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Arctic temperature shifts drive changes in carbon cycling, sea ice extent and Greenland Ice Sheet mass
balance, all of which have global ramifications. Paleoclimate data from past warm periods provide a
unique means for assessing the sensitivity of these systems to warming climate, but the magnitude and
timing of past temperature changes in many parts of the Arctic are poorly known. Here we assess orbital-
scale Holocene temperature change in northwest Greenland near the margin of the ice sheet using
subfossil insect assemblages from lake Deltase. Based upon sedimentation history in this currently
Keywords: proglacial lake, we also place constraints on Holocene extents of the adjacent North Ice Cap, a large
Greenland independent ice cap. Reconstructed summer temperatures were warmer than present at the onset of
Arctic lacustrine sedimentation following regional deglaciation by the Greenland Ice Sheet, sometime between
10.8 and 10.1 ka BP. Deltasg experienced the warmest summer temperatures of the Holocene between
~10 and 6.2 ka BP, followed by progressive cooling that continued through the late Holocene as summer
insolation declined, culminating in the lowest temperatures during the pre-industrial last millennium.
Deltasg chironomids indicate peak early Holocene summer temperatures at least 2.5—3 °C warmer than
modern and at least 3.5—4 °C warmer than the pre-industrial last millennium. We infer based upon lake
sediment organic and biogenic content that in response to declining temperatures, North Ice Cap reached
its present-day size ~1850 AD, having been smaller than present through most of the preceding Holo-
cene. Our synthesis of paleoclimate evidence from northwest Greenland, Ellesmere Island and northern
Baffin Bay supports the timing of temperature trends inferred at Deltasg, and suggests that quantitative
temperature reconstructions from Deltase may represent a minimum bound on regional early Holocene
warming. Collectively, records from the region indicate >4 °C summer cooling through the Holocene.
Intense early Holocene warmth around northwest Greenland argues against delayed onset of warmer-
than-present conditions due to the influence of the nearby waning Laurentide Ice Sheet, and has im-
plications for understanding the Greenland Ice Sheet's sensitivity to climate change.

© 2019 Elsevier Ltd. All rights reserved.
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1. Introduction times less extensive off the Arctic Ocean coast (Bennike, 2004; Dyke

et al.,, 1996; Funder, 1978; Funder et al., 2011a; Funder and Weidick,

Much of the Arctic experienced peak Holocene warmth during a
period of enhanced summer insolation in the early to middle Ho-
locene (Kaufman, 2004). Such past warm periods offer insights into
the consequences of future arctic warming. Around Greenland, for
example, flora and fauna migrated northward and sea ice was at
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1991). Large sectors of the Greenland Ice Sheet margin and many
independent ice caps and glaciers retreated to positions smaller
than today (Funder et al., 2011b; Larsen et al., 2015, 2017; Levy et al.,
2014; Weidick and Bennike, 2007; Young and Briner, 2015). The
extent of retreat is poorly known, however, as is the magnitude of
temperature change that drove retreat.

Warm-season temperatures near the ice sheet margins drive ice
sheet melt, and as such are essential to understanding ice sheet
sensitivity to climate change. Yet there are few continuous,
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quantitative reconstructions of past summer temperatures around
Greenland's margins. A recent reinterpretation of oxygen isotope
measurements from Agassiz ice cap on Ellesmere Island (Fig. 1)
demonstrated both the large uncertainty in Holocene temperature
reconstructions from this region and their importance to under-
standing ice sheet behavior and thus sea level change (Lecavalier
et al, 2017). We lack strong constraints on Holocene tempera-
tures in Greenland to compare with observations of past ice sheet
changes and to employ as forcings in tests of ice sheet models
(Lecavalier et al., 2014; Simpson et al., 2009; Sinclair et al., 2016;
Young and Briner, 2015). A recent study of the Last Interglacial and
early Holocene suggests that summer temperatures over northern
Greenland may have been generally underestimated in model and
synthesis studies, with important consequences for ice sheet
behavior (McFarlin et al., 2018).

Here we present new results from the small lake Deltasg in
northwest Greenland, and summarize regional evidence for Holo-
cene temperature trends, including results from several studies
published in the past three years. We reconstruct July air temper-
atures based upon insect (Diptera: Chironomidae) assemblages
preserved in Deltasg’s sediments. Chironomid species distributions
are temperature-sensitive (Brooks et al., 2012; Eggermont and
Heiri, 2012; Walker et al., 1991), and the remains of their aquatic
larvae are abundant and well preserved in the sediments of many
arctic lakes. Chironomids have been used for quantitative paleo-
temperature reconstructions at only a few sites in Greenland
(Axford et al., 2013, 2017; McFarlin et al., 2018; Wooller et al., 2004).
However, this proxy has long been used as a qualitative paleo-
environmental indicator (Brodersen and Bennike, 2003; Wagner
et al., 2005), and has been widely employed for quantitative pale-
otemperature reconstructions elsewhere in the Arctic and subarctic
(e.g., see multi-proxy reviews by Briner et al. (2016); Kaufman et al.
(2016)). We argue that very high-latitude lakes like Deltasg are
especially well-suited to developing Holocene paleotemperature
reconstructions from chironomid assemblages, given the reduced
effects of potentially confounding Holocene changes in vegetation
and soil development at these sites (Axford et al., 2017).

In addition, by capturing glacial sediments from a stream
draining the Knud Rasmussen outlet glacier of North Ice Cap,
Deltasg sediments register past ice cap extent. Independent gla-
ciers and ice caps respond sensitively to local climate and provide a
proxy for ablation season temperature near the Greenland Ice Sheet
margin (Levy et al.,, 2014; Lowell et al., 2013), but the history of
independent ice caps in northwest Greenland is poorly known.
Based upon subfossil plants recovered from a shear plane in North
Ice Cap that dated to 5.4 ka BP (ka BP = thousands of years before
1950 AD), Goldthwait (1960) hypothesized that the ice cap formed
in response to middle to late Holocene cooling. Deltase sediments
provide an opportunity to assess when in the past North Ice Cap
was large enough to dam the glacial lake Gletschersg upstream of
Deltasg (Figs. 1 and 2).

2. Methods
2.1. Study site

Deltasg is a 0.3 km? through-flowing lake, located at 385 m asl
within the presently ice-free land area known as Nunatarsuag.
Nunatarsuaq is bounded to the north and west by the North Ice Cap,
to the east by the Greenland Ice Sheet, and to the south by Wol-
stenholme Fjord and the ice sheet outlet glacier Harald Moltke Brae
(Fig. 1; Greenlandic name Ullip Sermia). North Ice Cap is a major
feature of northwest Greenland, with an area of ~1900 km?, a
maximum elevation ~1200 m asl, and numerous outlet glaciers,
three of which presently reach the coast. Importantly for this study,
part of North Ice Cap drains into Deltasg via the Knud Rasmussen
glacier (Greenlandic name Equutissaatsut Sermiat) and the outlet
stream of its ice-marginal lake Gletschersg (Figs. 1 and 2). In the
past, North Ice Cap meltwater should have reached Deltasg only
when the Knud Rasmussen glacier was large enough to dam
Gletschersg so that it overflowed to the south (and thus into
Deltasg) as it does today. The lakes therefore act as a “threshold
lake” system (Briner et al., 2010). Given its landscape position and
distance from the modern Greenland Ice Sheet margin, Deltase has
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Fig. 1. Location of Deltasg with respect to (a) major features of northern Greenland and nearby paleoclimate study sites, with inset area shown as red rectangle, and (b, inset area)
the Thule/Nunatarsuaq region. Red arrow shows routing of ice cap meltwater inflow to Deltasg. Sites of nearby studies at Secret Lake (Lasher et al., 2017), Wax Lips Lake (WLL)
(McFarlin et al.,, 2018) and Nuna and Tunge Rampen (Farnsworth et al., 2018) are also shown. (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)
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North Ice Cap
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Fig. 2. Oblique aerial view of Deltasg and major nearby landscape features in July 2014. White arrow indicates meltwater inflow from Knud Rasmussen glacier, an outlet of North Ice
Cap. Black arrow indicates direction of glacier flow. View toward west-northwest. Photo courtesy Alex P. Taylor.

most likely been isolated from the ice sheet's meltwater since
regional deglaciation at the last glacial-interglacial transition.

Most of Nunatarsuaq is underlain by Archaean orthogneiss, with
amphibolite dikes of the Thule dike swarm also occurring near
Deltase (Dawes, 1991, 2006; Farnsworth et al., 2018). Middle Mes-
oproterozoic to late Neoproterozoic sedimentary rocks outcrop in
the southernmost part of Nunatarsuaq south of Deltasg and along
the western margin of North Ice Cap and likely underlie a large
portion of the ice cap (Dawes, 2006; Pedersen et al., 2013). The
landscape surrounding Deltasg is mantled by a thin, weathered
drift (the Nuna III drift of Farnsworth et al., 2018) deposited by the
Greenland Ice Sheet, which flowed from southeast to northwest
over Nunatarsuaq during the last glacial period. A series of deltas on
the southeastern side of the lake (Fig. 2) were likely deposited
during the last deglaciation of the ice sheet. The deltas record
inflow from a former outlet of the ice sheet that occupied a valley
southeast of Deltasg, and mark higher lake levels that may have
been due to damming of Deltasg’s outlet by an ice-sheet outlet
glacier in the valley now filled with Rasmussen Se 2.5 km due south
of Deltase. Both the weathered drift and the delta surfaces are
cobble- and boulder-rich and are very sparsely vegetated.

Estimated July air temperature at Deltasg for AD 1952—-2012 is
6.2 °C. This estimate reflects average July air temperatures for that
period measured at the meteorological station at Thule Air Base
(Pituffik), 38 km to the southwest at the outer coast, plus the +1 °C
difference between July air temperatures measured at the Thule
weather station and those measured by our team with a solar-
shielded Hobo temperature logger (U23 pro v2) installed at
Deltasg throughout July 2013 and 2014. Thule Air Base receives
184 + 56 mm of precipitation annually (1952—2012), with the
majority of precipitation falling in the months of July—October
when Northern Baffin Bay sea ice is at a minimum (Wong et al.,
2015; Osterberg et al., 2015).

2.2. Field methods

The Deltasg sediment record was captured in three overlapping
cores: Core 12-DS-03 was recovered with a Bolivia percussion
piston corer from the deepest portion of the lake, at 18.7 m water
depth at 76.75952°N, 67.61005°W. The coring site was in the
deeper northern sub-basin of the elongate lake, which is also the
sub-basin closest to the lake's main inflow (from Gletschersg).
Coring for 12-DS-03 intentionally began 20 cm deep in the sedi-
ments. The parallel core 12-DS-04 was recovered from 18.7 m water
depth a few meters away (at 76.75948°N, 67.61017°W), starting at

120 cm deep in the sediments, to overlap with core 12-DS-03 and
penetrate deeper into the stratigraphy. The surface core DS-12-02G
was recovered with a Glew gravity corer from 18.6 m water depth
nearby (76.75952°N, 67.61002°W). The surface core captured an
intact sediment-water interface and was vertically subsampled in
the field at 0.25 cm increments for the top 10 cm and at 0.5 cm
increments for 10—40 cm depth.

2.3. Indicators of sediment composition

The two overlapping piston cores 12-DS-03 and -04 were split
and imaged at the LacCore National Lacustrine Core Facility at the
University of Minnesota. Magnetic susceptibility (MS) was
measured at LacCore with a Bartington MS3 meter and MS2E
sensor mounted to a Geotek MSCL-XYZ. Weight percent biogenic
silica (bioSiO;) was measured at Northwestern's Quaternary Sedi-
ment Lab on the Glew core DS-12-02G and the upper piston core
12-DS-03 following the methods for spectrophotometry described
by Mortlock and Froelich (1989) but using 10% Na,COs. Average
precision (from three duplicates) is 0.44 wt percent bioSiO;, and the
calibration error is 0.05. LOI/TOC datasets from the three cores (and
MS measurements from the two piston cores) were spliced
together based upon their known depths relative to the sediment-
water interface.

For the piston cores, weight percent organic matter in bulk
sediment was estimated by loss-on-ignition (LOI) at 550 °C for 2 h
(Heiri et al., 2001). For the Glew (surface) core DS-12-02G, and
several piston core samples analyzed to provide direct comparison
with LOI, weight percent total organic carbon (TOC) and weight
percent carbonate were measured by coulometric titration on a UIC
Coulometer. Samples were freeze-dried and homogenized before
analysis following standard CO; coulometric procedures (Huffman,
1977). Carbonate content is negligible, <0.2% in all samples
analyzed. Average precision on duplicates is 0.03 wt percent car-
bonate with a standard deviation of 0.02. The standard deviation of
carbonate standards is 0.24 and the standard deviation weight
percent TOC of the in-house (Union Springs shale) standard is 0.02.
To construct a continuous record of organic carbon content, TOC in
piston cores was estimated from LOI based upon overlapping
measurements from identical piston core samples, in which
TOC = LOI x 0.35. This site-specific observed ratio of TOC:LOI is
lower than reported in some classic studies of the LOI method (e.g.,
0.47 from Dean (1974)). However, this lower ratio is consistent with
prior observations of sediments that have high mineral content and
thus may disproportionately lose water from clay lattices and metal
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oxides at 550°C (Heiri et al., 2001; Santisteban et al., 2004;
Sutherland, 1998).

Sediment elemental composition was analyzed with an ITRAX
X-ray fluorescence (XRF) core scanner at 1 mm resolution and 30 s
dwell time, using a molybdenum tube at a power of 30kV and
20 mA. Scanning XRF analyses of lake sediment cores are affected
by sediment properties like water content, organic content and
grain size (Davies et al., 2015; Tjallingii et al., 2007), so we interpret
XRF results as indicating relative (not quantitative) changes in
abundance of elements. XRF analyses were conducted on the upper
piston core 12-DS-03, which captured the entire lacustrine section
except for the uppermost 20cm; the uppermost 20cm were
recovered only in the (field-subsectioned) Glew core DS-12-02G,
for which an intact core was not available for scanning or photo-
graphing. To summarize major trends in elemental abundance, we
used principal component analysis (PCA) of all measured elements.
Each element was measured as counts per second (cps) and scaled
to unit variance but otherwise untransformed. Axis 1 of the PCA
explains 27% of the dataset variance, and Axis 2 explains 9%.

2.4. Geochronology

To establish an age model for the uppermost sediments in the
surface core, activities of >!°Pb were measured using a Canberra
high-purity Ge well detector in the Dartmouth Short-Lived Radio-
nuclide Laboratory. Detector calibration followed Landis et al.
(2012), with preparation of standards by dilution of reference U-
ore BL5 (<1 wt %) with materials spanning the composition/bulk
density of sediment core samples. The radionuclides 2!°Pb, ?°Ra
and 37Cs were measured using their characteristic gamma emis-
sions at 46, 186 and 662 keV, respectively. The atmospheric or
‘excess’ component of 2!°Pb in any depth increment of the sediment
core was determined as 210Pbexcess — 210pptotal pinys 210ppsUP, Total
210pp jn samples (2'°Pb ) was measured directly by gamma
spectrometry. Contribution of 21°Pb*™? by in situ decay of geogenic
226Ra was estimated by the asymptote in total 21°Pb® @ activity
with core depth, but indexed to *°Ra to account for changes in core
composition. Thus, 21°Pb*P at any core depth i was estimated as
follows:

sup 210Pbtotal
2]0Pbi :226Ra,- ° 226Roo
(e

Here o indicates core depths below the exponential cap in
210ppyexcess \where the 2'Pbyoie/*2®Ra ratio approaches a constant
value, ie., a*'°Pb asymptote. For implementation of Z10pbexcess
chronometry we used the Constant Rate of Supply model (Appleby
and Oldfield, 1978) with sedimentation rates and propagated un-
certainties following Binford (1990).

Remains of aquatic bryophytes (n = 6) and aquatic invertebrates
(chironomid head capsules and cladocera ephippia and carapaces;
n=3) were submitted to WHOI-NOSAMS for target preparation
and AMS '¥C measurements, and '“C ages were calibrated using
Calib 7.1 (Stuiver et al., 2017) and the IntCal 13 calibration curve
(Reimer et al., 2013) (Table 1). An age model was generated using
the rbacon package in R (Blaauw and Christen, 2018) based upon
the 219Pb results and six 'C ages, assuming [prior] accumulation
rates of 100 yr/cm. The mean of 6,160,000 iterations was used for
data interpretation. Three “C ages were excluded from age
modeling: the two deepest ages due to evidence that they reflect
hardwater effects active while the Greenland Ice Sheet still occu-
pied the lake's watershed (as described below in Results) and one
inverted Holocene age. We adopt the subdivisions of the Holocene
described by Walker et al. (2012), i.e. we define the middle

Holocene as extending from 8.2 to 4.2 ka BP.
2.5. Chironomid analyses

Chironomid samples were sieved at 106 pm and hand-picked
following standard procedures (Walker, 2001), mounted in Eupa-
ral and identified according to Brooks et al. (2007). All reported
samples yielded the equivalent of at least 50 whole identifiable
head capsules, except for the uppermost sample (top 0—1 cm in an
Ekman dredge), which yielded the equivalent of 48.5 whole head
capsules. At some depths in the surface core, two adjacent samples
were combined to reach these sample sizes.

July air temperatures were modeled using two independently
developed chironomid training sets from northeastern North
America (Fortin et al., 2015; Francis et al., 2006). Among published
chironomid training sets, these are the most climatically and bio-
geographically relevant to northwest Greenland over the Holocene.
One training set includes 434 sites representing a July air temper-
ature gradient from 2.0 to 16.3 °C and spanning from Boreal to High
Arctic environments, including the Canadian Arctic islands (from
Fortin et al. (2015), hereafter FOR15). The FOR15 training set was
used with a two-component weighted averaging partial-least-
squares (WA-PLS) model (78 taxa, ?poot = 0.72, RMSEP = 1.9 °C).
The second training set incorporates 68 different sites located from
Maine, USA, to the Canadian Arctic islands, including sites on Devon
Island ~500 km west of Deltasg, and representing July air temper-
atures from 5 to 19°C (from Francis et al. (2006); Walker et al.
(1997), hereafter FRAO6). The FRAO06 training set was used with a
weighted averaging (WA) model employing tolerance down-
weighting and inverse deshrinking (44 taxa, rzjac](: 0.88,
RMSEP = 1.5 °C).

A limitation of using the FRAO6 calibration data and a WA model
for reconstructing temperatures at Deltasg is that the training set
contains few sites colder than Deltase is at present. Colder past
periods therefore fall near or beyond the edge of the training set
temperature gradient. This is likely to result in overestimation of
modeled temperatures during the coldest periods (Axford et al.,
2017; Juggins and Birks, 2012). Therefore, for periods when
chironomid assemblages from Deltasg show qualitative evidence
for colder-than-present temperatures, we assume that paleo-
temperatures modeled using FRAO6 should be viewed as maximum
temperatures — and thus the inferred temperature difference be-
tween the warmest and coldest times is a minimum estimate. We
cannot rule out that temperature modeling with FOR15 may also be
affected by the same problem, but the colder calibration sites in
that model mean that it should perform better at colder
temperatures.

Temperature modeling was conducted using the software
package C2 v. 1.7.7 (Juggins, 2007). Species data were square-root
transformed for both models, and rare taxa (defined as taxa with
maximum abundance <2%) were excluded from temperature
modeling. The following taxa were lumped for temperature
modeling to harmonize with the training set taxonomy: all Tany-
tarsini were lumped for the FRAO6 model (whereas Micropsectra
and Corynocera oliveri/Tanytarsus lugens type were subdivided for
use with FOR15), and for both models all Pentaneurini and Psec-
trocladius morphotypes were lumped. All identified subfossil taxa
are represented in the FOR15 training set except Trissocladius,
which was found in two downcore samples both at abundance <1%.
Several minor subfossil taxa are not represented in the FRAO6
training set (Paracladopelma, Rheotanytarsus, Cladotanytarsus,
Metriocnemus, Chaetocladius, Rheocricotopus, Paracricotopus, Brillia,
Trissocladius and Pseudosmittia). Of those taxa only Metriocnemus
(present in three samples at abundances up to 1.9%) is present in
more than two downcore samples, and only Cladotanytarsus



164 Y. Axford et al. / Quaternary Science Reviews 215 (2019) 160—172

Table 1
Radiocarbon results from Deltasg.

<!1——Col Count:11 Core Depthin core Depth below sediment  Material dated Fraction FM Measured '4C Age  Calibrated age® Calibrated

——>NOSAMS Accession ID sediment (cm) —water interface (cm) Modern® error 9'>C (%) ('4CyrBP) (cal yr BP +26) age (median)

#

0S—108018 DS 1 cm 21 cm aquatic plant 0.8260 0.0030 -23.86 1530 + 30 1440 + 90 1420
-12 macrofossils
—-03

0S—108450 DS 6—8 cm 26—28 cm aquatic plant 0.6749 0.0033 -29.13 3160 + 40 3360 + 100 3387
-12 macrofossils
—-03

0S—108451 DS 11-13 cm 31-33 cm aquatic plant 0.6989 0.0028 -25.46 2880 + 30 3010 + 130 3006
-12 macrofossils
—-03

0S—-102751 DS 28—34 cm 48—-54 cm aquatic plant 0.5682 0.0020 -28.45 4540 + 30 5190 + 120 5156
-12 macrofossils
—-03

0S—102626 DS 60—64 cm 80—84 cm aquatic plant 0.5048 0.0031 -26.85 5490 + 50 6300 + 100 6292
-12 macrofossils
-03

0S—108185 DS 95 cm 115 cm aquatic plant 0.3812 0.0025 -25.94 7750 + 55 8520 + 100 8524
-12 macrofossils
—-03

0S—134709 DS 107—109 cm 127—-129 cm aquatic 0.3517 0.0018 -29.03 8400 + 40 9400 + 100 9440
-12 invertebrate
—03 remains

05-102753 DS  16-22cm 136-142 cm aquatic 02125  0.0026 -28.17 12,450 + 14,610 +450°  14,596"
—12 invertebrate 100°
—04 remains

0S—-102630 DS 118—124 cm 138—144 cm aquatic 02083  0.0113 -28.37 12,600 + 14,850 + 1270° 14,856°
—12 invertebrate 440°
—03 remains

2 FM values require no further correction for fractionation.

b Ages from the basal unit are inferred to incorporate significant old carbon and thus not to represent true stratigraphic age.
¢ Reported as the midpoint + half of the 2¢ calibrated age range, with values rounded to the nearest ten years.

(present in one sample at 3.3% abundance) achieves an abundance
of 2% or more. To formally assess the quality of training set analogs
to our fossil assemblages, we calculated squared chord distances
(SCDs) between each complete, untransformed fossil assemblage
and its closest modern analogue in each training set using the
modern analog technique (MAT).

3. Results
3.1. Sediment stratigraphy, composition and geochronology

3.1.1. Deglacial stratigraphy and depositional history

The basal unit of the Deltasg cores is a stony, compacted dia-
micton from 192 to 166 cm, overlain by a sharp contact with a
minerogenic sand unit from 166 to ~145cm (Fig. 3). The sand
grades into an overlying ~145-cm-thick unit of laminated light to
medium tan (yellowish brown) lacustrine mud which continues to
the top of the record (although detailed stratigraphy is not known
for the uppermost 20 cm, captured only the field-subsectioned
Glew surface core). Darker gray laminae are most common in the
lower part of the lacustrine unit below 127 cm depth. The basal
diamicton unit is characterized by high and variable MS, and LOI
values averaging 8—9% (equivalent to TOC ~3%). These LOI values
are lower than in the lacustrine mud, but surprisingly high for
sediments we interpret as till. This likely reflects high clay-water
content in the diamicton, and may also suggest that organic ma-
terials from prior non-glacial periods were reworked into the dia-
micton by the advancing Greenland Ice Sheet during the last glacial
period. The sand unit is distinguished in the proxy data by very low
LOI (<1%) and generally very high MS, with MS values declining
across the upper gradational contact with the lacustrine mud. The
diamicton and overlying sand are interpreted as recording sub-
glacial and proglacial environments, respectively, of the Greenland

Ice Sheet as it retreated from the Deltasg watershed.

In the upper portion of the sand unit — the only part of the sand
or diamicton units for which we have XRF data — calcium (Ca) and
strontium (Sr) are up to five times greater in relative abundance
than in the overlying lacustrine sediments (Fig. 3). This contrasting
elemental composition of the sand compared with all parts of the
overlying fine-grained lacustrine unit (summarized by PCA Axis 2
scores, and notably including elevated Ca and Sr abundance; Figs. 3
and 4) is consistent with a very different sediment provenance.
That, in turn, is consistent with sourcing of the sand from the
Greenland Ice Sheet, which would have transported exotic mate-
rials to the lake's watershed from a large subglacial region and
deposited sand in the lake via proglacial meltwater streams until
the ice sheet retreated out of Deltasg’s watershed. Sediment
elemental composition remains distinguishable from the overlying
sediments up to a depth of ~140 cm, suggesting continued influ-
ence of ice-sheet derived sediments up to that depth.

The two deepest 4C ages obtained, from aquatic materials
136—144 cm depth (Table 1), are anomalously old, predating all
published evidence for regional deglaciation by several thousand
years (Corbett et al., 2015; Farnsworth et al., 2018). These ages come
from the zone of somewhat elevated Ca at the base of the fine-
grained lacustrine sediments (Fig. 3), which we (above) interpret
as evidence for the final stages of ice sheet meltwater influence on
the lake. We infer that influx of Ca-rich sediments and/or of ancient
Greenland Ice Sheet meltwater to the lake during deposition of
these sediments created a hardwater effect that makes aquatic
organic materials from these oldest lacustrine sediments date
erroneously too old. Therefore, we do not include the two ages from
this unit in our age model below.

3.1.2. Holocene lacustrine sediments and geochronology
Modeled sedimentation rates within the lacustrine unit
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Fig. 3. Summary of Deltasg core stratigraphy and sediment composition, including (a) core photograph; (b) summary of stratigraphic units, with depths of rejected pre-Holocene
ages shown as blue stars; (c) magnetic susceptibility (MS, with blue curve magnified x 50); (d) percent total organic carbon (TOC), as measured by coulometer and elemental
analyzer (red) or estimated from loss on ignition (0.35 x %LOI, black and gray); (e) biogenic silica (bioSiO,); (f) first and second principal components from PCA of XRF results,
summarizing trends in elemental abundances; and (g) Ti, Sr and Ca counts per second from XRF. MS and LOI data from overlapping lower piston core 12-DS-04 are in light gray and
TOC and bioSiO, data from the upper piston core 12-DS-03 are in black (except for overlapping TOC measurements on five widely spaced piston core samples, in red with higher-
resolution surface core TOC). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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decrease by a factor of two after ~5.2 ka BP, and apparent (wet)
sedimentation rates increase again in the upper 10 cm of the record
(Fig. 5). The latter shift may partly reflect less compaction and thus
higher water content in the uppermost sediments, and the
apparent abruptness of the change may be an artifact of joining the
210py and 'C chronologies at that depth. However, given the
magnitude of the change in modeled sedimentation rate there is
also likely a real increase in sediment flux reflected in the upper
10—20 cm of sediment. Ninety-five percent confidence bands for
the 'C-constrained portion of the age model range yield
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Fig. 5. Age model for Deltase sediments, based upon ?'°Pb and 'C ages. Probability
density functions (shaded) are bounded by 95% confidence intervals (gray lines), with
red curve showing the single ‘best’ model from 6,160,000 iterations. The rejected late
Holocene age is shown here, and the stratigraphic positions of rejected >14.5 ka BP
ages are shown in Fig. 3. See Table 1 for 'C results. (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of this article.)

uncertainties of + <200yr (near age controls) to +>500yr (be-
tween '“C dates and around changes in sedimentation rate), and in
the 219Pb-constrained upper sediments two-sigma uncertainties
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range from +2 yr (in the past ~50yr) to+20—25yr (in the early
19th century).

MS and titanium (Ti) abundance broadly covary on sub-
millennial timescales throughout the upper laminated lacustrine
unit, consistent with minerogenic content being the primary signal
recorded by both proxies within this unit (Fig. 3). Despite this sub-
millennial variability, there is only a small and gradual long-term,
multi-millennial trend in these parameters, with MS and Ti both
decreasing slightly overall from the early to late Holocene. Simi-
larly, PC2 from the PCA reflects sub-millennial variations but no
long-term shift in abundance of Ti or other rock-forming elements
(including Ca, K, Si, Mn, Sr; Figs. 3 and 4). PC1 is defined primarily
by elements (e.g., zirconium (Zr), yttrium (Y), terbium (Tb) and
tanalum (Ta)), mostly rare, that appear for the first time after 5.8 ka
BP (e.g., Tb) or rise throughout the subsequent middle to late Ho-
locene (e.g., Ta, Zr). The new occurrence or rise of these minor el-
ements after 5.8 ka BP could reflect a change in provenance of
minerogenic sediments (e.g., perhaps new influx of windblown
material from the Neoproterozoic sedimentary terrane near the
current North Ice Cap); however, lower sedimentation rates (Fig. 5),
relatively unchanged organic content and higher average bioSiO,
concentrations (Fig. 3) in the late Holocene compared with the
early Holocene indicate that this source must have been small in
quantity. Lack of corresponding rise in Ti or MS is evidence against a
corresponding increase in clastic input derived from the local
orthogneiss bedrock. We do not have MS or XRF scan data for the
uppermost 20 cm of the record because the surface core was sub-
sampled in the field.

Organic content is remarkably steady through most of the
lacustrine unit, except near its base where LOI values rapidly rise
from ~3 to 15% (equivalent to ~1—5% TOC), and after 1850 AD when
TOC drops to <3%. (Figs. 3 and 6). BioSiO; rises from ~3 to 12%
within the bottom 10 cm of the ~145-cm-thick lacustrine unit, and
stays above 10% for most of the overlying section. This parameter
shows significant sub-millennial variability but generally highest
values between ~7.5 and 3 ka BP. Minimum late Holocene bioSiO,
values occur in the early to mid-20th century AD.

3.2. Chironomids

Assemblages at Deltasg are dominated by taxa associated with
cold, oligotrophic, well-oxygenated environments. The most com-
mon subfamilies are Tanytarsini, including Micropsectra, and
Orthocladiinae, especially Heterotrissocladius and Oliveridia/
Hydrobaenus (Fig. 6). Sergentia, with a maximum abundance <9%, is
the only common member of the Chironomini. Tanypodinae are
present in some samples, but at low abundance (<4%).

The earliest assemblages, prior to ~10 ka BP, were >90% Tany-
tarsini and contained the record's highest abundances of Tanytarsus
lugens/Corynocera oliveri, which have been associated with early
colonization of Canadian Arctic sites immediately after deglaciation
(Saulnier-Talbot and Pienitz, 2010). There was an overall trend
throughout the early to middle Holocene of decreasing Tanytarsini
and increasing Heterotrissocladius (Fig. 6). The coldest stenotherm
in the assemblage, Oliveridia/Hydrobaenus, first became abundant
~5.4 ka BP, and was most abundant in the past 1.5 kyr. Additional
taxa with relatively low temperature optima also increased in
abundance in the late Holocene: Sergentia was most abundant in
the middle to late Holocene and Eukiefferiella was most consistently
present after 4.0 ka BP. Cricotopus/Orthocladius were rare (<2%)
until 2.0 ka BP. Two taxonomic groups more associated with higher
temperatures at arctic sites show trends inverse to Oliveridia/
Hydrobaenus: Tanypodinae were often present prior to 5.7 ka BP,
but mostly absent (present in only one sample) after that. Similarly,
Psectrocladius was commonly present prior to 5.7 ka BP, but was

very rare later. The last ~75 yr (since ~1940 AD) were unique within
the late Holocene, characterized by the rise of Cricotopus/Ortho-
cladius and Tanytarsini, including Micropsectra, decline of Oliver-
idia/Hydrobaenus and Heterotrissocladius and loss of Sergentia.

Reconstructed temperature trends clearly reflect the species
changes described above, with higher-than-present temperatures
reconstructed for the early to middle Holocene and highest tem-
peratures ~10 to 6.2 ka BP (Fig. 6). Estimates of HTM temperature
anomalies vary by ~1°C between FRA06 vs. FOR15, with FRA06
yielding higher temperature estimates for many but not all sam-
ples. During the warmest period, hereafter referred to as the local
Holocene Thermal Maximum (HTM), inferred July air temperatures
were 2—3.5 °C warmer than modern (as compared with modeled
temperatures from a surface sample taken from O to 1cm) and at
least 3—3.5°C warmer than the coldest part of the late Holocene
(temperatures from the coldest period appear “too cold to quan-
tify,” as described below). We reiterate that these HTM temperature
anomalies could be underestimates, given the potential — per
Methods and as further discussed below — for late Holocene
(including surface sediment) assemblages to yield overestimated
temperature reconstructions.

Cooling after the HTM began ~6.2 ka BP according to both
temperature models. After 5.4 ka BP, modeling with FOR15 suggests
progressive cooling to minimum temperatures in the last millen-
nium. In contrast, for FRAO6 the flat temperature reconstruction
throughout this period (despite significant changes in the chiron-
omid assemblage, including changes in temperature-sensitive taxa
like Oliveridia/Hydrobaenus) reflects the known limitation (dis-
cussed in Methods) of using this training set and a weighted-
averaging model for very high-latitude reconstructions during pe-
riods colder than today. MAT results further support the relative
robustness of FOR15-derived temperature estimates for the late
Holocene over those from FRA06: All downcore assemblages have
good analogs (defined as SCD less than the 5th percentile within
the training set) in the FOR15 training set. In the FRAOG6 training set,
27% of downcore samples (all within the late Holocene or initial
deglacial period) had nearest analogs with SCDs greater than the
5th percentile, including 12% with SCDs exceeding the 10th
percentile. In other words, FRA06 offers good analogs for assem-
blages from periods warmer than today, but poor analogs for cooler
periods. The same was observed at nearby Wax Lips Lake 20 km
northeast of Deltasg; Fig. 1; McFarlin et al. (2018). In recognition of
these problems, we hereafter characterize temperatures after 5.4 ka
BP at Deltasg as “too cold to quantify using FRA06.”

4. Discussion
4.1. Local Greenland Ice Sheet and North Ice Cap history

Collectively, evidence from Deltase and surrounding sites in-
dicates that the Greenland Ice Sheet deglaciated from the lake basin
between 10.8 and 10.1 ka BP. The deepest reliable C age obtained
from Deltasg is 9.4 ka BP, but this date is from 10 cm above a
gradational contact with sand deposited by ice sheet meltwater.
Thus, 9.4 ka BP is a minimum-limiting age for deglaciation but
probably not a close minimum-limiting age given its stratigraphic
position. The oldest Holocene C ages from nearby Wax Lips Lake
(Fig. 1) are 10.1 and 10.0 ka BP (McFarlin et al., 2018), providing
minimum-limiting ages for deglaciation at a site 15—20 km inboard
of and at higher elevation than Deltasg. 1C ages of shells and
seaweed in raised marine deposits indicate that the coast of inner
Wolstenholme Fjord was deglaciated by 10.3 ka BP (as summarized
by Farnsworth et al. (2018)). Although '°Be inheritance in boulders
and bedrock on the Nuna III drift has prevented a precise deter-
mination of deglaciation in Nunatarsuaq (Farnsworth et al., 2018),
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Corbett et al. (2015) used '°Be in boulders to infer that the land-
scape around Thule Air Base was deglaciated by ~10.8 ka BP. Corbett
et al. (2015) also inferred a subsequent major advance of Harald
Moltke Bra in the early Holocene, but Farnsworth et al. (2018)
summarized a range of evidence arguing against that interpreta-
tion. The lack of a spike in Ca abundance, coarse grain size or any
dramatic increase in minerogenic content (as inferred from Ti or
MS) above the deglacial transition in Deltasg indicates that the
Greenland Ice Sheet never returned to Deltasg’s watershed after
deglaciation.

Preservation of inorganic, minerogenic lacustrine units is widely
used as an indicator of Holocene glacial input to lakes around
Greenland (Briner et al., 2010; Larsen et al., 2017; Levy et al., 2014).
Deltasg lacks such units between regional deglaciation ~10.8-10.1
ka and ~AD 1850, as evidenced by the consistent appearance, LOI,
bioSiO,, and inferred minerogenic content (MS, Ti, PC2) of the
sediments in this zone, as well as low sedimentation rates (Figs. 3
and 5). Based upon this observation, we rule out periods of melt-
water influx from nearby North Ice Cap prior to the last ~165 years.
Increases in several rare elements (summarized by PC1; Figs. 3 and
4) after 5.8 ka BP may record addition of new bedrock type(s) to the
lake's sedimentary provenance but do not correspond with in-
dicators of minerogenic content or increasing sedimentation rates,
so do not suggest glaciofluvial input.

After 1850 AD, TOC dropped to the lowest values since regional
deglaciation and bioSiO, reached the lowest values of the late
Holocene (Fig. 6). We infer expansion of Knud Rasmussen glacier at
~1850 AD to a configuration that dammed Gletschersg, causing

overflow of meltwater and influx of minerogenic glacial sediments
to Deltase. The flux of glacial sediments to Deltasg during this time
was likely small. During field work we observed little-to-no sus-
pended sediment (i.e., rock flour) in the meltwater streams that
drain North Ice Cap today, as well as in its modern ice-marginal
lakes, suggesting that the ice cap is not currently eroding its base.
Additionally, the presence of only a thin drift proximal to the ice-
cap margin suggests that the ice cap was likely cold-based during
its recent maximum extent. Nonetheless, glaciogenic sediment flux
to Deltase between ~1850 AD and present was enough to dilute
TOC and bioSiO, and simultaneously increase overall sedimenta-
tion rates (Figs. 5 and 6). Deltasg still receives meltwater from
North Ice Cap today, consistent with low TOC in the lake's surface
sediments (Fig. 6).

Previous evidence for Holocene fluctuations of independent ice
caps in northwest Greenland indicates that they were less exten-
sive than today for at least part of the Holocene; but that evidence is
limited. Reeh et al. (1990) concluded that the absense of Pleistocene
ice (ice with strongly negative §'80 signatures) in a sample transect
from the Tuto Ice Cap ramp (~40 km south of Deltasg and North Ice
Cap; Fig. 1) indicated that the Tuto Ice Cap disappeared in the early
Holocene. Goldthwait (1960) hypothesized that North Ice Cap grew
through the late Holocene. Our results from Deltasg are broadly
consistent with these inferences regarding nearby ice caps, and
with reconstructed Holocene temperature changes described in the
section below. North Ice Cap's history is also notably similar to that
of the much larger Flade Isblink in north Greenland, where outlet
glaciers were smaller than today from ~9.4 to 0.2 ka BP (Larsen
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et al., 2019).

The Greenland Ice Sheet also retracted during the HTM and
expanded in the middle to late Holocene around northwest
Greenland. Exceptional early Holocene thinning of up to 1 km has
been inferred at the Camp Century drill site ~175 km northeast of
Deltasg (Fig. 1), although that inference is only supported by
models when a large HTM temperature anomaly is imposed
(Lecavalier et al., 2017; Vinther et al., 2009). Marine shells sheared
up at the margin of the ice sheet outlet glacier Harald Moltke Bra
date to 7.8 ka BP, and record a time when part of the upstream fjord
must have been ice-free (Morner and Funder, 1990). Farnsworth
et al. (2018) recently '¥C-dated subfossil plants recovered from a
shear plane within the ice sheet margin in Nunatarssuaq near Wax
Lips Lake. The plants date to 4.7 ka BP, recording a time when the
land-based ice sheet margin was less extensive. The nearby Nuna
and Tunge Rampen (lobes of the land-based ice sheet; Fig. 1)
advanced to a maximum Holocene extent between 3.2 and 2.1 ka
BP, but most of the land-based margin reached its maximum Ho-
locene extent in the last millennium and likely in the last few
hundred years (Farnsworth et al., 2018). Petermann and Humboldt
glaciers (marine-terminating ice-sheet outlets) ~450 km north of
Nunatarssuaq reached their maximum or near-maximum late Ho-
locene extents in the last few hundred years and, intriguingly, 1°Be
data suggest that Petermann Glacier also experienced an equivalent
late Holocene advance before 2.8 ka BP (Bennike, 2002; Reusche
et al.,, 2018).

4.2. Timing of Holocene temperature shifts in northwest Greenland

Reconstructed summer temperatures at Deltasg based on chi-
ronomids were warmer than present at the onset of non-glacial
sedimentation at the lake, prior to 10 ka BP and perhaps as early
as 10.8 ka BP. Deltasg experienced the warmest summer temper-
atures of the Holocene between ~10 and 6.2 ka BP, followed by
progressive cooling that culminated in the lowest temperatures
and maximum ice cap size during the last few centuries (Fig. 7).
Lower sedimentation rates at Deltass between ~5.2 and ~0.5 ka
may record lower lake and landscape productivity. Although rela-
tive abundances of bioSiO, and TOC did not drop, lower sedimen-
tation rates suggest that the absolute fluxes of these biogenic
materials may have declined.

When modeling paleotemperatures from paleoecological proxy
data, it is essential to consider secondary environmental gradients
that may have driven assemblage changes over time (Brooks et al.,
2012; Juggins, 2013; Velle et al., 2010). Changes in lakewater
oxygenation, lake substrate and macrophyte cover, and watershed
soils and vegetation and resulting changes in nutrient cycling and
lakewater pH can all affect chironomid assemblages (Anderson
et al., 2008; Heggen et al., 2010; Kaufman et al., 2012). Impor-
tantly, the current study site bears evidence of relatively little
change in these factors through the Holocene. Vegetation and soil
development have both been minimal in the crystalline terrain and
harsh Mid Arctic climate of Deltasg’s rocky, very sparsely vegetated
watershed (Fig. 2). In this climate, shallow dilute oligotrophic lakes
like Deltasg also tend to be well oxygenated. The organic content
(LOI/TOC) of Deltasg sediments and inferred primary production
(bioSiOy) varied only moderately through the Holocene (Fig. 3), and
not in concert with major shifts in chironomid assemblages. Thus,
this site seems a good candidate for avoiding most problematic
secondary gradients, similar to observations of unproductive arctic
lakes in Canada (Medeiros et al., 2015) and in a comparable Mid
Arctic environment in East Greenland (Axford et al., 2017). An
exception for Deltasg is that in the past ~165 yr ice cap meltwater
could have affected chironomid species assemblages by making the
lakewater colder or more turbid. Although we cannot rule out some

effect from ice cap meltwater on the chironomid fauna, we suggest
these effects were minimal: past fluxes of glaciogenic sediments
were likely low, given our observations of the modern system (see
above); and because the glacier is quite distant from Deltasg,
meltwater could warm significantly as it traveled to the lake, which
itself would be cool during summer even without meltwater input.
At nearby Wax Lips Lake, a smaller lake with no modern glacial
meltwater input, we measured with Hobo loggers a mean summer
(June, July and August 2013) near-surface water temperature of
5.5°C.

Historic July air temperatures (estimated to be 6.2 °C at Deltase
for AD 1952—2012) and the modeled temperature for the surface
sample (6.8 °C with FRAO6 and 5.8 °C with FOR15) agree within
model error, supporting the utility of chironomids as a proxy for
July air temperatures at this site (Fig. 6), although not necessarily
ruling out that FRAO6 overestimates temperatures in the surface
sample as for other late Holocene samples. Reconstructions of ab-
solute temperature agree reasonably well between models, despite
the models’ different underlying mathematics and independent
training sets. Although temperatures inferred using the FRAO06
model are ~1 °C higher than those inferred using FOR15 during the
early Holocene and the coldest part of the late Holocene, this dif-
ference is well within model error and for at least parts of the late
Holocene is probably explained by the aforementioned problem of
temperatures that are “too cold to quantify.”

Existing terrestrial paleoclimate archives from the surrounding
region provide strong support for the temperature trends recon-
structed from chironomids at Deltasg, including evidence for
warmer-than-present summers starting very early in the Holocene,
cooling summers and expanding glaciers after ~6 to 5 ka BP, and
lowest temperatures in the last millennium (Fig. 7). In northern
Nunatarsuaq (Fig. 1), Holocene chironomid-inferred July tempera-
tures were warmest at Wax Lips Lake between ~10 and 8 ka BP
(McFarlin et al,, 2018). The sediment record from Secret Lake,
~35 km southwest of Deltasg near Thule Air Base, records a long-
term decline in the 8'®0 of warm-season precipitation, inter-
preted as cooling temperatures, between 7.7 ka BP (the beginning
of record) and the last millennium of the Holocene (Lasher et al,,
2017). The highest temperatures at Secret Lake are inferred from
the start of that record until 6.3 ka BP, and the lowest temperatures
occurred during the last millennium (Figs. 1 and 7). Marine shells
transported by Harald Moltke Bra record ice-free conditions at 7.8
ka BP in part of the fjord currently occupied by the large ice sheet
outlet glacier (Morner and Funder, 1990). As mentioned above,
Reeh et al. (1990) suggested the Tuto Ice Cap <50 km south of
Deltasg was absent during the HTM, and Goldthwait (1960) infer-
red that North Ice Cap expanded after 5.4 ka BP. The Greenland Ice
Sheet margin near Wax Lips Lake was inboard of its present posi-
tion at 4.7 ka BP and subsequently expanded (Farnsworth et al.,
2018).

The majority of proxy records from the larger region also sup-
port peak warmth early in the Holocene. Oxygen isotopes of ice in
Agassiz Ice Cap, when corrected for changes in regional landscape
elevation over time, imply the warmest annual temperatures of the
Holocene occurred from ~11 to 8 ka BP (Lecavalier et al., 2017;
Vinther et al., 2009). Melt layers in Agassiz ice suggest peak sum-
mer temperatures in the earliest Holocene prior to 10 ka BP, and
elevated but declining summer temperatures until ~8 ka BP.
Extralimital thermophilous species are recorded in lake sediments
from northwest Greenland (fish and beetles; Fredskild (1985)) and
island peats of Nordveste (puffins; Bennike et al. (2008)) <150 km
northwest of Deltasg between 8.8 and 5.1 ka BP (Figs. 1 and 7).
Gajewski’s (2015) recent quantitative reinterpretation of pollen
data from several lakes in north/northwest Greenland and Elles-
mere Island suggests later onset of regional warmth (~7.2 ka BP),
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but is in agreement with other regional records in indicating
cooling beginning at 5.2 ka BP and intensified cooling after 1.8 ka
BP. Proxy-to-proxy differences in the apparent timing of the HTM
could be attributable to the contrasting seasonal sensitivities of
various proxies, site-specific environmental changes that confound
proxy responses to temperature change, or (where peak warmth
inferred from pollen lags peak warmth inferred from other proxies;
e.g., Shala et al. (2017)) lags between postglacial warming and
vegetation colonization. The latter effect, though its importance is
debated, would support treating pollen records from formerly
glaciated regions as providing minimum constraints on the timing
of onset of postglacial warmth (Funder, 1978; cf. Gajewski, 2015).
Marine records surrounding northwest Greenland also show
evidence for early Holocene warmth and late Holocene cooling. The
largely marine-based Greenland Ice Sheet margin around Uperna-
vik ice stream on Melville Bugt retreated to inboard of its current
position by ~9.6 ka BP (Briner et al., 2013). Proxies from marine
sediments in northern Nares Strait indicate reduced sea ice cover
and high marine productivity from 9 to 6 ka BP (Jennings et al.,
2011), and Bennike (2002) documented a subarctic extralimital
bivalve species off Washington Land ~7.3 ka BP. Fjord sediments
from the Arctic coast of Ellesmere Island indicate the Ward Hunt ice
shelf did not form until 4 ka BP (Antoniades et al., 2011). Close to
our study area in southernmost Nares Strait/northernmost Baffin
Bay dinocyst assemblages suggest cold, icy conditions until ~9 ka
BP, followed by a period of relative warmth punctuated by mini-
mum sea ice extent ~6.5 ka BP, and cooling sea surface tempera-
tures and intensifying sea ice cover after ~3.5 ka BP (de Vernal et al.,
2013; Levac et al., 2001). In the channels of the northeastern Ca-
nadian Arctic, some studies have similarly found evidence for

higher temperatures than today and reduced sea ice between 10
and 9 ka BP and 6.5 to 5.5 ka BP and maximum sea ice cover in the
last 3—4 kyr (Ledu et al., 2010; Piefikkowski et al., 2012; Vare et al.,
2009), although records from the channels are not all in agree-
ment (de Vernal et al., 2013; Ledu et al., 2010). Overall, the similar
timing of onset of warmth at sea and on land in this region —
including at sites like Deltasg and Wax Lips Lake not located on the
outer coast — argues that atmospheric warming did not signifi-
cantly lag the incursion of warm ocean waters into Baffin Bay
(Funder and Weidick, 1991).

Early Holocene warmth recorded by numerous, diverse paleo-
climate indicators in this region contrasts with prior observations
and climate model simulations indicating that the onset of HTM
warmth across the northwest North Atlantic or the Arctic more
broadly was delayed by the effects of the residual Laurentide and
Fennoscandian ice sheets (Buizert et al., 2018; Kaplan and Wolfe,
2006; Marsicek et al., 2018; Renssen et al.,, 2009; Zhang et al.,
2016, 2017). Many models, for example, suggest temperatures
over Greenland did not exceed those of present day until 8 ka BP or
after (e.g., Zhang et al., 2017). In contrast, in addition to results from
northwest Greenland summarized here, evidence suggests that
warmest conditions also occurred in the early Holocene in central
east Greenland near Renland Ice Cap (Axford et al., 2017; Vinther
et al.,, 2009). It appears that the Mid to High Arctic sectors of
Greenland and the northern Baffin Bay region experienced peak
Holocene temperatures during peak summer insolation in the early
Holocene when the Laurentide Ice Sheet was still quite large. We
also note that early Holocene warmth in this region is registered by
both summer and annual proxies, although the majority are prob-
ably summer-biased.
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4.3. Quantifying Holocene temperature changes

Summer temperatures modeled from chironomids at Deltase
during the HTM were ~2.5—3°C warmer than modern (surface
sediments) and at least 3.5—4°C warmer than the coldest part of
the late Holocene. As discussed above in sections 2.4 and 3.2, these
estimates for Deltasg are best viewed as minimum constraints on
HTM temperature anomalies, and indeed they are near the low end
of the range of quantitative estimates from the region (except for
the pollen study of Gajewski (2015), which reconstructs later and
weaker warmth). Peak HTM summer temperatures 4—7 °C warmer
than modern were inferred at nearby Wax Lips Lake (McFarlin et al.,
2018). Warm-season temperatures inferred from oxygen isotopes
of precipitation at Secret Lake were ~3 °C (2.5—4 °C depending on
the model used) warmer than modern and ~4.5 °C warmer than the
pre-industrial last millennium between ~7.5 and 6.3 ka (Lasher
et al.,, 2017), but because that record begins at 7.5 ka it provides a
minimum constraint on peak Holocene warmth. Given local marine
limits at ~50 m (Lecavalier et al., 2014), accounting for isostatically
depressed elevations during the early Holocene would require
adjusting these HTM anomalies downward by a fraction of a degree.

A recent reinterpretation of oxygen isotopes at Agassiz ice cap
indicates very warm early Holocene conditions on Ellesmere Island,
and a larger magnitude multi-millennial Holocene temperature
trend than has been inferred from any other ice core record from
Greenland or the Canadian Arctic. Annually integrated tempera-
tures inferred from oxygen isotopes of Agassiz ice cores using the
revised elevation corrections were 2.5°C warmer than modern
during the warmest millennium of the HTM (with peak tempera-
tures occurring ~11-10 ka there) and almost 6 °C warmer than the
pre-industrial last millennium (Lecavalier et al., 2017, Fig. 7). In-
ferences from melt layers at Agassiz ice cap indicate that summer
temperatures during the ~11-10 ka peak of the HTM were 2—2.5 °C
warmer than modern and a (loosely constraining) minimum of
3.5—4 °C warmer than the coldest millennium of the late Holocene.
Zekollari et al. (2017) argued that geologic data and ice cap
modeling from Hans Tausen Ice Cap in Peary Land (~850km
northeast of Deltasg) support extrapolating that large amplitude of
warming over a broader region of northern Greenland. Paleo-
temperature reconstructions from three northwest Greenland
lakes (Deltasg, Secret Lake and Wax Lips Lake) now further support
Lecavalier et al.’s (2017) reinterpretation of data from Agassiz ice
cap.

5. Conclusions and implications

Proxy records from around northwest Greenland including
Deltasg provide diverse evidence for strong ocean and atmospheric
warming early in the Holocene, with the warmest summer tem-
peratures occurring over land and at sea beginning as early as 11-10
ka BP. Chironomids from Deltasg indicate that peak temperatures
during the early Holocene were at least 2.5—3 °C warmer than
modern (i.e. than the late 20th and early 21st centuries) and at least
4°C warmer than the pre-industrial last millennium. Collectively,
available quantitative reconstructions suggest ~4—7°C summer
cooling from the early to (pre-industrial) late Holocene over
northwest Greenland, with widespread progressive cooling after ~6
ka BP and lowest temperatures in the last millennium. We infer
from Deltase sediments that North Ice Cap was smaller than pre-
sent throughout most of the Holocene following regional deglaci-
ation ~10.8-10.1 ka BP. The ice cap grew to an extent that dammed
Gletschersg and thus meltwater flowed into Deltasg beginning
~1850 AD. Other studies in the Nunatarsuaq region have docu-
mented corresponding changes in the nearby Greenland Ice Sheet
(Farnsworth et al., 2018; Morner and Funder, 1990), and Petermann

and Humboldt glaciers further north also reached maximum or
near-maximum late Holocene positions in the last millennium
(Reusche et al., 2018).

Reconstructions of summer air temperatures along Greenland's
margins are important for understanding ice sheet sensitivity to
temperature change, given that marginal summer temperatures
drove past surface melt. The shortage of such data has been a major
limitation for validating ice sheet models via comparisons with the
geologic record (Lecavalier et al., 2014; Simpson et al, 2009;
Sinclair et al., 2016; Young and Briner, 2015). Recent paleotemper-
ature reconstructions from northwest Greenland and the sur-
rounding region, summarized here and by McFarlin et al. (2018),
may have important implications for understanding the ice sheet's
history. For example, driving an ice sheet model with the high HTM
temperatures over northern Greenland inferred from re-
interpretation of the Agassiz ice core added almost 1.4 m of sea-
level equivalent to the Greenland Ice Sheet's modeled contribu-
tion to deglacial sea level rise, a 25% increase in ice sheet mass loss
relative to previous simulations assuming moderate HTM warmth
(Lecavalier et al., 2017). And as demonstrated by Lecavalier et al.
(2014, 2017), a large amplitude of HTM warming in this region
would help to resolve model-data discrepancies between modeled
Holocene ice sheet changes in northwest Greenland and both
relative sea-level data and ice sheet thinning inferred from the
Camp Century ice core. Buizert et al. (2018) showed that seasonality
of Holocene temperature trends had important consequences for
the ice sheet, and that summer temperatures are especially
important inputs to ice sheet models. Model-data comparisons
elsewhere in Greenland and during other time periods could
similarly benefit from development of new local constraints on past
ice-marginal summer temperatures (e.g., McFarlin et al., 2018;
Sinclair et al., 2016).

Echoing previous work in central east Greenland and on Baffin
Island west of Greenland (Axford et al., 2009; Axford et al., 2017;
Pendleton et al. in revision), the early warmth documented in
northwest Greenland (in both summer and annually integrated
proxies) contradicts models that simulate long-delayed onset of
warmer-than-present conditions across Greenland due to ongoing
climatic effects of the residual Laurentide Ice Sheet (Renssen et al.,
2004; Zhang et al., 2016, 2017). Although pulses of Laurentide
meltwater may have driven short-term cold reversals in Greenland
and surrounding seas repeatedly within the early Holocene (e.g.,
Jennings et al., 2015), consistent depression of temperatures in
northwest and east Greenland for millennia is not evident. Intense
early Holocene warmth over northern Greenland could, however,
be consistent with Laurentide Ice Sheet effects being manifest
primarily within or immediately adjacent to the Labrador Sea
(Briner et al., 2016; Kaufman, 2004). This would suggest that many
models overestimate the spatial extent of the former ice sheet's
effect on climate. Further defining such model-data differences is
essential to assessing model performance and understanding
mechanisms of past and future climate change.
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