

Bugt and Johannes V. Jensen Land. The correlation coefficient for Disko Bugt is 

negative, suggesting older ages are at lower elevations, and therefore do not represent 

thinning of the ice sheet. There may be some thinning of the ice recorded in cosmogenic 

ages in Johannes V. Jensen Land, however these were excluded from the factor analysis 

and therefore cannot bias the analysis to thinning of the ice. We therefore believe that 

most to all of the cosmogenic ages from the island record retreat of the ice margin, not 

the GrIS thinning history. 

 

2.5.2 10Be inheritance and post-exposure erosion 

Systematic inheritance of 10Be may account for the older 10Be ages in some 

regions. Fast-flowing, warm-based ice may remove at least 2 m of bedrock over a glacial 

cycle, removing most inherited nuclides, but glacial erosivity is highly variable 

(e.g., Koppes and Montgomery, 2009), and surfaces beneath cold-based ice may be 

preserved for several glacial cycles (e.g., Davis et al., 2006, Stroeven et al., 2002, Corbett 

et al., 2011, Corbett et al., 2013). Inheritance of 10Be can be identified in individual 

studies if sufficient samples are analyzed. Ideally, anomalous 10Be ages would be 

identified at the landform scale (e.g., at individual moraines), using quantitative statistics 

with more than seven samples per landform collected (Putkonen and Swanson, 2003). 

Unfortunately, in most Greenland locations where 10Be ages have been collected, too few 

samples were collected to quantitatively identify outliers. Only 31 grid cells (30%) have 

five or more 10Be samples, and only 11 grid cells (11%) have 10 or more samples (Figure 

2.10). This presents a significant limitation for objectively identifying outliers. However, 

our a priori exclusion should remove most old outliers; in the original literature, 47 

samples (out of 645) were identified as old outliers younger than 21 ka, while 141 

samples are older than 21 ka. In this study, Chauvenet’s criterion was applied at the 

model grid-cell scale where three or more samples are present, which led to the exclusion 

of ten ages. This approach therefore leads to the inclusion of ages that may have been 

excluded from original publications as outliers, but it also represents an objective method 

for excluding outliers and forcing 10Be data to match model outputs. 



 

 

21 

One method for testing inheritance in 10Be ages is to compare boulder and 

bedrock 10Be ages, because erratic boulders are less likely to show significant inheritance 

(e.g., Briner et al., 2006). Figure 2.11 shows that the majority of regions with both 

boulder and bedrock ages have older bedrock ages than boulder ages. However, the 

Wilcoxon signed rank test for different distributions shows significantly different ages 

(p < 0.05) for only three regions: Sermilik, Sisimiut-Kangerlussuaq, and Scoresby Sund 

(Table 2.6). All of the coastal ages from Sermilik are from bedrock with no adjacent 

boulder samples; the boulder samples come from further inland. The “outliers” in the 

Sisimiut-Kangerlussuaq boulder distribution overlapping the bedrock ages come from the 

coast. It is therefore difficult to ascertain if the older bedrock ages are a result of 

systematic inheritance or geographic location in these cases. In the case of Scoresby 

Sund, it is possible that the bedrock samples are influenced by inheritance. However, 

these bedrock ages compose only 15% of all deglacial samples from Scoresby Sund, and 

therefore cannot account for the trends observed across the island. 

 Post-exposure erosion removes 10Be-rich surface layers, thereby biasing the 

samples towards younger ages. There is some evidence of erosion in east Greenland 

(Håkansson et al., 2011), although it has not been directly measured. If significant post-

exposure erosion indeed occurred in east Greenland, it could not account for the older 

exposure ages found there; on the contrary, it would make the lead of east GrIS 

deglaciation even more pronounced 

 

 2.5.3 Model resolution and approximations 

 A third hypothesis for the 10Be data-model mismatch is that the ice-sheet model in 

its present form is unable to capture high-resolution changes in the ice-margin 

reconstructed by 10Be studies. Young and Briner (2015)noted such deficiencies in their 

review of Disko Bugt deglaciation relative to the simulated deglaciation. 10Be ages in 

Greenland are largely collected from within and near fjord systems. These fjords are 

generally 3–5 km wide and rarely wider than 10 km, and therefore cannot be fully 

resolved in a model that runs at 20 km resolution. So, while small-scale topographical 

features may significantly impact ice-margin behavior and be recorded in the 10Be record 
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(e.g., Lane et al., 2013), this behavior will not be captured in a model that does not 

resolve these topographic features. 

The Huy3 model uses the shallow-ice approximation (Hutter, 1983, Simpson 

et al., 2009, Lecavalier et al., 2014). This means that longitudinal stresses are ignored in 

the model, and basal traction provides the only resistance to ice flow. This approximation 

works well for ice-sheet interiors where longitudinal stresses are minimal, but breaks 

down at ice-sheet margins. In particular, the approximation does not simulate marine-

terminating outlet glaciers well (e.g., Dupont and Alley, 2005). 10Be ages may therefore 

detect more rapid and earlier deglaciation in fjords, while the model will reconstruct 

slower and therefore later deglaciation. 

Disko Bugt, Sisimiut-Kangerlussuaq and Nuuk are the only regions where 10Be 

ages do not significantly lead model deglaciation ages (Figure 2.4). The Sisimiut-

Kangerlussuaq and Nuuk 10Be ages mostly measure terrestrial deglaciation in regions 

with more limited fjord systems, so model resolution is less of an issue (Larsen et al., 

2013, Winsor et al., 2015a). For Disko Bugt, the data-model agreement likely also 

reflects the wealth of high precision relative sea-level data from this locality (Simpson 

et al., 2009, Lecavalier et al., 2014). 

Several further model limitations may explain the model-data discrepancies. 

When comparing the modelled and observed present-day ice thickness distribution, the 

model over-predicts ice thickness at the margin, which is also likely true for past GrIS 

geometries. Due to the steep horizontal gradient in ice thickness at the margin, a small 

change in extent quickly propagates to large ice thickness changes. Additionally, the 

adopted grid spacing poorly resolves ice streams and outlet glaciers, which leads to an 

under-estimated discharge of ice at the margins, thereby overestimating ice thickness at 

the margins. This highlights the need to improve the model resolution, particularly in 

marginal areas with more complex topography. The Huy3 model is at present the highest 

resolution model reconstruction of the last Greenland deglaciation, but the comparison 

discussed above indicates that there are still limitations within this model that should be 

addressed in the future. 
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2.5.4 Climatic forcing 

The largest source of uncertainty in the modeled ice-retreat reconstruction is the 

climate forcing (e.g., Zweck and Huybrechts, 2005). The Huy3 model uses a climate 

forcing based on the GRIP δ18O record scaled to temperature, which differs significantly 

from more accurate recent temperature reconstructions of the deglacial interval using 

nitrogen isotopes (Figure 2.6b) (Buizert et al., 2014). Such differences between the 

estimated and actual climate forcing could contribute to the data-model mismatch. 

In addition, the ice-sheet model was not forced with regionally constrained 

temperatures, which are especially necessary given the significance of surface mass 

balance in governing ice-sheet extent. Marginal lakes have been recently used for climate 

reconstructions, which could constrain the climate forcing at the ice margin 

(e.g., D’Andrea et al., 2011, Young et al., 2011a, Axford et al., 2013, Carlson et al., 

2014, Larsen et al., 2015), but these records do not extend back into the deglacial period. 

These model weaknesses are outstanding issues in most standard glacial cycle 

simulations (Huybrechts, 2002, Tarasov and Peltier, 2002, Simpson et al., 2009, Tarasov 

et al., 2012) and have ramifications on the ice-sheet model reconstruction and on the 

quality of the fit to the 10Be ages. 

The model does not explicitly incorporate the direct effects of ocean temperatures 

on ice-sheet mass loss (Rignot et al., 2010). Where the glacier terminus is grounded 

below sea level, enhanced melting by warmer oceans can undercut the ice cliff, 

accelerating calving and ice retreat (Kirkbride and Warren, 1997, Van der Veen, 2002), 

in addition to direct melting. If a floating ice shelf is present, warming ocean waters can 

lead to enhanced basal melting of the shelf, reducing buttressing effects and permitting 

faster flow and thinning of the ice (Schoof, 2007, Dupont and Alley, 2005, Shepherd 

et al., 2004). In addition, collapse of floating ice shelves can cause rapid acceleration and 

retreat of outlet glaciers feeding into the former ice shelf (e.g., Scambos et al., 

2004, Marcott et al., 2011). 

The lack of an ocean forcing can explain the discrepancy in areas such as 

southeast and south Greenland, where marine records show a general warming trend from 

∼15 ka to peak warmth ∼10 ka (Figure 2.6a) (Williams, 1993, Solignac et al., 
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2004, Jennings et al., 2006, Winsor et al., 2012). This warming continues through the 

Younger Dryas cold period, and is concurrent with increased sediment discharge from 

southeast Greenland (Carlson et al., 2008, Colville et al., 2011) and southern Greenland 

(Winsor et al., 2015b). The warming trend is also concurrent with the increase in the 

varimax factor scores for the 12 ka factor, which is most concentrated in east Greenland 

and northern southeast Greenland (Figure 2.6b). Peak ocean warmth occurs between 

approximately 12 ka and 9.5 ka, encompassing the maximum values of all factors except 

the 7.5 ka factor (Figure 2.6c). We therefore hypothesize that south and east GrIS margin 

retreat from the shelf and into fjords prior to modeled margin retreat could reflect this 

additional climate forcing that was excluded in the Huy3 model. Marine records from 

west Greenland show cold glacial conditions persisting until 7–8 ka near the end of west 

GrIS retreat and the peak in the 7.5 ka factor (Figure 2.6a–c) (Jennings et al., 2014), 

possibly explaining the agreement between ice-sheet-modeled deglaciation and 10Be-

observed deglaciation as the main climate forcing would be atmospheric changes that 

were included in the ice-sheet model. 

 

2.6 Conclusions 

Our analyses of the 10Be database highlights several important deglacial features 

of the GrIS. While the majority of terrestrial ice retreat likely occurred following the 

Younger Dryas in the early Holocene, it was spatially variable, with factor analysis 

indicating it can be explained by the combination of 4 orthogonal factors. In general, east 

Greenland is best explained by the 12 ka and 11 ka factors, south Greenland is best 

explained by the 11 ka and 10 ka factors, and west Greenland is best explained by the 

10 ka and 7.5 ka factors. These factors define a progression of GrIS retreat from east to 

south to west Greenland. This pattern is not observed in a similar analysis of 14C ages, 

and the Huy3 ice sheet model reconstruction does not simulate the earlier onset of GrIS 

retreat in east and south Greenland, where it lags the 10Be ages. This could be partly due 

to the minimum-limiting nature of 14C ages and the resolution of the model, which is too 

coarse to resolve the many fjord systems in these regions, limiting ice-ocean interactions. 

Also, the Huy3 model does not include any direct influence of ocean warming on mass 
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loss, and east to south GrIS retreat is concurrent with general surface and subsurface 

ocean warming suggesting a potential causal linkage. Conversely, the model captures the 

deglacial pattern of west GrIS retreat, where fjord systems are more limited (with the 

exception of Disko Bugt) and where ocean temperatures did not begin to warm until near 

the end of the deglaciation. As such, the simpler atmospheric model forcing and ice-sheet 

model resolution were sufficient to simulate deglaciation in this region. 

Future ice-sheet modeling efforts should focus on improving model resolution to 

resolve the complex topography of Greenland and include interaction with ocean waters. 

Specifically, the model would benefit from increased resolution, dynamics derived from 

geophysical processes, and the inclusion of ice-ocean interactions using ocean 

temperature forcing informed by ocean proxy records. As advances in modeling 

techniques and resolution continue, the 10Be database presented here will continue to be a 

useful tool for developing and validating models, particularly as new data continue to be 

collected and published. 
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Figure 2.1: Map of all published 10Be ages from Greenland. Individual 10Be ages are 

represented by dots, with colors corresponding to the age of the sample. Text colors 

correspond to the broader region (identified in all capitals) each individual location is 

assigned to by factor analysis. 
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Figure 2.2: Map of all published 14C ages from Greenland. Individual 14C ages are 

represented by diamonds, with colors corresponding to the age of the sample (note the 

scale in this color bar is different from Figure 1).   
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Figure 2.3: Schematic diagram showing method for calculating normalized grid cell 

PDFs for factor analysis, and regional PDFs for comparison with the Huy3 ice sheet 

model reconstruction. The reader is referred to the text for a full description of the Figure.   
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Figure 2.4: Summed grid cell PDFs of deglacial 10Be ages in Greenland, compared with 

deglacial ages in the Huy3 model. Each region is labeled with the number of samples 

indicated. Gray shading is the PDF while the green bars are the model results.  
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Figure 2.5 10Be Factor Analysis (a) Factor loadings in individual grid cells with the factors 

noted by the peak of that factor; height of the bar denotes the strength of each factor in that 

cell. (b) Dominant factor in each grid cell, defined as the factor with the highest loading in 

that cell; colors correspond to (a). (c) Communality of factors for each grid cell, which 

indicates how much of the variance of each grid cell is explained by the sum of the four 

factors.  
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Figure 2.6: Comparison of 10Be factors with climatic forcings. (a) Mg/Ca-derived 

subsurface water temperatures at Eirik Drift, south Greenland (points), with 3-point 

running average (line) (MD99-2227, Winsor et al., 2012) and percentage of warm-water 

foraminifera in Disko Bugt (orange) (HU2008029-070CC, Jennings et al., 2014); (b) Huy3 

temperature forcing (red; GRIP ice core, Lecavalier et al., 2014) and reconstructed central 

Greenland air surface temperatures (blue; GISP2 ice  core, Buizert et al., 2014); (c) 10Be 

varimax factor loadings (this study), with colors representing different factors labeled by 

their peak value. Inset map shows approximate locations of ice and ocean core records. 
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Figure 2.7: 14C varimax factor loadings, with colors representing different factors labeled 

by their peak value. 
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Figure 2.8: 14C Factor Analysis (a) Factor loadings in individual grid cells with the factors 

noted by the peak of that factor; height of the bar denotes the strength of each factor in that 

cell. (b) Dominant factor in each grid cell, defined as the factor with the highest loading in 

that cell; colors correspond to (a). (c) Communality of factors for each grid cell, which 

indicates how much of the variance of each grid cell is explained by the sum of the four 

factors.  
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Figure 2.9: Comparison of average 10Be and oldest 14C ages in the same grid cell. 

Uncertainty bars for 14C ages reflect 1-sigma uncertainty for the sample; uncertainty bars 

for 10Be ages reflect standard error of 10Be ages in the grid cell (if 3 or more samples are 

present) or average analytical uncertainty of ages (if fewer than 3 samples are present). 
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Figure 2.10: Histogram showing the number of model grid cells with a given number of 
10Be samples.  
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Figure 2.11: Comparison via whisker plots of bedrock (blue) and boulder (red) ages for 

all regions in Greenland (labeled) with both bedrock and boulder ages. The box shows the 

one sigma range with the bar in the middle being the median age while the lines (whiskers) 

denote the two sigma range of the samples.  
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Table 2.1: Description of all published papers with 10Be ages in Greenland, with region of 

publication and number of 10Be samples. Full references in reference list.  

 

Study Title Region
Number of 
Samples

Håkanson et al. 2007a Scoresby Sund 4
Håkanson et al. 2007b Store Koldewey 7
Kelly et al. 2008 Scoresby Sund 38
Roberts et al. 2008 Sermilik 12
Håkanson et al. 2009 Scoresby Sund 43
Rinterknecht et al. 2009 Sissimiut-Kangerlussuaq 12
Roberts et al. 2009 Sissimiut-Kangerlussuaq 16
Moller et al. 2010 Johannes V. Jensen Land 16
Corbett et al. 2011 Disko Bugt 30
Håkanson et al. 2011 Scoresby Sund 14
Young et al. 2011a Disko Bugt 18
Young et al. 2011b Disko Bugt 8
Hughes et al. 2012 Sermilik 12
Levy et al. 2012 Sissimiut-Kangerlussuaq 9
Briner et al. 2013 Disko Bugt 2
Corbett et al. 2013 Upernavik 33
Kelley et al. 2013 Disko Bugt 12
Lane et al. 2013 Uummannaq 15
Larsen et al. 2013 Nuuk 47
Levy et al. 2014 Scoresby Sund 12
Lowell et al. 2013 Scoresby Sund 6
Roberts et al. 2013 Uummannaq 17
Young et al. 2013 Disko Bugt 21
Alexanderson and Håkansson 2014 Scoresby Sund 8

Carlson et al. 2014
Disko Bugt, Paamiut, Sissimiut-
Kangerlussuaq, Narsarsuaq 29

Dyke et al. 2014 Sermilik 23
Nelson et al.  2014 Narsarsuaq 11
Rinterknecht et al. 2014 Disko Bugt 7
Winsor et al. 2014 Narsarsuaq 17
Corbett et al. 2015 Thule 28

Winsor et al. 2015
Narsarsuaq, Paamiut, Sissimiut-
Kangerlussuaq, Nuuk 47

Kelley et al. 2015 Disko Bugt 18
Cronauer et al. 2015 Disko Bugt 11
Young et al. 2015 Disko Bugt 9
Larsen et al. 2016 Johannes V. Jensen 6
Corbett et al. 2016 Thule 28
Levy et al. 2016 Scoresby Sund 27
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Table 2.2: Description of all published papers with 14C ages in Greenland, with number 

of 14C samples. Full references in reference list. 

 

Study Number of Samples
Fredskild 1973 2
Kelly 1974 1
Kelly 1975 1
Weidick 1975 2
Funder 1979 1
Bennike et al. 2002 6
Kuijpers et al. 2003 16
Weidick et al. 2004 12
Dyke 2004 (and references therein) 235
Lloyd et al. 2005 7
Jennings et al. 2006 41
Sparrenbom et al. 2006a 30
Sparrenbom et al. 2006b 38
Bennike and Sparrenbom 2007 3
Bennike 2007 1
Long et al. 2008 6
Long et al. 2009 9
Nørgaard-Pedersen and Mikkelsen 2009 8
Briner et al. 2010 18
Bennike et al. 2011 9
Jennings et al. 2011 9
Larsen et al. 2011 10
Lloyd et al. 2011 1
Olsen et al. 2011 24
Young et al. 2011a 3
Young et al. 2011b 7
Bennike and Wagner 2012 5
Kelley et al. 2012 6
Massa et al. 2012 28
Storms et al. 2012 17
Briner et al. 2013 15
Lane et al. 2013 2
Lowell et al. 2013 55
Ó Cofaigh et al. 2013 19
Perner et al. 2013 16
Sparrenbom et al. 2013 15
Young et al. 2013 3
Briner et al. 2014 22
Håkansson et al. 2014 11
Levy et al. 2014 20
Larsen et al. 2015 15
Corbett et al. 2015 4
Cronauer et al. 2015 6
Sheldon et al. 2016 2
Hogan et al. 2016 6
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Table 2.3: Eigenvalues for initial factors in 10Be Q-mode analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Factor'number Eigenvalues Percent'variance'
explained

Cumulative'percent'
varience'explained

1 33.8 39.3 39.3
2 11.9 13.8 53.1
3 9.5 11.0 64.1
4 7.0 8.1 72.3
5 4.6 5.4 77.6
6 4.3 5.0 82.7
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Table 2.4: Eigenvalues for initial factors in 14C Q-mode analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

Factor'number Eigenvalues Percent'variance'
explained

Cumulative'percent'
varience'explained

1 60.6801 28.6227 28.6227
2 33.562 15.8311 44.4538
3 20.9421 9.8783 54.3322
4 14.6875 6.9281 61.2602
5 12.1803 5.7454 67.0057
6 8.7107 4.1088 71.1145
7 6.6403 3.1322 74.2467
8 5.3779 2.5367 76.7834
9 4.4372 2.093 78.8764
10 3.9669 1.8712 80.7476
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Table 2.5: Pearson’s correlation coefficient and p-values for 10Be age-elevation 

relationships for the different regions of Greenland. 

 

 

 

 

 

 

 

 

Region
Pearson's,Correlation,

Coefficient
P2value

Thule 20.323 0.177
Upernavik 0.108 0.643
Uummannaq 20.323 0.177
Disko,Bugt 20.202 0.022
Sissimiut2Kangerlussuaq 0.103 0.529
Nuuk 0.160 0.310
Paamiut 0.057 0.806
Narsarsuaq 0.155 0.441
Bernstorffs 20.105 0.720
Sermilik 0.095 0.660
Kangerdlussuaq 20.596 0.158
Scoresby,Sund 20.014 0.912
Store,Koldewey 0.224 0.857
Johannes,V.,Jensen,Land 0.576 0.008
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Table 2.6: Results of Wilcoxon signed-rank test for bedrock and boulder ages. 

  

Region
Number,of,Bedrock,

Samples
Number,of,Boulder,

Samples
p7value,in,

Wilcoxon,Test
Bernstorffs 5 9 0.082
Disko2Bugt 57 71 0.075
Narsarsuaq 5 22 0.21
Nuuk 12 30 0.3
Sermilik 18 6 0.00065
Sissimiut?Kangerlussuaq 7 33 0.0011
Scoresby2Sund 9 58 0.028
Upernavik 8 13 0.21
Uummannaq 13 7 0.94
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3.1 Abstract 

  Understanding the spatial pattern of climate variability in the Arctic is critical for 

better understanding both the climate forcings and the magnitude of 20th and 21st century 

climate change relative to baseline variability. Here, climate field reconstruction yields a 

gridded spatial-temporal reanalysis product throughout the Common Era. Continental 

regions generally have more variability than ocean regions, and the eastern and western 

Arctic frequently show uncorrelated temperatures prior to recent warming. Five proposed 

Common Era climate forcings (total solar irradiance, Atlantic meridional overturning 

circulation, North Atlantic Oscillation, sulfate loading, and CO2) combined explain at 

most ~20 % of the temperature variability present in both reanalysis and proxy data. The 

onset of significant cooling into the Little Ice Age varies spatially by nearly 600 years, 

suggesting a rough coincidence of several regional cooling events, rather than a single 

global event. Persistent warming, (emergence from background variability of the 

Common Era) started by the early 19th century in Arctic North America and Europe, but 

was delayed to the end of the 19th century the Greenland-Norwegian Sea and Arctic 

Ocean.  

 

3.2 Introduction 

Arctic amplification of anthropogenic climate change carries risks in a warming 

world (Overland et al. 2011; Serreze & Barry 2011; Cohen et al., 2014; Clark et al., 

2016). Understanding these risks demands knowledge of baseline variability and regional 

sensitivity to forcing, but instrumental records of Arctic variability are limited by 

logistical challenges. Paleoclimate data helps to fill this knowledge gap (Kaufmann et al., 

2009).  The Common Era (0-2000 CE) is an ideal target for investigating the baseline 

variability of Arctic climate. Over this time frame, excepting anthropogenic changes in 

atmospheric CO2 levels and ongoing insolation changes, boundary conditions are similar 

to today (Mann et al 2008) and a relatively high density of high-resolution paleoclimate 

data exists (e.g., PAGES 2k, 2017). The Common Era exhibits several centennial-scale 

climate fluctuations, which can be used to address the rate and spatial character of 

climate changes at timescales relevant to humanity, to assess whether recent changes 
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have emerged from background variability into an unprecedented state, and to better 

understand the regional impacts of changing climate in the Arctic.  

Individual paleotemperature proxy records do not necessarily record a simple 

signal of local temperature; they instead may reflect a combination of local temperature, 

non-temperature climate-related signal, local temperature noise not representative of the 

region, analytical proxy noise, and calibration errors. Nevertheless, meaningful spatio-

temporal climate reconstructions can be developed from sparse observational data based 

on statistical climate field reconstruction (CFR) methods (e.g. Fritts et al., 1971; Pisias 

1978; Evans et al, 2001; Evans et al., 2002; Mann et al. 2009), or data assimilation 

modeling (e.g. Hakim et al., 2016; Perkins and Hakim 2017).  Here we employ elements 

of both strategies, applying CFR methods to extend paleo-proxy data arrays into spatial 

reconstructions of Artic climate over the Common Era, calibrated in an overlapping 

interval based on regression to reanalysis products.  

Climate field reconstructions (CFRs) take advantage of the fact that multiple 

proxy records share common patterns of variability; combining records can therefore 

suppress variations (noise or local signals) that are not common to multiple records and 

preserve shared variance. Here, we combine the most comprehensive database of proxy 

data from the Common Era (PAGES 2k Consortium 2017) with a reanalysis dataset for 

the interval 1850-1970 (Morice et al., 2012), to create a temporally calibrated, spatially 

resolved reanalysis product throughout the Common Era. We then use this data product 

to assess correspondence to potential external forcings, and consider whether and when 

regional climates have emerged from this longer record of baseline variability under 

anthropogenic change.  This analysis extends that of previous studies that were limited to 

stacking and averaging (e.g. Kaufman et al., 2009, McKay and Kaufman 2014), to 

resolve spatio-temporal variability in a more complete regional grid.  

 

3.3 Data synthesis and analysis  

We include 17 highly resolved paleoclimate proxy records (PAGES 2k 

Consortium 2017) in the latitude bands  60-90N that have average temporal resolution of 

<15 years, and cover the time period 10-1970 C.E.  After converting raw proxy data to  z-
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scores and linearly interpolating to a 5-year intervals, we decompose the data array via R-

mode factor analysis and retain four significant orthogonal factors. We exclude five 

records with no discernable influence on our final temperature reconstructions (Appendix 

B.4). 

We use the HadCRUT4.2 reanalysis dataset to build the spatial regression. This 

dataset covers the period from 1850-2010 C.E., so provides a long enough time series to 

regress against the proxy factors over the period 1850-1970 C.E. We regress the four 

factors against HadCRUT4.2 annual-average and seasonal (winter, DJF and summer, 

JJA) temperatures at each HadCRUT4.2 grid cell (Morice et al., 2012 as modifed by 

PAGES2k, 2017) over their overlapping range (1850-1970 C.E.) to calibrate and predict 

reanalysis temperatures from paleo factor timeseries, at each grid cell from 10-2010 CE.  

One thousand Monte Carlo simulations at each grid cell address uncertainties in 

calibration of factors and provide uncertainty estimates for time-slice maps, time series, 

and animations. Our paleo-reanalysis provides a spatially resolved gridded time series, 

assuming stationarity relative to the calibration interval. We examine spatial fingerprints 

of relationships between several proposed climate forcings and the gridded temperature 

time series (Lindeman et al., 1980; Grömping 2007).  

We estimate the timing of the Little Ice Age (LIA) and the emergence of 

sustained warmth in the Anthropogenic era in each gridcell as the final year at the end of 

a 50-yr overlapping block that is significantly warmer or colder, relative to all previous 

timesteps (Welch’s T test, p=0.05).   

 

3.4 Results and discussion  

Our final set of proxy records includes three tree ring compilations, two high-

resolution marine sediment cores, seven ice cores, four lake sediment cores, and one 

speleothem. These proxies are broadly similar to the entire Arctic portion of the PAGES 

database in terms of spatial and temporal resolution and proxy type, although this subset 

is notably missing the last millennium North American tree ring records that comprise 

~32% of the PAGES 2k record (Appendix B.3).  Four orthogonal factors explain ~48% 

of the variance in the paleoclimate proxies (Figure 3.1). Retaining additional factors does 
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not significantly improve the regressions to reanalysis data (Appendix B.5).  Factor 1 

(15.7% of paleo variance) closely resembles previous estimates of Arctic temperature 

changes in the Common Era based on stacking and averaging (PAGES 2k Consortium, 

2017), and is significant in most of the reanalysis gridcells. However, communality 

values below 0.4 indicate that many of the proxies have a significant uncorrelated 

component within the available sampling arrray.  

Factor 2 (13.6% of paleo variance) displays a long-term warming trend (cooling 

where loadings are negative, such as in Scandinavia).  This factor lacks strong correlation 

to recent reanalyses, so may represent a non-temperature aspects of climate or longer-

term trend not expressed in the calibration period of 1850-1970.  

Factor 3 (10.1% of paleo variance) is significant in regressions against reanalysis 

temperatures in central Siberia, while Factor 4 (8.9% of paleo variance) is inversely 

related to annual temperatures in western Greenland and Arctic North America, and 

positively related to temperatures in Arctic Europe, indicating that these two factors 

capture meaningful regional variations in climate. Factors 3 and 4 have stronger 

correlations with winter temperatures, and weaker correlations with summer temperatures 

(Figures B.13 and B.14).  

The multiple regression of the four empirical paleo factors onto gridcell reanalysis 

temperatures explains 50% of observed temperature variance. By comparison, direct 

factor analysis of the reanalysis temperature data alone explains ~80% of observed 

variance at all gridcell. This implies that the paleo-reconstructions here likely 

underestimate true paleotemperature variance relative to what would be observed in a 

more complete observational array.  

Averaged across all Arctic grid points, the warmest (pre-20th century) period was 

between 350 and 455 C.E., overlapping with the end of the so-called Roman Warm 

Period (RWP, approximately -500 BCE to 400 CE (Wang et al., 2012)), with an average 

temperature ~0.44°C warmer than the pre-industrial (1850-1900 C.E.) average (Figure 

3.2a). The Mediaeval Climate Anomaly (MCA, 950-1400 CE (Diaz et al., 2011)) is 

contains the warmest part of the second millennium in this arctic average (Figure 3.2b), 

but here is characterized more by high variability, with multidecadal temperatures swings 
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greater than 1°C. While such variability is not commonly noted as a feature of the MCA 

in other regions, similar variability is observed in Scots Pine reconstructions from 

Lapland (Helama et al., 2009). The coldest average interval is 1660-1750 C.E., with 

temperatures on average 0.8°C colder than the 1850-1900 C.E. average at each gridpoint 

(Figure 3.2d).  A second notable feature is the 20th century, which in most areas is 

warmer than the previous two millennia (Figure 3.2c). An exception to this pattern is the 

North Atlantic, which has no significant warming relative to the average of the previous 

two millennia.   

Continental regions are generally more variable than ocean regions (Figure 3.3). 

Much of the variability in the Arctic Ocean comes from Winter temperatures, suggestive 

of variability in sea-ice production (Sup. Fig.). The eastern Arctic (including Arctic 

Europe and Siberia) lacks the characteristic second millennium cooling that distinguishes 

the western Arctic. Running correlations between the eastern and western Arctic annual 

averages are only significant for brief periods over the Common Era, whereas 

correlations between regions within the eastern and western Arctic are significant 

throughout. This is evident in the maps of Common Era climate, in which the eastern 

continental Arctic frequently has a different temperature or trajectory from most of the 

rest of the Arctic (sup. Movie).  

When calibrated separately for seasons, reconstructed Arctic average temperature 

anomalies have more variance in winter than summer; for example, the temperature 

changes during the MCA and LIA events are more pronounced in winter. The regional 

expressions of Factors 3 and 4 are also mostly a winter feature (sup fig).  

To assess possible causes of Arctic variability in the Common Era, we regress 

five proposed climate forcings against our temperature reconstructions in all grid cells 

(Figure 3.3). Total solar irradiance (TSI) and CO2 are significant predictors of 

temperature over the interval in which all forcing reconstructions overlap (450-1680 CE). 

Reconstructions of the oceanic Atlantic meridional Overturning circulation (AMOC) and 

the atmospheric North Atlantic Oscillation (NAO) index do not significantly predict 

whole-Arctic temperature variability.  In contrast, sulfate loading related to explosive 

volcanic eruptions are significantly correlated with whole-Arctic temperature variations 
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(p=0.05).  In combination, a linear response to these five potential forcing variables can 

explain ~20% of pooled proxy-derived temperature variability, suggesting other factors 

must be invoked to explain the observations.  

Regional expression of variance explained by known forcings (Figure 3.4) shows 

that combined forcings are more highly correlated to temperature in the Atlantic and 

Arctic Ocean sectors, whereas climate in Arctic North America is only weakly linked to 

hypothesized forcings.  NAO and AMOC may play a role in Siberian variability, but are 

mostly insignificant elsewhere.  For comparison, models indicate warming in Arctic 

Europe when the North Atlantic cools (Caesar et al., 2018). CO2 forcing is most 

prominently correlated to observations in Arctic Europe, while TSI explains at best 9 % 

of variance in small parts of eastern North America.  The appearance of regional  

temperature variations in the Arctic Ocean, northern Greenland, North Atlantic, and 

Siberian regions explained by volcanic sulfate loading is tenuous – the variance explained 

is low (typically less than 2%) and the sign of regression counterintuitively relates 

warming to volcanic eruptions. Ad hoc explanations could link polar warming with 

stratospheric dynamics perturbed by explosive volcanism (Wunderlich and Mitchell, 

2017; Stenchikov et al., 2002; Ogi et al., 2016, Rigor et al., 2002), and volcanic ash 

deposition on glacier and sea-ice surfaces could contribute warming via albedo reduction 

(e.g. Praetorious et al., 2016), but the small amount of variance explained leave these 

linkages as speculative.  

On average, the Little Ice Age begins (relative to preceding baseline) at 1605 ± 

185 C.E., and ends at 1740 ± 180 C.E. (Figure 3.5a). Using a fixed reference of 10-1000 

C.E. expands these ages, to an average beginning at 1540 ± 205 C.E. and end at 1770 ± 

225 C.E. However, these averages mask substantial variability, particularly in LIA onset. 

In western Siberia, LIA onset is near 1100 C.E., while eastern Siberia cools significantly 

between 1600 and 1700 C.E. Parts of Europe, the Greenland-Norwegian Sea region, and 

the Arctic Ocean delay significant cooling until 1700-1800, especially when using a fixed 

reference. Timing of LIA onset in Baffin Island and eastern Greenland is verified by 

independent well-dated records. Ice expansion in Baffin Island and eastern Greenland 

occurred 1430s to 1450s C.E., similar to the timing of the start of the LIA defined here in 
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both the fixed and floating reference periods (Miller et al. 2012; 2013). The large spatial 

variability we observe for LIA initiation between approximately 1200 and 1900 C.E., as 

well as its sensitivity to baseline, suggests that the LIA is not a single forced event, but 

may be an approximate coincidence of several centennial-scale regional fluctuations, 

either forced or stochastic, superimposed on a longer-term cooling trend (Marcott et al., 

2013). Centennial-scale fluctuations superimposed on this long-term trend may reflect 

local to regional scale variability. Potential causes for these composite regional events 

include solar activity, volcanic eruptions, and land-use change (e.g. Owens et al., 2017).  

If these fluctuations are unforced variance at centennial timescales, there may be an 

increased probability that the coldest period in a given Arctic record will come during the 

last millennium, but the actual timing of this may be more stochastic, leading to spatial 

variability in the onset of the LIA we observe here. 

Significant and sustained warming relative to a baseline of all earlier variations 

starts early (near 1800 CE) in western Siberia and Alaska, in the mid 19th Century in parts 

of Greenland and eastern North America, but in the mid 20th century  in the North 

Atlantic, parts of the Arctic Ocean, and eastern Siberia. Our analysis suggest that 

Scandinavia and parts of the Irminger Sea and Southern Greenland have not yet (as of 

2010 CE) emerged as significantly warmer than past variability. The middle range of 

emergent warming in our study is roughly similar to that of Abram et al (2017), 1831-

1852 in northern latitudes, based on the timing of sustained, significant climate warming 

in proxy reconstructions,  and a reference period that coincided with the LIA. A change 

of the baseline interval to exclude the LIA (i.e., a baseline of 10-1000 C.E. makes timing 

of emergent warming more recent by on average 16 years. The relatively late emergence 

of ocean warming relative to baseline temperatures may be explained by the higher 

thermal inertia of the oceans: regions with later emergence tend to have less pronounced 

cooling over the preceding 2,000 years, so it takes longer for warming these areas to 

emerge as statistically significant relative to their baseline variability, even though the 

patterns of recent warming in the early and late regions is basically similar. 

 

3.5 Conclusions 
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Assuming that relationships between paleo data and recent reanalysis 

temperatures in the calibration period (1850-1970) apply to longer time intervals (i.e., 

that the system is stationary), we calibrate and project sparse high-resolution climate 

proxy records over the past 2000 years to reconstruct spatially-resolved Arctic climate 

variability through the common Era. This gridded spatial-temporal product helps to 

fingerprint the influence of various forcing mechanisms on Arctic climate; we find a 

significant role for solar irradiance and CO2 variability, and limited influence of NAO 

and AMOC variability. Sulphate loading is conterintuitively associated with slight 

warming in the Arctic, suggesting the relationship between sulphate aerosols and Arctic 

Climate may be very complex. The LIA appears with variable timing, suggesting and 

approximate coincidence of independent regional events superimposed on a long-term 

cooling trend, rather than a discrete forced global event. In our reconstruction, early 

sustained warming emerged from background variability near 1800 CE in Alaska and 

western Siberia, but in the eastern North Atlantic, parts of the Arctic Ocean, and eastern 

Siberia, sustained warming became significant later, in the mid 20th century CE, and 

Scandinavia had not emerged as significantly warmer than its baseline variability as of 

2010 CE.  Lagging emergence of warmth in regions of maritime climate are consistent 

with a longer thermal inertia associated with the ocean and implying substantial existing 

commitment to future changes in the marine regions of the Arctic.   
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Figure 3.1: Summary of proxy factor analysis and regression to reanalysis data.  
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Figure 3.1: Summary of proxy factor analysis and regression to reanalysis data.  

 (A) Proxy factor loadings. Color of dot indicates loading of factor. (B) Proxy factor 

values. Thin grey line is at 5-year resolution, heavy green line is 5-point moving average. 

(C) Percent variance explained by each factor in multiple regression to HadCRUT 

reanalysis gridcell temperature over the period 1850-1970. (D) Communality of factor 

analysis at proxy sites. (E) Eigenvalues summary of factor analysis. (F) Adjusted R-

squared for proxy factor/reanalysis regression. 
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Figure 3.2: Average temperature anomalies for selected time periods, relative to the 

average of 1850-1900 C.E., with average anomaly noted below each map. (A) Warmest 

(Arctic average) pre-20th Century period in the Average temperature record, ~350-455 

C.E (B) Warmest (Arctic average) part of the Medieval Climate Anomaly, ~1140-1260 

C.E.(C) 1950-2010 C.E.  (D) The coldest (Arctic average) part of the Little Ice Age, 

~1600-1750 C.E.  
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Figure 3.3: Regional and seasonal temperature anomaly reconstructions (relative to 

1850-1900), and proposed Common Era forcings. 
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Figure 3.3: Regional and seasonal temperature anomaly reconstructions, and proposed 

Common Era forcings. (A) Full Arctic temperature stack, where temperature is 

referenced to 1850-1900 mean. (B-G) Regional temperature stacks, where temperature is 

referenced to 1850-1900 mean. (H) Winter (DJF) temperature anomaly. (I) Summer 

(JJA) temperature anomaly. (J) AMOC proxies from Thornalley et al., 2018 (black) and 

Wanamaker et al., 2012 (red). (K) Total Solar Irradiance (Roth and Joos 2013). (L) NAO 

Index (Olsen et al., 2013). (M) CO2  reconstructed from Law Dome, Antarctica (MM 

2006). (N) Global Sulphate loading from Northern Hemisphere (black) and tropical (red) 

volcanic eruptions (Sigl et al., 2015). 
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Figure 3.4: Variance decomposition for multiple regression of gridcell temperature 

records against proposed Common Era climate forcings. Color indicates percent variance 

explained by the individual forcing, and stippling indicates regions where regression 

coefficient in a multiple regression is not significant at p=0.05.  
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Figure 3.5: Timings of Little Ice Age and Industrial Era warming. (A) Timing of Little 

Ice Age onset, completion, and Statistically significant emergence of recent warming 

relative to past variability, using a floating reference period (all 50-year periods 

preceding the period of interest). (B) Average temperature anomalies (relative to 1850-

1900 C.E. mean), split between early (black) and late (red) transition into and out of LIA, 

and 19th-21st Century warming. (C) and (D) same as (A) and (B) except using a fixed 

reference period (10-1000 C.E.). (E) Histogram of transition between periods. Blue bars 

use floating reference, red bars use fixed reference.  
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4.1 Abstract 

The late Holocene is a period characterized by several centennial-scale climate 

fluctuations superimposed on gradual Northern Hemisphere cooling, and is therefore an 

ideal time period to test sensitivity of glaciers and ice caps to climate change at 

timescales relevant to human society. Here, we present 51 10Be cosmogenic surface 

exposure ages from southernmost Greenland, targeting late Holocene moraines distal to 

the most recent drift limit in a variety of glaciological environments. We find that most 

glaciers retreated from their late-Holocene maxima between 1.0 and 0.4 ka, similar to that 

suggested from other late Holocene surface exposure ages from western Greenland and 

overlapping with the timing of ice advance recorded by threshold lakes in Greenland. 

This may indicate that the late-Holocene advance of ice into lake catchments in the last 

millennium was its most extensive since the deglaciation. A small retreat from this 

maximum may have been triggered by a brief warming event 1.0-0.4 ka in south 

Greenland observed in a nearby lake record. Glaciers draining the Julianhåb Ice Cap do 

not show this pattern, possibly because this ice cap is less sensitive to climate at 

centennial to multi-centennial timescales.  

 

4.2 Introduction  

The global cryosphere has undergone significant change over the past twenty 

years, with near global retreat of glaciers and ice sheets (Zwally et al., 2011; Shepherd et 

al., 2012; Vaughan et al., 2013; Bamber et al., 2018) likely in response to anthropogenic 

climate warming (Church et al., 2013; Marzeion et al., 2014; Roe et al., 2017). 

Understanding the future retreat of Earth’s terrestrial cryosphere is critical for society to 

plan for future sea-level rise, but this requires a thorough understanding of the range of its 

past natural variability and sensitivity to climate forcing. The Arctic is a region of 

particular concern due to its well-documented amplification of climate change (Overland 

et al., 2013; Serreze and Barry, 2011; Cohen et al., 2014), and Greenland specifically is 

important due to its large potential contribution to sea level rise and its recent 

acceleration of mass loss (e.g. Zwally et al., 2011; Khan et al., 2015).  
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Cosmogenic surface exposure dating has significantly improved our understanding 

of the history of the Greenland Ice Sheet and its associated ice caps and mountain 

glaciers (e.g. Håkansson et al., 2011; Young et al., 2011, 2013b; Larsen et al., 2013; 

Corbett et al., 2015; Nelson et al., 2014; Schaeffer et al., 2016; Bierman et al., 2016; 

Sinclair et al., 2016). Surface exposure studies on Greenland have largely focused on its 

retreat and thinning history from the Last Glacial Maximum (LGM, ~26-19 ka, Clark et 

al., 2009) to the early Holocene (e.g. Sinclair et al., 2016; Håkansson et al., 2007; Möller 

et al., 2010; Young et al., 2013b; Levy et al., 2012), ice sheet erosivity and bed 

temperature (Corbett et al., 2015; Nelson et al., 2014), or ice sheet stability at orbital to 

tectonic timescales (Schaeffer et al., 2016; Bierman et al., 2016). However, recent 

advances have permitted increasingly precise dating of centennial-scale glacial variability 

in the late Holocene (e.g Granger et al, 2013; Balco 2011), in some cases allowing 

resolution of separate advances to within the last 500 years (Schimmelpfennig et al., 

2014). This opens new opportunities for better reconstructing Greenland’s glacier 

variability at shorter and to evaluate responses of the ice system to recent forcings.  

The late Holocene (between 4 ka and the present) in Greenland is characterized by 

a series of centennial-scale climate fluctuations superimposed on a period of gradual 

cooling (e.g. Perner et al., 2011; D’Andrea et al., 2011; Lasher and Axford, 2019; 

Sinclair et al., in prep). These climate fluctuations are less pronounced than either the 

deglacial or recent anthropogenic warming, but occur on centennial timescales relevant to 

human society. Understanding the background climate and glacial variability will 

facilitate more accurate comparisons with current retreat rates and provide an important 

context for assessing the role of natural variability, helping to isolate an anthropogenic 

signal and determine to what extent the current behavior of the Greenland terrestrial 

cryosphere is unprecedented. 

Southernmost Greenland presents an ideal location to investigate these questions. 

A number of glaciers of different sizes occur in a region small enough to experience 

spatially uniform climate change. Both marine- and land-terminating outlet glaciers 

occur, draining a piedmont-like extension of the south Greenland Ice Sheet (the 

Qassimiut lobe), the main south Greenland Ice Sheet (sGrIS), and the Julianhåb Ice Cap, 
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which itself is surrounded by smaller land- and marine-terminating glaciers and ice caps, 

especially near Kap Farvel.  

Existing information about south Greenland’s Neoglaciation suggests a complex and 

variable history. Earlier advances of some glaciers may have been at least as extensive as 

the most recent, likely Little Ice Age (LIA, ~0.5-0.2 ka) advance, if not more so (e.g. 

Bennike and Sparrenbom, 2007; Winsor et al. 2014). Weidick (1959, 1975) mapped an 

extensive series of moraines in front of this most recent, likely LIA, drift limit. He named 

these the “Narsarsuaq Stade” moraines and proposed they represented a regional advance 

of the south Greenland Ice Sheet that was more extensive than its LIA extent. Winsor et 

al. (2014) and Bennike and Sparrenbom (2007) dated a moraine near Narsarsuaq 

suggesting retreat from this maximum at ~1.5-1.2 ka. However, recent data from a series 

of threshold lakes near the Qassimiut Lobe suggest a later advance around 0.5 ka (Larsen 

et al., 2011; 2015), suggesting the maximum advance may have been during the LIA. 

Here we date Weidick’s “Narsarsuaq Stade” moraines with cosmogenic 10Be to test if 

they mark a synchronous advance of the south Greenland Ice Sheet that was more 

extensive than its most recent LIA advance.  

 

4.3 Methods 

We sampled boulders for 10Be dating from six sites in southernmost Greenland 

(Figure 4.1). Each site has the following characteristics. (1) There is a clear modern drift 

limit, usually fronted by a moraine. This feature is characterized by bare rock and diamict 

and does not have clear soil development. Where we are able to directly observe this 

youngest drift, there is evidence of active melting of ice-cored moraines resulting in mass 

movement. (2) There is at least one moraine within 2-5 km of the modern limit. These 

outer moraines have some soil development, significant lichen growth, and moraine 

boulders are characterized by visible small erosional features such as polish and 

striations. Distal to these moraines, the landscape has more fully developed soils and 

vegetation with occasional large moraines, and no evidence of small-scale erosional 

features. 
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We sampled boulders from five locations where the outer moraines occur within 3 

km of the youngest drift limit (Figure 4.2): two moraines from a marine-terminating 

glacier draining the Qassimiut Lobe; two sites with land-terminating glaciers draining the 

Julianhåb Ice Cap; and two moraines fronting glaciers and ice caps in southernmost 

Greenland near Kap Farvel (Figure 4.1). At one site near the Nuuk ice margin, there are 

no prominent moraines immediately distal to the youngest drift limit, so we sampled 

boulders on bedrock within 200 m of the modern limit. 

We sampled the top 2-8 cm of 5-10 boulders from the crest of each moraine. We 

processed all samples at Oregon State University (OSU) using the standard chemical 

procedures outlined in Licciardi (2000) and Marcott (2011). 10Be/9Be ratios were 

measured using the Sirius 10 MeV Pelletron Accelerator at the Centre for Accelerator 

Science at the Australian Nuclear Science and Technology Organization in December, 

2018, using the KNSTD07 standard.  

We calculate ages with the CRONUS online exposure age calculator, version 3 

(hess.ess.washington.edu), using the Arctic production rate (Young et al., 2013a) and the 

Lal/Stone time-varying scaling scheme. Using another scaling scheme or the Northeast 

North American production rate (Balco et al., 2011) changes the calculated ages up to 

3%. We make no correction for post-depositional erosion of the samples. All moraines 

dating to the last 4 kyr have boulders with small-scale glacial erosional features such as 

polish, striations, and chattermarks, indicating negligible post-depositional erosion or 

weathering. Shielding is calculated from topographical measurements in the field using 

an inclinometer, and a Brunton compass is used for strike-and-dip measurements. We use 

the standard density of quartz (2.6 g/cm3) for all samples, and measured average 

thickness across the sample.  

We use two methods for identifying statistical outliers when calculating landform 

ages. First we apply Chauvenet’s criterion that tests for statistical outliers by comparing 

each boulder age to the mean and standard deviation of the landform dataset, and 

removes the age if it exceeds a prescribed number of standard deviations from the mean 

(e.g. Balco et al., 2011; Sinclair et al., 2016). We also use a more stringent test that only 

uses those ages which overlap at one standard deviation and form a clear peak in the PDF 
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of the ages (Figures C.10-C.21), similar to the approach recently employed for 

Neoglacial landforms on Baffin and Disko Islands (Young et al., 2016). The differences 

in the mean ages of landforms using these two outlier techniques are within several 

centuries, but the sizes of error bars are significantly larger using the Chauvenet’s only 

dataset (Appendix C.4). Here we present the datasets using the more stringent test for 

outliers.  

 

4.4 Results 

Table 1 outlines the glacier characteristics and moraine ages for the six sites we 

sampled in southern Greenland, and Table 2 gives individual sample characteristics. 

Figure 4.3 shows PDFs of all landform ages in this study. A detailed description of the 

sites and outlier ages is in Appendix C. Where available, we use the glacier names 

defined in Bjørk et al. (2015).  

The Nuuk ice margin and Tupaussat sites have early Holocene ages. The 

Tupaussat outer moraine is the oldest (11.5±1.0 ka), similar to surrounding deglacial ages 

(Carlson et al., 2014, Nelson et al., 2014). The Nuuk ice margin boulders have an average 

age of 8.3±0.3 ka, and are also similar in age to nearby ages (Larsen et al., 2013, Carlson 

et al., 2014; Levy et al., 2012, However, the outer Tupaussat moraine has an inner 

neoglacial moraine (discussed below), whereas the Nuuk boulders come from 

immediately distal to the most recent drift limit, indicating that the advance depositing 

the latest drift at the Nuuk ice margin site was the most extensive since the early 

Holocene.  

There is no evidence of moraine abandonment between deposition of the Nuuk ice 

margin boulders at ~8.3 ka and the mid-Holocene. The first possible Neoglacial moraine 

(i.e., likely deposited following a mid- to late-Holocene advance) for south Greenland is 

at Jespersen Bræ, where three boulders have an average age of 3.7±0.4 ka.  

Five moraines at four sites have ages that are <1.0 ka. The moraine ages at Naajat 

Sermiat are in stratigraphic order (0.6±0.2 ka for the outer moraine and 0.5±0.2 for the 

inner moraine). These ages agree within uncertainty with the age of the oldest 

macrofossil sampled from the silt/gyttja contact at Lower Nuuluusuaq Lake (informal 
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name, 0.2-0.5 ka at 2 sigma), a threshold lake immediately adjacent to the outer moraine. 

Naajat Sermiat was a marine-terminating glacier when these moraines were deposited. 

Another marine-terminating glacier, Paarlit Sermiat, and a land terminating glacier at 

Tupaussat have similar ages (0.7±0.1 ka and 0.8±0.2 ka, respectively). Ages on boulders 

from the Sermeq Kangilleq moraine indicate retreat from a late-Holocene maximum after 

0.4±0.1 ka.  

 

4.5 Discussion 

 

4.5.1 Are Greenland’s Neoglacial fluctuations synchronous?  

Seventeen Neoglacial moraines at eleven sites from Greenland have previously 

been dated using cosmogenic dating (Winsor et al., 2014, Jomelli et al., 2016, Young et 

al., 2015, Reusche et al., 2018). Additional information on Holocene ice-sheet variability 

comes from threshold lakes that record a rapid change in sediment lithology, usually from 

organic-rich gyttja to glacial silt and clay, when ice advances over a topographic 

threshold into the lake catchment (Belascio et al., 2015; Briner et al., 2010; Kelley et al., 

2012; Larsen et al., 2011; Larsen et al., 2015; Larsen et al., 2016; Levy et al., 2014; 

Lowell et al., 2013; Young et al., 2011), although determining the extent of these 

advances beyond the topographic threshold is generally not possible. We combine 

existing 10Be dates and threshold lake data with our new 10Be dates to further constrain 

Holocene glacier and GrIS variability from west and south Greenland. There is much less 

comparable information from east Greenland, with four threshold lake records (Lowell et 

al, 2013; Levy et al., 2014; Larsen et al., 2015) and two Neoglacial moraines dated with a 

single cosmogenic age each (Lowell et al., 2013; Levy et al., 2014).   

Ages on the moraine we dated immediately distal to Neoglacial moraines at 

Tupaussat in southernmost Greenland (11.5±1.0 ka) and boulders on bedrock distal to the 

most recent drift limit near Nuuk in southeastern Greenland (8.3 ± 0.3 ka) are similar to 

nearby 10Be ages, indicating deglaciation within ~5 km of the modern ice margin by 11.2 

± 0.4 ka in southern Greenland (Carlson et al., 2014; Nelson et al., 2014) and between  
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10.2 ± 0.1 and 6.9 ± 0.3 ka in southeastern Greenland (Larsen et al., 2013, Carlson et al., 

2014; Levy et al., 2012).  

Ice-sheet modeling and sea-level investigations indicate that Neoglacial ice 

advance both in Greenland and elsewhere in the Northern Hemisphere began around 5-4 

ka (Solomina et al., 2015; Lecavalier et al 2014; Simpson et al., 2009). Four out of 15 

threshold lakes with Neoglacial records suggest ice advance into the lake catchments 

between 4 and 2 ka (Figure 4.5). These advances are usually relatively short-lived, with 

all but one of the cores indicating ice retreat from the lake catchment within 1500 years. 

Only one landform dated with 10Be (Jespersen Bræ) indicates ice retreat from a late-

Holocene maximum during this period. Our ages for the moraine at Jespersen Bræ (3.7 ± 

0.4) therefore indicate that this glacier reached its late Holocene maximum extent 

anomalously early when compared with other late-Holocene glacial advances in 

Greenland. Glacier advances during the earliest part of the Neoglaciation were therefore 

rarely associated with the post-deglacial maxima in south Greenland.  

By contrast, the Common Era (2 ka-present) is a period of widespread glacier and 

ice-sheet advances throughout west and south Greenland. The Narsarsuaq moraine in 

south Greenland and the Uigordleq moraine in west Greenland have retreat ages between 

2 and 1 ka. Threshold lake records suggest widespread and persistent advances within the 

last millennium; 13 out of 19 threshold lakes show ice advance into the lake catchment 

during the last millennium, with glacial sediments persisting in cores until the core-tops. 

Cosmogenic ages on moraines, however, indicate that retreat from late-Holocene maxima 

occurred primarily during the first half of the last millennium, overlapping in time with 

advances recorded by threshold lakes. This likely indicates that the initial ice advance 

during the last millennium was the largest advance to deposit the moraines. The fact that 

in most threshold lakes glacial silt persists to the top of the cores then suggests that retreat 

from this initial advance was limited, so ice remained in lake catchments until at least the 

late 20th Century. With the exceptions of Jespersen Bræ, where retreat from the late-

Holocene maximum occurred at ~0.4 ka, and Humboldt and Petermann glaciers in 

northwest Greenland, where retreat occurred at ~0.3 ka (Reusche et al., 2018), the 

cosmogenic ages suggest that glaciers in south and west Greenland began to retreat from 
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their maximum extent before 0.5 ka. Subsequent advances in each of these glacier 

systems did not exceed this advance.  

There is unavoidable bias in our site selection whereby we only targeted those 

sites which are reasonably accessible in a field season and have clear evidence from 

satellite imagery of an advance more extensive than the most recent drift deposits. 

However, our ages overlap with independently sampled moraines in west Greenland 

(Jomelli et al., 2016; Young et al., 2015), and a survey of satellite imagery from south 

Greenland suggests that these moraines may be widespread. In addition to those moraines 

dated here, we have identified an additional 24 moraines or trimlines between Kap Farvel 

and Narsarsuaq. These are between 0.5 and 2 km in front of the modern glacier limits, 

and are clearly distal to or partially overridden by the most recent drift.  

 

4.5.2 Cryosphere response to climate forcing in south Greenland  

The majority of glacier systems investigated here and in previous studies began 

retreating from their late Holocene maximum extents in the first half of the second 

millennium, and threshold lake records suggest that this retreat likely followed a second 

millennium advance. Local and regional climate records indicate that the period between 

~1,000 and 300 B.P. likely contained the coldest period of the Common Era, although the 

timing of this cold period varies between records (Figure 4.5). Sinclair et al.’s (in prep) 

Greenland temperature estimate suggests the coldest period of the Common Era occurred 

between 400 and 300 B.P., but shows episodic cooling throughout the record, 

superimposed on a gradual 1,000 year cooling trend in the second millennium. A similar 

second millennium cooling trend is observed in a west Greenland marine record (Perner 

et al., 2011) and in a chironomid-based lake temperature record (Axford et al., 2013), 

although the latter has a less dramatic cooling before ~300 B.P.  

However, a west Greenland alkenone-derived temperature record does not show 

this cooling during the last millennium, with brief cooling events at ~0.8 and 0.25 ka 

(D’Andrea et al., 2004). A temperature record derived from chironomid d18O (Lasher and 

Axford, 2019) is the closest record to the sites presented here, and the only temperature 

proxy record south of Kangerlussuaq; it may therefore best approximate regional 
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temperature at the south Greenland sites. This record shows a cold event between 

approximately 1.0 and 0.1 ka, interrupted by warming between 1.0 and 0.4 ka. This 

warming event overlaps within uncertainty with the ages of five moraines at four sites 

presented here (Naajat Sermiat, Sermeq Kangilleq, Tupaussat, and Paarlit Sermiat), as 

well as Lyngmarksbreen’s distal moraine on Disko Island (Jomelli et al., 2016). These 

ages do not show any similarity to a record of precipitation based on biogenic silica from 

southernmost Greenland (Andresen et al., 2004), suggesting that temperature is a more 

important driver of glaciers in this region than precipitation.  

The Jespersen Bræ and the Narsarsuaq moraines from south Greenland (Winsor et 

al., 2014) have cosmogenic exposure ages older than the 1.0-0.4 ka warming event 

observed by Lasher and Axford (2019). A third moraine at  Sermeq Kangilleq indicates 

retreat from its Neoglacial maximum after the end of this event, when the d18O indicates 

regional cooling. These three glaciers drain the Julianhåb Ice Cap, and therefore may 

behave differently than the three glacier systems which more closely overlap with the 

warmer period in the d18O record (Lasher and Axford 2019). Paarlit Sermiat is a marine-

terminating outlet of a small unnamed ice cap, and the Tupaussat moraine was deposited 

by an unnamed glacier. Smaller glaciers generally have shorter response times than larger 

ice caps like the Julianhåb Ice Cap. Finally, Naajat Sermiat drains the Qassimiut Lobe of 

the South Greenland Ice Sheet. The Qassimiut Lobe is a low-altitude piedmont-like 

extension of the Greenland Ice Sheet, so an increase in equilibrium line altitude will lead 

to a relatively large expansion of the ablation zone when compared to a glacier or ice cap 

with a greater surface slope. These factors may make these glaciers more sensitive to 

centennial-scale climate fluctuations than those draining the main ice sheet or the 

Julianhåb Ice Cap. This pattern is similar to what we observe in western Greenland: two 

glaciers draining small ice caps have age ranges for their distal moraines overlapping 

with our ages for the smaller and more climate sensitive glaciers (Young et al., 2015, 

Jomelli et al., 2016), while a glacier draining the ice sheet retreated from its Neoglacial 

maximum slightly later, closer to 0.3 ka (Reusche et al., 2018).  

On the other hand, we can not rule out the possibility that some of the centennial- 

to millennial-scale variability identified here originates from inter-annual variability in an 
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autocorrelated process instead of a regionally-coherent retreat forced by climate trends 

(e.g. Roe et al., 2009). This effect has been investigated at Mt. Baker in Washington 

State, USA, where Roe and O’Neal (2009) find that all the observed “Little Ice Age” 

fluctuations of glaciers can be explained by natural variability of glaciers with memory 

operating in a stochastic climate. Reichert et al. (2002) find similar results at 

Nigardsbreen in Norway and Rhonegletscher in the Swiss Alps. If these glaciers do 

respond to climate, the expression of smaller climate events in the moraine record can be 

obscured by the stochastic behavior of the system. Especially if the size of the events and 

glacier responses are similar over time, the chances of any one event depositing the 

Neoglacial maximum moraine may be significantly decreased, leading to variability in 

the system (Gibbons et al., 1984). This stochastic behavior may account for some of the 

variability we observe in the threshold lake and cosmogenic records, but it is also 

possible that the relative sensitivity to climate fluctuations may drive the different 

behaviors of glaciers we observe here. 

Combining climate and threshold-lake records and our new 10Be ages, we develop 

a conceptual model of climate and cryosphere fluctuations in the latest Holocene in south 

Greenland (Figure 4.6). The ice sheet and surrounding glaciers advanced during the late 

Holocene in response to millennial-scale cooling (Figure 4.6b). A localized warming 

event in south Greenland (Lasher and Axford 2019) triggered a limited retreat between 1 

and 0.5 ka, with abandonment of the moraines sampled here (Figure 4.6c). However, 

persistence of glacial sedimentation in threshold lakes suggests that the retreat was 

limited in extent and to smaller and more climate-sensitive glaciers. A more recent retreat 

was more widespread (Figure 4.6d), as recorded by the very young drift deposit fronting 

all glaciers and by the observations of widespread 20th-21st Century retreat of the 

Greenland Ice Sheet (e.g. Gardner et al., 2013; Bjørk et al., 2018). We note that this 

conceptual model is based only on six moraines systems and a single climate record, so 

more work should be done to further investigate this hypothesis.   

 

4.6 Conclusions 



 

 

93 

The 10Be cosmogenic ages presented here represent the first effort to build a 

detailed record of Neoglacial variability of Greenland glaciers and the SGrIS using 10Be 

dating. The results indicate advance of the Greenland Ice Sheet and surrounding glaciers 

and ice caps during the late Holocene, with most glaciers reaching their maxima before or 

during the last millennium, followed by centennial-scale glacial variability during overall 

retreat. Smaller glaciers and ice caps in south Greenland may respond to multi-centennial 

climate fluctuations, especially a possible warming event in the first half of the last 

millennium, but glaciers draining the larger and higher altitude Julianhåb Ice Cap may 

not respond to climate variability at these shorter timescales.  
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Figure 4.1: Map of sites sampled for this study. Pink diamonds indicate new sites for this 

study, blue diamonds indicate sites with published data (from Winsor et al., 2014; Winsor 

et al., 2015; and Nelson et al., 2015). The average age of previously published landforms 

is noted. Glacier names are derived from Bjørk et al. (2015), where available. 
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Figure 4.2: (A) Schematic of sampling strategy. We target the first landform outboard of 

the youngest drift limit. This deposit separates a heavily vegetated landscape from one 

with fewer plants and more limited soil development. (B) Representative deglacial 

boulder. (C) Representative boulder from target Neoglacial moraine. (D) Panoramic 

photograph of Naajat Sermiat moraines, illustrating sampled terrain. Moraines B-D 

separate oldest terrain from intermediate terrain. Barren rock on far right is most recently 

deglaciated terrain.  
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Figure 4.3: PDFs of landforms dated in this study (outliers excluded). Thin lines indicate 

single samples, thick lines indicate sum of all samples for a moraine or site. (A) All sites. 

(B) Only sites with samples in the Common Era (2-0 ka).  
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Figure 4.4: Summary of cosmogenic surface exposure ages and threshold lakes from 

Greenland. Top: average age of landforms dated by surface exposure dating, grouped by 

region. Bottom: timings of threshold lake records and advance of glacier into lake 

catchment. Dark blue indicates glaciers are not in the catchments. Light blue indicates 

glaciers in catchment. See Figure C.22 and table C.6 for locations of records and their 

references 
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Figure 4.5: Summary of Greenland’s late Holocene glacier and climate records. (A) All 

landforms dated with cosmogenic surface exposure methods during the Neoglacial (this 

study, Reusche et al., 2017; Winsor et al., 2014; Jomelli et al., 2016; Young et al., 2015; 

Levy et al., 2014; Lowell et al., 2013). (B) Average Arctic temperature anomaly 

(referenced to 1850-1900 average) in the Common Era (Sinclair et al., in prep). (C) 

Relative abundance of calcareous Atlantic cold water foraminifera from a west Greenland 

ocean core (Perner et al., 2011). (D) Summer temperature calculated from a west 

Greenland lake record (Axford et al., 2013). (E) Alkenone-derived summer temperatures 

from southwest Greenland (D’Andrea et al., 2011). (F) (G) Biogenic silica record from 

southernmost Greenland. Higher percentage of biogenic silica represents more productive 

conditions (Andresen et al., 2004). (I) Map showing locations of climate records.  

!"#!$#!%#!&#!

'$
!

$

!

(!

'$

!

$

'%

'$

'"

!

!

(

"!

$!

$(

%!

)*
+,
-.
+/
),
01
20

1+
3
4+
,-
15
,+

-6
73

-8
9/
:;<

=

>+
8#/
-?
56
@-
60
+

0-
80
-,
+7
5A
/)
18-
61
20

07
8@
/B
-1
+,
/A4
+0
2+
A

C+
3
4+
,-
15
,+
/

-6
73

-8
9/
:;<

=

C+
3
4+
,-
15
,+
/:;
<=

C+
3
4+
,-
15
,+
/

-6
73

-8
9/
:;<

=

!"#!$#!%#!&#!

D2
7.
+6
20
/E
282
0-

:F
/@
,9
/B
+2
.G
1=

H-/D#I#

H-/D#I#

:<= :J=

:K=

:L=

:M=

N=

)=

D=

<=

J=

L=

K=

M=



 

 

99 

 
Figure 4.6: Summary of conceptual model. See text for description.  
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Table 4.1 Site Information 
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Table 4.2 Sample Information 
 
 
 

Sample 
Name

Latitude 
(°N)

Longitude 
(°E)

Elevation 
(m asl)

Thickness 
(cm)

Topographic 
Shielding 

Factor

10Be 
Concentration 

(atoms g-1)

10Be 
Uncertainty 
(atoms g-1)

Sample Age 
(yrs B.P.)

Internal 
Error (yrs)

External 
Error (yrs)

Average 8273 ± 289
NU-13-1 64.778 -49.514 983 2 0.9756 85608 1383 8102 131 331
NU-13-2 64.778 -49.514 980 3 0.9989 91720 1567 8577 147 353
NU-13-3 64.778 -49.514 980 4 0.9989 86996 1625 8194 153 343
NU-13-4 64.778 -49.514 986 3 0.9989 85252 1793 7926 167 341
NU-13-5 64.778 -49.514 980 3 0.9989 99919 1861 9362 175 392

NU-13-18 64.742 -49.583 735 1.5 1.0000 74459 1939 8565 224 391

Average 607 ± 171
NQ-13-12 61.013 -46.525 77 3.5 0.9943 2057 168 438 36 39
NQ-13-15 61.013 -46.525 77 3 0.9943 3933 321 819 67 74
NQ-13-32 61.013 -46.528 67 2 0.9959 3283 158 681 33 41
NQ-13-33 61.013 -46.528 67 2 0.9959 1967 139 419 30 34
NQ-13-36 61.013 -46.528 67 4 0.9959 6004 202 1285 43 65
NQ-13-38 61.013 -46.528 62 3 0.9956 3621 161 762 34 44
NQ-13-41 61.014 -46.526 62 2 0.9955 2477 194 521 41 45

Average 519 ± 150
QA-14-1 61.015 -46.525 56 5 0.9620 1251 303 291 70 71
QA-14-5 61.015 -46.525 59 2.5 0.9897 10241 480 2230 105 134
QA-14-7 61.015 -46.527 54 4 0.9709 2292 258 507 57 60
QA-14-8 61.014 -46.527 65 5 0.9445 1971 237 451 54 57
QA-14-9 61.015 -46.526 56 1.5 0.9712 3497 440 749 94 98
QA-14-10 61.015 -46.525 62 6.5 0.9779 4767 538 1064 120 127
QA-14-11 61.015 -46.525 63 5 0.9799 8269 642 1836 143 158
QA-14-12 61.015 -46.525 59 2 0.9671 2612 772 566 167 169
QA-14-13 61.015 -46.527 59 4 0.8782 2273 292 551 71 74
QA-14-14 61.015 -46.526 57 3 0.9927 7494 717 1617 155 166

Average 3744 ± 390
KS-16-3 61.078 -45.027 212 3 0.9515 46379 2281 9269 457 574
KS-16-4 61.078 -45.027 205 2 0.9913 59808 1653 11503 319 536
KS-16-6 61.076 -45.026 212 3 0.9845 18071 645 3462 124 179
KS-16-8 61.074 -45.025 213 3 0.9180 20196 1838 4189 382 413
KS-16-9 61.074 -45.025 221 3 0.9966 19056 548 3581 103 169
KS-16-10 61.074 -45.025 213 2.5 0.9694 40688 1414 7917 276 405

Average 370 ± 140
JB-16-1 60.916 -45.028 175 2.5 0.9615 3408 427 663 83 87
JB-16-3 60.917 -45.029 175 2.5 0.9542 2677 173 528 34 39
JB-16-6 60.916 -45.026 169 2.5 0.9858 1624 153 321 30 33
JB-16-9 60.916 -45.024 178 2.5 0.9840 1298 206 260 41 42

Average 11486 ± 1026
TU-16-2 60.381 -44.288 276 3.5 0.9704 62076 1158 11494 215 481
TU-16-3 60.381 -44.288 277 5 0.9638 79573 1488 15010 282 630
TU-16-4 60.381 -44.287 289 1.5 0.9727 68923 1400 12379 252 528
TU-16-5 60.381 -44.288 285 4 0.9721 59445 1252 10930 231 470
TU-16-6 60.381 -44.287 284 6 0.9238 63508 1379 12496 272 542
TU-16-8 60.382 -44.286 297 5 0.9694 54760 1023 10041 188 421

Average 843 ± 216
TU-16-11 60.388 -44.274 305 3 0.9283 27747 764 5223 144 243
TU-16-13 60.388 -44.274 314 3 0.9530 8325 739 1454 129 140
TU-16-14 60.389 -44.273 307 3 0.9549 6121 664 1073 116 123
TU-16-15 60.389 -44.273 307 3 0.9297 3633 417 645 74 78
TU-16-16 60.389 -44.273 319 4 0.9549 1539 320 278 58 59
TU-16-17 60.389 -44.273 316 3 0.9548 4727 282 811 48 57

Average 722 ± 118
NK-16-1 60.323 -43.932 356 3.5 0.9554 3881 204 642 34 41
NK-16-2 60.323 -43.932 351 3.5 0.9518 3858 229 644 38 45
NK-16-4 60.322 -43.934 364 3.5 0.7296 28927 711 6521 161 292
NK-16-5 60.322 -43.933 355 3.5 0.8816 3960 216 708 39 47
NK-16-6 60.323 -43.933 351 3 0.9545 5347 404 893 67 75
NK-16-7 60.323 -43.933 359 4 0.9463 8940 592 1519 101 116

  Tupaussat outer

  Tupaussat inner

Paarlit Sermiat

Table 4.2: Sample Information

  Nuuk ice margin

Naajat Sermiat outer

  Naajat Sermiat inner

Jespersen Bræ

  Sermeq Kangilleq
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Chapter 5 

 

Conclusions 

 

The past 20,000 years give us several time periods to perform natural experiments 

to investigate the sensitivity of Earth systems to external forcings. Here, we present three 

studies investigating Arctic climate and the response of Greenland’s cryosphere to 

climate forcing. Chapter 2 shows the importance of ocean warming in forcing 

diachronous retreat of the Greenland ice sheet, a result that was not captured by an ice 

sheet model that does not include spatially-variable ocean forcings.  

Chapters 3 and 4 focus on the latest Holocene, revealing spatial variability in both 

climate and cryosphere behavior over this period. Chapter 3 demonstrates how using a 

network of proxy records statistically combined with reanalysis data reveal a map of 

Common era climate with prominent spatial variability, particularly between the eastern 

and western Arctic. Commonly proposed forcings for Common Era climate explain 

~20% of the temperature variability, suggesting that either significant noise or unresolved 

forcings may drive much of Arctic climate over this period. Chapter 4 demonstrates the 

importance of glacier size for determining its sensitivity to local climate forcing. Glaciers 

draining the alpine-like Julianhåb Ice Cap have a wide range of retreat dates from their 

late Holocene maxima (~3.7, 1.5, and 0.4 ka). In contrast, glaciers draining the piedmont-

like Qassimiut Lobe of the Greenland ice sheet and the small mountain glaciers and ice 

caps surrounding the ice sheet have a smaller range of ages (~0.8 to 0.5 ka), which may 

indicate response to a local warming event.  

Overall, these studies each demonstrate the dynamic spatial and temporal 

variability of Arctic climate and cryosphere behavior over the past 20,000 years. They 

each also demonstrate the power of large datasets to parse true signals from proxy and 

climate noise, revealing patterns and behavior that cannot be resolved from single 

spatially-disparate records. 
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Appendix A. Diachronous retreat of the Greenland ice sheet during the last 

deglaciation 

 

A.1 Supplementary data  

Supplementary data related to this article can be found at 

hhtp://dx.doi.org/10.1016/j.quascirev.2016.05.040 
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Appendix B.  Paleo-reanalysis of spatially- and temporally-resolved Arctic climate 

10-2010 C.E. 

 

B.1 Detailed methods 

 Here we extend the spatially resolved reanalysis of Arctic climate, currently 

available from the interval 1850-1970 CE, through the entire Common Era of 10-2010 

CE, adapting a CFR approach (Pisias 1978;  Fritts et al., 1971; Evans et al.; 2001, 2002). 

Drivers of climate may have changed due to anthropogenic activities in the 20th and 21st 

centuries (e.g Waters et al., 2016; Bindoff et al., 2013), and therefore the following 

process should be viewed as a method to statistically extend a reanalysis dataset, rather 

than a pure reconstruction of Arctic Common Era climate.  

 

1. We assemble 17 highly resolved paleoclimate proxy records (from the PAGES 

2K database; PAGES 2k Consortium 2017) in the latitude bands  60-90N that 

have average temporal resolution of 15 years, and cover the time period 10-1970 

C.E.  We convert the proxy records to z-scores and linearly interpolate to each 

record to a 5-year interval. 

 

2. We characterize orthogonal components of variability in this data array via R-

mode factor analysis and retain four significant factors. We iterate, excluding five 

records with a communality less than 0.2. Removing these records has no 

discernable influence on our final temperature reconstructions (Appendix B.5).  

 

3. We regress the four factors against HadCRUT4.2 annual-average and seasonal 

(winter, DJF and summer, JJA) temperatures at each HadCRUT4.2 grid cell 

(Morice et al., 2012 with modifications outlined in PAGES2k (2017) over their 

overlapping range (1850-1970 C.E.). This yields a set of four coefficients, an 

intercept, and an uncertainty) to predict reanalysis temperatures from paleo factor 

timeseries, at each grid cell.   
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4. At each gridcell, we apply the temperature calibration coefficients from Step 3 to 

predict gridcell temperatures over the full paleo time range, 10-1970 C.E. Errors 

are assessed by Monte Carlo simulation of 1,000 realizations based on the 95% 

confidence interval of the original regression. Results are expressed as averages 

and standard deviations at each 5-year time step and each grid cell, and illustrated 

as time-slice maps or animations, or regional average timeseries stacks. 

 

5. We assess random and systematic biases between reanalysis temperatures and the 

proxy reconstruction temperatures, and find no evidence of persistent regional 

biases.  

 

6. We compare our paleo-reanalysis to previously published Arctic, regional, and 

global climate reconstructions, including the Arctic2k temperature stack (McKay 

and Kaufman 2014) and the PAGES2k temperature stack, and with a larger 

dataset spanning the last 1,000 years. 

  

7. We examine the potential relationships between several proposed forcings of 

Common Era change and the paleo-reanalysis based on multiple regression and 

variance decomposition (Lindeman et al., 1980) controlling for potential 

correlation between regressors (Grömping 2007).  

 

8. We define the timing of emergence in the Anthropogenic era in each gridcell as 

the end of a 50-year period that is significantly warmer than the rest of the 

Common Era leading up to that point, provided all succeeding timesteps are also 

greater than all preceeding temperatures. We use a two-sample t-test without 

assuming equal variances, and p=0.05 for the analysis, and include reanalysis data 

for the period 1970-2010.  

 

9. We identify the “Little Ice Age” (LIA) onset for each gridcell as the end of the 

most recent period with at least five consecutive timesteps significantly cold (at 
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p=0.05) than the preceding timeseries, and the end of the LIA as the end of the 

first timestep that is no longer significantly colder than everything previous.  

 

B.2 Caveats and assumptions 

Caveats and assumptions include: (1) that variability in the paleoproxies 

adequately explains the reanalysis, and (2)  relationships between paleo data and 

reanalysis temperatures in the calibration period (1850-1970) apply to longer time 

intervals (i.e., the system is stationary). The first assumption is partially true - the proxy 

regression analysis explains 50% of the reanalysis temperatures, this lack of fit is 

propagated into the uncertainties in the Monte Carlo. The second assumption is presently 

difficult to test, but could be assessed in the future based on systematic divergence of our 

reconstructed paleotemperatures over time relative to independently calibrated high-

resolution records.   

 

B.3 Proxy records used in analysis 

We use 17 records from the PAGES 2k database in this study (Table B.1). The 

initial criteria we use is based on the length of the record. Our goal is to reconstruct 

climate across the Common Era, so we select those records which cover almost the 

entirety of the Common Era. Input to the R-mode factor analysis requires the records to 

be of equal length, so we use the period 10-1970 C.E. to maximize the number of records 

to include while still covering the majority of the Common Era and keeping enough 

records in the 20th century for adequate comparison with the Hadley reanalysis. Figure 

B.1 outlines this: eight records begin between 0 and 10 C.E., then no new records begin 

until 110 C.E. In the 20th Century, the number of records ending in a given decade 

increases dramatically after 1970. A total of 23 records remain after we restrict the 

records to this time period. We then exclude those remaining records with communalities 

less than 0.2 in an initial R-mode analysis, leaving 17 records. The characteristics of the 

proxies have similar distributions in terms of proxy type, location, and temporal 

resolution to the PAGES 2k records (Figure B.2). The main exception to this is the lower 

percentage of tree-ring records in our subset, mainly because most tree ring records in the 
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PAGES database begin during the second millennium C.E. We note that the proxies 

included in this study have major data gaps, principally in the Arctic Ocean and eastern 

Russia, where records in the PAGES 2k database are least densely distributed (Figure 

B.1) 

 

B.4 Including all records vs. high-communality only records  

There is very little difference between a temperature stack produced using all 

proxy records and one using only those with communalities greater than 0.2 in the R-

mode analysis. Those records that have the least communality will by definition 

contribute least to the proxy-derived factors. Figure B.4 illustrates this—the average 

temperature records using both methods are virtually indistinguishable, and overlap 

within 1-sigma uncertainty. The record compiled using all records is on average 0.15K 

warmer than that using the higher-communality records, and the Pearson’s correlation 

coefficient is 0.96, significant at p=0.01.  

 

B.5 Effect of retaining six factors from R-mode investigation 

 Similar to the investigation using all proxies, there is little change in the final 

temperature stack from retaining six factors in the initial proxy R-mode analysis instead 

of the four we retain in the stack used in the main body of the manuscript. Including six 

factors increases variance of proxy data explained in the factor analysis from 48% to 

62%. However, the corresponding increases in explanatory power of the factor 

regressions onto Hadley temperature records is relatively small: the average ordinary r-

squared value for the regression increases from 0.49 to 0.53. Factors 5 and 6 may 

therefore represent non-temperature related variance in the proxy data. The final 

temperature stacks overlap within uncertainty (Figure B.5) with a correlation coefficient 

of 0.87 (significant at p=0.01). The stack built with 6 factors has substantially greater 

uncertainty than that built with four factors, again suggesting the final two factors have 

little relationship to Arctic temperatures.  
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B.6 Spatial correlations  

 Figure B.6 shows the correlations between each gridcell’s estimated gridcell 

temperature record and each regional temperature stack. In general, we observe high 

correlations in the Arctic ocean and western Arctic both with regional stacks and the 

Arctic Average. However, Europe and Siberia show a different pattern, with the 

European stack in particular showing near-zero to negative correlations to much of the 

Arctic. This is supported by running correlations between regional averages (Figure B.7), 

which show statistically significant correlations throughout the Common Era for all 

regions except Europe, which frequently shows non-significant correlations to all regions, 

including Siberia.  

 

B.7 Comparison of R-mode analysis of Hadley data and last 2 ka paleo-reanalysis 

One measure of the extent to which this analysis captures the spatial variability of 

Arctic climate is to compare the spatial factors in the reanalysis data with those on the 

full grid temperature reconstruction for the last 2 ka. The results of these two analyses are 

are presented in Figure B.8 and Figure B.9. Three factors explain 97% of the temperature 

reconstruction, while the first three factors in the R-mode analysis on the Hadley 

reanalysis data explain 77% of the temperature variance. We are therefore missing some 

variance. However, the first three factors in both analyses are similar to each other in 

spatial pattern. Factor one in both analyses shows the least pronounced spatial patterns, 

although in both cases it is closer to zero in the North Atlantic, Europe, and Siberia and 

further from zero (more positive in the temperature reconstruction and more negative in 

the Hadley analyses). Pearson’s correlation coefficient between the two sets of factor 

loadings is -0.85. The factor two maps for each analysis are positively correlated across 

much of the Arctic, with the eastern Arctic showing more negative loadings and the 

western Arctic showing more positive loadings. The maps diverge significantly in eastern 

Siberia, but still have an overall significant correlation coefficient of 0.72. Finally, factor 

3 in both analyses show a divergence in loadings between the region from Arctic Canada 

to Europe and Arctic Russia to Alaska, with a correlation coefficient of -0.69.  
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B.8 Comparison to 1 ka and Arc2k stacks 

Figure B.10 shows the results of a comparison between the temperature stack 

presented here, a stack using an entirely different set of proxies covering only the last 1 

ka, and the Arc2k stack presented by McKay and Kaufman (2014). All three stacks 

overlap within uncertainty and are significantly correlated to each other, although the 1 

ka stack is warmer than the 2 ka and Arc2k stacks until 1800 C.E.  

 

B.9 Comparison to Hadley reanalysis product 

 Comparing the proxy reconstruction with the HadCRUT4.2 reanalysis product 

shows no evidence of systematic bias in the proxy reconstruction (Figure B.11). The 

reconstructed temperature stack has a correlation coefficient of 0.85 with the Hadley 

temperature stack where they overlap, significant at p=0.05. There are also no regions 

where we see a consistent offset between proxy and reanalysis data (Figure B.12), 

although at individual time slices we observe temperature differences of up to 3 K in 

individual regions in individual years when comparing the proxy and reanalysis data 

(Movie B.1).  

 

B.10 Description of movie 

Movie B.2 shows our reconstruction of average Arctic temperatures for the 

Common Era .The top left panel shows gridcell temperature, where each gridcell is the 

average of 1,000 iteratiions of the regression equation. The top right panel is the cell 

standard deviation of the 1,000 iterations, and the bottom panel shows the average Arctic 

temperature with 1-sigma uncertainty range in black and the 2-sigma uncertainty range in 

grey. The red dot tacks average Arctic temperature over the records. Movie B.3 shows 

the same gridcell and Arctic average as Movie B.2, but in 1970 C.E. the record switches 

from our reconstruction to the Hadley reanalysis reconstruction. We note the 

temperatures in the 20th century are often greater than the temperature scale allows.  
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Figure B.1 Map of proxy records used in this study (left) and the PAGES 2k database 

(right). 
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Figure B.2 Comparison of proxy characteristics in Arctic section of PAGES 2k database 

and those used in this study 
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Figure B.3 Number of Records added per decade. Blue line indicates cumulative number 

of records started by given decade. Red line indicates number of records completed by a 

given decade. Blue shaded lines indicate number of records added in a given decade, red 

shaded lines indicate number of records completed during a given decade. 
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Figure B.4 Comparison of reconstruction using only high communality records (top) and 

all records (bottom). Red line in top (bottom) figure is all record (high communality) 

average for reference. 
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Figure B.5 Comparison of reconstruction using only four proxy factors (top) and six 

proxy factors (bottom). Red line in top (bottom) figure is six factor (four factor) average 

for reference.  
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Figure B.6 Pearson’s correlation coefficient for each gridcell to the given regional or 

Arctic average. 
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Figure B.7 Moving correlation coefficients between regions. Red dots indicate 

correlation is not significant at p=0.05.  
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Figure B.8 Loadings of first three factors of R-mode analysis in Hadley reanalysis 

dataset (left) and last 2ka reconstruction (right). 
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Figure B.9 Correlations between temperature reconstruction factors (Y-axis) and Hadley 

factors (x-axis).  
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Figure B.10 Comparison of 1ka (top), 2ka (middle) and previously published Arc2k 

stacks. Top Figure: red line is 2ka high communality average, blue line is Arc2k average. 

Middle: blue line is Arc2k average, fuchsia line is 1ka average. Bottom: red line is 2ka 

average, fuchsia line is 1 ka average.  
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Figure B.11 Comparison of HadCrut4.2 reanalysis data with proxy reconstruction for the 

period 1850-2010. Top: HadCrut4.2 reanalysis average. Middle: Proxy reconstruction 

1850-1970. Bottom: Full common era record, with HadCrut4.2 average 1970-2010. 
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Figure B.12 Average difference between reconstruction and Hadley reanalysis data for 

the period 1850-1970.  
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Figure B.14 Summary of proxy factor-reanalysis regressions for winter (DJF) reanalysis 
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Figure B.14 Summary of proxy factor-reanalysis regressions for summer (JJA) 

reanalysis data 
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Appendix C. Late Holocene glacier and ice sheet variability in south Greenland 

 

C.1. Site descriptions 

 

C1.1 Nuuk Ice Margin 

We collected six boulders from the ice margin near Nuuk from immediately 

outboard of the latest drift limit (Figure C.1), approximately 100 m from the modern ice 

margin. Five boulders came from outboard of the ice sheet margin and one from outboard 

of Narsap Sermia, a marine terminating outlet glacier approximately 3 km south of the 

first five boulders. This site therefore marks the point when ice was last more advanced 

than its most recent limit. Chauvenet’s criterion identifies the oldest age as an outlier, so 

we exclude it from the age calculation. The average age of the remaining five boulders is 

8.3 ± 0.3 ka, similar to nearby deglacial ages for southwest Greenland (Larsen et al., 

2013; Carlson et al. 2014). This indicates that, at least in this location, the advance 

depositing the latest drift was its most extensive since early in the Holocene.  

 

C.1.2 Naajat Sermiat 

The moraines sampled at Naajat Sermiat were deposited by a land-terminating 

extension of a marine-terminating outlet glacier of the Qassimiut Lobe of the ice Sheet 

(Naajat Sermiat has subsequently retreated onto land). The landscape shows three 

distinctive terrains (Figure C.2). The outermost is characterized by substantial soil 

development, clearly eroded boulders, and a deflated moraine (moraine A). Moraines B-

D mark the boundary between this outermost terrain and the intermediate terrain, which 

has some soil development, and preservation of small erosional features, including 

extensively polished and striated bedrock. We sampled and processed 17 boulders from 

moraines B and D; 10 from innermost moraine D and seven from outermost moraine B. 

The innermost terrain was impossible to directly access and observe, but field and 

satellite photos indicate it is characterized by bare rock, with little to no soil development 

or vegetation.  
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We exclude the oldest age (NQ-13-36) from the calculation of the average age of the 

outer moraine (moraine B). The remaining six ages have an average age of 600 ± 170 

B.P. We use the six youngest ages with overlapping uncertainties from the inner moraine 

(moraine D) to calculate an average moraine exposure age, at 520 ± 150 B.P. The two 

moraines have statistically identical ages, suggesting relatively rapid retreat and moraine 

deposition over no more than several hundred years.  

 

C.1.3 Jespersen Bræ 

Jespersen Bræ is a land-terminating outlet glacier of the Julianhåb Ice Cap. The 

modern drift limit is partially obscured by reworking by outwash streams of both 

Jespersen Bræ and the adjacent unnamed outlet glacier. However, several small moraines 

are preserved on the outwash plain from both glaciers (Figure C.3). We targeted a left 

lateral moraine on the hillside above the modern outwash (Figure C.3). Boulders were 2-

3 m high and tended to be more angular than other moraines described here, and there is 

clear evidence of ongoing erosion around the boulders, possibly exacerbated by several 

feral sheep occupying the hillside. While the very active erosion and deposition in the 

outwash plain may have destroyed more recent late-Holocene advances more extensive 

than the most recent advance, this lateral moraine likely represents the largest late-

Holocene advance, as there are no trimlines or moraines above this one.  

The three youngest ages from the moraine have overlapping uncertainties and an 

average age of 3,700 ± 400 B.P. The late Holocene maximum of Jespersen Bræ therefore 

may have occurred in the earliest Neoglacial.  

 

C.1.4 Sermeq Kangilleq  

The land-terminating Sermeq Kangilleq is an outlet glacier of the Julianhåb Ice 

Cap which shares a trunk with Jespersen Bræ. Like Jespersen Bræ, there is an active 

outwash plain in front of the glacier, but the outwash stream is more channelized, 

permitting better moraines. We sampled two boulders from a series of three low moraine 

ridges approximately 1 km outboard of Sermeq Kangilleq. A further three ridges were 

approximately 300 m inboard of those we sampled, but these are on the opposite side of 
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the outwash stream and impossible to access on foot. As with Jespersen Bræ, it is 

possible that larger late Holocene advances were erased by outwash plain activity. 

However, there are no clear trimlines above the one which connects directly with the 

moraines we sampled (Figure C.4).  

Unlike the other moraines and boulders sampled here, these moraine ridges are 

very small, with 2-3 m high crests. The boulders themselves are also much smaller, 

generally up to 0.5 m high. The Sermeq Kangilleq boulders showed very few signs of 

post-depositional weathering, and there was no vegetation growth or soil development in 

the matrix between boulders. We exclude one age based on Chauvenet’s criterion, the 

remaining three ages average to 370 ± 140 B.P. This suggests the maximum late 

Holocene advance of Sermeq Kangilleq may have been its most recent advance.  

 

C.1.5 Paarlit Sermia 

Paarlit Sermia is a marine-terminating outlet glacier draining a small unnamed ice 

cap in southernmost Greenland. There is a clear recent trimline throughout the fjord at 

~300 m above sea level. In addition to this main trimline, satellite imagery indicates a 

trimline fragment just above the larger trimline, ~3 km in front of the modern glacier 

front at ~315 m above sea level. The trimline is on a cliff that is actively eroding, 

however the top of the trimline fragment is a large boulder train with a clear crest 

separated from the cliffside, so the boulders were likely deposited by ice instead of 

rockfall from the cliff above (Figure C.5). Boulders from this trimline are sub-angular 

and 3-4 m high. 

We dated six boulders from the trimline. The four youngest have overlapping 

uncertainties with an average age of 720 ± 120 B.P. Like Naajat Sermiat therefore, Paarlit 

Sermia experienced a late Holocene maximum sometime before ~1300 CE.  

 

C.1.6 Tupaussat 

We collected samples from two moraines adjacent to Tupaussat Lake in southern 

Greenland. Mosquito Glacier (informal name) is a cirque glacier which at present has no 

connection with either the Julianhåb Ice Cap or any smaller unnamed ice caps. The outer 
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moraine, at about 2 km from the modern glacier front, has a crest ~200 m above the 

valley floor, forming the southern boundary to Tupaussat Lake. It has significant soil and 

vegetation development; the sides and crests of the moraine are grassy, and boulders were 

often brittle with ample evidence of active weathering and large lichens covering the 

boulder (Figure C.6). The boulders themselves were at least 2-3 m high. We dated six 

boulders from the crest of this outer moraine, after excluding one outlier the remaining 

five boulders have an average age of 11.5 ± 1 ka.  

The inner moraine is significantly smaller, although with similarly large 2-4 m 

boulders. There is limited soil development on the moraine, which is approximately 1.4 

km from the current glacier front. We dated six boulders from the moraine. Three 

boulders have overlapping uncertainties with an average age of 840 ± 220 B.P. Therefore, 

like Paarlit Sermia, Jespersen Bræ, and Naajat Sermiat, the Tupaussat glacier reached its 

late Holocene maximum before the latest Little Ice Age. 

 

C.2. Calculation of previously published ages 

We recalculate all published deglacial ages within 5 km of the modern margin 

near our two deglacial sites using the same methods we used to calculate deglacial ages 

in this analysis. From south Greenland, we use ages from the highlands north of 

Narsarsuaq published by Carlson et al. (2014) and Nelson et al. (2014), as these are the 

only published deglacial ages within 5 km of the modern margin from southernmost 

Greenland. From west Greenland, we recalculate ages published by Larsen et al. (2013), 

Levy et al. (2012) and Carlson et al. (2014) near Sermeq glacier, Kangaarsarsuup Sermia, 

Kangiata Nunaata Sermia, and Insunnguata Sermia (near Kangerlussuaq). All ages are 

calculated using the Arctic production rate (Young et al. 2013) in the CRONUS online 

exposure age calculator, version 3 (hess.ess.washington.edu), with the Lal/Stone time-

varying scaling scheme. Outliers are identified as those samples that do not overlap 

within 1-sigma uncertainty. Sample information, recalculated ages, and local averages are 

reported in Table C.1.   
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C.3 Description of Lower Nuulussuaq Lake and core analysis  

To assess the timing of ice retreat as measured by a threshold lake adjacent to a 

moraine dated with 10Be ages, we targeted Lower Nuulussuaq Lake (informal name). 

This lake is positioned adjacent to the outer Naajat Sermiat moraine discussed in the main 

text. The moraine is at the crest of a bedrock rise, so as soon as ice retreats from the 

moraine meltwater is diverted away from the lake (Figure C.7).   

Lower Nuulussuaq lake is a small, shallow lake, ~2 m deep at its deepest point. In 

September 2014,  we extracted four cores from the lake using a universal coring head and 

piston corer from Aquatic Research Instruments. Cores LNL1409-A1 and LNL1409-B1 

(hereafter A1 and B1) are adjacent cores from the south basin of the lake, and LNL1409-

F1 and LNL1409-G1 (hereafter F1 and G1) are from the North lake basin. We 

subsampled cores A1 and F1 in the field, and archived cores B1 and G1 in the Oregon 

State University marine geology repository (Table C.2). Cores B1 and G1 were scanned 

for relative element abundances every 0.5 mm on the Oregon State ITRAX XRF core 

scanner and photographed for high-resolution optical imagery.  

We extracted macrofossils from cores A1 and F1. In core A1, we targeted the 

prominent silt-gyttja contact 17 cm below the surface. We retrieved one moss sample, 

two leaves, and a twig from this (see Figure C.8 for examples of macrofossils).  Samples 

were subjected to standard acid-base-acid leaching prior to combustion to generate CO2 

for preparation of graphite. Radiocarbon analyses were performed at Australian National 

University (ANU) at the Single Stage Accelerator Mass Spectrometry (SSAMS) Lab in 

the Research School of Earth Sciences (Fallon et al., 2010). The silt/gyttja contact in the 

cores from the north basin at 21 cm is less prominent; we targeted both this contact and 

several organic horizons within the lower silt unit.  

All cores are characterized by an upper organic gyttja unit and a lower silt unit. 

The contact between these units is accompanied by significant geochemical changes 

revealed by XRF data in both scanned cores: core B1 is characterized by declining Ba/Ti, 

Si/Ti, and K/Ti ratios and increasing Br/Ti and Fe/Ti ratios above the contact (Figure 

C.9). In contrast, core G1 shows several prominent excursions in all values above the 
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contact, although these may be due to changes in grain size and layers of coarse, sorted 

fluvial sediment above the contacts.  

The two-sigma age range for all 14C ages is 0.7-0.05 ka BP. However, it is likely 

that cores F1 and G1 contain mostly reworked sediments. The lower sediments in these 

cores are more heterogenous than from the south basin, with a less distinct silt gyttja 

contact and several organic horizons. The main inflows and outflows to the lake are in the 

north basin, and the two layers of coarser sand also suggest this basin may be subject to 

high-energy events. Its location immediately adjacent to the proglacial delta may also 

make the north basin susceptible to deposition of reworked sediments. The south basin, 

by contrast, has a much clearer contact between the silt and gyttja layers, and is isolated 

from the north basin by a bathymetric rise, these cores therefore more likely record the 

timing of change from a silt to organic-dominated environment. The 2-sigma age range 

from this contact is 0.5-0.2 ka BP (Table C.3).  

 

C.4 Outlier calculations using Chauvenet’s criterion and 1-sigma overlap 

 Figures C.10 to C.21 show probability density plots for all sites. If there is only 

one plot for the site, Chauvenet’s criterion excluded the same samples as those that do not 

overlap within one sigma. Where Chauvenet’s criterion excludes different samples, a 

second PDF is shown for that site with samples excluded using Chauvenet’s criterion. 
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Figure C.1 Site map and photos of Nuuk ice margin samples. (A) Photograph of 

representative boulder showing the sampled landscape, most recent drift limit, and 

modern ice margin. (B) Satellite image showing locations and ages of boulders sampled. 

Ages in red italics are excluded from average calculations as outliers.  
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Figure C.2  Photographs and maps of Naajat Sermiat site. (A) representative boulder 

from moraine D. (B) Satellite image showing locations and ages of boulders sampled. 

Ages in red italics are excluded from average calculations as outliers. (C) panoramic 

photograph of moraines. Moraines B-D separate oldest terrain from intermediate terrain. 

Barren rock on far right is most recently deglaciated terrain.  
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Figure C.3 Photographs and maps of Jespersen Bræ site. (A) Satellite image showing 

locations and ages of boulders sampled. Ages in red italics are excluded from average 

calculations as outliers. (B) View of sampled left lateral moraine from outwash plain. (C) 

Representative boulder from moraine. Jespersen Bræ is visible in background.  
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Figure C.4 Photographs and maps of Sermeq Kangilleq site. (A) Photograph of sampled 

morianes and most recent trimline, from outwash plain. (B) Satellite image showing 

locations and ages of boulders sampled. Ages in red italics are excluded from average 

calculations as outliers. (C) Representative boulder from frontal moraine.  
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Figure C.5 Photographs and maps of Paarlit Sermia site. (A) Satellite image showing 

locations and ages of boulders sampled. Ages in red italics are excluded from average 

calculations as outliers. (B) Photograph of representative boulder. Paarlit Sermia is 

visible in background. (C) Aeial image of sampled trimline.  

 

 

 

 



 

 

147 

 
 

Figure C.6 Maps and photographs of Tupaussat site. (A) Satellite image showing 

locations and ages of boulders sampled. Ages in red italics are excluded from average 

calculations as outliers. (B) Representative boulder from outer moraine. (C) 

Representative boulder from inner moraine. (D) Aerial photograph of moraines, with a 

view of Mosquito Glacier’s modern position.  
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Figure C.7 General diagram of Lower Nuulussuaq Lake Formation. (A) Deposition of 

outer moraine, initiation of glacial sediment deposition in lake. (B) Retreat from outer 

moraine, glacial meltwater diverted from lake. (C) Retreat from inner moraine 
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Figure C.8 Examples of macrofossils 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

150 

 
Figure C.9 Summary of geochemical and radiocarbon results from Lower Nuulussuaq 

Lake cores. (A) South basin cores. Left graph is geochemical results from ITRAX XRF 

(Core B1). Dots are individual measurements at 0.5 mm resolution, heavy line is 5-pt 

running mean. Right is photograph of core A1, with 14C ages. Brackets represent total 2-

sigma age range calculated in CALIB, points are the median probability. (B) South basin 

cores. Left graph is geochemical results from ITRAX XRF (Core G1). Dots are 

individual measurements at 0.5 mm resolution, heavy line is 5-pt running mean. Right is 

photograph of core F1, with 14C ages. Brackets represent total 2-sigma age range 

calculated in CALIB, points are the median probability. 
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Figure C.10 Nuuk Ice Margin PDF 

Average age of samples (outliers excluded): 8273 

Standard deviation of samples (outliers excluded): 289 

Number of samples (including outliers): 7 

Number of outliers excluded: 1 
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Naajat Sermia Outer 
 

 
 

Figure C.11 Nuuk Ice Margin PDF 

Average age of samples (outliers excluded): 607 

Standard deviation of samples (outliers excluded): 171  

Number of samples (including outliers): 7 

Number of outliers excluded: 1 
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Naajat Sermia Inner 
 

 
 

Figure C.12 Naajat Sermia Inner PDF 

Average age of samples (outliers excluded): 519 

Standard deviation of samples (outliers excluded): 150  

Number of samples (including outliers): 10 

Number of outliers excluded: 4 
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Naajat Sermia Inner (Chauvenet’s) 
 

 
 
 
 
 
Figure C.13 Naajat Sermia Inner PDF (Chauvenet’s) 

Average age of samples (outliers excluded): 848 

Standard deviation of samples (outliers excluded): 545  

Number of samples (including outliers): 10 

Number of outliers excluded: 1 
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Jespersen Bræ 
 

 
 

Figure C.14 Jespersen Bræ PDF 

Average age of samples (outliers excluded): 3744 

Standard deviation of samples (outliers excluded): 390  

Number of samples (including outliers): 6 

Number of outliers excluded: 3 
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Jespersen Bræ (Chauvenet’s) 
 

 
 
Figure C.15 Jespersen Bræ PDF(Chauvenet’s) 

Average age of samples (outliers excluded): 5684 

Standard deviation of samples (outliers excluded): 2713  

Number of samples (including outliers): 6 

Number of outliers excluded: 1 
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Sermeq Kangilleq 
 
 

 
 

Figure C.16 Sermeq Kangilleq PDF 

Average age of samples (outliers excluded): 370 

Standard deviation of samples (outliers excluded): 140 

Number of samples (including outliers): 4 

Number of outliers excluded: 1 
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Figure C.17 Tupaussat Outer PDF 

Average age of samples (outliers excluded): 11486 

Standard deviation of samples (outliers excluded): 1026 

Number of samples (including outliers): 6 

Number of outliers excluded: 1 
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Figure C.18 Tupaussat Inner PDF 

Average age of samples (outliers excluded): 843 

Standard deviation of samples (outliers excluded): 216 

Number of samples (including outliers): 6 

Number of outliers excluded: 3 
 

 

 

Tupaussat Inner

0100020003000400050006000
Yrs B.P.



 

 

160 

 
 
Figure C.19 Tupaussat Inner PDF (Chauvenet’s) 

Average age of samples (outliers excluded): 852 

Standard deviation of samples (outliers excluded): 443 

Number of samples (including outliers): 6 

Number of outliers excluded: 1 
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Figure C.20 Paarlit Sermiat PDF 

Average age of samples (outliers excluded): 722 

Standard deviation of samples (outliers excluded): 118 

Number of samples (including outliers): 6 

Number of outliers excluded: 2 
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Figure C.21 Paarlit Sermiat PDF (Chauvenet’s) 

Average age of samples (outliers excluded): 881 

Standard deviation of samples (outliers excluded): 370 

Number of samples (including outliers): 6 

Number of outliers excluded: 1 
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Figure C.22 Map of threshold lakes and cosmogenic sites referred to in text. See table 

C.6 for explanation of abbreviations 
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Table C.1 Published Sample Information 

 

Sa
m

pl
e 

N
am

e
Pu

bl
ic

at
io

n
La

tit
ud

e 
(°

N
)

Lo
ng

itu
de

 
(°

E)
El

ev
at

io
n 

(m
 a

sl)
Th

ic
kn

es
s 

(c
m

)

To
po

gr
ap

hi
c 

Sh
ie

ld
in

g 
Fa

ct
or

10
Be

 
C

on
ce

nt
ra

tio
n 

(a
to

m
s g

-1
)

10
Be

 U
nc

er
ta

in
ty

 
(a

to
m

s g
-1

)
Sa

m
pl

e 
A

ge
 

(y
rs

 B
.P

.)
In

te
rn

al
 E

rr
or

 
(y

rs
)

Ex
te

rn
al

 E
rr

or
 

(y
rs

)

A
ve

ra
ge

11
20

8 
± 

42
1

N
A

-1
9-

08
C

ar
ls

on
 e

t a
l. 

20
14

61
.1

96
96

66
7

-4
5.

31
22

49
6

1.
5

0.
99

96
79

40
8.

91
61

2
20

97
.8

85
32

2
11

46
4

30
4

52
6

N
A

-2
0-

08
C

ar
ls

on
 e

t a
l. 

20
14

61
.1

96
91

66
7

-4
5.

31
22

33
33

50
1

1.
5

0.
99

96
78

67
3.

36
79

1
31

02
.5

22
13

4
11

29
9

44
7

61
6

N
A

-2
1-

08
C

ar
ls

on
 e

t a
l. 

20
14

61
.1

95
93

33
3

-4
5.

31
41

33
33

51
4

2
0.

99
96

81
63

8.
31

73
8

17
09

.2
58

52
9

11
63

8
24

4
50

0
N

A
-2

2-
08

C
ar

ls
on

 e
t a

l. 
20

14
61

.1
95

93
33

3
-4

5.
31

41
33

33
51

4
1.

5
0.

99
96

74
90

6.
21

57
6

19
38

.1
52

28
7

10
60

8
27

5
48

3
G

LX
25

A
N

el
so

n 
et

 a
l. 

 2
01

4
61

.1
93

-4
5.

30
2

55
6

5
0.

99
96

81
70

0
20

00
11

47
6

28
2

51
4

G
LX

25
B

N
el

so
n 

et
 a

l. 
 2

01
4

61
.1

93
-4

5.
30

2
55

4
3

0.
99

96
77

90
0

11
90

10
76

6
16

5
43

6

A
ve

ra
ge

10
16

8 
± 

10
0

BU
K

08
71

La
rs

en
 e

t a
l. 

20
13

64
.0

47
8

-4
9.

58
06

12
12

8.
0

0.
99

96
15

74
53

.3
9

11
76

0.
91

12
58

0
94

3
10

54
BU

K
08

73
La

rs
en

 e
t a

l. 
20

13
64

.0
47

7
-4

9.
58

20
12

10
10

.0
0.

99
96

33
51

57
.6

2
11

72
9.

34
27

41
9

96
6

14
13

B
U

K
08

74
La

rs
en

 e
t a

l. 
20

13
64

.0
45

6
-4

9.
57

83
11

79
10

.0
0.

99
96

12
17

65
.7

0
44

68
.6

2
10

13
0

37
3

53
2

B
U

K
08

75
La

rs
en

 e
t a

l. 
20

13
64

.0
45

6
-4

9.
57

83
11

79
8.

0
0.

99
96

12
46

32
.8

2
50

37
.2

8
10

20
5

41
3

56
3

Se
rm

eq
A

ve
ra

ge
92

17
 ±

 1
00

BU
K

08
56

La
rs

en
 e

t a
l. 

20
13

63
.6

05
0

-4
9.

80
66

11
30

7.
0

0.
99

96
29

55
24

.1
1

66
12

.8
4

25
25

1
56

9
11

07
BU

K
08

57
La

rs
en

 e
t a

l. 
20

13
63

.6
05

6
-4

9.
80

79
11

42
1.

0
0.

99
96

26
96

54
.3

2
67

55
.4

9
21

69
3

54
6

98
1

BU
K

08
58

La
rs

en
 e

t a
l. 

20
13

63
.6

08
5

-4
9.

79
55

12
32

5.
0

0.
99

96
31

26
10

.8
2

99
66

.1
9

24
05

2
77

1
11

89
B

U
K

08
62

La
rs

en
 e

t a
l. 

20
13

63
.6

01
9

-4
9.

84
71

90
0

9.
0

0.
99

96
87

45
4.

60
52

85
.0

6
92

17
55

8
65

6
B

U
K

08
63

La
rs

en
 e

t a
l. 

20
13

63
.6

01
9

-4
9.

84
71

90
0

5.
0

0.
99

96
90

29
3.

71
39

82
.9

8
92

16
40

7
53

4
BU

K
08

65
La

rs
en

 e
t a

l. 
20

13
63

.5
97

6
-4

9.
87

30
10

05
3.

0
0.

99
96

21
55

58
.7

1
99

67
.8

3
19

86
1

92
3

11
87

BU
K

08
66

La
rs

en
 e

t a
l. 

20
13

63
.5

97
7

-4
9.

87
56

10
05

5.
0

0.
99

96
22

29
15

.8
9

93
52

.6
1

20
88

2
88

1
11

79

K
an

gi
at

a 
N

un
aa

ta
 S

er
m

ia
A

ve
ra

ge
95

82
 ±

 1
05

9
BU

K
08

76
La

rs
en

 e
t a

l. 
20

13
64

.3
56

0
-4

9.
29

81
13

03
8.

0
0.

99
96

23
56

16
.5

2
68

46
.5

4
17

47
0

51
0

83
1

B
U

K
08

79
La

rs
en

 e
t a

l. 
20

13
64

.3
54

7
-4

9.
29

41
12

63
6.

0
0.

99
96

12
79

25
.5

3
14

10
6.

38
95

82
10

59
11

18
BU

K
08

81
La

rs
en

 e
t a

l. 
20

13
64

.3
24

4
-4

9.
57

40
76

0
6.

0
0.

99
96

11
32

30
.2

4
14

26
7.

97
13

29
9

16
81

17
54

Is
un

ng
ua

ta
 S

er
m

ia
A

ve
ra

ge
69

34
 ±

 3
40

K
N

-1
1-

08
C

ar
ls

on
 e

t a
l. 

20
14

67
.0

90
7

-5
0.

24
1

18
0

2
0.

99
96

37
65

4.
20

80
7

36
92

.4
62

56
7

73
77

72
5

77
6

K
N

-1
2-

08
C

ar
ls

on
 e

t a
l. 

20
14

67
.0

90
7

-5
0.

24
1

18
0

1.
5

0.
99

96
34

09
6.

25
54

6
13

59
.9

37
04

7
66

78
26

7
36

6
K

N
-1

3-
08

C
ar

ls
on

 e
t a

l. 
20

14
67

.0
90

7
-5

0.
24

1
18

0
2

0.
99

96
34

40
4.

99
23

1
18

19
.0

57
98

6
67

65
35

8
43

9
K

N
-1

4-
08

C
ar

ls
on

 e
t a

l. 
20

14
67

.0
89

7
-5

0.
24

16
16

8
2.

5
0.

99
96

26
46

6.
14

26
4

96
4.

56
60

63
6

53
03

19
4

27
7

K
N

-1
5-

09
C

ar
ls

on
 e

t a
l. 

20
14

67
.1

53
2

-5
0.

05
51

51
4

3
0.

99
96

49
51

1.
67

43
4

14
52

.9
93

79
9

71
24

20
9

33
9

K
N

-1
6-

08
C

ar
ls

on
 e

t a
l. 

20
14

67
.0

96
2

-5
0.

24
39

17
4

2.
5

0.
99

96
39

16
7.

73
99

6
20

35
.7

92
69

7
77

29
40

3
49

6
K

N
-1

8-
09

C
ar

ls
on

 e
t a

l. 
20

14
67

.1
53

5
-5

0.
05

52
51

0
2

0.
99

96
48

44
9.

61
37

5
14

91
.0

51
89

3
69

48
21

4
33

7
K

N
-1

9-
09

C
ar

ls
on

 e
t a

l. 
20

14
67

.1
53

71
66

7
-5

0.
05

48
5

50
7

3.
5

0.
99

96
46

08
3.

94
36

1
97

9.
68

19
82

67
11

14
3

28
9

LL
09

01
Le

vy
 e

t a
l. 

20
12

67
.1

05
-5

0.
29

24
7

1.
8

0.
99

96
3.

47
E+

04
8.

17
E+

02
63

86
15

1
28

3
LL

09
02

Le
vy

 e
t a

l. 
20

12
67

.1
03

-5
0.

28
2

24
1

2.
6

0.
99

96
3.

77
E+

04
1.

08
E+

03
70

17
20

1
33

1
LL

09
03

Le
vy

 e
t a

l. 
20

12
67

.1
01

-5
0.

28
3

24
2

1.
8

0.
99

96
3.

78
E+

04
1.

12
E+

03
69

85
20

7
33

4
LL

09
04

Le
vy

 e
t a

l. 
20

12
67

.0
92

-5
0.

29
4

22
4

2.
6

0.
99

96
3.

65
E+

04
9.

74
E+

02
69

09
18

5
31

8
LL

09
06

Le
vy

 e
t a

l. 
20

12
67

.1
59

-5
0.

10
2

43
2

2
0.

99
96

4.
42

E+
04

9.
73

E+
02

68
24

15
0

29
6

LL
09

07
Le

vy
 e

t a
l. 

20
12

67
.1

58
-5

0.
10

4
43

4
2.

4
0.

99
96

4.
56

E+
04

1.
19

E+
03

70
44

18
4

32
2

LL
09

08
Le

vy
 e

t a
l. 

20
12

67
.1

58
-5

0.
10

5
42

3
1.

5
0.

99
96

4.
72

E+
04

1.
45

E+
03

72
99

22
5

35
4

LL
09

09
Le

vy
 e

t a
l. 

20
12

67
.1

61
-5

0.
11

9
44

9
1.

6
0.

99
96

4.
32

E+
04

1.
35

E+
03

65
45

20
5

31
9

LL
09

11
Le

vy
 e

t a
l. 

20
12

67
.1

62
-5

0.
11

6
45

8
2.

6
0.

99
96

4.
36

E+
04

1.
13

E+
03

66
03

17
1

30
1

Ta
bl

e 
C

.1
: P

ub
lis

he
d 

Sa
m

pl
e 

In
fo

rm
at

io
n

SO
U

TH
 G

R
EE

N
LA

N
D

N
ar

sa
rs

ua
q 

H
ig

hl
an

ds

N
U

U
K

 T
O

 K
A

N
G

ER
LU

SS
U

A
Q

K
an

ga
ar

sa
rs

uu
p 

Se
rm

ia



 

 

165 

 

 

 

 

 

 

 

 

 

 
 

Table C.2 Description of Cores from Lower Nuulussuaq Lake 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Core Name Basin Latitude Longitude Water Depth (m) Core Length (cm) Comments

LNL1409-A1 South Basin 61.01328 -46.52037 1.6 81 Subsampled in field
LNL1409-B1 South Basin 61.0133 -46.5204 1.6 44 Archived at Oregon State University
LNL1409-F1 North Basin 61.01398 -46.52046 2 57 Subsampled in field
LNL1409-G1 North Basin 61.01398 -46.52046 2 45 Archived at Oregon State University

Table C.2: Description of Cores from Lower Nuulussuaq Lake
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Table C.3 Radiocarbon ages from Lower Nuulussuaq Lake 

  

Core Depth OSU Lab ID Material ANUID Raw14C Age Error 2-sigma minimum 
(yrs B.P.)

2-sigma maximum 
(yrs B.P.)

2-sigma median 
(yrs B.P.)

Core A1
LNL1409-A1 16.5 D1 Leaves 13245 110 25 318 65 163
LNL1409-A1 16.5 D2 Twig 13246 155 20 332 51 235
LNL1409-A1 17.5 E1 Leaf frags 13247 170 25 337 50 233
LNL1409-A1 17.5 E2 Moss 13248 280 25 483 209 425

Core F1
LNL1409-F1 21 A1 Twig 13238 145 20 331 55 203
LNL1409-F1 21 A2 Moss 13239 565 20 685 582 652
LNL1409-F1 21 A3 Leaf or Bark 13240 125 20 319 62 165
LNL1409-F1 21 A4 Leaf 13241 135 25 325 59 185
LNL1409-F1 36.5 B1 Rootlets 13242 280 40 515 50 420
LNL1409-F1 36.5 B2 Leaf 13350 210 35 359 50 232
LNL1409-F1 42.5 C2 Rootlets/moss (apparently combo, see image)13243 175 20 335 50 234
LNL1409-F1 42.5 C3 Leaf 13244 145 25 331 54 200

Table C.3: Radiocarbon Ages
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Table C.4 Blank Information 

  

Run OSU Sample 
Name

ANSTO Sample 
Code Carrier Added (ug)LE_BeO [A]Be10/Be9 sigma sigma[%]

Dec-17 Blank-16-1                IBlk161 0.869 3.33 2.162E-15 4.24E-16 19.63
Dec-17 Blank-16-3                IBlk163 0.8716 3.95 1.006E-15 1.90E-16 18.92
Dec-17 Blank-16-4                IBlk164 0.848 5.07 1.011E-15 1.69E-16 16.68
Dec-17 Blank-17-1                IBlk171 0.835 2.92 1.257E-15 2.68E-16 21.33
Dec-17 Blank-17-2                IBlk172 0.874 2.97 1.403E-15 3.62E-16 25.83
Dec-17 Blank-17-3                IBlk173 0.87 2.56 1.026E-15 2.36E-16 22.96
Dec-17 Blank-17-4                IBlk174 0.876 1.9 1.287E-15 3.72E-16 28.88
Dec-17 Blank-17-5                IBlk175 0.856 2.97 3.722E-16 1.86E-16 50.01
Dec-17 Blank-17-6                IBlk176 0.872 3.35 8.290E-16 1.86E-16 22.38

May-18 Blank-18-1 Blank-18-1 0.858 4.72E-06 9.911E-16 1.75E-16 17.69
May-18 Blank-18-2 Blank-18-2 0.865 5.19E-06 9.446E-16 1.79E-16 18.91

Table C.4 Blank Information
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Table C.5 Calculation of ages using different scaling schemes 
 

JB-16-1 685 86 90 685 86 90 663 83 87
JB-16-3 542 35 40 542 35 40 528 34 39
JB-16-6 321 30 32 321 30 32 321 30 33
JB-16-9 254 40 42 254 40 42 260 41 42
KS-16-10 7829 273 398 7831 273 398 7917 276 405
KS-16-3 9138 450 563 9141 451 564 9269 457 574
KS-16-4 11315 314 524 11318 314 524 11503 319 536
KS-16-6 3438 123 177 3439 123 177 3462 124 179
KS-16-6 7464 477 551 7466 477 551 7561 483 560
KS-16-8 4113 375 404 4114 375 405 4189 382 413
KS-16-9 3550 102 166 3551 102 166 3581 103 169
NK-16-1 658 35 42 658 35 42 642 34 41
NK-16-2 660 39 46 660 39 46 644 38 45
NK-16-4 6352 156 282 6359 157 283 6521 161 292
NK-16-5 727 40 48 728 40 48 708 39 47
NK-16-6 908 69 76 910 69 76 893 67 75
NK-16-7 1532 102 116 1535 102 117 1519 101 116
NQ-13-12 447 36 40 447 36 40 438 36 39
NQ-13-15 852 70 76 851 70 76 819 67 74
NQ-13-32 712 34 43 712 34 43 681 33 41
NQ-13-33 427 30 34 427 30 34 419 30 34
NQ-13-36 1323 44 66 1322 44 66 1285 43 65
NQ-13-38 796 35 46 796 35 46 762 34 44
NQ-13-41 540 42 47 540 42 47 521 41 45
NU-13-1 8025 130 324 8029 130 324 8102 131 331
NU-13-18 8443 220 382 8446 220 383 8565 224 391
NU-13-2 8491 145 346 8494 145 346 8577 147 353
NU-13-3 8117 152 337 8120 152 337 8194 153 343
NU-13-4 7850 165 334 7853 165 334 7926 167 341
NU-13-5 9252 173 384 9256 173 384 9362 175 392
QA-14-1 291 70 71 291 70 71 291 70 71
QA-14-10 1097 124 130 1095 124 130 1064 120 127
QA-14-11 1875 146 161 1873 145 161 1836 143 158
QA-14-12 588 174 175 588 174 175 566 167 169
QA-14-13 572 74 77 572 74 76 551 71 74
QA-14-14 1662 159 170 1660 159 170 1617 155 166
QA-14-5 2264 106 135 2262 106 135 2230 105 134
QA-14-7 525 59 62 525 59 62 507 57 60
QA-14-8 462 56 58 462 56 58 451 54 57
QA-14-9 784 99 103 783 99 103 749 94 98
TU-16-11 5075 140 234 5080 140 234 5223 144 243
TU-16-13 1469 130 141 1472 131 142 1454 129 140
TU-16-14 1086 118 124 1088 118 125 1073 116 123
TU-16-15 662 76 80 662 76 80 645 74 78
TU-16-16 272 56 57 272 56 57 278 58 59
TU-16-17 831 50 58 832 50 58 811 48 57
TU-16-2 11246 210 467 11255 211 467 11494 215 481
TU-16-3 14684 276 610 14694 276 611 15010 282 630
TU-16-4 12106 247 512 12116 247 512 12379 252 528
TU-16-5 10696 226 456 10705 226 456 10930 231 470
TU-16-6 12223 266 525 12233 267 526 12496 272 542
TU-16-8 9839 184 408 9849 185 409 10041 188 421

Sample name

Age (yr) Interr (yr) Exterr (yr) Age (yr) Interr (yr) Exterr (yr)

St Lm LSDn

Age (yr) Interr (yr) Exterr (yr)
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Table C.6 Map reference key  

Abbreviation Full Site Name Reference

West Greenland
UigD Uigordleq (distal moraine) Young et al. 2015
UigI Uigordleq (intermediate moraine) Young et al. 2015
UigP Uigordleq (proximal moraine) Young et al. 2015
LmbD Lyngmarkdsbreen (distal moraine) Jomelli et al. 2016
LmbI Lyngmarkdsbreen (intermediate moraine) Jomelli et al. 2016
LmbP Lyngmarkdsbreen (proximal moraine) Jomelli et al. 2016

South Greenland
NIM Nuuk Ice Margin This study
Jesb Jespersen Bræ This study
NarD Narsarsuaq Moraine Winsor et al. 2014
NarP Inside Narsarsuaq Moraine Winsor et al. 2014
TU Tupaussat inner moraine This study
Paar Paarlit Sermiat This study
NSO Naajaat Sermia outer moraine This study
NSI Naajaat Sermia inner moraine This study
SqKq Sermeq Kangilleq This study

East Greenland
BIC Bregne Ice Cap Levy et al. 2014
IIC Istorvet Ice Cap Lowell et al. 2013

West Greenland
KT Kuusuup Tasia Kelley et al. 2012
PL Pluto Lake Young et al. 2011
ET Eqaluit tasserssuat Briner et al. 2010
ML Merganser Lake Briner et al. 2010
SO South Oval Lake Briner et al. 2010
IB Iceboom Lake Briner et al. 2010
RL Raven Lake Briner et al. 2010
GL Goose Lake Briner et al. 2010
LL Loon Lake Briner et al. 2010
FI Fredrickshåb Isblink Larsen et al., 2015 (geology)
09 09370 Larsen et al., 2015 (geology)
Kp1 Kap01 Larsen et al., 2015 (geology)
Kn1 Kan01 Larsen et al., 2015 (geology)

South Greenland
LN Lower Nordboso Larsen et al., 2011
SR Storeso and Rundeso Larsen et al., 2015 (nature)
AK Akuliarusseq Larsen et al., 2015 (nature)
KD Kanderdluasiaup Tasia Larsen et al., 2015 (nature)
KG Kingitoq Larsen et al., 2015 (nature)
SE Sermilik Larsen et al., 2015 (nature)
KU Kulusuk Belascio et al. 2015

East Greenland
TI Torqulertivit Imiat Larsen et al., 2015 (geology)
LC Last Chance Lake Levy et al., 2013
TM Two Move Lake Levy et al., 2013
BL Bone Lake Lowell et al. 2013

Table C.6: Map Reference Key

Cosmogenic Surface Exposure Data

Threshold Lake Data
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Appendix C.6 Cosmogenic Sample Sheets 

 
 

 
 
Nuuk Ice Margin: NU-13-1 
 
10Be age: 8102 ± 131 
Latitude: 64.778 
Longitude: -49.514 
Altitude: 983 m  
Boulder Height: 1.1 m 
Lithology: Granite, with quartz vein 
Shielding: 0.9756 
 
Sampling Date: 6 Aug 2013 
 
Comments: Granite boulder on bedrock, sampled quartz vein 
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Nuuk Ice Margin: NU-13-2 
 
10Be age: 8577 ± 147 
Latitude: 64.778 
Longitude: -49.514 
Altitude: 980 m  
Boulder Height: 1.0 m 
Lithology: Granite, with quartz vein 
Shielding: 0.9989 
 
Sampling Date: 6 Aug 2013 
 
Comments: Granite boulder on bedrock, sampled quartz vein 
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Nuuk Ice Margin: NU-13-3 
 
10Be age: 8194 ± 153 
Latitude: 64.778 
Longitude: -49.514 
Altitude: 980 m  
Boulder Height: 0.5 m 
Lithology: Granite, with quartz vein 
Shielding: 0.9989 
 
Sampling Date: 6 Aug 2013 
 
Comments: Granite boulder on bedrock 
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Nuuk Ice Margin: NU-13-4 
 
10Be age: 7926 ± 167 
Latitude: 64.778 
Longitude: -49.514 
Altitude: 986 m  
Boulder Height: 1.0 m 
Lithology: quartz-rich granite 
Shielding: 0.9989 
 
Sampling Date: 6 Aug 2013 
 
Comments: Boulder trundled in field to allow access to NU-13-5 
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Nuuk Ice Margin: NU-13-5 
 
10Be age: 9362 ± 175 
Latitude: 64.778 
Longitude: -49.514 
Altitude: 980 m  
Boulder Height: 1.0 m 
Lithology: gneiss 
Shielding: 0.9989 
 
Sampling Date: 6 Aug 2013 
 
Comments: Immediately adjacent to NU-13-4 
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Nuuk Ice Margin: NU-13-18 
 
10Be age: 8565 ± 224 
Latitude: 64.742 
Longitude: -49.583 
Altitude: 735 m  
Boulder Height: 0.8 m 
Lithology: Granite 
Shielding: 1.000 
 
Sampling Date: 7 Aug 2013 
 
Comments:  
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Naajat Sermiat outer moraine: NQ-13-12  
 
10Be age: 438 ± 36 
Latitude: 61.013 
Longitude: -46.525 
Altitude: 77 m  
Boulder Height: 1.4 m 
Lithology: Granite 
Shielding: 0.9943 
 
Sampling Date: 31 Jul 2013 
 
Comments:  
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Naajat Sermiat outer moraine: NQ-13-15 
 
10Be age: 819 ± 67 
Latitude: 61.013 
Longitude: -46.525 
Altitude: 77 m  
Boulder Height: 2.0 m 
Lithology: Granite 
Shielding: 0.9943 
 
Sampling Date: 31 Jul 2013 
 
Comments:  
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Naajat Sermiat outer moraine: NQ-13-32 
 
10Be age: 681 ± 33 
Latitude: 61.013 
Longitude: -46.528 
Altitude: 67 m  
Boulder Height: 2.8 m 
Lithology: granite 
Shielding: 0.9959 
 
Sampling Date: 2 Aug 2013 
 
Comments:  
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Naajat Sermiat outer moraine: NQ-13-33 
 
10Be age: 419 ± 30 
Latitude: 61.013 
Longitude: -46.528 
Altitude: 67 m  
Boulder Height: 2.4 m 
Lithology: granite 
Shielding: 0.9959 
 
Sampling Date: 2 Aug 2013 
 
Comments:  
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Naajat Sermiat outer moraine: NQ-13-36 
 
10Be age: 1285 ± 43 
Latitude: 61.013 
Longitude: -46.528 
Altitude: 67 m  
Boulder Height: 2.4 m 
Lithology: granite  
Shielding: 0.9959 
 
Sampling Date: 2 Aug 2013 
 
Comments:  
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Naajat Sermiat outer moraine: NQ-13-38 
 
10Be age: 762 ± 34 
Latitude: 61.013 
Longitude: -46.528 
Altitude: 62 m  
Boulder Height: 1.7 m 
Lithology: granite 
Shielding: 0.9956 
 
Sampling Date: 2 Aug 2013 
 
Comments:  
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Naajat Sermiat outer moraine: NQ-13-41 
 
10Be age: 521 ± 41 
Latitude: 61.014 
Longitude: -46.526 
Altitude: 62 m  
Boulder Height: 2.2 m 
Lithology: granite 
Shielding: 0.9955 
 
Sampling Date: 2 Aug 2013 
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Naajat Sermiat inner moraine: QA-14-1 
 
10Be age: 291 ± 70 
Latitude: 61.015 
Longitude: -46.525 
Altitude: 56 m  
Boulder Height: 2.5 m 
Lithology: granite 
Shielding: 0.9602 
 
Sampling Date: 1 Sep 2014 
 
Comments: Did not photograph  
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Naajat Sermiat inner moraine: QA-14-5 
 
10Be age: 2230 ± 105 
Latitude: 61.015 
Longitude: -46.525 
Altitude: 59 m  
Boulder Height: 2 m 
Lithology: granite 
Shielding: 0.9897 
 
Sampling Date: 1 Sep 2014 
 
Comments:  
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Naajat Sermiat inner moraine: QA-14-7 
 
10Be age: 507 ± 57 
Latitude: 61.015 
Longitude: -46.527 
Altitude: 54 m  
Boulder Height: 2 m 
Lithology: granite 
Shielding: 0.9709 
 
Sampling Date: 7 Sep 2014 
 
Comments:  
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Naajat Sermiat inner moraine: QA-14-8 
 
10Be age: 451± 54  
Latitude: 61.014 
Longitude: -46.527 
Altitude: 65 m  
Boulder Height: 1.5 m 
Lithology: granite 
Shielding: 0.9445 
 
Sampling Date: 7 Sep 2018 
 
Comments: boulder is perched on other boulders of moraine 
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Naajat Sermiat inner moraine: QA-14-9 
 
10Be age: 749 ± 94 
Latitude: 61.015 
Longitude: -46.526 
Altitude: 56 m  
Boulder Height: 1.5 m 
Lithology: quartz 
Shielding: 0.9712 
 
Sampling Date: 7 Sep 2013 
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Naajat Sermiat inner moraine: QA-14-10 
 
10Be age: 1064 ± 120 
Latitude: 61.015 
Longitude: -46.525 
Altitude: 62 m  
Boulder Height: 1.8 m 
Lithology: granite 
Shielding: 0.9779 
 
Sampling Date: 7 Sep 2013 
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Naajat Sermiat inner moraine: QA-14-11 
 
10Be age: 1836 ± 143 
Latitude: 61.015 
Longitude: -46.525 
Altitude: 63 m  
Boulder Height: 1.5 m 
Lithology: granite 
Shielding: 0.9799 
 
Sampling Date: 7 Sep 2013 
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Naajat Sermiat inner moraine: QA-14-12 
 
10Be age: 566 ± 167 
Latitude: 61.015 
Longitude: -46.525 
Altitude: 59 m  
Boulder Height: 2 m 
Lithology: granite 
Shielding: 0.9671 
 
Sampling Date: 7 Sep 2013 
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Naajat Sermiat inner moraine: QA-14-13 
 
10Be age: 551 ± 71 
Latitude: 61.015 
Longitude: -46.527 
Altitude: 59 m  
Boulder Height: 2 m 
Lithology: granite 
Shielding: 0.8782 
 
Sampling Date: 9 Sep 2013 
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Naajat Sermiat inner moraine: QA-14-14 
 
10Be age: 1617 ± 155 
Latitude: 61.015 
Longitude: -46.526 
Altitude: 57 m  
Boulder Height: 1.5 m 
Lithology: granite 
Shielding: 0.9927 
 
Sampling Date: 9 Sep 2013 
 
Comments: slightly off crest of moraine ridge 
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Jespersen Bræ: KS-16-3 
 
10Be age: 9269 ± 457 
Latitude: 61.078  
Longitude: -45.027 
Altitude: 212 m  
Boulder Height: 1.5 m 
Lithology: granite 
Shielding: 0.9515 
 
Sampling Date: 21 Aug 2016 
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Jespersen Bræ: KS-16-4 
 
10Be age: 11503 ± 319 
Latitude: 61.708 
Longitude: -45.027 
Altitude: 205 m  
Boulder Height: 2 m 
Lithology: granite 
Shielding: 0.9913 
 
Sampling Date: 21 Aug 2016 
 
Comments: samples are from small flakes across face of boulder. Approx. 30m NW of KS-16-3 
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Jespersen Bræ: KS-16-6 
 
10Be age: 3462 ± 124 
Latitude: 61.076 
Longitude: -45.026 
Altitude: 212 m  
Boulder Height: 1 m 
Lithology: granite with quartz vein 
Shielding: 0.9845 
 
Sampling Date: 21 Aug 2016 
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Jespersen Bræ: KS-16-8 
 
10Be age: 4189 ± 382 
Latitude: 61.074 
Longitude: -45.025 
Altitude: 213 m  
Boulder Height: 2 m 
Lithology: granite 
Shielding: 0.9180 
 
Sampling Date: 21 Aug 2018 
 



 

 

197 

 
 

 
 
Jespersen Bræ: KS-16-9 
 
10Be age: 3581 ± 103 
Latitude: 61.074 
Longitude: -45.025 
Altitude: 221 m  
Boulder Height: 1.5 m 
Lithology: granite 
Shielding: 0.9966 
 
Sampling Date: 21 Aug 2018  
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Jespersen Bræ: KS-16-10 
 
10Be age: 7917 ± 276 
Latitude: 61.074  
Longitude: -45.025 
Altitude: 213 m  
Boulder Height: 1.2 m 
Lithology: granite 
Shielding: 0.9694 
 
Sampling Date: 21 Aug 2018  
 
Notes: Did not photograph 
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Sermeq Kangilleq: JB-16-1 
 
10Be age: 663 ± 83 
Latitude: 60.916 
Longitude: -45.028 
Altitude: 175 m  
Boulder Height: 1 m 
Lithology: granite 
Shielding: 0.9615 
 
Sampling Date: 26 Aug 2016 
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Sermeq Kangilleq: JB-16-3 
 
10Be age: 528 ± 34 
Latitude: 60.917 
Longitude: -45.029 
Altitude: 175 m  
Boulder Height: 0.6 m 
Lithology: gneiss 
Shielding: 0.9542 
 
Sampling Date: 26 Aug 2016   
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Sermeq Kangilleq: JB-16-6 
 
10Be age: 321 ± 30 
Latitude: 60.916 
Longitude: -45.026 
Altitude: 169 m  
Boulder Height: 2 m 
Lithology: granite 
Shielding: 0.9858 
 
Sampling Date: 26 Aug 2016 
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Sermeq Kangilleq: JB-16-9 
 
10Be age: 260 ± 41 
Latitude: 60.916 
Longitude: -45.024 
Altitude: 178 m  
Boulder Height: 3 m 
Lithology: granite 
Shielding: 0.9840 
 
Sampling Date: 26 Aug 2016 
 
Comments: Did not photograph 
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Tupaussat outer moraine: TU-16-2 
 
10Be age: 11494 ± 215  
Latitude: 60.381 
Longitude: -44.288 
Altitude: 276 m  
Boulder Height: 2.5 m 
Lithology: granite 
Shielding: 0.9704 
 
Sampling Date: 2 Aug 2016  
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Tupaussat outer moraine: TU-16-3 
 
10Be age: 15010 ± 282 
Latitude: 60.381 
Longitude: -44.288 
Altitude: 277 m  
Boulder Height: 3 m 
Lithology: granite 
Shielding: 0.9638 
 
Sampling Date: 2 Aug 2016 
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Tupaussat outer moraine: TU-16-4 
 
10Be age: 12379 ± 252 
Latitude: 60.381 
Longitude: -44.287 
Altitude: 289 m  
Boulder Height: 3.5 m 
Lithology: granite 
Shielding: 0.9727 
 
Sampling Date: 2 Aug 2016 
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Tupaussat outer moraine: TU-16-5 
 
10Be age: 10930 ± 231 
Latitude: 60.381 
Longitude: -44.288 
Altitude: 285 m  
Boulder Height: 2.5 m 
Lithology: granite 
Shielding: 0.9721  
 
Sampling Date: 2 Aug 2016 
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Tupaussat outer moraine: TU-16-6 
 
10Be age: 12496 ± 272 
Latitude: 60.388 
Longitude: -44.274 
Altitude: 305 m  
Boulder Height: 3 m 
Lithology: granite 
Shielding: 0.9238 
 
Sampling Date: 2 Aug 2016 
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Tupaussat outer moraine: TU-16-8 
 
10Be age: 10041 ± 188 
Latitude: 60.382 
Longitude: -44.286 
Altitude: 297 m  
Boulder Height: 1.5 m 
Lithology: granite 
Shielding: 0.9694 
 
Sampling Date: 2 Aug 2016 
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Tupaussat inner moraine: TU-16-11 
 
10Be age: 5223 ± 144 
Latitude: 60.388 
Longitude: -44.274 
Altitude: 305 m  
Boulder Height: 3 m 
Lithology: granite 
Shielding: 0.9283 
 
Sampling Date: 3 Aug 2016 
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Tupaussat inner moraine: TU-16-13 
 
10Be age: 1454 ± 129  
Latitude: 60.388 
Longitude: -44.274 
Altitude: 314 m  
Boulder Height: 1.5 m 
Lithology: granite 
Shielding: 0.9530 
 
Sampling Date: 3 Aug 2016 
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Tupaussat inner moraine: TU-16-14 
 
10Be age: 1073 ± 116 
Latitude: 60.389 
Longitude: -44.273 
Altitude: 307 m  
Boulder Height: 2.5 m 
Lithology: granite 
Shielding: 0.9549 
 
Sampling Date: 3 Aug 2016 
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Tupaussat inner moraine: TU-16-15 
 
10Be age: 645 ± 74 
Latitude: 60.389 
Longitude: -44.273 
Altitude: 307 m  
Boulder Height: 1.5 m 
Lithology: granite 
Shielding: 0.9297 
 
Sampling Date: 3 Aug 2016 



 

 

213 

 
 

 
 
Tupaussat inner moraine: TU-16-16 
 
10Be age: 278 ± 58 
Latitude: 60.389  
Longitude: -44.273 
Altitude: 319 m  
Boulder Height: 1.5 m 
Lithology: granite 
Shielding: 0.9549 
 
Sampling Date: 3 Aug 2016 
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Tupaussat inner moraine: TU-16-17 
 
10Be age: 811 ± 48 
Latitude: 60.389 
Longitude: -44.273 
Altitude: 316 m  
Boulder Height: 3 m 
Lithology: granite 
Shielding: 0.9548 
 
Sampling Date: 3 Aug 2016 
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Paarlit Sermiat: NK-16-1 
 
10Be age: 642 ± 24 
Latitude: 60.323 
Longitude: -43.932 
Altitude: 356 m  
Boulder Height: 2 m 
Lithology: granite 
Shielding: 0.9554 
 
Sampling Date: 4 Aug 2016 
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Paarlit Sermiat: NK-16-2 
 
10Be age: 644 ± 38 
Latitude: 60.323 
Longitude: -43.932 
Altitude: 351 m  
Boulder Height: 1.5 m 
Lithology: granite 
Shielding: 0.9518 
 
Sampling Date: 4 Aug 2016 
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Paarlit Sermiat: NK-16-4 
 
10Be age: 6521 ± 161 
Latitude: 60.322 
Longitude: -43.934 
Altitude: 355 m  
Boulder Height: 3 m 
Lithology: granite 
Shielding: 0.7296 
 
Sampling Date: 4 Aug 2016 
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Paarlit Sermiat: NK-16-5 
 
10Be age: 708 ± 39 
Latitude: 60.322 
Longitude: -43.933 
Altitude: 355 m  
Boulder Height: 1.5 m 
Lithology: granite 
Shielding: 0.8816 
 
Sampling Date: 4 Aug 2016 
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Paarlit Sermiat: NK-16-6 
 
10Be age: 893 ± 67  
Latitude: 60.323 
Longitude: -43.933 
Altitude: 351 m  
Boulder Height: 3.5 m 
Lithology: granite 
Shielding: 0.9545 
 
Sampling Date: 4 Aug 2016 
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Paarlit Sermiat: NK-16-7 
 
10Be age: 1519 ± 101 
Latitude: 60.323 
Longitude: -43.933 
Altitude: 359 m  
Boulder Height: 2.5 m 
Lithology: granite 
Shielding: 0.9463 
 
Sampling Date: 4 Aug 2016 
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