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Abstract  32 

Determining the climatic conditions under which the Greenland Ice Sheet (GrIS) was smaller 33 

than present is important to quantify GrIS sensitivity to climate change. We use biomarkers in 34 

sediment collected beneath the GrIS at Camp Century, northwestern Greenland, to reconstruct 35 

summer temperature and atmospheric circulation 416,000 ± 38,000 years ago, at some point 36 

during Marine Isotope Stage 11 (MIS 11). We find that northwestern Greenland summer climate 37 

during MIS 11 was similar to the middle Holocene but different than the 20th century. Air 38 

temperature was 4.7 ± 3.2°C warmer, and atmospheric water vapor isotope values were 22 ± 18 39 

‰ 2H-enriched, indicating a greater contribution of locally evapotranspired moisture. These 40 

conditions are similar to or slightly warmer than during peak Holocene warmth on Greenland, 41 

when the Camp Century site remained ice-covered, and cooler than the Last Interglacial (LIG). 42 

Biomarkers from lower in the section likely represent an earlier ice-free interval, potentially 43 

during the Pliocene or early Pleistocene, and record climatic conditions similar to MIS 11. These 44 

data add to the sparse available climate data for the early and middle Pleistocene on 45 

Greenland, and suggest interglacial periods had similar temperature throughout the Pleistocene. 46 

We interpret the reduced GrIS extent in northwestern Greenland during MIS11 compared to the 47 

Holocene, despite similar temperature, to indicate ice-sheet response to prolonged warmth, as 48 

reconstructed in southern Greenland. Therefore, efforts to reduce both the magnitude and 49 

duration of summer warmth in the coming centuries will be important to curbing ice-sheet 50 

retreat. 51 

1. Introduction 52 

Quantifying the sensitivity of the Greenland Ice Sheet (GrIS) to climate is an important 53 

challenge, as the GrIS contains 7.4 m sea level equivalent and the Arctic is in a rapidly warming 54 

part of the planet (Aschwanden et al., 2019; Smith et al., 2020). Ocean warming may cause 55 
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rapid recession of calving glaciers, some of which are sourced from near the center of the GrIS 56 

(Callard et al., 2025; Guo et al., 2019; Holland et al., 2008). Yet, much of the GrIS bed is above 57 

sea level and should be resilient to ocean forcing (Morlighem et al., 2017). While increased 58 

atmospheric warming also causes ice-sheet mass loss and greater snowfall may partially offset 59 

this melt, the elevation-albedo feedback could still push the GrIS beyond a threshold of 60 

irreversible demise (Fyke et al., 2018). Although we have observations of atmospheric 61 

temperature, they span only the past few decades and represent conditions cooler than those 62 

predicted for the future. As a result, contemporary data provide limited constraints on the long-63 

term GrIS response to atmosphere and ocean forcing (Box et al., 2009; Jensen, 2025; Nowicki 64 

et al., 2016). 65 

Reconstructing temperature and atmospheric circulation near the margins of the GrIS during 66 

past periods of reduced ice sheet size can highlight mechanisms influencing GrIS change today 67 

and provide constraints on Greenland Ice Sheet climate sensitivity. Yet, the modern GrIS covers 68 

sediment archives deposited during such periods, and many others that may have once existed 69 

along the fringes of Greenland were eroded by subsequent glaciations. Here we present new 70 

lipid biomarker data from subglacial sediments at Camp Century that constrain past temperature 71 

and atmospheric circulation during Marine Isotope Stage (MIS) 11 in northwestern Greenland 72 

and evaluate these results in the context of existing marine, ice-core, and terrestrial 73 

paleoclimate records. 74 

1.1. Interglacial Climate in Greenland 75 

Climate on Greenland is intimately linked with global heat transport, as Greenland lies 76 

between the Labrador Sea and the Nordic Seas, two areas of North Atlantic Deep Water 77 

formation (Bullister et al., 2013). The North Atlantic Ocean was relatively warm during the 78 

Pliocene (Lawrence et al., 2009). Cooling at the Plio-Pleistocene transition, which manifested 79 
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during both interglacial and glacial periods at high latitudes, caused Northern Hemisphere ice-80 

sheet growth and altered the global carbon cycle (Herbert et al., 2010; Lawrence et al., 2010). 81 

During this interval, tropical and high-latitude temperature became phase-coupled, with 82 

synchronous glacial–interglacial changes but differing amplitudes between regions (Herbert et 83 

al., 2010; Lawrence et al., 2010). Through the Pleistocene, glacial periods became increasingly 84 

cold, whereas temperature between interglacial periods were relatively stable within each region 85 

(Herbert et al., 2010; Lawrence et al., 2010).  In the North Atlantic region, marine sediment 86 

records indicate that mid- to late-Pleistocene interglacial periods exhibited some temperature 87 

variability: MIS 9 and 5 were up to ~1 to 2°C warmer than the Holocene, MIS 11 had similar 88 

temperature to the Holocene but was much longer, and MIS 7 and 13 were approximately 1°C 89 

cooler than the Holocene (Cluett et al., 2021; de Vernal and Hillaire-Marcel, 2008; Irvalı et al., 90 

2020). This contrasts with the eastern Arctic, where lake sediment records indicate ‘super 91 

interglacial’, i.e., extreme, warmth during MIS 11, with similar timing to warmth in the Southern 92 

Ocean and Antarctica (Melles et al., 2012).  93 

The highest-resolution climate time series for Greenland are derived from ice cores, some of 94 

which span both MIS 1 (the Holocene) and parts of MIS 5 (the Last Interglacial, LIG). These 95 

time series suggest that mean annual temperature was 2 to 3°C warmer than modern during 96 

peak Holocene warmth (Kobashi et al., 2017; Martin et al., 2024) and 8 ± 4°C warmer during 97 

peak LIG warmth (Dahl-Jensen et al., 2013). Yet these ice-core time series are annual averages 98 

for high elevation and likely do not closely reflect summer temperature at the ice sheet margins, 99 

which governs ablation and in turn impacts ice-sheet mass balance.  100 

A reanalysis product using spatial and seasonal information from a climate model and 101 

temporal information from ice-core proxy time series found that middle Holocene Greenland-102 

wide summers were 3.6 ± 0.4°C higher than present (Buizert et al., 2018). Peak Holocene 103 

summer temperature around the ice-sheet margins, inferred from biomarkers and insect fossils 104 
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in lacustrine sediment archives, were 2 to 9°C higher than present from 11.7 to 5.0 ka, with 105 

some evidence for greater warming in northern Greenland compared to southern Greenland 106 

(Acharya et al., 2026; Axford et al., 2021; Axford et al., 2013; Axford et al., 2017; Axford et al., 107 

2019; Briner et al., 2016; Cluett et al., 2023; McFarlin et al., 2018; Schneider et al., 2024; 108 

Thomas et al., 2018). Scattered sediment sections and one extant lake contain pre-Holocene 109 

interglacial material with fossils that suggest LIG July temperature was 4.5 to 9.5°C higher than 110 

present (Bennike and Böcher, 1992, 1994; Brodersen and Bennike, 2003; Hedenäs, 1994; 111 

Hedenäs and Bennike, 2003; McFarlin et al., 2018) and Plio-Pleistocene summer temperatures 112 

6.5 to 8.5°C higher than present (Atti et al., 2024; Bennike, 1990; Bennike et al., 2010; Bennike 113 

et al., 2002; Bennike et al., 2023).  114 

The GrIS is additionally sensitive to moisture supply. Ice-sheet model sensitivity tests 115 

suggest that the middle Holocene likely experienced greater winter snowfall, which aligns with 116 

some proxy evidence interpreted to indicate greater snowfall (Downs et al., 2020; Thomas et al., 117 

2016; Thomas et al., 2020). During the middle Holocene, Greenland also experienced more 118 

locally-sourced summer precipitation (Balascio et al., 2013; Thomas et al., 2020) and may have 119 

had drier summers compared to present (Aebly and Fritz, 2009; Anderson and Leng, 2004). 120 

Therefore, there is evidence that from 11.7 to 5.0 ka, summers around the terrestrial margins of 121 

Greenland were warmer than present, accompanied by changes in precipitation seasonality, 122 

including greater winter snowfall and drier summers.  123 

Together, these records demonstrate moderate to pronounced warmth in Greenland during 124 

interglacial periods, yet significant uncertainties remain. Proxies differ in their seasonal 125 

sensitivity, variously capturing peak summer conditions (i.e., July temperature), temperature of 126 

the months above freezing, or annual mean temperature (Bennike, 1990; Francis et al., 2006; 127 

Otiniano et al., 2024; Raberg et al., 2021). These differences complicate direct inter-proxy 128 

comparisons of inferred temperature magnitudes. In addition, the impact of polar amplification, 129 
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which is the phenomenon whereby temperature changes more rapidly at high latitudes 130 

compared to low latitudes due to positive feedbacks, including the sea ice-albedo feedback 131 

(Bekryaev et al., 2010; Miller et al., 2010), has not been systematically assessed across 132 

available time series. Finally, climate during pre-Holocene interglacial periods, including the LIG, 133 

MIS 11, and older Plio-Pleistocene warm intervals, remains poorly constrained due to sparse 134 

records, limiting our ability to evaluate the duration, magnitude, and spatial extent of Greenland 135 

climate during periods when the GrIS was smaller than present.  136 

1.2. Constraints on Greenland Ice Sheet Extent during Warm Periods 137 

Understanding the implications of past warmth for the GrIS requires knowledge of past GrIS 138 

extent. Northern Hemisphere ice sheets grew large enough to deliver significant ice-rafted 139 

debris to the surrounding oceans at 2.7 Million years (Ma) (Jansen et al., 2000; Larsen et al., 140 

1994; Raymo et al., 1987; Raymo et al., 1989; Shackleton et al., 1984; St. John and Krissek, 141 

2002). The most direct evidence that the GrIS was likely absent one or more times during the 142 

Quaternary comes from cosmogenic nuclide measurements in bedrock beneath the GISP2 ice 143 

core, which suggests this site must have been glaciated for at least 820 kyr during the past 1.1 144 

Ma (Schaefer et al., 2016). Continuous time series from marine sediment archives suggest that 145 

the GrIS persisted through mid- to late-Pleistocene interglacial periods (Hatfield et al., 2016; 146 

Reyes et al., 2014). The southern dome of the GrIS was likely smaller during the prolonged but 147 

mild MIS11, but appears to have persisted through brief, warmer interglacials (MIS9, MIS5), 148 

perhaps because their warm intervals were of insufficient duration to cause substantial retreat 149 

(Cluett and Thomas, 2021; de Vernal and Hillaire-Marcel, 2008; Irvalı et al., 2020).  150 

The minimum GrIS extent during the Middle Holocene has been constrained using 151 

proglacial-threshold lakes and reworked marine shells deposited in moraines (Briner et al., 152 

2010; Weidick and Bennike, 2007). This evidence suggests that the timing and size of the GrIS 153 
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minimum Holocene extent varied around the ice sheet but was generally only minimally reduced 154 

in size relative to present (Briner and Bennike, 2025; Briner et al., 2014; Cronauer et al., 2016; 155 

Larsen et al., 2015; Tabone et al., 2024). The southwestern portion of the GrIS was likely the 156 

farthest behind its modern extent during the middle Holocene (Lecavalier et al., 2014), but more 157 

constraints from other regions are required to verify this assessment.  158 

1.3. Gaps in Understanding Pre-Holocene Climate and Ice Sheet Response 159 

The most detailed understanding of both climate and ice sheet extent in Greenland for a 160 

previous warm period is for the early and middle Holocene, a period with moderate warmth and 161 

moderate, albeit incompletely known, ice-sheet retreat. The greatest number of constraints of 162 

pre-Holocene ice-sheet size are from the more widely studied southern region of Greenland. 163 

Due to spatial heterogeneity, it is critical to quantify the ice-sheet response in northern 164 

Greenland to a range of interglacial conditions, both warmer and longer than the Holocene. It is 165 

also critical to quantify climate during pre-Holocene interglacials and assess the spatial 166 

expression and mechanisms influencing interglacial warmth. Sub-ice sedimentary archives offer 167 

a means to directly constrain the magnitude and timing of past ice-free periods and contain 168 

proxies to reconstruct terrestrial environmental conditions near the ice-sheet margins (Bierman 169 

et al., 2024a; Bierman et al., 2024b; Christ et al., 2021; Christ et al., 2023; Collins et al., 2025) 170 

This study constrains temperature and precipitation isotope values during the months above 171 

freezing for two periods when the ice sheet was smaller than present as recorded in basal 172 

sediments at Camp Century: MIS 11 and the Pliocene or Early Pleistocene (Bierman et al., 173 

2024b). We use lipid biomarkers extracted from sub-ice sediments collected in 1966 (Text S1) 174 

(Bierman et al., 2024b; Christ et al., 2021; Collins et al., 2025). The biomarkers are distinctive of 175 

plants and bacterial communities that exist in extant ice-free areas and therefore had to have 176 

been produced under ice-free conditions. To place our findings in a broader spatial context, we 177 
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also conduct a meta-analysis of published Greenland interglacial temperature and precipitation 178 

isotope values and assess the spatial patterns of warmth and water cycle change. This allows 179 

us to assess climate conditions during multiple interglacial periods when the GrIS was smaller 180 

than present.  181 

2. Methods 182 

2.1. Sediment Core Collection 183 

The Camp Century  sediment core comprises 3.44 m of subglacial sediments recovered at 184 

the ice-bed interface beneath the Greenland Ice Sheet in northwestern Greenland (Hansen and 185 

Langway, 1966) (77.1667°N, -61.1333°E; Figure 1A). The sediments are divided into five 186 

stratigraphic units (Units 1-5) based on sedimentological characteristics (Bierman et al., 2024b; 187 

Collins et al., 2025). The upper units (Units 3–5) yield a last exposure age of 416 ± 38 ka, 188 

interpreted to correspond to the MIS 11 interglacial, based on luminescence dating (Christ et al., 189 

2023), whereas the lower unit (Unit 1) was buried between the Early Pleistocene (>1.4 Ma; 190 

infrared-stimulated luminescence) and the Late Pliocene (<3.2 Ma; 26Al/10Be) (Christ et al., 191 

2021). Additional details on study setting, core recovery, sample subdivision, and processing 192 

are provided in Supplementary Information (Texts S1 and S2.1). 193 

2.2. Lipid Biomarker Extraction and Paleoclimate Reconstructions 194 

We extracted, purified, and analyzed n-alkanoic acids (plant waxes) and glycerol dialkyl 195 

glycerol tetraethers (GDGTs) from the <64 µm grain size sediment fractions following 196 

established protocols (Holtzman et al., 2025; Thomas et al., 2023) (details in text S2 and 197 

Bierman et al., 2024b). We used the mean of two high-latitude lacustrine calibrations to infer air 198 

temperature of the months above freezing (MAF) from branched GDGTs (brGDGTs) (Otiniano 199 
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et al., 2024; Raberg et al., 2021). The associated calibration errors are 2.14°C and 1°C (RMSE), 200 

respectively, and we propagated calibration uncertainty and analytical error into inferred 201 

temperature values (Text S3.1, Equations S1 and S2; Figure S1). We used these calibrations 202 

since they were derived from high-latitude Arctic lakes (Text 3.1). We inferred lake water δ2H 203 

values using the C22 n-alkanoic acid in Units 1 and Units 3 to 5 and an estimated apparent 204 

fractionation value for aquatic plants in high-latitude lakes, based on compilations of published 205 

studies, of -124 ± 5 ‰ (Dion-Kirschner et al., 2020; Gorbey et al., 2022; Hollister et al., 2022) 206 

(Equation S5, Text S3.3). We infer leaf water δ2H values from the C28 n-alkanoic acid in all five 207 

units using estimated biosynthetic fractionation values for high-latitude terrestrial plants in 208 

bioclimate zones similar to northwestern Greenland, also based on literature compilations,  of -209 

143 ± 5 ‰ (O'Connor et al., 2020) (Equation S6, Text S3.3).  210 

Because we have independent summer temperature and precipitation δ2H reconstructions, 211 

we can estimate the effects of local condensation temperature on summer precipitation δ2H 212 

values, providing insights into the vapor δ2H values of the airmasses arriving at the Camp 213 

Century site (Holtzman et al., 2025; Thomas et al., 2018) (Text S3.4). We calculated the 214 

temperature-dependent equilibrium fractionation factor (Clark and Fritz, 1997; Majoube, 1971) 215 

using brGDGT-inferred MAF temperature from the same samples as the leaf wax δ2H 216 

measurements and then used the fractionation factor and inferred summer precipitation δ2H 217 

values to estimate summer vapor δ2H values in each sample (Equations S8 – S9). 218 

2.3. Modern context: Elevation and lapse-rate corrections for comparison with 219 

observational data 220 

To place the Camp Century temperature and precipitation isotope reconstructions in the 221 

context of modern climate, we first estimated modern air temperature and precipitation isotope 222 

values at the Camp Century site under ice-free conditions. This elevation-corrected, bedrock-223 
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equivalent modern baseline allows direct comparison between the reconstructed climate and 224 

climate that would be expected at the Camp Century site today in the absence of the GrIS. The 225 

lapse-rate correction accounts only for the influence of elevation on temperature and 226 

precipitation isotope values and does not attempt to incorporate other processes that would 227 

accompany ice-sheet retreat, such as changes in surface albedo, atmospheric circulation, or 228 

moisture transport, although by correcting to values at a location near the modern ice-sheet 229 

margin, we may inadvertently account for some of these factors. Consequently, the corrected 230 

values should be interpreted as a topographically adjusted reference baseline rather than a 231 

complete simulation of the local climate under ice-free conditions. The nearest meteorological 232 

station with precipitation isotope observations is at Pituffik (Figure 1A) (Hersbach et al., 2020; 233 

IAEA/WMO, 2015). We lapse-rate adjusted the Pituffik temperature and precipitation isotope 234 

values (at 77 m above sea level, asl) to align with the elevation at which the Camp Century 235 

sediments were deposited, a value that we estimated as follows. Although the ice-sheet bed at 236 

Camp Century is 530 ± 30 m asl today (Morlighem et al., 2017), the land surface elevation 237 

would be 810 ± 60 m asl (280 ± 50 m higher than today) following complete removal of  GrIS 238 

and full isostatic adjustment of the crust (Paxman et al., 2022). Another possibility is that the 239 

GrIS was smaller than present but not entirely absent, leading to the possibility that the full 240 

isostatic adjustment yields an elevation that is too high. Alternatively, the GrIS margin was 241 

inland of, but close to, the Camp Century site. In this case, a forebulge could have caused the 242 

elevation to be tens of meters higher than the full isostatic adjustment value (Brandes et al., 243 

2025). This region in northwestern Greenland was influenced by the forebulges of the more 244 

massive Innuitian and Laurentide ice sheets (Caron et al., 2018). Given that crustal rebound 245 

begins as the GrIS thins and that local forebulge development could increase elevation above 246 

the fully compensated value, we therefore use an elevation of 810 ± 60 m as our best estimate 247 

of the exposed land surface, with the uncertainty reflecting plausible deviations from full isostatic 248 

adjustment and evolution of crustal elevation during ice-sheet retreat.  249 
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 250 

Figure 1. (A) Location (blue circle) of Camp Century (77.1667°N, -61.1333°E), Northwest 251 

Greenland and other sites mentioned in text. Orange symbols indicate the locations of sites 252 

mentioned in text, including brGDGT and leaf wax (circles), chironomid assemblage (diamonds), 253 

ice core (squares), and plant macrofossil (triangles). (B) Pituffik Station (orange) and Camp 254 

Century derived via lapse-rate correction (Section 2.3, Text S3.5) (blue) monthly precipitation 255 

hydrogen isotope observations (δ2H) (top, 1966 to 1969 CE) (IAEA/WMO, 2015), air 256 

temperature (middle, 1950 to 2000 CE) and precipitation amount (bottom, 1950 to 2000 CE) 257 

(Hersbach et al., 2020). δ2H precipitation and temperature are monthly means; error bars 258 

incorporate interannual variability and elevation correction uncertainty (see methods). 259 

Precipitation plots illustrate mean (x’es), median and interquartile range (line and box), 5th and 260 

95th percentile (whiskers), and outliers (dots). 261 

We adjust the temperature and precipitation isotope values for the months above 262 

freezing at Pituffik from its elevation of 77 m asl to the Camp Century adjusted elevation of 810 263 

m asl, incorporating 60 m of uncertainty into all calculations. We apply lapse rates established 264 

for low-elevation, high-latitude sites of  ~-5 ± 1°C/km for summer months (Fausto et al., 2009) 265 
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and -46 ± 8 ‰ δ2H/km (Koerner and Russell, 1979) (Equations S10 and S11). The 810 ± 60 m 266 

adjustment therefore equates to -4°C and -37 ‰, with elevation-related uncertainties of 1°C and 267 

3 ‰. We report a mean-elevation adjusted temperature and precipitation anomaly relative to the 268 

late 20th century for each unit, and fully propagate uncertainties, including variance among 269 

Camp Century samples in each unit, interannual variance in modern observations, and 270 

uncertainties in analyses, lapse-rate, and elevation (Texts S3.1, 3.3, and 3.6).  271 

2.4. Meta-analysis of published Greenland paleoclimate time series 272 

We compiled published Greenland paleoclimate time series for comparison with the 273 

Camp Century data, including eight brGDGT, seven ice-core, five chironomid, and six 274 

macrofossil records for temperature, and six lake, one marine, and seven ice-core records for 275 

precipitation isotope reconstructions. For consistency, we determined the value of each time 276 

series relative to the same anomaly period, the late 20th century (Table S1 and S2). Herein, the 277 

anomaly period refers to observations from 1950–2000 CE, obtained from ERA5 via Climate 278 

Reanalyzer (Hersbach et al., 2020) except for ice-core sites, where modern temperature 279 

estimates were taken directly from datasets reported in the original ice-core studies (Buizert et 280 

al., 2018; Kobashi et al., 2017). We define 1950–2000 CE as our modern baseline, and refer to 281 

this period as “modern” throughout the rest of the text, as it represents a period with robust 282 

observational coverage and aligns with the sampling period for precipitation isotope 283 

observations (IAEA/WMO, 2015).  284 

These temperature data were used to identify months with mean temperatures above 285 

freezing at each study site. Modern precipitation isotope values were extracted from the Online 286 

Isotopes in Precipitation Calculator (OIPC), which provides globally calibrated long-term mean 287 

isotope fields based on observational data and spatial interpolation (Bowen, 2017; Bowen et al., 288 

2005; IAEA/WMO, 2015). For each site, we calculated the mean modern precipitation isotope 289 



 

13 

value for the months above freezing to allow direct comparison with proxy-derived precipitation 290 

isotope values for the months above freezing.  291 

The biomarkers in the Camp Century samples likely integrate environmental signals over 292 

timescales of centuries to a few millennia, although the exact temporal resolution is not 293 

precisely constrained and may vary between samples. Moreover, the Camp Century 294 

stratigraphy likely represents discontinuous preservation of interglacial conditions and may not 295 

capture full interglacial means, nor do the samples necessarily capture peak interglacial 296 

conditions. To enable comparison with other proxy data, we therefore calculated millennial-scale 297 

mean values of published paleoclimate time series that approximate peak warm conditions in 298 

each time series. To determine peak Holocene temperature, we calculated the mean of the 299 

warmest two millennia between 11.7 and 5.0 ka in each dataset. For brGDGT time series, we 300 

used the same proxy-to-temperature calibration approach as for the Camp Century samples 301 

(section 2.2 and text S3.1). For chironomid time series, we used the chironomid-July air 302 

temperature calibration of Francis et al. (2006), as that was consistently reported by all 303 

publications. For precipitation isotope time series, since some datasets do not have 304 

independent temperature constraints, we calculated the mean values for 8 to 5 ka, an interval 305 

that coincides with peak Holocene warmth on Greenland (Axford et al., 2021; Briner et al., 306 

2016). We used the same plant wax fractionation factor approach to calculate lake and leaf 307 

water isotope values for all plant wax time series. Finally, we quantified uncertainties by 308 

propagating both the variability within each time series and the errors associated with 309 

calibrations. This approach isolates conditions during peak warmth in each time series for 310 

comparison with the Camp Century results. For some time series, we know that this interval of 311 

peak warmth represents the maximum temperature for a given interglacial period, whereas for 312 

other time series that do not necessarily span an entire interglacial period, including Camp 313 

Century, the samples provide a minimum estimate of peak warmth. 314 
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To compare reconstructions of Greenland temperature based on different proxies, we 315 

must understand the seasonal bias of each proxy. brGDGTs reflect MAF temperature, whereas 316 

chironomids and plant macrofossils primarily reflect peak summer (July) air temperature 317 

(Bennike, 1990; Francis et al., 2006; Otiniano et al., 2024; Raberg et al., 2021). Analysis of 318 

modern seasonal temperature relationships at Pituffik Station using ERA5 reanalysis data 319 

(Hersbach et al., 2020) shows that although July and MAF air temperatures are strongly and 320 

linearly correlated, MAF increases more slowly than July temperature (Figure S2). ERA5 321 

provides a spatially and temporally continuous estimate of modern climatology by assimilating 322 

available meteorological observations (Hersbach et al., 2020). While uncertainties remain in 323 

data-sparse regions, ERA5 estimates near Pituffik are better constrained by the availability of 324 

long-term meteorological observations compared with the GrIS interior (Chen et al., 2026; 325 

Zhang et al., 2021).July temperature captures peak summer warmth, while MAF temperature 326 

incorporates all months with mean temperature above 0°C, including cooler shoulder-season 327 

months, and thus responds more weakly to the same forcing than July temperature. Therefore, 328 

chironomid or macrofossil-inferred July temperature anomalies of 7.0°C would be recorded by 329 

brGDGTs as a 4.5°C MAF temperature anomaly, assuming the modern relationship is constant 330 

through geological time. This is likely a poor assumption, since the length of the MAF season 331 

changes with climate, likely causing the MAF-July temperature relationship to change. We 332 

therefore do not convert from one seasonal value to another but note that the seasonal biases 333 

in proxies cause brGDGT temperature anomalies to be smaller than chironomid or macrofossil 334 

anomalies, even under the same climate conditions.  335 

There are a few locations in Greenland with both precipitation isotope and temperature 336 

reconstructions (Acharya et al., 2026; Grootes and Stuiver, 1999; Kobashi et al., 2017; Thomas 337 

et al., 2020). To compare vapor isotope values at these locations with those reconstructed at 338 

Camp Century, we used the same approach applied to the Camp Century data for both the 339 
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modern and Holocene observations, except for ice core time series, where we applied the 340 

fractionation factor for temperatures below freezing (Ellehoj et al., 2013). The isotope time 341 

series at Flower Valley and Secret lakes (Balascio et al., 2013; Lasher et al., 2017) do not have 342 

independent temperature time series from the same lake, so we used inferred temperature from 343 

nearby sites (Text S3.4).  344 

Once we have both the value for the late 20th century anomaly period and the mean 345 

value for the published paleoclimate time series, we calculate anomaly values as at Camp 346 

Century by calculating the difference between the Holocene, LIG, or Plio-Pleistocene mean 347 

values and the late 20th century value. We incorporated uncertainties from both the 348 

reconstructed time series and the modern reference dataset (Text S3.7, Table S1 and S2). The 349 

anomaly values presented here may differ from those reported in the original studies, as we use 350 

ERA5 temperature data from 1950 to 2000 CE and OIPC stable isotope values as the reference 351 

values for all sites, whereas the original studies may have used different time periods or sources 352 

for the modern anomaly value. 353 

3. Proxy Systematics and Biomarker Interpretation 354 

 The lipid biomarkers preserved in the Camp Century sediments can provide information 355 

about past temperature and hydrologic conditions in northwestern Greenland. Interpreting the 356 

climatic signals from these biomarkers requires understanding the sources, depositional 357 

environments, and seasonal sensitivities influencing each proxy system. These factors control 358 

the environmental conditions recorded by each proxy and will allow us to identify the settings 359 

under which these biomarkers were produced and preserved. Here we report biomarker results 360 

from our samples and use measured distributions, isotope values, and published data from 361 

similar modern settings to evaluate the proxy systematics of GDGTs and plant wax n-alkanoic 362 

acids, including their production environments, seasonal biases, and the climatic variables they 363 
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reflect. This framework provides the basis for reconstructing the temperature and hydrologic 364 

conditions recorded in the Camp Century sub-ice sediments at the time the biomarkers were 365 

produced. 366 

3.1. GDGTs 367 

Branched GDGTs are membrane lipids primarily produced by bacteria and are commonly 368 

found in soils and lake sediments (Sinninghe Damsté et al., 2000), whereas isoGDGTs are 369 

produced mainly by archaea, particularly ammonia-oxidizing Thaumarchaeota in aquatic and 370 

marine environments (Sinninghe Damsté et al., 2000). We detected brGDGTS and the 371 

isoprenoid GDGTs (isoGDGTs) crenarchaeol (cren) and GDGT-0 (caldarchaeol, cald) in all 372 

Camp Century samples. Abundances of the other isoGDGTs (GDGT-1, 2, 3, and crenarchaeol 373 

regioisomer) were generally below the detection limit, and the Branched to Isoprenoid 374 

Tetraether (BIT) index was >0.97 for all samples. Camp Century brGDGT distributions are most 375 

similar to brGDGTs from modern high-latitude lakes, rather than peats or soils (Figure S3 & S4) 376 

(De Jonge et al., 2015; De Jonge et al., 2021; De Jonge et al., 2019; Dearing Crampton-Flood 377 

et al., 2020; Ding et al., 2018; Dugerdil et al., 2021; Guo et al., 2020; Halffman et al., 2022; 378 

Kusch et al., 2019; Martínez-Sosa et al., 2021; Naafs et al., 2017a; Naafs et al., 2017b; Raberg 379 

et al., 2024; Raberg et al., 2021; Wang et al., 2020; Zhao et al., 2021) so we infer that the 380 

brGDGTs in all units in Camp Century were produced in aquatic settings. Independent 381 

classification using the BIGMaC algorithm (Martínez-Sosa et al., 2023) also suggests the Camp 382 

Century samples are from a lacustrine depositional environment (Table S3), providing additional 383 

evidence for a lacustrine source of brGDGT production across all units. 384 

 Although it may seem counterintuitive that glacial sediments are dominated by lake-derived 385 

GDGTs, we explain this finding as follows: the modern ice-free landscape in northwestern 386 

Greenland is dotted with shallow lakes, in some areas covering more than 80% of the 387 
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landscape (Walcott-George et al., 2025). It is therefore likely that the organic matter preserved 388 

in both the subglacial and proglacial units of the Camp Century sub-ice sediments, which 389 

integrate material from across the landscape overridden by the ice sheet, includes organic 390 

matter from lakes. The concentration of brGDGTs in modern lake sediments is five-fold higher 391 

than that in modern soils (Figure S10) (Guo et al., 2020; Hollister et al., 2022; Martínez-Sosa et 392 

al., 2021). Lake-derived brGDGTs would therefore readily dominate the brGDGT distribution in 393 

a mixture of soil and lake sediments.  394 

Lacustrine brGDGT production can be influenced by suboxic conditions, which may alter the 395 

distribution of high-abundance compounds and bias reconstructed temperatures by several 396 

degrees (Harning et al., 2025; Raberg et al., 2025). The cald/cren ratio in all Camp Century 397 

samples, however, was <10, indicating likely absence of suboxic conditions. We therefore 398 

applied two high-latitude lake-based calibrations (Otiniano et al., 2024; Raberg et al., 2021) 399 

(Equations S1 and S2; Figure S1) to estimate MAF air temperatures from Camp Century 400 

brGDGTs. These calibrations were selected because they were developed using Arctic Lake 401 

datasets, where brGDGT distributions exhibit the strongest sensitivity to mean MAF temperature 402 

(Otiniano et al., 2024; Raberg et al., 2021).  403 

3.2. Plant wax δ2H-inferred precipitation δ2H and evaporation 404 

We follow the PAGES Iso2k framework (Konecky et al., 2020) to structure our isotope proxy 405 

interpretation. We first define the measured proxy material and its inferred source (plant origin, 406 

seasonality, and source water for n-alkanoic acids), then interpret the controls on plant source-407 

water δ²H values and finally link these to the climate mechanisms influencing precipitation δ²H 408 

values. 409 
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3.2.1. Measured and Inferred Material: The Plant Source, Production Season, and Source 410 

Water for n-Alkanoic Acid Homologs 411 

Determining the plant source of each plant wax homolog establishes the source-water pool 412 

for the plant wax hydrogens. All Camp Century samples contained C20 through C32 n-alkanoic 413 

acids, with C24–C28 as the dominant chain-lengths, and Carbon Preference Index (CPI) > 2 414 

(Equation S4). The long‐chain C26 and C28 n‐alkanoic acids contain similar trends in 415 

concentration, δ13C values, and δ2H values in all five Camp Century units (Figure S6 and S7). 416 

Likewise, the mid‐chain C20 and C22 n‐alkanoic acids exhibited similar trends, which were 417 

distinct from the long‐chain waxes in Unit 1 and Units 3-5, but similar to the trends in the long-418 

chain waxes in Unit 2.  419 

The diverging concentration and δ2H trends between the mid‐ and long‐chain waxes in all 420 

but Unit 2 in the Camp Century sediments suggest that these homologs come from different 421 

sources. In Unit 2, all chain lengths likely come from the same source. The C24 and C30 n-422 

alkanoic acids display varying degrees of similarity with the other homologs. The C24 is likely 423 

from a mix of sources, and the C30 generally had high uncertainties for isotope measurements, 424 

due to its low concentration. The δ13C values for C28 in all five Camp Century units overlap with 425 

δ13C values of modern Arctic graminoids and shrubs, indicating a terrestrial source for this 426 

homolog (Hollister et al., 2022) (Figure S8). In contrast, the δ13C values for C22 in all five Camp 427 

Century units overlaps with δ13C values of modern Arctic graminoids, shrubs, and aquatic 428 

mosses. Coupled with evidence for different sources of C22 and C28 n-alkanoic acid homologs in 429 

Units 1 and 3–5, we interpret the C22 n-alkanoic acid to be derived from aquatic plants and the 430 

C28 n-alkanoic acid to be from terrestrial higher plants. For Unit 2, we interpret all chain lengths 431 

to be from a terrestrial source and interpret only the C28 n-alkanoic acid. We discuss only the 432 

C22 and C28 n‐alkanoic acids hereafter, due to sufficient abundance and distinct grouping with 433 

similar chain lengths. 434 
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We therefore interpret plant waxes at Camp Century to be derived from both aquatic and 435 

terrestrial plants, whereas brGDGTs at Camp Century appear to be dominated by lacustrine 436 

production. This difference likely reflects the distinct sources and production magnitudes of 437 

these biomarkers. Modern terrestrial and aquatic plants produce comparable concentration of 438 

waxes (Hollister et al., 2022), although terrestrial plants may produce substantially greater 439 

concentrations in other environments (Dion-Kirschner et al., 2020). In contrast, brGDGT 440 

concentration is five-fold greater in modern lake sediments than soils (Guo et al., 2020; 441 

Martínez-Sosa et al., 2021) (Figure S10). This difference in production magnitudes likely 442 

explains why the Camp Century brGDGTs appear dominated by lacustrine input, while the plant 443 

waxes reflect both environments.  444 

3.2.2. Isotope Interpretation: The Mechanisms Influencing Source Water δ2H values 445 

Plant wax δ2H values reflect the isotope value of the source water used by plants, with 446 

additional influence from evaporative enrichment of leaf water and biosynthetic fractionation 447 

(Sachse et al., 2012). Terrestrial plants use soil water, which primarily reflects summer 448 

precipitation δ2H values, as most moisture inputs and active layer water recharge occur during 449 

the summer (Chiasson-Poirier et al., 2020; Gorbey et al., 2022; Harning et al., 2024; Thomas et 450 

al., 2020). However, the leaf water is typically more 2H-enriched than the original source water, 451 

as evaporation preferentially removes isotopically lighter water molecules (Sachse et al., 2012). 452 

As a result, terrestrial plant waxes reflect summer precipitation δ2H values plus evaporative 2H-453 

enrichment. On the other hand, aquatic plant wax δ2H values reflect lake water δ2H values as 454 

these plants take up water directly from their environment with little leaf water evaporative 455 

enrichment (Sachse et al., 2012). In Arctic lakes and streams, wax synthesis is greatest during 456 

the brief growing season when lakes are ice-free, so aquatic plant lipids predominantly record 457 

summer lake water δ2H values. In open-basin Arctic lakes, the impact of evaporative enrichment 458 

is limited early during the ice-free season when leaf flush occurs (Akers et al., 2024; Cluett and 459 
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Thomas, 2020; Gorbey et al., 2022; Tipple et al., 2013). Thus, lake water δ2H that aquatic plants 460 

uptake largely reflects summer precipitation δ2H values. Lake water δ2H values may be modified 461 

by evaporative enrichment, particularly in hydrologically closed lakes (Akers et al., 2024; Cluett 462 

and Thomas, 2020; Harning et al., 2024; Kjellman et al., 2022). Because the hydrologic setting 463 

of the environments in which the Camp Century aquatic biomarkers were produced is unknown, 464 

evaporative enrichment represents a potential source of uncertainty in interpreting the 465 

reconstructed source-water δ2H values.Accordingly, we interpret C22 δ2H values to reflect 466 

summer precipitation δ2H values and C28 δ2H values to represent summer precipitation δ2H 467 

values with evaporative 2H-enrichment.  468 

3.2.3. Climate Interpretation: The Mechanisms Influencing Precipitation δ2H values 469 

Precipitation isotope values integrate information about moisture source, transport history, 470 

and local condensation temperature (Dansgaard, 1964; Gimeno et al., 2021). We estimate the 471 

impact of local condensation temperature using the independent brGDGT-inferred MAF 472 

temperature and derive summer vapor δ2H values (Section 2.2 and Text S3.4). Changes in 473 

vapor δ2H values can therefore be interpreted to reflect changes in moisture source and 474 

transport history, without the effects of local condensation temperature. Relatively 2H-enriched 475 

vapor tends to indicate shorter atmospheric moisture residence time, or more proximal transport 476 

pathways, while 2H-depleted vapor occurs with longer atmospheric moisture residence time, due 477 

to more distal sources and greater distillation along the transport path (Cluett et al., 2021; Gat, 478 

1996; Nusbaumer et al., 2017). 479 

We interpret 2H- and 18O-enriched water vapor on Greenland to indicate proportionally more 480 

local- than remote-sourced moisture. Roughly 20% of modern summer moisture to Pittuffik is 481 

from land north of 60°N in North America, and another 10% from nearby marine sources, Baffin 482 

Bay and the Canadian Arctic Archipelago (Cluett et al., 2021). Moisture evapotranspired from 483 
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these sources has a relatively short travel distance to northwestern Greenland, meaning the 484 

isotope value of moisture arriving at Pituffik from these sources is 2H-enriched relative to the 485 

remaining 70% of moisture (Cluett et al., 2021; Gimeno et al., 2021). The remaining modern 486 

summer moisture to Pituffik is from remote sources in the Atlantic and Pacific Oceans and low-487 

latitude landmasses, which deliver relatively 2H-depleted moisture due to long transport times 488 

(Cluett et al., 2021). An increase in the proportion of locally-derived moisture to Greenland 489 

would cause vapor and resulting precipitation to be 2H-enriched relative to modern (Cluett et al., 490 

2021).  491 
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4. Results 492 

4.1. Age, source, and inferred climate from molecular fossils in the Camp Century 493 

sedimentary units 494 

 495 
Figure 2. Biomarker data from Camp Century, Northwest Greenland. (A) Stratigraphic units and 496 

core log; blue line: percentage of sediment with respect to ice content (Bierman et al., 2024b). 497 

(B) δ13C of C22 and C28 n-alkanoic acids from Camp Century; (C) δ2H of C22 and C28 n-alkanoic 498 

acids from Camp Century. (D) Plant-wax-inferred δ2H value of lake and leaf water (E) calculated 499 

difference between leaf- and lake-water δ2H values (εleaf-lake). (F) brGDT-inferred temperature 500 

derived from two high-latitude lacustrine temperature calibrations (Otiniano et al., 2024; Raberg 501 

et al., 2021). Shading in B–E incorporates the standard error of the mean associated with the 502 

measured δ2H and δ13C values, which includes the uncertainty in the peak-size and drift 503 
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corrections, the replicate variability, and the methyl group correction. Shading in F represents 504 

the propagated standard error, incorporating the standard deviations of the reconstructed 505 

temperatures and the RMSEs of both calibrations. 506 

Unit 1 in the Camp Century sub-ice material is characterized by poorly sorted, unstratified 507 

sediments with variable grain size and shape, consistent with basal till deposited subglacially as 508 

a single massive unit (Bierman et al., 2024b). The biomarkers preserved in this unit likely pre-509 

date deposition, having been incorporated into the till from glacier-entrained soils, lakes, and 510 

vegetation present before glaciation. Given that Unit 1 was deposited >1.4 Mya (Christ et al., 511 

2021), these biomarkers likely record climate conditions during the late Pliocene to early 512 

Pleistocene. brGDGT-inferred MAF temperatures ranged between 4.3 and 5.0°C (Figure 2F), 513 

with mean reconstructed values 4.1 ± 3.4°C above present-day conditions (Figure 3). The δ2H 514 

value of lake water inferred from the C22 n-alkanoic acid ranged from -158 to -147 ‰, while in 515 

Unit 1 the δ2H value of leaf water inferred from the C28 n-alkanoic acid ranged from -130 to -103 516 

‰ in Unit 1 (Figure 2D). Mean summer precipitation δ2H values were 13 ± 14 ‰ 2H-enriched 517 

relative to modern summer precipitation δ2H values (Figure 4A). After accounting for the effect 518 

of local condensation temperature, summer atmospheric vapor was 19 ± 14 ‰ 2H-enriched 519 

relative to the modern value (Figure 4B). Leaf water was 44 ± 9 ‰ 2H-enriched relative to lake 520 

water (Equation S7, Figure 2E and 5B). 521 

Unit 2 consists predominantly of ice with sparse dispersed sediments. This unit has not 522 

been directly dated but is most likely in stratigraphic order relative to Units 1 and 3 and therefore 523 

is between early-Pleistocene (Unit 1) and mid-Pleistocene (Unit 3) age. Biomarkers in Unit 2 524 

may have been produced prior to deposition or could be roughly contemporaneous. brGDGT-525 

inferred temperatures ranged from 4.8 to 6.6°C, with greater inter-sample variability than 526 

observed in the other units (Figure 2F). Mean MAF temperatures were 4.5 ± 3.1°C above 527 

modern conditions (Figure 3). We do not infer mean summer precipitation δ2H values from Unit 528 

2, as the wax distributions and isotope values indicate only terrestrial plant waxes are present in 529 
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this Unit. The δ2H value of leaf water inferred from the C28 n-alkanoic acid ranged from -116 to -530 

103 ‰ in Unit 2 (Figure 2D), which were slightly 2H-enriched (5 ± 9 ‰) relative to the leaf water 531 

δ2H values in the other four units but are within uncertainty (Equation S7, Figure 5A). 532 

Units 3 through 5 contain well-sorted, finer-grained sediments with abundant plant 533 

macrofossils indicative of an ice-free environment (Bierman et al., 2024b; Collins et al., 2025). 534 

Deposited by low- to high-energy flowing water, these units likely represent deposition by 535 

summertime streams flowing across a periglacial landscape. The sediments appear to be in 536 

stratigraphic order and have been dated to approximately 416,000 ± 38,000 years ago (Christ et 537 

al., 2023). Since the depositional environment was likely a subaerial stream surrounded by 538 

tundra (Bierman et al., 2024b), the preserved biomarkers were probably produced in nearby 539 

tundra and lake landscapes (see Section 3.1: Proxy Systematics) and then transported and 540 

deposited at the Camp Century location. brGDGT-inferred MAF temperature ranged from 4.4 to 541 

6.7 in Units 3 to 5. Mean brGDGT-inferred MAF temperature anomalies relative to modern were 542 

slightly higher in Unit 3 (5.2 ± 2.4°C) than in Units 4 (4.5 ± 1.8°C) and 5 (4.3 ± 2.9°C), although 543 

all are within uncertainty (Figure 3). The δ2H value of lake water inferred from the C22 n-alkanoic 544 

acid ranged from -154 to -147 ‰ in Units 3 to 5, whereas the δ2H value of leaf water inferred 545 

from the C28 n-alkanoic acid ranged from -125 to -109 ‰ in Units 3 to 5 (Figure 2D). Mean 546 

precipitation δ2H values for the months above freezing were slightly 2H-enriched, but within 547 

uncertainty of modern precipitation isotope values, with Unit 3 (14 ± 14 ‰) slightly 2H-depleted 548 

relative to Units 4 and 5 (17 ± 14 ‰ and 17 ± 14 ‰, respectively) (Figure 4A). Summer 549 

atmospheric vapor δ2H values were less strongly 2H-enriched relative to modern vapor in Unit 3 550 

(21 ± 14 ‰) than in Units 4 and 5 (22 ± 14 ‰ and 2 3± 14 ‰, respectively) (Figure 4B). Leaf 551 

water was 2H-enriched relative to lake water, by a similar amount in all three units (~39 ± 9 ‰), 552 

similar to those values in unit 1 (Equation S7, Figure 2E and 5B).  553 
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4.2. Comparative Analysis of Greenland climate data 554 

4.2.1. brGDGT temperature reconstructions 555 

We compiled and analyzed (Section 2.4) eight published Holocene lacustrine brGDGT time 556 

series that form a latitudinal transect spanning southwestern Greenland (Figure 1): Lake 578 557 

(61.080°N), Bullet Lake (63.982°N), Marshall Lake (64.464°N), Rosaea Lake (66.982°N), Lake 558 

Gus (67.032°N), Lake N3 (68.836°N), Pluto Lake (69.109°N), and Sikuiui Lake (70.218°N) 559 

(Acharya et al., 2026; Cluett et al., 2023; Schneider et al., 2024; Thomas et al., 2018). These 560 

publications evaluated potential non-thermal influences on brGDGT distributions, including 561 

redox conditions where relevant, and interpreted the time series as primarily reflecting 562 

temperature. Using the same approach as we applied to the Camp Century samples, all eight of 563 

the Holocene brGDGT-inferred MAF temperatures are around 3 ± 2°C warmer than the modern 564 

observation, and about 2 to 3°C cooler than the anomaly reconstructed at Camp Century 565 

(Figure 3).  566 
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 567 
Figure 3. Air temperature anomaly relative to modern values (Table S1) for sites around 568 

Greenland. Sites marked with an asterisk (*) are located in eastern Greenland. Left: mean 569 

brGDGT-inferred temperature during the months above freezing (MAF) at Camp Century using 570 

two high-latitude lacustrine calibrations (Otiniano et al., 2024; Raberg et al., 2021). Light orange 571 

circles: individual samples, dark orange circles: mean value for each Unit. Middle: Time series 572 

spanning the warmest two millenia from 11.7 to 5.0 ka, each proxy type arranged by latitude 573 

from south (left) to north (right). Right: Time series spanning pre-Holocene warm periods (LIG = 574 

Last Interglacial), each time period arranged by latitude from south (left) to north (right). Dark 575 

gray squares: mean annual air temperature inferred from argon and nitrogen isotopes from ice 576 

cores (Kobashi et al., 2017; Martin et al., 2024) and summer (JJA) temperatures inferred from 577 

ice core data assimilation (Buizert et al., 2018); Light gray squares: Elevation-corrected inferred 578 

temperatures, using elevations from Vinther et al. (2009); Gray circles: brGDGT-inferred MAF 579 

air temperature from Greenland lakes (Acharya et al., 2026; Cluett et al., 2023; Schneider et al., 580 

2024; Thomas et al., 2018); gray diamonds: July air temperature inferred from chironomid 581 

assemblages using the Francis et al. (2006) calibration (Axford et al., 2013; Axford et al., 2017; 582 

Axford et al., 2019; McFarlin et al., 2018); vertical bars and arrow: July temperature inferred 583 

from plant macrofossils (Atti et al., 2024; Bennike, 1990; Bennike and Böcher, 1992, 1994; 584 

Bennike et al., 2010; Bennike et al., 2002; Bennike et al., 2023; Brodersen and Bennike, 2003; 585 

Hedenäs, 1994; Hedenäs and Bennike, 2003). Anomalies are calculated for the relevant 586 

seasonality of each proxy. Error bars incorporate propagated uncertainties (see methods). Error 587 

bars for ice core data are smaller than the symbol size.  588 
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To demonstrate the relative response of these time series independent of calibration choice, 589 

we also calculated the MBT′5Me value for the Camp Century units and these eight Holocene time 590 

series (Figure S11). MBT′5Me is an index incorporating temperature-sensitive brGDGTs (De 591 

Jonge et al., 2014), with a slope of 17.3 to 18.8 index value per °C in Arctic Lake sediments 592 

(Otiniano et al., 2024; Zhao et al., 2023). MBT′5Me in Camp Century sedimentary brGDGTs is 593 

0.23 – 0.31 MBT′5Me units higher than the MBT′5Me equivalent of the elevation-adjusted modern 594 

temperature at Camp Century (0.79°C) (Figure S11). MBT′5Me values during the warmest two 595 

millennia from 11.7 to 5.0 ka at lakes 578 and Gus are ~0.1 MBT′5Me units higher than the 596 

uppermost sample in the same cores, whereas at Lake N3, MBT′5Me during this interval are 597 

comparable to those of the uppermost sample. Holocene MBT′5Me across all southwestern 598 

Greenland lakes is 0.20 – 0.27 MBT′5Me units higher than the MBT′5Me equivalent of the modern 599 

MAF temperature at each site. 600 

4.2.2. Chironomid and plant-based temperature reconstructions 601 

There are three Holocene chironomid-inferred July temperature time series that span 69 to 602 

76°N on western Greenland (Figure 1 and 3). These datasets suggest mean July temperature 603 

during peak Holocene warmth was around 7.1 ± 2.9°C warmer than the modern observation 604 

(Axford et al., 2013; Axford et al., 2019; McFarlin et al., 2018), and approximately 2 to 4°C 605 

warmer than the temperature anomaly constructed at Camp Century (Figure 3).  606 

Using the same analytical framework, pre-Holocene chironomid and plant macrofossils 607 

reconstructions provided direct comparison with the Camp Century record. Chironomid-inferred 608 

July temperature suggests the LIG on northwestern Greenland (76°N) was 9.7 ± 2.9°C warmer 609 

than modern July air temperature (McFarlin et al., 2018), and 5 to 6°C higher than the Camp 610 

Century MAF temperature anomalies (Figure 3). Plant macrofossil-based estimates provide 611 

minimum temperature constraints (and are therefore shown as arrows in Figure 3). During the 612 

LIG, Thule (northwestern Greenland) and Jameson Land (eastern Greenland) were at least 613 
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4.9°C and 7.5°C warmer than modern July air temperature, and at least 0.3°C and 3°C warmer 614 

than Camp Century MAF air temperatures, respectively (Bennike and Böcher, 1992, 1994; 615 

Brodersen and Bennike, 2003; Hedenäs, 1994; Hedenäs and Bennike, 2003). Plant 616 

macrofossil- and insect-based estimates of Pliocene and Early Pleistocene July temperature at 617 

Pingorsuit (northwestern Greenland) and three sites in northeastern and northern Greenland 618 

have warmer temperature anomalies compared to those inferred at Camp Century (Atti et al., 619 

2024; Bennike, 1990; Bennike et al., 2010; Bennike et al., 2002; Bennike et al., 2023).  620 

5. Discussion 621 

We infer that the biomarkers in MIS 11 sediments at Camp Century indicate MIS 11 622 

conditions, which is supported by the occurrence of the biomarkers in sediment layers 623 

independently interpreted as having been deposited subaerially during the MIS 11 interglacial 624 

(Christ et al., 2021). Their presence also requires ice-free conditions at the Camp Century site, 625 

which is presently covered by 1387 m of ice. Biomarkers preserved in the Unit 1 and 2 626 

sediments have an unknown age but are likely from sometime in the Pliocene to mid-627 

Pleistocene and were produced when the Camp Century site was ice free. Our data indicate 628 

that MAF temperature and precipitation sources during interglacial periods in northwestern 629 

Greenland were broadly similar between MIS 11 and the other ice-free intervals recorded in 630 

Units 1 and 2. Compared to modern observations, summers were around 4.7°C warmer with a 631 

greater proportion of precipitation derived from local sources. These conditions are consistent 632 

with local ice-free conditions and the development of active terrestrial and aquatic ecosystems 633 

on an ice-free landscape. Comparison of the results with other Greenland paleoclimate records 634 

contributes to our understanding on the magnitude and spatial pattern of interglacial warmth 635 

across the ice sheet.  636 
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5.1. Northwestern Greenland climate: spatial and temporal comparison 637 

5.1.1. Temperature  638 

According to our brGDGT-based reconstruction, the MIS 11 sediments (Units 3-5) indicate 639 

that the temperature of the months above freezing in northwestern Greenland was higher than 640 

modern (Figure 3). To assess the magnitude of this warming in a broader context, we compare 641 

the Camp Century temperatures with other Greenland paleotemperature reconstructions that we 642 

compiled from multiple archives. We examine temperature estimates that are not based on 643 

water isotopes, as those can be additionally influenced by changes in the hydrological cycle 644 

(section 3.2.3.).  645 

Camp Century brGDGT-derived temperatures are similar to or slightly higher than Holocene 646 

brGDGT-inferred temperature for southwestern Greenland, consistent with the slightly elevated 647 

MBT′5Me values observed in the Camp Century sediments. The slightly higher temperature 648 

anomaly during past interglacials at Camp Century compared to the Holocene time series in 649 

southwestern Greenland may partly reflect polar amplification, rather than a similar magnitude 650 

of warming during the mid- and early Pleistocene and the Holocene. Comparison of Holocene 651 

temperature time series derived from the same proxies allows evaluation of polar amplification 652 

while minimizing proxy-specific biases. There are no Holocene brGDGT-inferred temperature 653 

time series, however, at similar latitudes as the Camp Century site (Figure 1A and 3). The 654 

Holocene brGDGT time series spanning southwestern Greenland do not contain evidence for 655 

polar amplification of summer temperature, likely due to minimal sea ice cover in the nearby 656 

Labrador Sea and Baffin Bay and to a strong West Greenland Current that efficiently 657 

transported heat up the southwestern coast of Greenland (Acharya et al., 2026; Cluett et al., 658 

2023; Gibb et al., 2015; Perner et al., 2013; Schneider et al., 2024). Mean-annual temperature 659 

inferred at ice-core sites contains evidence for later maximum Holocene temperature at more 660 
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northern sites, but no difference in the magnitude of warming, even when corrected for elevation 661 

and seasonal effects (Figure 3) (Axford et al., 2021; Buizert et al., 2018; Martin et al., 2024). 662 

Three Holocene chironomid-inferred July air temperature time series span 69 to 76°N on 663 

western Greenland (Figure 1 and 3), and contain equivocal evidence for polar amplification 664 

across this portion of Greenland. Two time series from northwestern Greenland have 665 

contrasting Holocene anomalies that are similar to and slightly greater than, but within 666 

uncertainty of, peak Holocene warmth in central western Greenland (Figure 3) (Axford et al., 667 

2013; Axford et al., 2019; McFarlin et al., 2018).  668 

Collectively, the available brGDGT-, chironomid-, and ice-core-inferred Holocene 669 

temperature data contain no strong evidence for polar amplification. If we assume that there 670 

was a similar lack of polar amplification across Greenland in pre-Holocene interglacial periods, 671 

then the fact that the mean Camp Century brGDGT-inferred MAF temperature anomaly is 672 

similar to the warmest two brGDGT-inferred Holocene millennia suggests that MIS11 summers 673 

were similar to peak warmth during the Holocene. 674 

Comparing brGDGT-inferred MAF temperature at Camp Century to pre-Holocene 675 

temperature estimates elsewhere on Greenland provides a more comprehensive picture of how 676 

northwestern Greenland responded to past warmth (Figure 3). It is thought that the LIG period 677 

was warmer than modern, yet geological observations and ice-sheet models continue to 678 

indicate a wide range of possible ice sheet configurations and retreat during this period (Creel et 679 

al., 2026; Dahl-Jensen et al., 2013; Holschuh et al., 2026; Sommers et al., 2021). Temperature 680 

reconstructed using water isotopes from the NEEM ice core indicate that northern Greenland 681 

experienced temperatures substantially warmer than present during the LIG, with peak 682 

anomalies of several degrees above modern (Dahl-Jensen et al., 2013). On the other hand, the 683 

early Pleistocene and Pliocene climate and ice-sheet behavior are largely unconstrained. 684 

Chironomid and plant macrofossil-based temperature reconstructions indicate temperature 685 
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anomalies during the LIG and Pliocene-Early Pleistocene that are comparable and slightly 686 

higher than those inferred at Camp Century (Atti et al., 2024; Axford et al., 2013; Axford et al., 687 

2019; Bennike, 1990; Bennike and Böcher, 1992, 1994; Bennike et al., 2010; Bennike et al., 688 

2002; Bennike et al., 2023; Brodersen and Bennike, 2003; Hedenäs, 1994; Hedenäs and 689 

Bennike, 2003; McFarlin et al., 2018). However, these proxies differ in seasonal signal, as 690 

brGDGTs reflect MAF temperatures, whereas chironomid and plant macrofossil assemblages 691 

primarily reflect peak summer (particularly July) conditions, which tend to yield larger 692 

temperature anomalies. The smaller MAF temperature anomalies in Unit 1 of Camp Century 693 

relative to Early Pleistocene plant-based estimates therefore may reflect the difference in 694 

seasonal bias rather than reduced regional warmth. Together, these data indicate that the 695 

temperature during pre-Holocene interglacial periods in northern Greenland were similar to or 696 

slightly warmer than the Holocene.  697 

Uncertainty in the age and origin of biomarkers of Unit 1 of Camp Century and other Early 698 

Pleistocene and Pliocene records on Greenland complicates direct comparison. It is possible 699 

that these samples were each deposited during a different interglacial or pre-glacial period 700 

within the Plio-Pleistocene, each characterized by distinct climatic conditions. The observed 701 

differences may reflect variability between separate interglacials rather than inconsistencies 702 

among records of the same age. Even so, one key takeaway is that all proxies at all sites 703 

suggest temperatures higher than those of the late 20th century.  704 

5.1.2. Water cycle  705 

When the biomarkers in the Camp Century sediments were produced during MIS 11, the 706 

Camp Century site had to have been ice-free (i.e., not covered by the GrIS, see section 3.2.1.), 707 

meaning there was at least 100 km more land between the west coast of Greenland and the ice-708 

free Camp Century site. This ice-free land not only experienced temperatures above freezing 709 
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(Figure 2F), but also supported plant biomass, as indicated by the presence of plants in the 710 

Camp Century sediments (Christ et al., 2021). Reduced snow and ice cover and greater plant 711 

biomass on Greenland and in high-latitude North America during Pleistocene interglacial 712 

periods would result in increased summer terrestrial evapotranspiration, which would cause a 713 

greater proportion of local moisture in northwestern Greenland. 714 

 715 

Figure 4. Water isotope anomaly relative to modern values (Table S2) for sites around 716 

Greenland. (A) Precipitation δ2H anomaly (Bowen, 2017; Bowen et al., 2005; IAEA/WMO, 717 

2015). Left: MAF precipitation δ2H anomalies at Camp Century. Light green circles: individual 718 

samples, dark green circles: mean value for each unit. Middle: Middle Holocene (8 to 5 ka). 719 

Right: Last interglacial (LIG). (B) Summer vapor δ2H or δ18O anomalies derived using the local 720 

condensation temperature and precipitation isotope values for both modern (anomaly period) 721 

and reconstructed precipitation isotope values (Clark and Fritz, 1997; Ellehoj et al., 2013; 722 

Majoube, 1971), using independent temperature reconstructions from the same or nearby 723 

archives (Acharya et al., 2026; Axford et al., 2017; Axford et al., 2019; Martin et al., 2024). Blue 724 

squares: mean annual precipitation δ18O from ice cores (Andersen et al., 2004; Dahl-Jensen et 725 

al., 2013; Dansgaard et al., 1969; Dansgaard et al., 1982; Grootes and Stuiver, 1997; Johnsen 726 

et al., 1997; Schüpbach et al., 2018; Stuiver and Grootes, 2000; Vinther et al., 2009); Green 727 

circles: summer precipitation δ2H inferred from leaf waxes (Balascio et al., 2013; Thomas et al., 728 

2020); Blue triangle: summer precipitation δ18O inferred from cellulose (Lasher et al., 2017). 729 

Error bars incorporate propagated uncertainties (see methods).  730 
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 731 

Figure 5. (A) Summer leaf water δ2H anomaly, which reflects precipitation and evaporation, 732 

relative to mean modern summer δ2H precipitation (Table S2) for sites around Greenland 733 

(Bowen, 2017; Bowen et al., 2005; IAEA/WMO, 2015). Left: summer leaf water δ2H anomaly at 734 

Camp Century. Light green circles: individual samples, dark green circles: mean value for each 735 

unit. Middle: summer leaf water δ2H anomalies for Greenland lake records spanning the middle 736 

Holocene (8 to 5 ka) (Balascio et al., 2013; McFarlin et al., 2023; Thomas et al., 2020). Right: 737 

summer leaf water δ2H anomalies from SE Greenland records spanning Marine Isotope Stage 738 

(MIS) 1, 5 and 11 (Cluett and Thomas, 2021). (B) Left: Calculated isotope differences between 739 

inferred leaf water and lake water δ2H in Camp Century compared to middle Holocene lake time 740 

series (right) (Balascio et al., 2013; Thomas et al., 2020). Pink circles: individual samples, violet 741 

circles, mean value for each unit. Error bars incorporate propagated uncertainties (see 742 

methods).  743 

Our reconstructed summer water vapor isotope values at Camp Century were similar across 744 

all units, which have a mean value of 21 ± 19 ‰ 2H-enriched relative to modern summer water 745 

vapor (Figure 4B). This is a larger anomaly than a Holocene δ18O water vapor anomaly of 1.5 ± 746 

1.4 ‰ (12 ± 11 ‰ when converted to δ2H values using the Global Meteoric Water Line (GMWL)) 747 

at Secret Lake, near Pituffik, Greenland (Figure 4B) (Axford et al., 2019; Dansgaard, 1964; 748 

Lasher et al., 2017). We interpret this greater enrichment to reflect an increased contribution of 749 

locally derived moisture resulting from enhanced terrestrial evapotranspiration associated with 750 

more extensive ice-free vegetation. This suggests that in northwestern Greenland, summer 751 

vapor during MIS 11 (and during the periods recorded by Units 1 and 2) was more strongly 752 

influenced by local moisture sources than during the Holocene.  753 
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 Holocene δ2H vapor anomalies at Flower Valley Lake in southeastern Greenland and Pluto 754 

Lake in southwestern Greenland are 30 ± 7 ‰ and 21 ± 12 ‰, respectively (Figure 4B) 755 

(Balascio et al., 2013; Thomas et al., 2020), indicating that southern Greenland experienced a 756 

comparable or slightly greater influence of locally derived moisture sources during the Holocene 757 

than did northwestern Greenland. Today, southwestern Greenland receives similar proportions 758 

of local and remote moisture as northwestern Greenland (Cluett et al., 2021), suggesting that 759 

these regional differences in moisture sourcing were likely amplified under warmer Holocene 760 

conditions. The high δ²H values at the southern Greenland sites likely reflect greater 761 

evaporation from local seas and transpiration from terrestrial biomass during peak Holocene 762 

warmth, which would have contributed more 2H-enriched moisture to vapor (Cluett et al., 2021). 763 

In contrast, the relatively small Holocene δ18O anomalies at ice-core sites relative to Camp 764 

Century (Figure 4B) likely reflect differences in the seasonal sensitivity of the proxy archives. Ice 765 

core δ18O values integrate annual precipitation, but that is weighted by the seasonality of 766 

snowfall, which can vary though time (Buizert et al., 2018; He et al., 2021; Kobashi et al., 2017; 767 

Martin et al., 2024). In contrast, the Camp Century plant wax and lake-based isotope records 768 

primarily reflect summer moisture conditions and are therefore more directly influenced by 769 

changes in summer moisture sources (Cluett et al., 2021; Nusbaumer et al., 2017; Sodemann et 770 

al., 2008).  771 

This result aligns with evidence for both reduced GrIS extent (Reyes et al., 2014) and 772 

increased plant biomass in southern Greenland (de Vernal and Hillaire-Marcel, 2008) during 773 

MIS11 compared to both the Holocene and modern. Climate model simulations suggest that 774 

forest biomes may have expanded significantly northward in North America during MIS 11, 775 

replacing areas that were previously dominated by grasslands and tundra (Kleinen et al., 2014). 776 

Thus, 2H-enriched vapor at Camp Century during the early and middle Pleistocene was likely 777 
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due to greater local evapotranspiration, consistent with reduced GrIS extent compared to both 778 

modern and to the period of peak Holocene warmth. 779 

5.2. Summary and Climate Takeaway 780 

MIS 11 summer temperature and moisture sources inferred from the Camp Century 781 

sediments complement existing terrestrial and marine temperature reconstructions from the 782 

North Atlantic Ocean and from terrestrial archives around Greenland. Because the Camp 783 

Century samples we analyzed were deposited at a location that is currently covered by 1387 m 784 

of ice, but must have been ice-free during their production, these biomarker-inferred 785 

temperature and water cycle data provide constraints on the sensitivity of the GrIS to climate 786 

forcing.  787 

Based on the presence of, age constraints on, and abundance of biomarkers in the Camp 788 

Century sediments, we can infer that the Camp Century site was ice-free at least twice during 789 

the Plio/Pleistocene, once prior to the deposition of the till that forms Unit 1, and another time 790 

during MIS11 (Christ et al., 2023). The climate inferred from the Camp Century samples may 791 

not describe maximum interglacial conditions, as it is possible that portions of MIS11 are not 792 

preserved in the Camp Century stratigraphy, due to lack of deposition or subsequent erosion 793 

(Christ et al., 2021; Christ et al., 2023; Collins et al., 2025). For similar reasons, other 794 

interglacial periods, including MIS5 and early Pleistocene intervals, may have been ice-free at 795 

Camp Century but did not leave a sediment record. Nevertheless, the presence of plant fossils 796 

(Christ et al., 2021) and vapor isotope evidence for a greater contribution of local moisture to 797 

northwestern Greenland corroborates the inference of reduced ice-sheet extent during MIS 11 798 

and an earlier interval.  799 

These results shed new light on MIS 11 climate on Greenland. Similar summer temperature 800 

during the two intervals studied suggest interglacial temperature was relatively stable 801 
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throughout the Plio-Pleistocene, similar to previous findings (Herbert et al., 2010). During MIS 802 

11, southeastern Greenland experienced moderate summer conditions similar to the Holocene, 803 

but that lasted on the order of 30,000 years, which in turn caused dramatic retreat of the 804 

southern portions of the GrIS (Cluett and Thomas, 2021; de Vernal and Hillaire-Marcel, 2008; 805 

Irvalı et al., 2020; Reyes et al., 2014). Available evidence from Camp Century suggests that 806 

northwestern Greenland also experienced MIS11 conditions similar to the Holocene. Therefore, 807 

like in southern Greenland, ice-sheet recession during MIS11 in northwestern Greenland may 808 

also have been caused by prolonged, rather than extreme, warmth. This interpretation is 809 

consistent with ice-sheet modeling showing that sustained moderate summer temperature 810 

anomalies over ~16,000 years can produce substantial GrIS mass loss (Robinson et al., 2017).  811 

By 2100 CE, the Arctic will experience mean annual surface temperatures 3.0 to 10.6°C 812 

higher than 1950-2000 CE (Lee, 2023). The Camp Century brGDGT-inferred MAF temperature 813 

is at the low end of this range (Figure 3). Modern warming at high latitudes, however, is more 814 

pronounced in winter, which means that MAF temperatures will likely increase less than the 815 

predicted annual mean (Donohoe and Battisti, 2013; Dwyer et al., 2012). Cloud and albedo 816 

feedbacks, however, substantially increase GrIS sensitivity to warming under CMIP6 scenarios 817 

(Mostue et al., 2024). The Camp Century sub-ice sediments provide evidence that, due to 818 

sustained but moderate warmth during MIS11, the GrIS was >100 km behind its present margin, 819 

plants colonizing the ice-free land. The new temperature and water cycle constraints provided 820 

by biomarkers produced and deposited during MIS11 in Camp Century sub-ice sediments 821 

suggest that efforts to reduce both the magnitude and the duration of anthropogenic warmth will 822 

be important to restraining future GrIS retreat.  823 
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