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Introduction

This document includes detailed descriptions of methods and settings, as well as supporting
figures, tables, and schematic diagrams of the methods.

Text S1. Setting

Camp Century (77.1667°N, -61.1333°E), established by the U.S. Army in northwestern
Greenland (Figure 1A) during the Cold War (1960-1966 CE), served as a secret base. In 1966,
the first ice core drilled to the bed of an ice sheet was collected as part of the camp’s projects.
The core included 1368 m of glacial ice, 14 m of debris-laden basal ice, and 3.44 m of sub-
glacial sediments (Bierman et al., 2024; Christ et al., 2021). The ice—sediment interface was 530
+ 30 m above sea level (Morlighem et al., 2017). This ice core provided a 100,000-year
paleoclimate time series (Dansgaard et al., 1969), though the basal sediments remained largely
unstudied and were stored for decades until they were sampled for this project (Text S2.1).

The closest weather station to Camp Century site is at Pituffik Space Base (formerly
Thule Air Base, 76.5311°N, -68.7033°E, 77 m above sea level, 215 km west-southwest of Camp
Century). Pituffik mean summer (June to Aug) air temperature from 1950-2000 CE was 1.3 +
0.2°C and mean annual air temperature was -14.2 £ 0.5°C (Hersbach et al., 2020). Monthly
precipitation isotope observations are available for 1966—-1969 CE (IAEA/WMO, 2015). For that
period, the months above freezing (June to August; JJA) receive more precipitation (40.1 £ 2.3
m precipitation per month) than the rest of the year (21.9 £ 0.9 cm precipitation per month) and
have relatively 2H-enriched values of -142 + 5 %o for JJA compared to mean December to
February values of -231 + 11 %o (IAEA/WMO, 2015).

Text S2. Methods and Approach
S2.1 Sediment core collection

The ice-basal sediments from the Camp Century ice core were collected in 1966 CE, cut
into ~10-cm-thick subsamples, and stored frozen (-30°C) initially at the University at Buffalo
(1966—1993 CE) and then at the Niels Bohr Institute (1993—2019 CE). The sediment core is
divided into five units based on sedimentology (Bierman et al., 2024; Christ et al., 2023; Collins
et al., 2024). The core-cutting method we employed in 2021 was designed to ensure the
integrity and orientation of samples, minimize contamination, and maintain light exposure
conditions suitable for various analyses. Details are in Bierman et al. (2024) and are described
here briefly. Frozen core segments were cut into oriented sub-samples using diamond band and
wire saws, with ethylene glycol as a cutting fluid for some samples and special care taken to
avoid glycol contamination when necessary. Each sub-sample was processed under red light to
preserve its luminescence properties and stored at -30°C until transfer. The samples were then
transported under strict frozen conditions to multiple laboratories for detailed analyses, including
luminescence measurements, paleomagnetic studies, lipid biomarker and geochemical
assessments, ensuring the highest fidelity in data collection and preservation.



As detailed in Bierman et al. (2024), samples for lipid biomarker analyses were the fine
(<64 um) fraction retained after sieving for macrofossils, cosmogenic '°BE, %°Al, 2'Ne quartz *Cl
feldspar, meteoric '°Be, diatom and foraminifera identification, Ar/Ar dating of hornblende, U-Pb
and U-Th dating, and grain and particle size distribution and shape. During sieving, the filtrate
was collected in a clean bucket, allowed to settle for 72 hours in a refrigerator, and the water
decanted via suction. The samples were then frozen at -15°C and shipped to the University at
Buffalo.

S$2.2 Lipid biomarker analyses

Samples for lipid analysis were freeze-dried and weighed to obtain the dry sediment
weight prior to extractions of the total lipid extracts (TLE). Lipid extraction was carried out using
an ASE 200 Accelerated Solvent Extractor (Dionex), using 9:1 [volume/volume (v/v)]
dichloromethane (DCM):methanol (MeOH) as the solvent. These ASE extractions were
performed in three cycles at 120°C and 1200 psi. The TLE was weighed, and then surrogates
were added: 4.2 ug of Cx0.1 n-alkanoic acid and 0.1 ug Cas glycerol dialkyl glycerol tetraether
(GDGT) (Huguet et al., 2006). Subsequently, the extracts were separated into different fractions
using flash column chromatography: the fatty acids and neutral fractions in the TLE were
separated using aminopropylsilyl as the stationary phase and 94:6 (v/v) DCM:acetic acid as the
eluent for the acid fraction, while 2:1 (v/v) DCM:isopropanol (IPA) for the neutral fraction. The
collected fatty acid fractions were derivatized at 60°C overnight using 5% anhydrous acetyl
chloride in HPLC-grade MeOH to convert all the fatty acids into fatty acid methyl esters
(FAMEs). This process makes the fatty acids amenable in gas chromatography (GC) analysis. A
subsequent cleanup step was taken to remove the excess water generated as a by-product in
the methylation reaction. This was done using activated silica (SiO2) gel columns as the solid
phase and the DCM as the eluent. The neutral fractions underwent further extraction to
separate the apolar and polar fractions. The polar fractions contain the GDGTs. The neutral
fractions were loaded to alumina column and then eluted with 9:1 hexane:DCM to collect the
apolar fractions followed by elution with 1:1 (v/v) DCM:MeOH to collect the polar fractions. The
collected polar fractions were dried down under nitrogen gas and reconstituted with ~250-300
ML of 99:1 hexane:IPA (v/v) and then filtered using PTFE filters prior to high-performance liquid
chromatography (HPLC) analysis.

Fatty acid methyl esters (FAMEs) were analyzed on a Trace 1310 GC with flame
ionization detector (FID) (Thermo Scientific) equipped with two Al 1310 autosamplers in a
parallel configuration. The analysis was performed using HP-1ms fused silica columns (Agilent
Technologies), with dimensions of 30 m column length, 0.250 mm inner diameter and 0.25 ym
film thickness. Spilit/splitless injections were done at 250°C, with split flow of 14 mL/min for the
first 0.75 min, and a constant column flow of 3.60 mL/min using hydrogen as the carrier gas.
The GC separations were performed in a temperature gradient program with an initial
temperature set at 70°C for 1 min, then increased to 230°C at 27°C/min rate, followed by a
ramp to 315°C at 6°C/min with a final hold for 10 min. Peak area responses of FAMEs were
normalized using the internal standard peak response and FAME concentrations were
calculated using an external standard calibration using octacosanoic acid methyl ester.



The FAME hydrogen and carbon stable isotope values were analyzed using GC-high
temperature conversion-isotope ratio mass spectrometry (IRMS) on a Delta V Plus IRMS
connected via ConFlo IV and Isolink Il to a Trace 1310 GC (Thermo Scientific). Gas
chromatography conditions and temperature gradient program were the same as the GC-FID
instrument setup except for the carrier gas, which was helium at a flow rate of 1.5 mL/min. All
samples were injected in triplicate. Standards of known isotopic composition were used to track
drift (C1s and C24 FAMES) and linearity (C2 and C.s FAMESs). Hydrogen stable isotope values
were normalized to the Vienna Standard Mean Ocean Water (VSMOW) scale, while carbon
stable isotope values were normalized to the Vienna Pee Dee Belemnite (VPBD) scale. FAMEs
were corrected for the 8°H and 8'3C value of the added methyl group using palmitic acid of a
known isotope value (Lee et al., 2017). The total uncertainty associated with the measured &°H
and 8'3C values is the standard error of the mean (SEM), which includes the uncertainty in the
peak-size and drift corrections, the replicate variability, and the methyl group correction. The Hs*
factors were determined at every beginning of the IRMS sequence ranging from 2.92 + 0.01 to
4.83 = 0.07 ppm/nA. Difference between these values reflects measurements taken at very
different times, rather than analytical inconsistency.

Filtered polar fractions were analyzed for GDGTs in the UMass Amherst
Biogeochemistry Laboratory. GDGTs, including brGDGTs and isoGDGTs, were quantified with
respect to the Cus standard, assuming equal ionization efficiency for all compounds. GDGTs
were analyzed using an Agilent 1260 Ultra High-Performance Liquid Chromatograph (UHPLC)
coupled to an Agilent 6120 Mass Selective Detector (MSD run in selected ion monitoring (SIM)
mode for the major GDGT protonated molecules [M + H]* following the method of (Hopmans et
al., 2016), which separates the 5-methyl and 6-methyl brGDGT isomers. This method utilizes
two Waters BEH HILIC silica columns (2.1 x 150 mm, 1.7 ym) in series with a Waters 2.1 x 5
mm pre-column of the same material (Hopmans et al., 2016). A gradient mobile phase
involving A (hexane) and mobile phase B (hexane:IPA (v/v)) was used. Chromatographic
separation was first done with isocratic elution for the first 25 min using 18% mobile phase B,
then a linear increase to 35% in 25 min, and finally a linear gradient to 100% in 30 min
(Hopmans et al., 2016). The flow rate was 0.2 mL/min and temperature was held constant at
30°C.

S$2.3 Compilation of Modern Temperature and Isotope Data

To establish modern reference values for each study site, we compiled temperature and
precipitation isotope values. Tables S1 and S2 summarize site metadata, including latitude,
longitude, elevation, and the time period used to define modern conditions for each site,
providing a clear reference against which paleoclimate datasets are compared. We strove to
use the same reference period for all sites, wherever possible. Modern temperature values were
derived from ERA5 Climate Reanalyzer data sets spanning 1950-2000 (Hersbach et al., 2020),
except for ice-core sites, for which modern temperature estimates were taken directly from the
datasets provided in the original ice-core studies (Buizert et al., 2018; Kobashi et al., 2017).
Modern isotope values were obtained using the Online Isotopes in Precipitation Calculator
(OIPC) (Bowen, 2017; Bowen et al., 2005), which is based on data from Global Network of



Isotopes in Precipitation (GNIP) (IAEA/WMO, 2015) and reflects the time period 1960-2017,
except for the ice core sites, where modern isotope values were adopted from datasets reported
in the original ice-core studies (Andersen et al., 2004; Dahl-Jensen et al., 2013; Dansgaard et
al., 1982; Dansgaard et al., 1969; Grootes & Stuiver, 1999; Johnsen et al., 1997; Schupbach et
al., 2018; Vinther et al., 2009). Although the time periods used to define modern conditions for
ice-core sites vary among studies, they fall within or overlap the broader modern intervals
defined by the ERA5 and GNIP/OIPC datasets, ensuring consistency and comparability across
sites.

Text S3. Results
S3.1 GDGT results and choice of temperature calibration

Both brGDGTs and isoGDGTs are present in all samples that were analyzed. brGDGTs
were an order of magnitude higher concentration than isoGDGTs (Figure S3). Total brGDGT
concentrations ranged from 0.06 to 0.83 ug/g dry sediment with the lower layer having the
lowest concentrations (Figure S3A). Unit 5 of the core showed the highest concentrations of
brGDGTs ranging from 0.25 to 0.83 pg/g dry sediment. Total isoGDGT concentrations ranged
from 0.002 to 0.019 pg/g dry sediment. The total isoGDGT concentration increased down-core
(Figure S3B).

The most abundant brGDGT is llla (median fractional abundance = 0.40 £ 0.05), then lla
(median fractional abundance = 0.22 £ 0.05) followed by lla’, la and Illa’ with almost the same
median fractional abundance of 0.10 £ 0.03 (Figure S2). Acyclic brGDGTs (92%) are more
abundant than the brGDGTs with cyclopentane moieties (8%). brGDGTs with 5-methyl isomers
are more abundant than 6-methyl isomers, with total percentages of 78% and 22%, respectively
(Figure S2). Hexamethyl brGDGTs (51%) are most abundant, followed by pentamethy! (37%)
and tetramethyl (22%) (Figure S2).

Caldarchaeol (GDGT-0) and crenarchaeol (GDGT-4) are the most abundant isoGDGTs,
with median fractional abundances of 0.72 + 0.06 and 0.17 + 0.05, respectively. The ratio of
caldarchaeol to crenarchaeol (Blaga et al., 2009) ranges from 2.18 to 7.67, with the highest
values in Unit 5 except for the topmost sample (Figure S3E). The crenarchaeol regioisomer
(GDGT-4') is not detected in all the samples, hence we did not apply the TEXss
paleothermometer (Schouten et al., 2013). The branched to isoprenoid tetraether ratio (BIT) is
above 0.96 for the entire core (Figure S3F).

The MBT'sme index ranges from 0.15 to 0.28 (Figure S3D). Unit 1 showed relatively
stable values. Unit 3 had high values followed by a decreasing trend to units 4 and 5, and then a
sudden increase in the topmost sample in Unit 5, which has the highest value. The topmost
samples in Unit 2 have comparable values with the MBT'sue values in Unit 3, while the lower
samples in Unit 2 have similar values to those in Unit 1. Unit 1 samples have consistent values
and demonstrated the lowest MBT'sme compared to the other units (Figure S3D). Fractional
abundances of hexamethylated brGDGTs are higher in Unit 1 compared to the upper Units 305.
(Figure S3C). The CBTsme index ranges from 1.72 to 3.01 and is mirrored by the fC index.



Higher CBTsmwe index values were observed in the upper units compared to the lower units. The
highest CBTswe index values were observed in Units 3—4 and the topmost sample in Unit 5
(Figure S3G). The isomer ratio (IR) index ranges from 0.15 to 0.29, with relatively high and
consistent values in Unit 1 (Figure S3lI).

We compared the MBT'sme index values from Camp Century with those from the
warmest two millennia between 11.7 to 5.0 ka from Greenland lake time series (Fig. S4). This
comparison provides an estimate of the magnitude of temperature difference from modern.
Using this index for comparison rather than temperature calibrations allows for a direct
assessment of biomarker signals across sites without introducing uncertainties associated with
calibration choice. We compared the MBT'sue values to modern temperature (right y-axis in Fig.
S4) at each location and estimate MBT'swe values from modern temperature using the MBT 'sme-
temperature calibration (Otiniano et al., 2024). This provides a measure of the magnitude of
difference between the temperature recorded by GDGTs and the modern temperature at each
location. Camp Century MBT'sme values are clustered between 0.15-0.25, whereas the lake
data display higher MBT'sme values, consistent with warmer conditions.

To estimate air temperatures during months above freezing (MAF) from the Camp
Century brGDGTs, we applied two high-latitude lake-based calibrations (Otiniano et al., 2024;
Raberg et al., 2021) (Equations S1 and S2, Figure S4). These calibrations were selected
because they were developed from Arctic Lake datasets, where brGDGT distributions show the
strongest sensitivity to mean MAF temperatures (Equations S1 and S2). Other commonly used
calibrations target mean annual air temperature or summer lake water temperature and are
based on lower-latitude or soil-derived GDGT assemblages, making them less suitable for the
Camp Century site. One available brGDGT calibration (Otiniano et al., 2023) was developed
mainly from Alaska and northern America sites and may not reflect Greenland conditions, so we
applied calibration derived from high-latitude Arctic lakes instead (Otiniano et al., 2024; Raberg
et al., 2021)

Equation S1:
MAF Temperature (°C)rapergrull

= —8.06 + 37.52fla — 266.83f1b? + 133.42f1b + 100.85f11a’* + 58.15f111a’*
+12.79f1lla
Equation S2:
MAF Temperature (°C)ptinianozoza = 17.0 — 11.4fIla — 17.4fIlla — 15.9fIla’ — 124.4f111b

S3.2 Leaf wax distribution and isotope composition

We calculated the average chain length (ACL) of n-alkanoic acid leaf waxes to assess
possible changes in vegetation and plant sources (Equation S3, Figure S6D). All samples from
all units contain Cyo to Cs2 n-alkanoic acids with a carbon preference index (CPI) exceeding 2.10
(Equation S4, Figure S6E). In the upper section of the core, which includes Units 3-5, there are
higher concentrations of n-alkanoic acids per gram of dry sediment when compared to Unit 1,
which exhibited consistently low concentration. Relatively high concentrations of the n-alkanoic
acids were consistently observed in Unit 2 (Figure S6A). C24 n-alkanoic acids dominate Units 2—



5, while Unit 1 shows similar abundances of Ca4, C26, and Czs (27—-31%). Mid-chain n-alkanoic
acids (C20—Caz4) are most abundant in Unit 2, and longer chains (C2—C30) are more prevalent in
Unit 1.

Equation S3:
L (20X Cyp) + (22% Cpp) + (24 Cpa) + (26X Cag) + (28 % Cpg) + (30 x Ca)
C207Cs0 ™ Coo+ Cop+ Coy + Cye + Cag+ C3p
Equation S4:
CPI :1 (Czo + Cyp+ Cou+ Cye+ Cpg + C30) (sz + Cyu+ Cy6+ Crg+ C39 + C32)
€207Cs2 7 2\\Cyy + Coz+ Cos+ Co7 + Cog+ Caq Cy1+ Cyz3+ Cys+ Co7 + Coo+ (3

Carbon isotope values (8'3C) for even chain C—C3o n-alkanoic acids were measured for
each core segment. The results from Cs, n-alkanoic acids were excluded since the peaks were
lower than the detection limits of the IRMS. In the upper units (Unit 3—5), mid-chain lengths
(C20—C22) have similar patterns, while longer chain lengths (C2s—Cas0) exhibit a pattern distinct
from the mid-chain compounds, but similar patterns to each other (Figure S6C, Figure S8). Cao
showed the most depleted '*C values. In unit 2, all the chain lengths showed the same 5'°C
profile. As in the upper 3 units, long- and mid-chain waxes have distinct 8'*C patterns in Unit 1.
We compared the 8'°C values with modern 8'3C distributions of plant waxes of different
vegetation sources (Hollister et al., 2022). Longer chain lengths (C26—C2s) have 3'3C values that
partly overlap with the range of graminoids but fall entirely within the range characteristic of
shrubs (Figure S7). For C2, n-alkanoic acid, 8'*C values in Units 2-5 mostly fall within the
ranges of graminoids and shrubs, while in Unit 1, some samples also fall within the graminoid
and shrub range, and others have lower 5'3C values consistent with aquatic moss (Figure S7).

The &?H for even-chain n-alkanoic acid from C,—Cso were analyzed in each sample. Cs
waxes were excluded since the peak responses were lower than the detection limits of the
instrument. For Unit 1, C2; and Cz4 shared a similar pattern, as did Czs and Czs. C2 showed a
similar trend to C2, and Cz4 but has more 2H-depleted values. In general, 8°H values in Unit 2
are °H-enriched compared to other units. In the upper units, C2 and C, exhibited similar
patterns and showed the most 2H-depleted values. In contrast, C24, C26 and Cazs have
comparable values and trends with significantly 2H-enriched values compared to C2 and Ca..
Cso is the most 2H-enriched and follows a distinct trend compared to the other chain length
homologues (Figure S6C).

S3.3 Determining Camp Century paleo-elevation

Because the Greenland Ice Sheet has undergone significant loading and unloading
through past glacial—interglacial cycles, it is necessary to adjust elevations when interpreting
sedimentary archives to account for glacial isostatic deformation. The ice sheet’'s massive
weight depresses the underlying crust, so past ice retreat or hypothetical removal would cause
isostatic uplift of the bedrock, making such adjustments essential for accurate paleo-surface
reconstructions (Paxman et al., 2022). We applied an elevation adjustment for solid Earth



subsidence caused by ice sheet loading, using reconstructed total isostatic deformation values
to estimate vertical displacement at Camp Century. From the four grid cells nearest the site, the
fully adjusted elevation was 280 + 50 m (Paxman et al., 2022). Modern bedrock elevation of 530
1+ 30 m was obtained by getting the average of elevation values of the four grid cells nearest the
site from the BedMachine topography dataset (Morlighem et al., 2017). Combining these values
yields a fully adjusted paleo-elevation of 810 + 60 m for the Camp Century site. While these
corrections improve confidence in our reconstructions, uncertainties remain, particularly in
relation to forebulge dynamics and spatial variability in Earth structure, which may not be fully
captured in the regional isostatic models.

S3.4 Modern elevation-adjusted stable water isotope and temperature values at Camp
Century

Modern (1950-2000 CE) temperature values were obtained from Pituffik station
(Hersbach et al., 2020) at 77 m asl and scaled to Camp Century paleo-elevation (810 £ 60 m)
using mean monthly (June, July, August) slope lapse rates, which are empirically constrained
gradients across Greenland (Fausto et al., 2009) (Equation S5). Modern precipitation isotope
values (1966—1969) were also obtained from the Pituffik station (IAEA/WMO, 2015) and
corrected to the paleo-elevation at Camp Century using stable water isotope lapse rates
appropriate for high-latitude settings. Stable water isotope lapse rates are based on empirical
relationships between precipitation isotopes and elevation with quantitative elevation-isotope
gradients and associated uncertainties constrained by global syntheses of isotope-elevation
relationships (Dansgaard, 1964; Poage & Chamberlain, 2001) (Equation S6). We used a high-
latitude, low-elevation lapse rate for summer precipitation of -46 + 8% for 8°H from Koerner &
Russell (1979) that spans ~1 km elevation change. Uncertainties for the modern elevation-
adjusted temperature and precipitation isotope values for Camp Century were estimated by
propagating uncertainties in the fully adjusted elevation, the slope lapse rates, and the standard
error of the mean (SEM) of the corrected values. We calculated the mean across all months
with temperatures above freezing after elevation correction, ensuring regional consistency with
MAF estimates and the standard approach for calculating mean summer precipitation isotopes.

Equation S5:

TCampCentury = TPituffik —I* (hCampCentury - hPituffik)

Equation S6:

(SZHCampCentury = 52HPituffik —I* (hCampCentury - hPituffik)

S3.5 8°Hc; as a proxy for summer precipitation 8?°H and 8*Hc2s as a proxy for summer
precipitation 8*°H and evaporation enrichment

Long-chain n-alkanoic acids (=Cas) are typically associated with terrestrial plants such as
Arctic shrubs and mosses (Cowling et al., 2022; Dion-Kirschner et al., 2020; Sachse et al.,
2012; Thomas et al., 2016), whereas mid-chain compounds (£C»4) are more abundant in
aquatic plants and algae (Berke et al., 2019; Gao et al., 2011; Thomas et al., 2020), but C is
also dominant in Arctic shrubs (Hollister et al., 2022), so this compound may reflect mixed



sources. Macrofossil evidence from the site, including twigs, mosses, and woody tissues, further
confirms that a variety of vegetation similar to the bioclimate zone at Pituffik today, including
mosses like Tomentypnum nitens and Polytrichum juniperinum, existed in the region during ice-
free periods (Christ et al., 2021).

Leaf wax &%H values reflect the 8?H values of the source water that were taken up by the
plants, with additional impacts of evaporative 2H-enrichment of leaf water and biosynthetic
fractionation (Sachse et al., 2012). Terrestrial plants use soil water, which primarily reflects the
&°H values of summer precipitation, as most precipitation occurs during this season and active
layer water is recharged by summer precipitation (Gorbey et al., 2022; Thomas et al., 2020).
The isotope composition of the leaf water can vary markedly from that of the plant’s source
water. This is the result of transpiration, or water loss from the leaf, where the lighter water
isotopes evaporate and diffuse in air faster than the heavier ones (Sachse et al., 2012). During
the synthesis of leaf wax lipids, a biosynthetic fractionation occurs that imparts a consistent
offset between the &°H of the leaf water and the resulting leaf waxes. The resulting leaf wax &°H
values thus reflect a combination of summer precipitation 8%H, the extent of evaporative
enrichment of leaf water, and the intrinsic biosynthetic fractionation during lipid formation.

Aquatic plant 3?H values closely reflect lake water 6°H, as these plants absorb water
directly from their environment with minimal evaporative enrichment compared to terrestrial
plants (Sachse et al., 2012). During lipid biosynthesis, an apparent fractionation occurs between
the hydrogen isotope composition of source water and that of the resulting leaf wax lipids. In
Arctic lakes and streams, aquatic plant wax d?H primarily records summer water 3?°H because
lipids are produced during the short growing season when temperatures are above freezing.
Evaporation is minimal, especially early during the ice-free season, when leaf flush occurs, so
the d°H of lake water used by aquatic plants reflects the isotope composition of summer
precipitation. We converted leaf wax hydrogen isotope values to source water isotope values
using published modern plant fractionation data (Equations S7 and S8). For mid-chain aquatic
plant waxes, we estimated the &°H of lake water by compiling published apparent hydrogen
isotope fractionation values between lake water and submerged plant leaf wax 8%H (£app),
yielding a mean of -124 + 5%. (n=13) (Dion-Kirschner et al., 2020; Gorbey et al., 2022; Hollister
et al., 2022). For long-chain terrestrial plant waxes (C2s 8°H), we inferred leaf water 5?H values
using the biosynthetic hydrogen isotope fractionation (€vio) value of -143 + 5%. (n=13) compiled
from studies that published isotope values for leaf waxes and leaf water at high-latitude sites
(O'Connor et al., 2020). We chose ¢ to estimate leaf water 8°H rather than using the apparent
fractionation (€app) between source water 5*H and leaf wax 2H, as €app assumes constant
evaporative enrichment and is therefore less effective at capturing changes in
evapotranspiration over time.

We calculate the difference between lake and leaf water 8?H, which reflects the degree
of evaporative 2H-enrichment, since both leaf and lake water sources are summer precipitation
5°H (Equation S9).

Equation S7:



1000 + 62HPlantWax(C23 or Cyy 07 Cys)

2 — —
6“Hyakewater = (gLakeWater(ng, or Cqy4 OT Czs)) +1 1000
1000
Equations S8:
1000 + 62H
SZHLeafWater _ PlantWax(Cyg o1 Co9) — 1000
(SLakeWater(ng or C29)) +1
1000
Equation S9:
1000 + 62H
€Leaf-Lake = e * 1000
(1000 + 62HLakeWater)) -1

S3.6 Comparison of Camp Century values with other datasets in Greenland

To evaluate Camp Century reconstructions alongside other Greenland datasets, we
constructed anomaly plots for brGDGT-inferred MAF temperatures, summer &%H precipitation,
and leaf water 5?H, each calculated relative to modern observations (Table S1 & S2). For all
comparisons, consistent calibrations were applied across sites, and uncertainties were
estimated by propagating errors from modern observations, variability within each time series,
and calibration RMSE. In each individual temperature time series, only the values during the
warmest two millennia between 11.7-5.0 ka were selected to capture maximum Holocene
warmth. For isotope datasets, some records lack temperature constraints, we therefore selected
values from the middle Holocene (8-5 ka), corresponding to a period typically associated with
peak Holocene warmth (Axford et al., 2021; Briner et al., 2016).

We compared the mean brGDGT-inferred MAF temperature at Camp Century with
brGDGT-inferred MAF temperature using the same brGDGT-temperature calibrations in the
following lake sediment archives: 578, Bullet, Marshall, Rosaea, Gus, N3, Pluto and Sikuiui
(Acharya et al., 2025; Cluett et al., 2023; Otiniano et al., 2024; Raberg et al., 2021; Schneider et
al., 2024; Thomas et al., 2018). Additional temperature reconstructions included mean annual
air temperature from argon and nitrogen isotopes in ice cores (Kobashi et al., 2017; Martin et
al., 2024), summer air temperature inferred from ice-core data assimilation (Buizert et al., 2018),
and July air temperature from chironomid assemblages (Axford et al., 2019; Axford et al., 2017;
Axford et al., 2013; McFarlin et al., 2018). Camp Century MAF values were also compared with
one chironomid-based July air temperature dataset from the Last Interglacial (LIG) (McFarlin et
al., 2018)) and with July air temperatures inferred from macrofossils dating to the LIG and the
Early Pleistocene and Plio-Pleistocene (Atti et al., 2024; Bennike, 1990; Bennike et al., 2002;
Bennike & Bocher, 1992, 1994; Bennike et al., 2023; Bennike et al., 2010; Brodersen &
Bennike, 2003; Hedenas, 1994; Hedenas & Bennike, 2003).

Summer &°H precipitation values were compared with leaf-wax &°H data from Flower
Valley Lake and Pluto Lake (Balascio et al., 2013; Thomas et al., 2020) using mean €,pp values
derived from submerged and floating aquatic plants in high-latitude sites (Dion-Kirschner et al.,
2020; Gorbey et al., 2022; Hollister et al., 2022) to reconstruct source water 3°H (Equation S7).
For Flower Valley Lake, we used Czs 8°H as mid-chain aquatic plant wax and converted into
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lake water &?H using the mean €app value of -132 + 5%0 (n=15); For Pluto Lake, we used C2, 5°H
and converted into lake water 8?H using the mean &4, value of -124 + 5%o (n=13). Additional
comparisons included annual 3'80 from ice cores (Andersen et al., 2004; Dahl-Jensen et al.,
2013; Dansgaard et al., 1982; Dansgaard et al., 1969; Grootes & Stuiver, 1997; Johnsen et al.,
1997; Schiipbach et al., 2018; Stuiver & Grootes, 2000; Vinther et al., 2009) and summer 580
from moss cellulose (Lasher et al., 2017).

Leaf water 8°H values at Camp Century were compared with Greenland Holocene leaf-
water &°H values inferred from lake archives (Balascio et al., 2013; McFarlin et al., 2023;
Thomas et al., 2020), as well as with peak interglacial leaf water 5°H values from three
interglacial periods (Marine Isotope Stages (MIS) 1, 5, and 11) at ODP Site 646 (Cluett &
Thomas, 2021) reconstructed using mean &p, value between compiled leaf waxes and leaf
water (Gao et al., 2014; Nichols et al., 2010; O'Connor et al., 2020) (Equation S8). To account
for spatial variability in vegetation composition, region-specific o values were calculated based
on dominant vegetation types. The &y, for each region was calculated based on the dominant
vegetation types using modern Arctic vegetation maps (CAVM Team, 2024; Raynolds et al.,
2019) and studies of past plant communities in these or nearby lakes (Bennike, 2000; Kusch et
al., 2019) (Equation S10-12). To ensure reproducibility, Table S3 and S4 lists the leaf-water €
(epsilon) values for high-latitude sites (>50°N), including the vegetation composition for each
location. Cold regions are dominated by mosses with minimal vascular plants, whereas warmer
regions have higher proportions of vascular plants.

Equation S10:
ELeafwater(Cyg)(cOld Tegion) = (0.98 x £y455) + (0.02 * Eyeanvascularpiants)
Equation S11:
ELeafWater(C,y)(cOld Tegion) = (0.98 * gy445) + (0.01 * gppyps) + (0.01 * Epgpps)
Equation S12:

ELeafWater(Cyg/Cz0) (Warmer region) = (0-75 * gMoss) + (0-25 * ‘SMeanVascularPlants)
S3.7 Effect of temperature on precipitation 5°H

The stable isotope value of atmospheric water vapor arriving at a given location is a
function of the moisture source and transport history (Cluett, 2021; Gimeno et al., 2021). During
condensation, the stable water isotope composition is further modified via fractionation that,
under equilibrium conditions, is temperature dependent (Clark & Fritz, 1997; Majoube, 1971). To
examine upstream atmospheric circulation changes at Camp Century independent from
temperature change (e.g., moisture source and transport pathways), we removed the effect of
local summer temperature from &2H precipitation, as follows. Using the brGDGT-inferred
summer temperature at Camp Century, we calculated the temperature-dependent fractionation
of condensation using empirically derived constants (Clark & Fritz, 1997; Majoube, 1971)
(Equation S13). This assumes that the mean MAF air temperature approximates the
temperature at which precipitation is condensing, and that precipitation is condensing under
equilibrium conditions. Although there are issues with those assumptions, we cannot place
further constraints with the data we have. We then used this temperature-dependent
fractionation factor together with the mid-chain plant-wax inferred summer precipitation &°H
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value to estimate the 5°H value of the vapor arriving at the study site (Equation S14). We
applied the same approach to the Flower Valley, Pluto, and Secret Lake data (Balascio et al.,
2013; Lasher et al., 2017; Thomas et al., 2020), and to ice core time series, except that we used
different empirical constants to calculate the fractionation factor for ice core data, as
condensation occurs at below-freezing temperatures (Ellehoj et al., 2013). For lake time series
lacking inferred temperatures, we used nearby sites: inferred temperatures from Last Chance
Lake and Delta S were applied to Flower Valley Lake and Secret Lake, respectively. We
applied the same approach to modern observations, calculating the temperature-dependent
fractionation factor using ERA5 temperature from 1950-2000 CE (Hersbach et al., 2020) and
GNIP- or OIPC-derived modern precipitation isotope values (Bowen, 2017; Bowen et al., 2005;
IAEA/WMO, 2015) (described in detail in Text S3.6) to estimate the modern vapor 3?H. The
isotope anomaly was then determined by subtracting the modern vapor 8?H from the paleo-
vapor &°H estimate.

Equation S13:
10° 103
e(a<T—I%>+b(ﬁ)+C)

A(water—vapor) = 1000

Equation S14:

1000 + &62H,
apor = <( LakeWater)) — 1000

a(water—vapor)
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Modern brGDGTs

Camp Century

from >50°N Unit 5
Soil Unit 4
Peat 100 @ unit3
Lake @ unit2

@® Uunit1
20 80
40 60
Tetra T XTI Penta
KT L PRl
’ Ol & ..":'Q. .' <3
60 SN o20a. 0 g, 40
o*. & \
A
...e $ ©
80 * 20
100 20 40 60 80 100

Hexa

Figure S1. Ternary diagram of brGDGTs at Camp Century, large dots colored by different
stratigraphic units, compared to brGDGTs from modern soil, peat and lake sources in high-
latitude areas (Cluett et al., 2023; Lindberg et al., 2022; Martinez-Sosa et al., 2021; Naafs et al.,
2017; Raberg et al., 2021; Russell et al., 2018; Thomas et al., 2018; Zhao et al., 2023). Tetra:
tetramethylated brGDGTs, penta: pentamethylated brGDGTSs, hexa: hexamethylated brGDGTs.
GDGTs are numbered as in Hopmans et al. (2016) and De Jonge et al. (2014).
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Naafs et al., 2017; Raberg et al., 2021; Russell et al.,

Fractional Abundance

Fractional abundance of brGDGTs at Camp Century and
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Figure S2. Fractional abundance of brGDGTs at Camp Century and modern brGDGTs in high-
latitude areas. Box plots: bold lines: median, boxes: interquartile range, whiskers: 5" and 95"

percentiles, dots: outliers. (Cluett et al., 2023; Lindberg et al., 2022; Martinez-Sosa et al., 2021;
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2018; Thomas et al., 2018; Zhao et al.,

2023).GDGTs are numbered as in Hopmans et al. (2016) and De Jonge et al. (2014). GDGTs
are numbered as in Hopmans et al. (2016) and De Jonge et al. (2014).
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Figure S5. MBT'sue distributions in Camp Century units and in western Greenland Holocene
Lake sediments (circles and squares; left y-axis), compared to modern months above freezing
(MAF) temperature (lines; right y-axis). A: Camp Century MBT'sme values and temperature. Light
green circles: individual samples; dark green circles: mean value for each Unit, dark green line:
modern MAF temperature. Uncertainties include standard error of the mean (SEM) of each
sample; all error bars are smaller than the plotted symbols. B: MBT'sue distributions in western
Greenland Holocene Lake sediments (Acharya et al., 2025; Cluett et al., 2023; Schneider et al.,
2024; Thomas et al., 2018). Circle: mean values spanning the warmest two millennia from 11.7
to 5 ka, square: mean value of the late 20th century sample from each lake dataset (not
available for Bullet Lake, Marshall Lake, Rosaea Lake, Pluto Lake, and Sikuiui Lake), dark
green line: modern MAF temperature at these sites. The y-axis scales are directly calculated
from one another using the MBT'sme-temperature calibration (Otiniano et al., 2024).
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Figure S6. Down core plant wax data from Camp Century, northwestern Greenland. (A)
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Figure S9. Correlation matrix of 5*C and &*H across n-alkanoic acid chain lengths in different
stratigraphic units.

21



1000 + 1 +7
@ ° '
5 9007 I leg %0
3 [ e
= 8007 : 3
O I ° 45 €<
= 10071 e
2 | 3
45‘ 600 T : 1la E
Q 500 + | ° @
c | Q
O o 13 C
O 400 + I o @]
> I O
T 300 I 9 12 5
=200 1 . 0 , O
o | T P
T 100 T I a
ol : lo

Aquatic Terrestrial Lake Soil

Figure S10. Distribution of plant wax and brGDGT concentrations in aquatic/lake and
terrestrial/soil settings (Guo et al., 2020; Hollister et al., 2022; Martinez-Sosa et al., 2021). Box
plots illustrate mean (x’es), median and interquartile range (line and box), 5th and 95th
percentile (whiskers), and outliers (dots).

22



6.0

p— T ,,
< e
o -7
- s
2 501 -7
Q ,/
2 .
”~
2 40 4 ’
=
[
5
L 3.0 T
=T1]
e
N
Q
g
w 20 +
[+
=
[=]
=
@° 10 1
s y=0.64x+0.26
> R?=0.87
0.0 : } : | : |
0.0 1.0 2.0 3.0 4.0 5.0 6.0

July Air Temperature (°C)

Figure $11. Linear relationship between July air temperature and months above freezing (MAF)
at Pituffik Base Station based on ERAS reanalysis data (Hersbach et al., 2020).

brGDGT

Equations S1 & S2
(Otiniano et al., 2024; Raberg et al., 2021)

| Pituffik Elevation |

modern temperature

(Pituffik) Rate
ERAS (Hersbach et al., 2020) (Fausto et al., 2009)

Fully isostatic-
adjusted elevation

Slope Lapse

Equation S5

4

A 4

brGDGT-inferred

Elevation-corrected modern

MAF temperature temperature (Camp Century)

MAF Temperature Anomaly
(Figure 3)

Figure S12. Schematic overview of the analytical framework used to reconstruct temperature and
anomalies at Camp Century
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Equation S§7
(Dion-Kirschner et al., 2020; Gorbeyet al., 2022;
Hollister et al., 2022)

mid-chain
plant wax &2H

Pituffik Elevation

modern 52H

precipitation (Pituffik)
GNIP (IAEA/WMO, 2015)

adjusted elevation

Fully isostatic-

brGDGT-
temperature

leaf water 52H
(summer 32H Precipitation)

Slope Lapse

Rate
(Koerner & Russell, 1979)

Equation S6

Elevation-corrected modern 52H
precipitation (Camp Century)

Equations S13 & S14
(Clark & Fritz, 1997; Majoube, 1971)

l

Modern temperature
ERAS (Hersbach et al., 2020)

Summer 52H precipitation Anomaly

(Figure 4A)

| Summer 82H vapor |

Equations $13 & S14
(Clark & Fritz, 1997; Majoube, 1971)

modern 52H vapor

|

Summer §?H vapor Anomaly

(Figure 4B)

Figure S13. Schematic overview of the analytical framework used to reconstruct summer &°H
precipitation and summer &?H vapor values and anomalies at Camp Century

Pituffik Elevation

long-chain
plant wax 82H

Equation S8

(O'Connoretal., 2020)

modern &2H

precipitation (Pituffik)
GNIP (IAEA/WMO, 2015)

Fully isostatic-
adjusted elevation

Slope Lapse
Rate

(Koerner & Russell, 1979)

y

leaf water 52H
(summer 82H Precipitation + Evaporation)

Equation S6

Elevation-corrected modern 52H
precipitation (Camp Century)

Summer &2H Leaf Water 3°H Anomaly

(Figure 5A)

Figure S14. Schematic overview of the analytical framework used to reconstruct leaf water &°H
anomalies at Camp Century
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Table S1. Site locations and data sources for modern temperature values at each site.

Site Name Latjtude Longitude Elevation Time Period Source Notes
(°N) (E) (m)

Pituffik Space Base 76.531 -68.703 77 1950-2000 ERADS Climate Reanalyzer (Hersbach et al., 2020) -

GISP2_Kobashi et al. 72.580 -38.480 3245 1988-2015 "the recent decades” (Kobashi et al., 2017) -
GISP2_Buizert et al. 72.580 -38.480 3245 1960-2000 (Buizert et al., 2018) -
NGRIP_Buizert et al. 75.1 -42.32 2954 1960-2000 (Buizert et al., 2018) -
NEEM_Buizert et al. 77.45 -51.06 2475 1960-2000 (Buizert et al., 2018) -
Lake 578 61.080 -45.620 155 1950-2000 ERADS Climate Reanalyzer (Hersbach et al., 2020) -

Bullet Lake 63.982 -49.537 944 1950-2000 ERAS Climate Reanalyzer (Hersbach et al,, 2020) |  Nearest Grid Cell*
Marshall Lake 64.464 -49.431 862 1950-2000 ERAS Climate Reanalyzer (Hersbach et al., 2020) | Nearest Grid Cell*
Rosaea Lake 66.982 -53.718 228 1950-2000 ERADS Climate Reanalyzer (Hersbach et al., 2020) _

Lake Gus 67.032 52427 300 1950-2000 ERAS Climate Reanalyzer (Hersbach et al., 2020) -
Lake N3 68.636 -50.980 59 1950-2000 ERAS Climate Reanalyzer (Hersbach et al., 2020) -

Pluto Lake 69.110 -51.035 190 1950-2000 ERADS Climate Reanalyzer (Hersbach et al., 2020) _

Sikuiui Lake 70.218 -51.122 604 1950-2000 ERAS Climate Reanalyzer (Hersbach et al., 2020) -

North Lake 69.228 -50.927 285 1950-2000 ERADS Climate Reanalyzer (Hersbach et al., 2020) _

Last Chance Lake 70.906 -25.569 660 1950-2000 ERADS Climate Reanalyzer (Hersbach et al., 2020) _

Delta So 76.759 -67.610 250 1950-2000 ERAS Climate Reanalyzer (Hersbach et al., 2020) Pituffik Station**
Wax Lips Lake 76.852 -66.959 517 1950-2000 ERAS Climate Reanalyzer (Hersbach et al., 2020) Pituffik Station**
Jameson Land 71.167 -23.500 196 1950-2000 ERAS Climate Reanalyzer (Hersbach et al., 2020) -

Thule 76.450 -69.583 77 1950-2000 ERAS Climate Reanalyzer (Hersbach et al., 2020) -

Pingorsuit 76.410 -68.660 530 1950-2000 ERADS5 Climate Reanalyzer (Hersbach et al., 2020) _

Store Koldeway 76.750 -19.167 1950-2000 ERADS Climate Reanalyzer (Hersbach et al., 2020) -
Kap Kgbenhaven 82.869 22.669 1950-2000 ERADS Climate Reanalyzer (Hersbach et al., 2020) _
ile de France 63.982 49 537 944 1950-2000 ERAS Climate Reanalyzer (Hersbach et al., 2020) _

*Nearest grid cell not covered by ice
** Mean summer temperatures at these sites are similar to or warmer than Pituffik Station (Axford et al., 2019; McFarlin et al., 2018). Coastal observations are used as representative

values since ERA5 does not resolve this location due to large grid cells.
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Table S2. Site locations and data sources for modern isotope values at each site.

Site Name Latitude (°N) Longitude (°E) Elezl:lt)ion Time Period Source
Pituffk Space 76.531 -68.703 77 1966-1969 GNIP (IAEA'WMO, 2015)
Dye-3 65.183 -43.817 2490 1950-1970 (Dansgaard et al., 1982; Vinther et al., 2009)
Renland 71.270 -26.730 2350 1950-1970 (Vinther et al., 2009)
GISP2 72.580 -38.480 3245 1950-1987 (Grootes & Stuiver, 1999)
GRIP 72.583 -37.633 3230 1950-1970 (Johnsen et al., 1997)
NGRIP 75.100 -42.320 2954 1950-1990 (Andersen et al., 2004)
Camp Century 77.317 61133 1890 (20mCRaly up tl (Dansgaard et al., 1969)
NEEM 77.450 -51.060 2475 1960-2017 (Dahl-Jensen et al., 2013; Schipbach et al., 2018)
Flower Valley Lake 65.610 -37.694 73 1960-2017 GNIP, OIPC ((Bowen, 2017; Bowen et al., 2005; IAEA/WMO, 2015)
Lake N3 68.636 -50.980 59 1960-2017 GNIP, OIPC ((Bowen, 2017; Bowen et al., 2005; IAEA/WMO, 2015)
Pluto Lake 69.110 -51.035 190 1960-2017 GNIP, OIPC ((Bowen, 2017; Bowen et al., 2005; IAEA/WMO, 2015)
Secret Lake 76.580 -68.659 250 1960-2017 GNIP, OIPC ((Bowen, 2017; Bowen et al., 2005; IAEA/WMO, 2015)
Trifna So 79.990 22850 561 1960-2017 GNIP, OIPC ((Bowen, 2017; Bowen et al., 2005; IAEA/WMO, 2015)
Site 646 (ODP) 622058;0 -45 107 to -41.919 ) 1960-2017 GNIP, OIPC ((Bowen, 2017; Bowen et al., 2005; IAEA/WMO, 2015)
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Table S3. Biosynthetic hydrogen isotope fractionation factor (ewio) between long-chain plant wax
and leaf water in high-latitude sites (>50°N), compiled from several locations (Berke et al., 2019;

Gao et al., 2014; Nichols et al., 2010; O'Connor et al., 2020)

Plant Forms E pSilO"cz&;LeafWater EpSI loNncasteatwater_€F EpSI loNcastearwater EpSilonczsLeafWaler_err
Graminoids -175 4 -170 8
Shrubs -155 5 -135 4
Forbs -150 6 -144 4
Vascular Plants -160 9 -150 12
Mosses -170

Table S4. Estimated ¢y, values at high-latitude (>50°N) for cold- and warm-regions based on
vegetation, where cold regions are dominated by mosses with minimal vascular plants and
warm regions have higher percentages of vascular plants (Bennike, 2000; Berke et al., 2019;
Gao et al., 2014; Kusch et al., 2019; Nichols et al., 2010; O'Connor et al., 2020).

Epsiloncasteanwater

EpSI loNncasteatwater_€IF

EpSI loNncasteatwater

E pSI loNcasteatwater_€IF

Cold Region

98% Moss; 2% Vascular Plants

98% Moss; 1% Shrubs;1% Forbs

-170

6

-169

\ 6

Warmer Region

25% Moss; 75% Vascular Plants

25% Moss; 75% Vascular Plants

-168

9

-165

‘ 12
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