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Reconstructions of Holocene lake water isotopic composition based upon subfossil aquatic organic
material offer new insights into Arctic climate. We present quantitative estimates of warmth during the
Holocene Thermal Maximum in northwest Greenland, inferred from oxygen isotopes of chironomid head
capsules and aquatic moss preserved in lake sediments. 3'30 values of chironomids from surface sedi-
ments of multiple Greenland lakes indicate that these subfossil remains record the 3'80 values of the lake
water in which they grow. Our lake water 5'80 reconstruction is supported by downcore agreement with
3'80 values in aquatic moss and chironomid remains. 8'80 of both organic materials from Secret Lake
decrease after 4 ka (ka = thousands of years ago) by 3%o into the Neoglacial. We argue that lake water at
Secret Lake primarily reflects precipitation 3'80 values, which is strongly correlated with air temperature
in NW Greenland, and that this signal is biased towards summer and early autumn conditions. Other
factors may have influenced Secret Lake 3'80 values through the Holocene, including evaporation of lake
water and changing seasonality and source of precipitation. The maximum early Holocene summer and
early autumn-biased temperature anomaly at Secret Lake is 2.5—4 °C warmer than present from 7.7 (the
beginning of our record) to ~6 ka. The maximum late Holocene cold anomaly (which includes the Little
Ice Age) is 1.5—3 °C colder than present. These ranges of possible temperature anomalies reflect un-
certainty in the 3'0 — temperature relationship for precipitation at the study site through the Holocene.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

expression of the HTM in Greenland (and the Arctic as a whole) was
heterogeneous and is not yet fully characterized (Briner et al., 2016;

By the end of this century, temperatures are predicted to in-
crease in the Arctic between 2 and 9 °C (Stocker et al,, 2013).
Reducing the uncertainty around these estimates has important
societal implications, and studies of past climate conditions can
help clarify how climate change may occur in the Arctic. During an
early to middle Holocene Thermal Maximum (HTM), summers
were warmer than present across most of the Arctic between 9 and
5 ka, driving the most extensive retreat of the Greenland ice sheet
(GrIS) since the end of the last glacial maximum at ~11 ka
(Lecavalier et al., 2014). This time period provides an opportunity to
test the sensitivity of the GrlIS to the most recent sustained warm
period in the Arctic, however the magnitude and spatiotemporal
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Kaufman et al., 2016). Climate records in northwest Greenland are
sparse, leaving the timing and magnitude of the HTM in this sector
of the Arctic largely unresolved. Estimates of sea surface tempera-
tures in nearby Baffin Bay (Levac et al., 2001) and air temperature
estimates based upon oxygen isotopes (3'80) in the Agassiz ice core
(Lecavalier et al., 2013, 2017) and pollen in lake sediments
(Gajewski, 2015) provide evidence for temperature shifts at nearby
sites during the Holocene, but differ in the timing and magnitude of
past warmth. Additional proxy records from beyond the Greenland
Ice Sheet will aid in clarifying the region's climate response to solar
insolation trends.

To reconstruct a Holocene climate history for the Thule region of
northwest Greenland, we employ 5'80 values from analyses of
subfossil aquatic organic material in lake sediments. We measured
3130 of chironomid larval head capsules and aquatic moss stems
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preserved in the sediments of a precipitation-fed lake to infer past
lake water isotopic composition and, by extension, interpret
possible climatic controls on precipitation 3'30. Previous work has
demonstrated that §'80 values of chironomid head capsules reflects
the isotopic composition of the water in which they grow in both
laboratory culturing experiments and modern lakes (Mayr et al.,
2015; Verbruggen et al., 2011; Wang et al., 2009; Wooller et al.,
2004), and we report chironomid 580 values from surface sedi-
ments of four Greenland lakes that further support this observa-
tion. Additionally, parallel downcore measurements of bulk
carbonate and chironomid head capsule 8'80 values yielded very
similar reconstructions of lake water isotopes through the late
glacial at Rotsee (Switzerland) (Verbruggen et al., 2010). Given the
fidelity of chironomid oxygen isotopes as a proxy for lake water,
and the relationship between oxygen isotopes of precipitation and
air temperature, we employ our down core record of oxygen iso-
topes measured from chironomids in Secret Lake to constrain the
amplitude and timing of Holocene temperature trends and HTM
warmth in northwest Greenland. This record also provides esti-
mates of shifts in the stable isotopes of precipitation over north-
west Greenland through the Holocene, providing an independent
comparison with 5'80 records from nearby ice cores obtained from
northern Greenland and the eastern Canadian Arctic.

2. Methods, study sites and materials
2.1. Study sites and field work

Modern lake water and surface (top 1 cm) sediment samples
containing aquatic organic material from four Greenland lakes
were collected in the summers of 2014 and 2015. Two lakes are in
northwest Greenland, near Thule, and two are in southwest
Greenland, near Nuuk (Table 1). Results from these new lakes add
to existing datasets describing modern chironomid 520 — lake
water relationships (Mayr et al., 2015; Verbruggen et al., 2011).
Surface sediments were recovered using a 6” x 6” Ekman dredge.
Water samples from lakes, their inflows and, when available, pre-
cipitation were collected at surface sediment sites. Lake water and
inflow samples were collected in 10 mL zero headspace glass vials
or 30 mL HDPE Nalgene bottles, and taped to prevent evaporation.
Samples from lakes and inflows were collected by hand up to 30 cm
below the water surface. Snow from a single storm in 2014 was
gathered from the ground (<12 h after snowfall in late August) into
a 1000 mL Nalgene bottle and taped.

Secret Lake (informal name; 76.5798°N, 68.6619°W, Fig. 1) is a
shallow (3.4 m maximum depth) 0.05 km? lake, situated 250 m
above sea level and above the local marine limit. The lake is < 2 km
from Wolstenholme Fjord and ~50 km from the open waters of
Baffin Bay. Secret Lake is currently precipitation fed by a 0.5 km?
watershed. This catchment includes several small (1 m?) connected
pools along the main inflow NE of the lake, all of which are pre-
cipitation fed as well. The active layer of Thule's continuous
permafrost is between 0 and 2 m (Bjella, 2013). Additionally, Secret
Lake's small catchment is elevated well above local river systems
(Fig. 1), precluding inputs from any other source, including outlet

Table 1

glaciers of the GrlS. Since regional deglaciation around 10.7 ka,
there is no evidence that the ice sheet, now 13 km away, advanced
far enough to enter the present day watershed (Corbett et al., 2015,
2016). The lake is ice-covered for much of the year but overflows
into a surface outflow stream during the ice-free summer months,
including during our visits to the site in late August of both 2014
and 2015. All of these aforementioned catchment characteristics
make Secret Lake an excellent candidate to reconstruct past iso-
topes of precipitation.

We recovered a 1.44 m sediment core (core 14-SEC-N1) from
3.36 m water depth in Secret Lake using a hammer driven Nesje
piston system in August 2014. Coring stopped when we met
resistance and repeated hammering did not advance the core tube
further into the sediment. We bagged the top 2—3 cm of sediment,
including the sediment water interface while recovering the core in
the field. Basal sediments are dense diatomaceous clay with
abundant aquatic moss material. We also acquired an accompa-
nying surface sediment sample (top 0—1 cm) using an Ekman
dredge less than 2 m from the core site.

Despite the shallow depth of the lake, and wind storms in excess
of 70 knots that occurred less than 1 week prior to sampling, wave
action does not appear to have disturbed surface sediments, as
laminated stratigraphy is intact in the top 5 cm of a nearby surface
core. Water column clarity measured shortly after the storm using a
Secchi disk was ~3 m, further evidence that widespread suspension
of sediments by wave action is not problematic even in this rela-
tively shallow lake.

Secret Lake is less than 6 km distance and less than 100 m
different in elevation from Thule Air Base (TAB), where long term
historical climate monitoring provides valuable information for
interpreting our modern and paleo 3'®0 record. Daily temperatures,
relative humidity and precipitation are available from the TAB
meteorological station from 1951 to 2012. Mean annual air tem-
peratures (MAAT), mean July temperatures (MJT) and mean annual
precipitation (MAP) at TAB are —11 + 1.3 °C, 6 + 1.2 °C and
184 + 56 mm mean water equivalent per year (mm w.e. yr ')
respectively. Additionally, an International Atomic Energy Agency
(IAEA) monitoring station at TAB collected monthly temperature
and 3'30/3D values of precipitation from 1966 to 1971, accessible
through the TAEA's Global Network of Isotopes in Precipitation
online portal (IAEA/WMO, 2015).

2.2. Geochronology

The 14-SEC-N1 chronology is based upon six AMS C ages on
cleaned, hand-picked aquatic moss remains. Ages were calibrated
using Calib 7.1 and IntCal13 (Reimer et al., 2013; Stuvier et al,,
2005). The age-depth model was developed with the Bacon pack-
age in R, which uses Bayesian statistics to calculate probable sedi-
mentation rates (Blaauw and Christen, 2011). The final age depth
model output is produced using over 7 million iterations (Fig. 2).

2.3. Preparation of chironomids for 6’80 measurements

Two to 4 g aliquots of bulk sediment, representing 0.5—1.5 cm of

Greenland lakes where surface sediments and lake-water were sampled in August 2014 or 2015.

Lake Name Latitude (°N) Longitude (°W) Depth (m) Surface Elevation (m a.s.l.) 3'801ake water 3Djake water 380 chironomids (0-1 cm)
Secret Lake 76.58021 —68.65907 3.2 250 —-18.5 —-1433 3.8

Stardam 76.66512 —67.94100 5.25 221 -19.2 -151.1 2.9

T1 63.757 —-51.356 9 25 —-15.2 —-104.5 10.5

T2 63.757 -51.364 11 43 —-15.3 —-104.7 9.3

T1 and T2 are informal names. All lakes are isolated from glacial meltwater. 3'80/3D values are reported in per mil, relative to VSMOW.
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Baffin Bay

Fig. 1. A: Location of Thule, Greenland and the Agassiz, Devon and Camp Century ice core sites. B: Regional map of the Thule region with major glacial features and Secret Lake. GrIS
is the Greenland Ice Sheet, TAB is Thule Air Base. Shaded light grey areas represent modern glaciers/ice sheets, and dark grey represents ice-free land. C: Local topography around
Secret Lake. Contours are at 20 m intervals (asl). The dashed line represents Secret Lake's watershed. D: Oblique aerial view of Secret Lake indicated by the arrow looking west

towards Baffin Bay in the distance.
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Fig. 2. Age-depth model for 14-SEC-N1, with calibrated C dates and their respective
probability density functions (transparent blue) and inferred modern surface (green
bar). Darker greys indicate more likely calendar ages bounded by 95% confidence in-
tervals; the red curve shows the single 'best' model based on the weighted mean age
for each depth. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

core depth, were deflocculated in a 10% KOH solution at 20 °C for
30 min. Processed sediment was thoroughly rinsed with DI water

over a 150 pm sieve, and then chironomid remains were inde-
pendently hand-picked, checked and cleaned of any remaining
adhering sedimentary material. Wet remains were transferred to
Nanopure water in pre-weighed and oven dried 3.2 x 4 mm
lightweight Elemental Microanalysis® silver capsules. Filled cap-
sules were crimped gently, freeze dried for at least 5 days imme-
diately prior to isotope measurements, and then reweighed to
determine the dry sample mass. We picked 150 to 200 individual
head capsules for each sample to obtain adequate mass (between
150 and 200 pg) for these analyses.

Hot acid and alkali baths (60—70 °C) proposed by Wang et al.
(2009) have been shown to both preferentially remove the chitin
and protein moieties from modern whole insects (including head
capsules) during pre-treatment, and potentially induce oxygen
exchange with laboratory water. This may result in erroneous ox-
ygen isotope values depending on whether chitin or protein was
removed during processing, or whether lab water oxygen was
exchanged with cuticles (Verbruggen et al., 2009). In contrast, cool
(20 °C) alkali baths were shown by Verbruggen et al. (2009) to not
significantly affect the 5'80 values of head capsules.

To assess whether pretreatment to remove carbonate was
needed for our samples, we analyzed subfossil head capsules at 7
levels (0, 10, 35, 55, 96, 118 and 143 cm) throughout the core to
check for the presence of adhering carbonates using Fourier
Transform Infrared Spectroscopy (FT-IR). Head capsules were
cleaned with KOH and DI water as described above, then 3 to 4
whole subfossils from each depth subsample were individually
scanned using a Bruker Hyperion 2000 series FT-IR Microscope
system between 600 and 4000 cm~! at 32 times per 4 cm™! reso-
lution. Peaks at ~712, ~862 and ~1440 cm ™! are characteristic of
carbonate and correspond to the in-plane bending vibration, the
out-of-plane bending vibration and the asymmetric stretching of
bonds in a CO3~ molecule, respectively (Liu et al., 2013; Reig et al.,
2002; Xia et al., 2015). These characteristic carbonate peaks were
not present in the spectra of any samples (representative spectrum
are shown in Fig. 3). Geologic surveys of the area also indicate no
carbonate bedrock in our study area (Dawes, 2006). Considering
the results of visual and FT-IR inspection of head capsules, and the
possible effects of acid pretreatment on chironomid exoskeletons,
as suggested by Verbruggen et al. (2009), we did not treat chiron-
omids with HCL
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Fig. 3. Fourier Transform Infrared Spectroscopy (FT-IR) spectrum characteristic of
chironomid head capsules from the 14-SEC-N1 core. The absence of peaks at ~712, 862
and 1440 cm~! indicate that carbonates are not adhering to head capsules prior to
oxygen isotope analysis.

24. Preparation of aquatic moss for 6’80 measurements

Past studies exploring the relationship between aquatic plants
and host waters have typically isolated the cellulose component
from aquatic plant remains for 3'80 analysis (Deniro and Epstein,
1981; Mayr et al, 2015; Sauer et al., 2001). Such extraction
methods address the uncertainties that arise from different isotope
effects in the various compounds that make up bulk plant material.
Nonetheless, recent investigations into 8'®0 values of bulk aquatic
moss remains show strong correlations with isolated cellulose from
the same sample, within ~1%o (Jones et al., 2014; Zhu et al., 2014).
Subfossil mosses (Warnstorfia exannulata) were picked from the
Secret Lake core and thoroughly cleaned with DI water, then soaked
in a 10% HCI solution at room temperature for 1 h. We did not treat
the samples with HF as described in Zhu et al. (2014) due to the
demonstrated lack of carbonates in the watershed, but all samples
were rinsed again with DI water, then inspected for any remaining
adhering material under a 30 x dissecting microscope. Leaves were
then removed manually, isolating 70—120 pg of stem for isotope
analysis. Typically, a single stem section was used, however, in the
upper 20 cm of the core, multiple stem remains were often required
to achieve sufficient mass. Samples were then placed in water in
silver capsules and freeze-dried as described for chironomid head
capsules above.

2.5. 6'80 analysis

The oxygen isotope composition of chironomid head capsules
and moss stems were measured using a Thermo Scientific™ High
Temperature Conversion Elemental Analyzer (TC-EA) coupled to a
Thermo Scientific™™ Delta V Isotope Ratio Mass Spectrometer
(IRMS). Standards of known oxygen isotopic composition (IAEA-
CH3, IAEA-CH6, IU Benzoic acid, NBS-127 and IAEA-SO5) were
analyzed among all unknown sample runs. Additionally, we
analyzed a previously unknown internal chitin standard, acquired
from Sigma-Aldrich, due to its stoichiometric similarity to our un-
known chironomid head capsules. Duplicate analyses of standards
yielded analytical errors of 0.33%o for the IRMS run in which we
analyzed chironomid remains, and 0.41%. for the run analyzing
moss remains. Duplicate analyses of unknown materials down core
yielded sample to sample errors of 0.52%o0 for chironomids and
0.4%o for the mosses. All 880 values are reported as per mil (%o)
relative to VSMOW.

Modern lake water and precipitation isotopes were analyzed
with a Picarro L2130-i Analyzer. Field samples (taped 10 mL bottles
with zero headspace) were transferred to septum-capped vials,
injected into a heated vaporizer, and then analyzed via cavity ring-

down spectroscopy (Gupta et al., 2009). Repeated (8x) 1.2 uL in-
jections for standards across all runs yielded analytical un-
certainties < 0.08%o, and unknown sample to sample errors of
0.17%o.

3. Results
3.1. Core description and geochronology

Core 14-SEC-N1 is composed of 144 ¢cm of banded (1-3 cm
bands) grey to light brown gyttja. Coarse plant remains are pre-
served throughout the core, but decrease in abundance towards the
top 20 cm, which is also characterized by finer, darker laminae
(<0.5 cm). Plant material down core is dominantly aquatic moss
stems. These subfossil plant remains as well as modern mosses
acquired during the 2014 field season are Warnstorfia exannulata,
common in high latitude Arctic lakes, often forming extensive mats
across lake bottoms (Ole Bennike, pers comm; Guo et al., 2013).The
six AMS '4C results provide a millennial scale age-depth model and
sedimentation history. No ages were considered outliers, and
replicate basal moss samples yielded identical calibrated ages of
7730 yr (Table 2). The mean sedimentation rate for Secret Lake is
50 yrs cm~ L From 7.7 ka to 5 ka, rates are slightly lower at
75 yrs cm L From 5 ka to about 1.8 ka, rates increase to between 30
and 40 yrs cm~ L Rates once again decrease to 90 yrs cm ™! from 1.8
ka to the top of the core.

3.2. 6'%0 values of Thule-region precipitation and lake water

The relationship between average annual 380 of precipitation
and mean annual surface temperature calculated from several years
of historical (1966—1971) IAEA GNIP monitoring at TAB is 0.44%o
°C~1 (r? = 0.66) (Fig. 4; IAEA/WMO, 2015). Continuous meteoro-
logical monitoring at TAB from 1952 through 2012 indicates that 29
and 35% of annual precipitation in the Thule area falls during the
summer and autumn months, respectively (Wong et al,, 2015).
When monthly precipitation amounts (and their corresponding
isotope values) are weighted with respect to total annual precipi-
tation, the slope is marginally steeper at 0.46%0 °C~! (r? = 0.69),
reflecting the greater influence of summer and autumn precipita-
tion. These local relationships from time series are more shallow
than the global spatial relationship (0.67%0 °C~!) documented by
Dansgaard (1964). Previously estimated Greenland isotope-
temperature relationships for precipitation over the last 9000
years, however, appear to be more comparable to what we observe
for Thule GNIP samples than to the global spatial relationship.
Studies comparing Greenland ice core 380 values with borehole
temperature inversions from Greenland ice cores during the Ho-
locene, and gas occlusion based methods before the last glacial
termination converge on a relationship between 0.44 and 0.53%o
°C~1 (Buizert et al., 2014; Dahl-Jensen, 1998; Vinther et al., 2009).
Seasonal relationships between temperature and 5'0 values of
precipitation from the Thule IAEA data vary between 0.25%o °C~!
for autumn to 0.73%. °C~! for winter (Table 3). Large seasonal
changes in this relationship are expected in the high Arctic where
the temperature and other climatic differences between winter and
summer are more extreme than much of the world (Rozanski et al.,
1993).

Modern lake water we collected in late summer from Thule-
region lakes, including Secret Lake, is isotopically similar to both
the mean historical (IAEA GNIP) summer precipitation and the 2014
summer precipitation sample that we collected from a single
snowstorm. The measured 3'30 value of surface water from Secret
Lake in August 2014 was —18.4%o, within 0.5%o of mean historical
summer (JJA) precipitation values (—18.9%o). Secret Lake surface
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Core Depth (cm)  Lab Number  Material Dated Fraction Modern ~ 3'C (% PDB)  Radiocarbon Age ('*C yr BP)  Calibrated Age (cal yr BP)
14-SEC-N1 15.5—-16 0S-115371 Plant Macrofossils 0.8437 + 0.0019 -29.6 1360 + 20 1290 + 10
14-SEC-N1 41.5-42.5 0S-115372 Plant Macrofossils 0.7558 + 0.0017 -29.8 2250 + 20 2250 + 80
14-SEC-N1 68—68.5 0S-115478 Plant Macrofossils 0.6649 + 0.0016 -31.0 3280 + 20 3510 + 40
14-SEC-N1 104—-105 0S-115479 Plant Macrofossils 0.5943 + 0.0016 -28.9 4180 + 20 4730 + 90
14-SEC-N1 146—-147 0S-115480 Plant Macrofossils 0.4249 + 0.0015 -28.5 6880 + 30 7730 + 65
14-SEC-N1 146—147 0S-125562 Plant Macrofossils 0.4239 + 0.0012 Not reported 6890 + 25 7730 + 60

Calibrated ages are reported as the midpoint of the 2¢ range + % of 2o range.

precipitation

080

—40

T T 1T T T T 1
-30 25 -20 -15 -10 -5 0 5
Air Temperature (°C)

Fig. 4. Monthly (1966—1971) 3'80 values of precipitation and temperature measure-
ments for Thule from WMO - IAEA/GNIP. Open circles are winter (DJF) measurements,
open squares are spring (MAM), cross symbols are summer (JJA) and stars are autumn
(SON). The solid black line is a linear regression fit representing the annual 3'®0 values
of precipitation — temperature relationship, weighted to the amount of precipitation
(0.46%0 °C™1).

water falls on the local meteoric water line as defined by available
IAEA data (Fig. 5). The estimated lake volume is 93,000 m® fed by a
0.5 km? watershed. Annual precipitation of 184 + 56 mm w.e. yr—!
from TAB meteorological records and compiled by Wong et al.
(2015) suggest that (averaged since the start of the record in
1952) the Secret Lake watershed receives nearly 90,000 m> pre-
cipitation per year. Using these estimates, the mean residence time
of lake waters in Secret Lake is approximately 1 year. Actual resi-
dence time presumably varies greatly throughout the year, with
short effective residence time of cold-season precipitation during
the rapid snowmelt period in spring (Woo, 1980).

3.3. 6'%0 of modern chironomid remains

The §'80 values of chironomid head capsules analyzed from
surface sediments near Thule and Nuuk, paired with 5'80 values of

modern lake water, have been added to a growing list of similar
samples from around the world (Fig. 6). Combining our new data
with the northern Europe (Verbruggen et al., 2011) and Patagonia
data (Mayr et al., 2015), we calculate a biological fractionation
factor (BFF) of 1.0224 — near identical to that calculated by
Verbruggen et al. (2011) (1.0223) in 2011 but less than that esti-
mated by early pilot studies (Wooller et al., 2004). Based on all
available data including our new high Arctic sites, chironomids are
22.4 + 1.3%o higher relative to the lake water in which they grow.
The strong correlation between lake water and head capsule 880
(r? = 0.94) is based on multiple studies thus far examining 38 lakes
spanning 36° of Northern Hemisphere (NH) latitude (4° in the
southern hemisphere) and a 27 °C range of mean annual surface
temperature.

Given that chironomid head capsules consistently record lake
water isotopic composition, and lake water (in appropriate set-
tings) is influenced by the condensation temperature of watershed
precipitation, oxygen isotopes measured in head capsules are a
potential proxy for paleotemperature in lakes not greatly affected
by evaporation (Wooller et al., 2004). Wooller et al. (2004) found
that MAAT is highly correlated with the 3'30 values of chironomid
head capsules in surface sediments of their four study lakes
(r* = 0.98), with a slope of 0.65%o °C ~'. The weaker relationship
between 580 values of chironomids and MAAT found in all com-
parable data worldwide (r?> = 0.79) likely reflects the differing,
complex controls on oxygen isotopes of precipitation and ulti-
mately lake water between sites (Fig. 7).

3.4. Analysis of downcore organic materials

3180 values of Secret Lake chironomids decreases by ~2%o from
the beginning of our record after 8 ka to the present, from an
average of 5.5 to 3.8%o (Fig. 8D). From 7.7 ka to around 4 ka, values
are between 7 and 4.5%o and then decrease gradually into the late
Holocene. The lowest 3'80 values measured in the Secret Lake re-
cord occur between 1.2 ka and the present. The difference between
the highest values and lowest values between 7.7 ka and 1.2 ka is
just over 3%. Downcore analysis of 50 values from Warnstoria
exannulata stems yields a more variable record, but indicates a
trend towards 2% lighter values after 4 ka (Fig. 8C). Although the
3180 values of the Warnstorfia exannulata exhibits more sample-to-
sample variability and a less coherent trend than chironomid 330,
mean values after 4 ka are consistently lower. We can assume that

Table 3
Mean seasonal 3'®0 values of Thule meteoric waters collected by the IAEA (1966—1971) and slopes of the 5'80-temperature relationships (WMO - IAEA/GNIP, 2015).
Annual 680 Spring 6’50 Summer 6’80 Autumn 6’50 Winter 680

Average 680 -25.9 —-25.9 -18.9 —21.1 -30.5
Max. 680 -14.0 -17.3 —14.7 —-14.0 —24.0
Min. 6’80 -39.6 -39.6 229 -258 -39.6
Seasonal T°C- %o Slope 0.44 0.57 0.59 0.25 0.73
Amount weighted T°C- %o Slope 0.46

Spring is MAM, summer is JJA, autumn is SON, and winter DJF. 3'%0 values are reported in per mil, relative to VSMOW.
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Fig. 6. Global relationship between §'80 values of chironomid head capsules and lake
waters with 95% confidence intervals. New data from Greenland surface sediments are
plotted as solid circles. Previous field based studies by Verbruggen et al., 2011 and
Mayr et al., 2015 are plotted as open circles. Wooller et al., 2004 do not report lake
water 3'80 values. 3'%0 values are reported in per mil, relative to VSMOW.

the aquatic mosses lack significant lignin (Sculthorpe, 1967) and are
composed mainly of cellulose, and assume a cellulose - growth
water fractionation of ~28%. (Mayr et al., 2015; Sauer et al., 2001;
Zhu et al.,, 2014). Thus our macrophyte data indicate a drop in
average lake water 8'80 values from a maximum of —17 at the start
of our record at 7.7 ka to —21%o in the Neoglacial. As discussed
above, chironomid head capsules are higher by 22.4%. relative to
growth water, so chironomids and mosses yield very similar

y=0.61x + 118
?=0.79 °o

chironomids

5'%0

[ I | [ I I I |
-15-10 -5 O 5 10 15 20
MAAT (°C)

Fig. 7. Global relationship between 3'30 values of chironomids in surface sediments
and mean annual air temperatures (MAAT) for each lake with 95% confidence intervals.
New data from Greenland are plotted as solid circles. Previous field based studies by
Wooller et al. (2004), Verbruggen et al. (2011) and Mayr et al. (2015) are plotted as
open circles. 380 values are reported in per mil, relative to VSMOW.

reconstructed lake water composition throughout the Holocene.
This lends confidence to reconstructions of both absolute lake
water composition and the magnitude of the overall isotopic shift
from early to late Holocene (Fig. 8F).

We place conservative constraints on temperature change based
upon Secret Lake chironomid 30 by applying and comparing
three 380 - temperature relationships: the global spatial rela-
tionship (Dansgaard, 1964), the Thule IAEA GNIP historical rela-
tionship (annual amount-weighted from 1966 to 1971), and the
summer (JJA) relationship from the IAEA collections at Thule. These
three estimates of the precipitation-temperature relationship
(0.46—0.67%0 °C~ 1) yield estimated temperature differences of 7 to
4.2 °C between the warmest and coldest parts of the past 7.7 ka.
Relative to modern (i.e. the temperature inference from surface
sediments), the isotopic data suggest that during the warmest
period from 7.7 to 6 ka temperatures were 2.5—4 °C warmer than
present, and during the last 1.2 kyr, the coldest period in our record,
temperatures were 1.5—3 °C cooler than present (Fig. 9). As we
describe in the Discussion below, these estimates are likely
maximum constraints on the amplitude of temperature change
experienced over these time periods.

4. Discussion

4.1. Modern observations of chironomid oxygen isotope
composition

Data from this study combined with published research
comparing lake water and modern chironomid §'80 values around
the world demonstrate the utility of oxygen isotopes measured in
chironomid head capsules as a proxy for lake water oxygen isto-
topes. We find that 5'80 values of chironomid head capsules in
Greenland lake surface sediments are higher relative to host waters
by 22.4%., consistent with enrichment factors elsewhere in the
world. The 22.4%o enrichment in head capsules from growth (lake)
water shown by the aggregated global surface sediment dataset is
consistent regardless of the many factors that can influence the
isotopic composition of lake water, and the wide diversity of
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Fig. 8. Downcore results from Secret Lake and climate data from northwest Greenland.
A: Northern Hemisphere July insolation in Wm™2. B: Elevation corrected 5'30 from
Agassiz Ice Cap (Lecavalier et al., 2017). C: 3'%0 values from Devon Ice Cap (Koerner,
1977). D: 3'80 values of chironomid head capsules from Secret Lake with a 3 point
moving average. The uppermost measurement at 0 yr is from a separate surface
(0—1 cm) sample. E: 3'80 values of aquatic mosses from Secret Lake with a 3 point
moving average. F: Inferred lake water from chironomid 3'®0 (red points) and aquatic
moss 5'80 values (blue points); shown on y-axis are measured August 2014 lake water
(triangle) and mean historical summer and autumn precipitation (closed and open
squares respectively (1966—1971; WMO - IAEA/GNIP, 2015). Analytical and replicate 16
errors for measured materials in D and F are denoted ‘a’ and ‘r’ respectively. 5'30 values
are reported in per mil, relative to VSMOW. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

climate at the study sites, which span 27 °C MAAT and 20%o in lake
water 3'®0 values. Unlike carbonate or diatoms (Leng and
Henderson, 2013), chironomids may maintain a constant fraction-
ation factor regardless of host water temperature (and presumably
a correspondingly wide range of species assemblage composition),
as demonstrated by our data and available literature.

As chironomid remains are widely preserved in lakes around the
world, this proxy may prove valuable for reconstructing past lake
water compositions in locations unsuitable for other isotope based
methods, e.g. carbonate (Heiri et al,, 2009, 2012). In addition to
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Fig. 9. Isotope-inferred temperature anomaly from Secret Lake using the local summer
precipitation 5'80 — temperature relationship of 0.59%0 °C~! (green), the local annual
amount weighted relationship of 0.46%c °C~! (blue), and the global relationship of
0.67%0 °C", (red). All estimates are bounded by + 1c. As discussed in the text, we view
these estimates as upper bounds on the amplitude of past summer-biased temperature
changes. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

their widespread preservation, chironomid head capsules also have
the advantage that they can be confidently isolated in a straight-
forward fashion, compared for example to diatoms (Leng and
Henderson, 2013). As lacustrine species are obligate aquatic or-
ganisms, there is little concern about terrestrial contamination,
compared for example to isolating cellulose. Chemically gentle
sediment treatment protocols such as the method outlined above
do not appear to alter the isotopic composition of the head capsule
and are simpler than other methods, e.g. cellulose extractions. Care
should be taken when working in watersheds containing carbonate
bedrock, as precipitation of crystals may occur on the chironomid
subfossils. For detailed discussion of treatment protocol experi-
ments, see Verbruggen et al. (2009).

While recent data largely support fractionation effects inde-
pendent of temperature, controlled laboratory culturing experi-
ments could further enhance our understanding of any isotope
effects during head capsule synthesis. Genus or species dependent
effects have currently been quantified for carbon isotopes (van
Hardenbroek et al., 2014), but it has not been fully explored
whether this may be an issue with oxygen. In spite of these po-
tential issues, there is great promise for this proxy to expand lake
water isotope reconstructions to the many regions where chiron-
omids are preserved, and in so doing, to allow for more widespread
paleoclimate reconstructions.

4.2. Interpreting chironomid and lake water 6'30 values at Secret
Lake

Given the hydrology and setting of Secret Lake, we have argued
that its lake water isotopic composition primarily reflects the iso-
topic composition of precipitation, which in turn is strongly
correlated with surface air temperature in northwest Greenland.
We have also proposed that lake water at this site is summer and
autumn biased, meaning that downcore trends dominantly reflect
shifts in summer and autumn precipitation, with a lesser signal
from winter and spring. This is in part because precipitation
amount throughout the year (at least in the instrumental dataset) is
weighted toward summer and autumn, with 64% of precipitation
falling during the summer and autumn. Additionally, hydrologic
inputs and outputs to the lake should essentially shut down during
the long ice-covered period from mid-autumn through late spring.
Upon thawing of ice cover, cold-season precipitation enters the lake
mostly during the rapid spring melt (when residence time should
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be shorter than the annual average) and summer precipitation
likely lingers in the lake throughout the subsequent long, hydro-
logically inactive ice-covered season (Woo, 1980).

Lake water 5'80 samples collected in August 2014 have values
indiscernible from mean historical (1966—1971) summer precipi-
tation values for the Thule area (IAEA/WMO, 2015) (Tables 1 and 2,
Fig. 5). Importantly, the relationship of the modern lake water to
the meteoric water line (Fig. 5) suggests minimal enrichment from
lake water evaporation in this through-flowing lake, even at the
end of summer when evaporative influences likely peak just before
lake ice cover resumes. Permafrost in the Thule area and in the
vicinity of Secret Lake also limits groundwater flow within the
small watershed, particularly from mid-autumn to early summer.
In warmer south Greenland, freezing of the active layer by mid-
September essentially halts any subsurface inputs to lakes (Leng
and Anderson, 2003). These observations support the interpreta-
tion that lake water oxygen isotopes at this site primarily reflects
contemporaneous precipitation isotopes. 3'80 values of lake water
inferred from chironomid head capsules in Secret Lake surface
sediments are comparable to both historical summer lake water
380 values (Fig. 8F), and from that of snow collected in late August
2014. Combined, these observations indicate that 30 values of
chironomid head capsules at Secret Lake are best interpreted as a
summer and early autumn-biased proxy for oxygen isotopes of
precipitation, provided the amount and seasonality of precipitation
falling within the watershed and entering the lake has been rela-
tively stable through the Holocene.

The 3%o decline between early and late Holocene in 330 values
of chironomids from Secret Lake is larger than observed in the ice
core record from Agassiz ice cap, Ellesmere Island 400 km to the W-
NW (Fig. 8B). Isotopic shifts in Secret Lake more closely resemble
the ice core record from Devon ice cap, Devon Island (Fig. 8E)
(Koerner, 1977). 3'80 values in Agassiz ice cap declines by ~2%o from
7.7 ka to the Neoglacial, interpreted as a cooling of 4 °C (Lecavalier
et al., 2017). The 3'30 record from the Devon ice cap (not corrected
for isostatic uplift) shows a 2.2%o shift towards lower values after 5
ka. Our reconstruction of oxygen isotopes of precipitation in
northwest Greenland suggests a greater positive temperature
anomaly during the HTM than in these other records. This further
supports our assertion that the Secret Lake chironomid 3'30 record
is largely recording the warmest part of the year, since declining
summer insolation was the dominant change in forcing at these
latitudes through the Holocene.

Inferred lake-water reconstructions from moss and chironomid
data are largely in agreement for the entire record. As noted in
section 3.4, the moss 3'®0 values exhibit greater variability than
chironomids between 8 and 4 ka, followed by more consistent 3'80
trends thereafter. Aquatic moss samples were measured on
3—5 mm sections of multiple stems for each sample. Aquatic moss
growth is seasonal and can be rapid, growing between 2 and 12 cm
in high Arctic lakes during a summer (Guo et al., 2013). Our sam-
pling of such small stem sections potentially captures only a portion
of the growth season, and much less than the 25—50 years likely
represented from chironomid data points, which may explain the
greater sample-to-sample variability exhibited in the moss 320
data. Divergence between the moss and chironomid data could be
due to enhanced summer cooling or increased winter temperatures
(i.e. decreasing seasonality) through the Holocene.

Factors other than insolation-driven local surface temperature
also play a role in determining precipitation and lake water isotopic
composition over time. For example, marine sediment cores
recovered in northern Baffin Bay indicate that sea ice cover and
duration were reduced during the HTM (Ledu et al., 2008; Levac
et al., 2001). Ice-free conditions from ~7 to 3.6 ka persisted for
4—5 months per year, compared with 1-2 months from 3.6 to the

pre-industrial era (Levac et al., 2001). Less sea ice cover during the
warmer earlier Holocene could conceivably have multiple effects.
Higher regional temperatures from sea ice feedbacks over Baffin
Bay, combined with an enhanced local precipitation source, could
result in higher mean annual precipitation 80 values. Conversely,
it has also been argued that reduced sea ice cover can enhance
winter snowfall, delivering isotopically lower precipitation as an
annual average (Thomas et al., 2016). Shifting dominant storm
tracks through the Holocene could also play a role. The historical
IAEA monitoring data from TAB reveal a pronounced decrease in
3180 values of precipitation during March every year, and Osterberg
et al. (2015) have documented that major shifts in regional storm
tracks occur at that same time of year. This effect is also evident in
other high Arctic sites such as Barrow, Alaska (Rozanski et al., 1993).

Changes in evaporative enrichment of lake water in a changing
climate would also overprint the primary precipitation signal. For
example, if warmer summers during the HTM caused more evap-
oration of lake water, that would cause an enhanced positive
anomaly in lake water isotopic composition despite evidence that
evaporation has a minimal effect on modern lake water. We suggest
that the isotopic changes recorded through the Holocene at Secret
Lake most likely place upper bounds on the amplitude of temper-
ature changes over that period. This would be the case if warmer
summers in the study area were accompanied by greater evapo-
rative enrichment of lake water, as has been inferred elsewhere in
Greenland for the early to middle Holocene (e.g. Anderson and
Leng, 2004; Balascio et al., 2013), and/or characterized by a more
proximal moisture source related to decreased sea ice.

3180 values of chironomid head capsules suggest upper bounds
of HTM temperatures (represented as anomalies relative to modern
from a 3 point moving average of the data) up to 2.5—4 °C warmer
until ~6 ka (Fig. 9). A marked change in the climate regime around 4
ka is recorded by drops in 3'80 values of both chironomids and
aquatic moss stems, although the latter yields a much more vari-
able record overall.

Our upper estimates of the HTM temperature anomaly, in excess
of 3 °C warmer than present, are inferred using the (1966—1971)
local annual amount weighted 5'80 — temperature gradient for TAB
of 0.46%o °C~". This slope is within the range of reported Holocene
relationships estimated across Greenland from ice cores (Buizert
et al., 2014; Dahl-Jensen, 1998; Vinther et al., 2009). However, as
discussed above, Secret Lake and other lakes in the region appear
biased towards summer and autumn 3'30 of precipitation values.
The summer season 580 — temperature slope in Thule is 0.59%o
°C-1 and the global spatial slope is 0.67%o °C~". Given uncertainty
regarding what slope is most applicable to a Holocene recon-
struction, we place conservative constraints on paleotemperatures
by applying all three slopes to generate our temperature recon-
struction (Fig. 9). We conclude that HTM warm-season tempera-
tures were between 2.5 and 4 °C warmer than present from 7.7 (the
beginning of the record) to 6 ka. Summer temperatures decreased
further ~4 ka and then throughout the late Holocene, with the
coldest inferred temperatures occurring after 1.2 ka.

4.3. Regional Holocene climate history

We find summer temperatures as much as 2.5—4 °C warmer
than present during the HTM, based upon 8'80 values of aquatic
chironomid larvae remains in a northwest Greenland lake. As the
sediment core we recovered from Secret Lake is younger than 8 kyr,
this record does not capture the onset of Holocene warmth, and
may not capture the warmest part of the Holocene. Continual
cooling after 4 ka led to coldest temperatures after 1.2 ka, with
temperature anomalies 2—3 °C below present. Below we compare
this reconstruction with inferences from different archives and
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proxies throughout the region.

The warmest summer temperatures inferred from our isotope
record are comparable in timing to peak August sea surface tem-
peratures (SST) estimated in northern Baffin Bay, where warmer
than present conditions prior to 4 ka have been attributed to
greater insolation and persistent incoming warm water via the
West Greenland Current (Ledu et al., 2008; Levac et al,, 2001).
50—100% of the Agassiz Ice cap is composed of melted ice layers
during the early Holocene, declining to <10% around 4 to 5 ka
(Fisher et al., 1995). Closer to our study site, peat deposits on an
island offshore of northwest Greenland suggest warmer-than-
present summers from the early Holocene through ~5.1 ka
(Bennike et al., 2008). Warm indicator beetle and fish remains in
northwest Greenland record a warmer early Holocene from 8.8 to
7.5 ka, overlapping briefly with the Secret Lake record (Fredskild,
1985). The geographically closest quantitative temperature recon-
struction is inferred from aggregated pollen records across north
Greenland and indicates warmest July temperatures (~1 °C warmer
than present) between 7 and 5 ka (Gajewski, 2015). We must look
farther afield for additional quantification of HTM warmth:
Approximately 1000 km to the south, a 2—3 °C July temperature
anomaly (relative to present) between 6 and 5 ka was reported
based upon chironomid assemblages near Illulisat and Jakobshavn
(Axford et al., 2013). Across Baffin Bay on northeastern Baffin Island,
HTM summer temperatures were an estimated ~5 °C warmer than
the pre-industrial late Holocene and 3.5 °C warmer than present,
based upon chironomid assemblages (Axford et al., 2009; Thomas
et al., 2007). Both of the chironomid-based estimates are within
(on the low end to middle of) the range of HTM temperature
anomalies we reconstruct based upon oxygen isotopes.

Cold spells, the development of more extensive sea ice cover in
Baffin Bay (Levac et al., 2001), and a decrease in sedimentation at
Kap Inglefield S@ (250 km N of Thule) (Blake et al., 1992) after 4 ka
are coincident with the gradual cooling recorded in the Secret Lake
isotope record and presumably driven by summer insolation
trends. Multiple high latitude climate records from Greenland and
Arctic Canada synthesized by Briner et al. (2016) show a general
regional shift to cooler conditions after 4 ka. A 3500-yr late Holo-
cene record from Greenland's northernmost lake indicates coldest
conditions there from 2.4 ka until the last century, in agreement
with the timing of coldest conditions at Secret Lake (Perren et al.,
2012). A cooling trend over the last two millennia of the pre-
industrial Holocene has been widely documented across the
Arctic (e.g. Kaufman et al., 2009).

Glacial geological evidence in the form of subfossil plants found
in a nearby North Ice Cap shear plane dating to 5.53 ka suggest that
the ice cap (40 km north from Secret Lake) was less extensive than
present prior to that time (Goldthwait, 1960), with subsequent
Neoglacial re-advance. Low LGM 80 values indicative of Pleisto-
cene conditions have not been found along the eastern North Ice
Cap and the western Tuto Ice Cap margins (Fig. 1), also supporting
regional early Holocene ice retreat behind present-day margins
(Reeh et al,, 1990). Summer temperatures >2.5 °C warmer than
present would presumably have driven significant retreat of these
ice masses. Additional and more detailed glacial geologic in-
vestigations around the margins of North Ice Cap and the GrIS are
currently underway (Kelly et al., 2015).

Improved constraints on the timing and magnitude of HTM
warmth around Greenland can provide better input and tests for ice
sheet sensitivity models. The HTM is a useful, albeit imperfect,
recent analog for potential 21st Century warming. Following
deglaciation, the GrlS retreated behind its present margins (by as
much as 20—60 km in some parts of Greenland) during the HTM
(Larsen et al., 2015; Young and Briner, 2015). Recent model exper-
iments have imposed a hypothetical HTM temperature anomaly, in

recognition that the isotope records from central Greenland ice
cores did not yield reliable estimates of peak Holocene warmth
(Lecavalier et al., 2014; Simpson et al., 2009). HTM temperatures
inferred from ice core records were scaled up by 1-2 °C between 9
and 5 ka to maximize the fit between model results and observa-
tions of glacial advance and retreat across Greenland. However, the
response of the ice sheet in the proximity of Camp Century
(~200 km from Thule) is still not well represented with tempera-
ture parameterizations (Lecavalier et al., 2014, 2017). Warmer
summers in the early Holocene than those imposed, such as the
middle to upper end of the 2.5—4 °C summer temperature anomaly
suggested by our dataset from northwest Greenland, could help
account for the differences between the model and observed
relative sea level change in the northwest. The recently revised 3'0
inferred temperature record from the Agassiz Ice Cap is in agree-
ment with our temperature anomalies between 7.7 and 4 ka, with
even warmer temperatures prior to 7.7 ka (Lecavalier et al., 2017).
Our results may provide further insights on the elevation history at
Camp Century and the resulting ice core 380 record.

5. Conclusions

This study builds upon previous methodological work by further
demonstrating the utility of chironomid 3'0 values as a proxy for
lake water 3'80 values and past climate change. 5'80 values of
chironomid remains in surface sediments are higher by a consistent
amount relative to modern lake waters across Europe, South
America and, as we demonstrate, a range of latitudes in Greenland.
The widespread preservation of chironomid remains in lakes
worldwide can help expand reconstruction of lake water isotopes
beyond sites where carbonate materials are preserved.

Oxygen isotopes measured in the subfossil remains of both
chironomids and aquatic plants from a 7.7 kyr sediment record
recovered from Secret Lake record a 3%o decline in lake water 3'30
values between the early and late Holocene, with most of the
decline occurring after ~4 ka. We argue that this isotopic shift
provides a summer- and early autumn-biased maximum estimate
of Holocene temperature changes over northwest Greenland.
Inferred warm-season temperatures were 2.5—4 °C warmer than
present from at least 7.7 ka to 4 ka, and the coldest part of the
Holocene, after 1.2 ka, was 1.5—3 °C colder than present. The ranges
of these estimates reflect uncertainty in the isotope-temperature
relationship for precipitation through the Holocene. Due to the
possible overprinting effects of enhanced evaporation and reduced
sea ice in Baffin Bay (and thus a closer moisture source) during the
HTM, the estimated anomaly of 2.5—4 °C between 7.7 and 4 ka is
likely an upper limit, which (along with its summer bias) may
explain why this estimate is slightly higher than from some other
proxy records from the northern Baffin Bay region. The timing of
temperature shifts at this study site in northwest Greenland ap-
pears consistent with published marine and terrestrial records
from the surrounding region.

Peak Holocene warmth inferred from Secret Lake is also coin-
cident with the documented retreat of regional glaciers, followed
by readvance in the late Holocene. Additional ongoing paleoclimate
and glacial investigations along the margin of the GrlS and local ice
caps in northwest Greenland will further advance our under-
standing of ice sheet sensitivity to warming, and thus help to
improve model capabilities in predicting future contributions of the
GrIS to sea level rise.
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