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The geologic record makes it clear that global temperatures are inti-
mately linked with changes in atmospheric greenhouse gas concentra-
tions (1). Today’s CO2 levels are similar to Pliocene estimates (4.5 to 
2.588 million years ago (Ma)), ranging from 380 to 450 ppm, or some 
30% higher than preindustrial levels (2, 3). Pliocene warmth, considered 
an analog for future climate scenarios, persisted across repeated warm 
and cool Milankovitch cycles raising questions concerning climate sensi-
tivity to CO2. Moreover it remains unclear what mechanisms drove the 
amplification of polar temperatures and past reductions in sea ice (4, 5), 
and the eventual cooling and growth of continental Northern Hemispher-
ic ice sheets. The PRISM climate mapping program (6) compiled im-
portant global climate information for the interval from 3.26 to 3.02 Ma 
but overlooked the earlier middle Pliocene, millennial scale variability of 
cooler Pliocene climate states, and the Pliocene/Pleistocene transition 
[boundary at 2.588 Ma (7)]. The terrestrial Arctic is rich in Pliocene 
stratigraphic sequences that document time slices when conditions were 
much warmer than today (8–10). Yet, marine sediments on the Lomono-
sov Ridge suggest the Arctic Ocean has maintained perennial sea ice 
(11–13) or perhaps periods of seasonal sea ice since the middle Miocene 
(14). The discordance between terrestrial and Arctic marine records has 
remained unresolved largely due to the lack of continuous land records 
for comparison (15, 16). 

Here we present results from a continuous, middle Pliocene to early 

Pleistocene lacustrine record from the 
terrestrial Arctic, derived from Lake 
El’gygytgyn, located 100 km north of 
the Arctic Circle in Chukotka, north-
eastern Russia (67°30’N; 172°05’E; 
Fig. 1). The basin was created by a 
meteorite impact 3.58 ± 0.04 Ma ago 
(17) and contains a continuous sedi-
ment sequence recording a complete 
Late Cenozoic climate history on cen-
tennial to millennial timescales. The 
data here demonstrate extreme warmth 
and polar amplification during the mid-
dle Pliocene, stepped cooling events 
during the Pliocene-Pleistocene transi-
tion, and the recurrence of Arctic sum-
mer warmth until after 2.2 Ma, after the 
paced onset of Northern Hemispheric 
glaciation (3, 18, 19). Recurring but 
declining warmth in the Arctic border-
lands has implications for understand-
ing the transition from a forested Arctic 
in the middle Pliocene to the tundra-
dominated landscape of today. Moreo-
ver, the data raise questions concerning 
the seasonal persistence of Arctic sea 
ice in the past, the evolution of North-
ern Hemisphere ice sheets, and the 
onset of major glacial-interglacial cy-
cles (20, 21). 

Lake Setting, Core Acquisition, 
Methods 
At the time of the El´gygytgyn impact 
3.6 Ma ago (17), the North American 
Arctic had a more continental geogra-
phy (Fig. 1), forests reached the Arctic 
Ocean coast (10), Greenland was most-
ly ice free (22, 23), and permafrost was 
not widespread (10, 24). Today Lake 

El’gygytgyn is 170 m deep and 12 km in diameter, with an area of 110 
km2 within a catchment of only 293 km2 (25). It is cold, monomictic and 
oligotrophic with a summer temperature of ~3°C. Distinct lake-level 
changes are recorded by terraces and wave-cut notches as high as 35-40 
m above and 10 m below the modern lake with the highest benches oc-
curring in the early basin history (26, 27). 

The Lake El’gygytgyn region today has a mean annual air tempera-
ture (MAT) of -10°C with mean July temperatures of ca. +8°C and aver-
age winter lows of ca. -35°C. Mean annual precipitation (PANN) is 
about 200 mm/year. Re-analysis data show the climatology of the basin 
is representative of much of the western Arctic (25). Although the lake 
area currently lies within the subzone of southern shrub tundra, today’s 
climatology supports only sparse vegetation dominated by hummock and 
moss tundra over deep permafrost with some prostrate willows and 
dwarf birch. 

Drilling at Lake El’gygytgyn occurred in spring 2009 from a lake ice 
platform (28). Lake basin stratigraphy is based on seismic surveys (29) 
suggesting continuous sedimentation over the time period of interest. 
The 318-m long composite sequence representing the complete 3.6 Ma 
record in ICDP core 5011-1 (Fig. 1) was investigated using initial non-
destructive scanning and logging technologies along with multi-proxy 
investigations on subsamples (supplementary materials). The core chro-
nology is based on magnetostratigraphy and tuning of proxy data with 
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Understanding the evolution of Arctic polar climate from the protracted warmth of 
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Evidence from Lake El’gygytgyn, NE Arctic Russia, shows that 3.6-3.4 million years 
ago, summer temperatures were ~8°C warmer than today when pCO2 was ~400 ppm. 
Multiproxy evidence suggests extreme warmth and polar amplification during the 
middle Pliocene, sudden stepped cooling events during the Pliocene-Pleistocene 
transition, and warmer than present Arctic summers until ~2.2 Ma, after the onset of 
Northern Hemispheric glaciation. Our data are consistent with sea-level records and 
other proxies indicating that Arctic cooling was insufficient to support large-scale 
ice sheets until the early Pleistocene. 
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marine isotope stratigraphy (21) and summer insolation at 67.5°N (30) 
(supplementary materials and figs. S4 and S5). 

The sedimentology is comprised of five pelagic facies (Fig. 2D; sup-
plementary materials, and figs. S1 and S2). One striking feature of the 
sediments is the remarkably cyclic nature of many proxies including 
biogenic silica content (BSi%), and accumulation rate (BSi acc. rate), 
Si/Ti ratio and the concentration of total organic carbon (TOC) through-
out the record younger than 2.65 Ma (18) (Fig. 2, E and F, and fig. S4). 
BSi percentage and acc. rate and Si/Ti ratios are shown to be robust 
proxies of the lake’s primary productivity with higher values generally 
associated with high summer insolation and relatively light marine iso-
topic values (Fig. 2, A and B). Similar regular cycles are not seen >2.65 
Ma. In contrast, high productivity is implied by high Si/Ti ratios and BSi 
acc. rate from 3.3 to 3.1 Ma (Fig. 2, E and F), but in the early lake histo-
ry before 3.2 Ma the productivity signal is diluted by higher clastic flux 
rates, as evoked by the BSi acc. rate, low Si/Ti ratios and higher sedi-
mentation rate (Fig. 2E and fig. S3). 

Mid Pliocene Extreme 
Our Lake El’gygytgyn record provides a continuous terrestrial record 
showing the extreme Arctic warmth from 3.6 to 3.4 Ma that other, short-
er records of the middle Pliocene have inferred (31). The earliest sedi-
ment history in the lake begins a few thousand years after the impact, as 
hydrothermal activity ceased, the crater cooled, and filled with water. 
The first 17 m of post-impact sediment (~ the first 20 kyrs) is almost 
devoid of pollen and other microfossils, but after 3.56 Ma, the pollen 
stratigraphy provides the best descriptor of paleoenvironmental condi-
tions (supplementary materials). The mean temperature of the warmest 
month (MTWM, Fig. 2H) and PANN (Fig. 2I) reconstructed from the 
pollen record imply values of +15-16°C and ~600 mm/yr, respectively. 
These estimates are 7-8°C warmer and 400 mm wetter than today. Simi-
lar values were reconstructed for the Pleistocene super interglacial MIS 
11c (18), but this time interval lacks fir and hemlock pollen, highlighting 
the exceptional warmth and wetter conditions of the middle Pliocene. 
Cooler intervals of the record occur at 3.46 and 3.42 Ma during summer 
insolation minima and maxima in the marine oxygen isotope stack (e.g., 
MG6). 

Elevated BSi deposition (Fig. 2E) suggests greater seasonal produc-
tivity and is consistent with generally warmer and wetter conditions 
between 3.56 and 3.4 Ma. The dominant planktonic diatom (Pliocae-
nicus sp.) is significantly larger than during any other interval in the 
entire lake record, suggesting extremes in nutrient delivery and reduced 
seasonal ice cover. This is consistent with higher rates of siliciclastic 
sedimentation, probably caused by increased precipitation, steeper relief, 
and reduced or absent permafrost within the catchment (see supplemen-
tary materials, fig. S3). 

Mid-Pliocene warmth has previously been documented in other parts 
of the terrestrial Arctic but those records are limited in duration preclud-
ing comparisons with orbital forcing. Nonetheless they provide a vital 
spatial network of sites for characterizing the Arctic borderlands. The 
Strathcona Fjord Beaver Pond dated to 3.4 Ma (32) (Fig. 1, site 7) spans 
~40 kyrs. Reconstructed MATs were continuously +19°C warmer than 
today (-1.6°C) and summer growing season temperatures were in the 
range of 14°C (8, 9, 32). The Canadian Archipelago remained a contigu-
ous landmass at this time (33) (Fig. 1) with forests likely extending to 
the coast of the Arctic Ocean (10). At the same time, sea-surface tem-
peratures (SSTs) in the North Atlantic were 18°C, [~7°C warmer than 
today Fig. 3D (34)] and latitudinal temperature gradients were lower (35, 
36) (Fig. 3H). In Antarctica, persistent open water conditions in the Ross 
Embayment and a reduced West Antarctic Ice Sheet from 4.5 to 3.4 Ma 
imply 1.2 Myrs of continuous warmth (37) (Fig. 3J). Hence, in the mid 
Pliocene, both polar regions were substantially warmer than present. At 
Lake El’gygytgyn, warm conditions continued even during orbits with 

reduced boreal summer insolation (Fig. 2, B versus H). 

Pliocene-Pleistocene Warmth 
Reconstructed MTWM (Fig. 2H) and PANN (Fig. 2I) from 3.26 to 2.2 
Ma also indicate a protracted period of warm and moist conditions ~3-
6°C warmer and <100 to >200 mm wetter than modern and warmer than 
the last interglacial MIS 5e (18). Beyond the exceptional vegetation 
response (Fig. 2G, H, and I), BSi (Fig. 2E) and TOC (fig. S4) are also 
elevated during most of this time. Important exceptions to these warm 
conditions include marine isotopic intervals labeled MIS 100, 96, 86 
(Fig. 2A), when MTWM estimates dip near or below modern values 
(Fig. 2H) and approach cold temperatures similar to those estimated by 
the same proxies for late Pleistocene glacial conditions (e.g., LGM; Fig. 
3A). Summers cooler than today are largely younger than 2.5 Ma, with 
only one exception, the M2 cooling event at ~3.3 Ma. Even most early 
Pleistocene temperatures remained higher than those of the middle and 
late Pleistocene. 

Changes in boreal forest composition occur with the loss of conifers 
at 2.71-2.69 Ma and then the transition from forested habitats to treeless 
and shrubby environments in steps at 2.6, 2.56 and 2.53 Ma (Fig. 3, G 
and I). These changes provide estimates of the mean temperature of the 
coldest month (MTCM; fig. S8) with important implications for Beringi-
an vegetation-climate feedbacks (38) as expanding tundra increased land 
surface albedo, especially during snow-covered months. These cooler 
vegetation types become dominant <2.53 Ma ago even during high 
summer insolation orbits except during super interglacials 93, 91 and 87 
(18) (see supplementary materials). Climate-vegetation model simula-
tions using 300 and 400 ppm CO2 (Fig. 4  and supplementary materials) 
are consistent with forest cover at Lake El’gygytgyn before ~2.53 Ma 
and restricted glacial ice over Greenland in both cold and warm boreal 
summer orbits (39), especially for the PRISM interval 3.26 to 3.02 Ma 
(6). 

Cross correlation of MTWM (Fig. 3A) with the LR04 stack (Fig. 
3B) provides a rather good fit (R2=0.41, fig. S8), illustrating the ex-
pected link between summer temperatures at Lake El’gygytgyn and 
obliquity via the isotopic stack (Fig. 3C). Several intervals of coniferous-
dominated forests occurred during MIS 101, 93, 91 and 87 interglacials 
(40). Summers at Lake El’gygytgyn remain 1-3°C warmer than present 
for ~200,000 years after stratification of the North Pacific at 2.73 Ma 
(41) (Fig. 3F), even during the coldest boreal summer orbits (MIS G6, 
Fig. 2H). Importantly, these data, along with eustatic sea level recon-
structions (Fig. 3E) support the notion that Pleistocene cooling and in-
tensification of Northern Hemisphere glaciation (NHG) was gradual, 
occurring in several steps (5, 34–36) but with warm Arctic summers 
persisting much later than previously documented. 

At Lake El’gygytgyn the PRISM interval (Fig. 3) was nearly as 
warm as it was between 3.56 and 3.4 Ma and boreal forests changed 
little in composition (Fig. 3G). At Meighen Island (Fig. 1, site 6), fossil 
plant and beetle assemblages suggest July temperatures +10-11°C 
warmer than today (42). Data from several sites show boreal forests 
stretching from 60 to 80°N included pine, not found in modern forests of 
Alaska or the Yukon (31). Yet the average MTWM reconstructed over 
the PRISM interval is slightly warmer (~1.5°C) than in multi-model 
climate simulations of the Pliocene Model Intercomparison Project (Pli-
oMIP) (43). In the PlioMIP simulations using eight different coupled 
AOGCMs (43), the multi-model MAT at Lake El´gygytgyn is +7.05 ± 
2.7°C warmer than preindustrial and the MTWM is 5.5 ± 2°C warmer. 
The simulated MTWM is close to the PRISM-average reconstructed 
warming of ~7°C. However, at times during PRISM, MTWM tempera-
tures at the lake were >8°C (Fig. 3A) warmer than present. In sum, mod-
el sensitivity to Pliocene boundary conditions including atmospheric 
CO2, appears to be slightly lower than the observed sensitivity at Lake 
El’gygytgyn.. 

http://www.sciencemag.org/content/early/recent


/ http://www.sciencemag.org/content/early/recent / 9 May 2013 / Page 3 / 10.1126/science.1233137 
 

M2, Pliocene Transition, and Pace of Pleistocene Cooling 
The pollen-based reconstructions from Lake El’gygytgyn show that the 
largest cooling event of the mid Pliocene took place from 3.31 to 3.28 
Ma (MIS M2) (21). Conditions were cooler and dryer as documented by 
a dramatic decrease in the relative abundance of arboreal pollen and 
increases in Artemisia, Poaceae and other herbaceous pollen (fig. S6). 
Although larch, pine, birch, alder, and possibly spruce stands remained 
around the lake, steppe-like habitats dominated (Fig. 3G). Coprophilous 
fungi indirectly point to the presence of large grazing animals, like 
mammoth, horse and bison (40). Importantly, climatic conditions were 
not “glacial”, rather it was as warm as the Holocene average or slightly 
warmer (44) (Fig. 3A). This has implications for interpreting the M2 
isotopic shift of ~0.5 per mil in the North Atlantic (21). Modeling sensi-
tivity studies (39) do not preclude the existence of a Greenland Ice sheet 
during M2 as a major source of IRD (45). However, if Holocene-like 
conditions at Lake El’gygytgyn are indicative of broader circum-Arctic 
climate, conditions for the initiation of ice over North America would 
have been unfavorable until long after 3 Ma (46). Our results are con-
sistent with gradual alkenone-based evidence of SST cooling in the east-
ern North Atlantic in the range of 2-3°C (47) and 6°C (34) during M2, 
but with ocean temperatures remaining warmer than modern both before 
and after (Fig. 3D). Our findings are also consistent with drilling results 
from the Ross Sea (ANDRILL), suggesting most M2 ice advance outside 
Alaska, Greenland, and Svalbard took place in Antarctica rather than 
North America (Fig. 3J) (4, 37, 48). 

The gradual but paced onset of NHG took place as step changes 
starting after 3.6 Ma (49), but temperatures in the Arctic remained ele-
vated until ~2.2 Ma. While records of IRD from the North Atlan-
tic/Barents Sea (50) and the North Pacific (41) indicate the presence of 
glacial margins reaching tidewater, IRD records do not provide a meas-
ure of ice sheet size. Eustatic-equivalent changes in sea level, in contrast, 
offer an index of global ice volume (21) but not where the ice was locat-
ed (51). 

Direct evidence of North American continental-scale ice sheets ex-
tending southward from Canada does not appear until after 2.4 Ma (52, 
53) and may have had a different geography with warm-based, subgla-
cial conditions (54). This may explain why sea level variability during 
initial cold cycles after 2.6 Ma (MIS 100) was in the range of ~70 m, 
much less than ~125 m for the LGM (Fig. 3E) (55). In the Alaskan 
Brooks Range, the earliest glacial cycles were after 2.7 Ma and most 
extensive toward the Arctic Ocean, suggesting a more sea-ice free Arctic 
Ocean may have provided an important precipitation source (56). A 
major drop in pCO2 at ~2.8 Ma that could have driven additional cooling 
is indicated in some proxy records (3) (Fig. 3C). Increases in ocean strat-
ification and IRD in the North Pacific from the mountainous Pacific Rim 
at 2.73 Ma (57) when inferred pCO2 is in the range of 280 to 370 ppm 
(2, 3) (Fig. 3C) coincides with a significant drop in precipitation at Lake 
El’gygytgyn (Fig. 2I) and an abrupt change in boreal forest composition 
characterized by vegetation still requiring summer temperatures warmer 
than the Holocene average (Fig. 3A). Thus, our vegetation record is 
consistent with estimates for pCO2 (2, 3), but Arctic temperatures con-
sistent with that vegetation make it difficult to reconcile the build up of 
major continental ice sheets with summers warmer than today, even 
during cold Arctic summer orbits. The substantial PANN drop at 2.73 
Ma (Fig. 2I) and onset of cold winter temperatures, at times colder than 
today (fig. S8), are consistent with preliminary model simulations show-
ing the climatic impact of large Northern Hemispheric ice sheets on the 
Arctic basin and Beringia (fig. S9). 

At Lake El’gygytgyn the first cold “glacial” sediment Facies A (Fig. 
2D) occurs at ~2.6 Ma (18); this facies, indicative of perennial summer 
lake ice cover and MAT at least 4 (±0.5)°C colder than today (58), be-
comes common after 2.3 Ma during cooler summer orbits following an 
increase in low latitudinal temperature gradients in the Pacific (Fig. 3H) 

(59). Perennial lake ice cover implied by Facies A does not appear dur-
ing all cold orbits until after 1.8 Ma (18). Likewise, the first cold interval 
in Lake Baikal occurs at 2.7 Ma, but cyclic patterns of gla-
cial/interglacial BSi do not take hold until after about 1.8 Ma (36, 60). 

Warm temperatures and changing boreal forest composition at Lake 
El’gygytgyn together with other proxies contribute to a growing body of 
marine and terrestrial evidence that climate system change from the 
warm Pliocene to the late Pleistocene glacial world was a punctuated 
sequence of stepped Northern Hemispheric cooling events and ice build-
up (34, 36, 49, 59). While latitudinal temperature gradients steepened 
after 2.65 Ma (Fig. 3H), swings in global sea level increase only after 2.6 
Ma (Fig. 3E) despite warmer Arctic summers, consistent with the wax-
ing and waning of the West Antarctic Ice Sheet (Fig. 3J) (37). Polar 
amplification throughout the 3.56 to 2.2 Ma interval make it likely that 
seasonal rather than perennial Arctic sea ice (5) was the norm, particu-
larly during warm summer orbits [(61) see supplementary materials]. 

Conclusions 
The sediments recovered at Lake El’gygytgyn provide an exceptional 
window into environmental dynamics from a terrestrial high-latitude site 
against which other Arctic and lower latitude paleoenvironmental rec-
ords can be compared. While the geologic record has already informed 
us of extreme warmth at intervals in the middle Pliocene [(31) and refer-
ences therein], Lake El’gygytgyn provides a continuous time series of 
the timing of changes responsible for transforming a virtually ice-free 
forested Arctic into one capable of supporting major glacial cycles. Ele-
vated warmth across cold and warm orbital cycles during the “41 ka 
world” of the Pliocene and early Pleistocene is consistent with pCO2 
estimates of 280 to 400 ppm (2, 3, 62) but evidence of extreme polar 
amplification exceeds that simulated by many climate models. Mecha-
nistic explanations for observed trends in temperature and precipitation 
have yet to be determined but imply high sensitivity to CO2 forcing. The 
delay of summer cooling in the terrestrial Arctic provides new con-
straints on Arctic climate and glacial evolution during the onset of NHG. 
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Fig. 1. (A) Lake El´gygytgyn (star) formed 3.58 Ma in northeastern Russia when North America remained a contiguous 
landmass (and more continental climate), unbroken by tectonics and glacially eroded marine troughs (33) (map 
courtesy of Ron Blakely). Selected Pliocene and early Pleistocene sites mentioned in the text and supplemental materials are 
shown (1, Gubik Formation; 2, Klondike Area; 3, Lost Chicken; 4, Banks Island; 5, Hvitland Beds; 6, Meighen Island; 7, 
Strathcona Fjord; 8, Kap København; 9, Lodin Elv). (B) Schematic cross-section of the El´gygytgyn basin stratigraphy showing 
the location of ICDP Sites 5011-1 and 5011-3. At Site 5011-1, three holes (1A, 1B, and 1C) were drilled to replicate the 
Quaternary and uppermost Pliocene sections. Hole 1C penetrated the remaining lacustrine sequence down to 318 m depth and 
then ~200 m into the impact rock sequence underneath. Lz1024 is a 16-m long percussion piston core taken in 2003 that fills 
the stratigraphic gap between the lake sediment surface and the top of drill cores 1A and 1B (18). 
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Fig. 2. (A) Global marine isotope stack (21) and (B) mean July insolation for 67.5°N (30) next to (C) the 
magnetostratigraphy, (D) sediment facies defined in the text and supplementary materials, (E) FTIRS inferred biogenic 
silica plotted as accumulation rate (BSi acc. rate; note logarithmic scale) and % BSi and (F) Si/Ti ratio. These data are 
compared to (G) percent of trees and shrubs (green line) and spruce (black bars) pollen. (H) Reconstructed mean 
temperatures of the warmest month (MTWM) in degrees C and (I) annual precipitation (PANN) in mm per year based on the 
pollen spectra and best modern analog approach applied in (18). Darker line in both (H) and (I) represents the mean values 
while colored shading is the uncertainty range [modern values from (63)]. 
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Fig. 3. Global proxies of change compared to Lake El’gygytgyn. (A) MTWM from Fig. 2 with solid horizontal lines shown as 
mean values over the selected intervals; long dashed line is the Holocene average temperature and short dashed line is the 
LGM average temperature from (18); (B) benthic marine LR04 stack (21), (C) changes in pCO2 shown as a range window in 
yellow estimated from minimum and maximum of (2), with low resolution estimates using boron methods (orange and red filled 
circles) in (3), (D) alkenone reconstructed sea surface temperatures (SST) for the North Atlantic (34), (E) eustatic sea level 
record from New Zealand representative of global stack (55), (F) MAR of biogenic silica from the North Pacific (41), (G) 
dominate reconstructed biomes from Lake El’gygytgyn, (H) change in SST gradient between North Pacific tropics and 
subtropics from (59), (I) percent spruce pollen, compared with (J) lithology of ANDRILL core ANT-1B from 438 m to 190 m 
depth in (37). Blue vertical shading is the M2 isotopic event and gray vertical bar is the PRISM research interval. Vertical 
dashed line marks 2.72 Ma. 
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Fig. 4. Coupled climate-vegetation model simulations spanning the Pliocene-Pleistocene transition. All simulations 
assume an ice-free Northern Hemisphere, including Greenland. CO2 atmospheric mixing ratios span the range assumed to 
have existed at the onset of major Pleistocene glacials (A and B; 200 ppmv), during the Pliocene-Pleistocene transition (C and 
D; 300 ppmv), and in the warm Pliocene (E and F; 400 ppmv). (A), (C), and (E) assume an orbital configuration like that at 116 
ka, producing relatively cold boreal summers, while (B), (D), and (F) use a warm boreal summer orbit like that at 125 ka. The 
simulations place the pollen-based vegetation reconstruction (Fig. 3G) into a spatial and temporal context, relative to proxy-
based CO2 reconstructions. While the persistent dominance of forest biomes at Lake El’gygytgyn until 2.6 Ma is in broad 
agreement with the model, the lack of temperate forest at 400 ppm CO2 demonstrates either the undersensitivity of the model 
to CO2 forcing, or the possibility that Pliocene greenhouse gas levels were higher than in most proxy reconstructions. 
Descriptions of the model and boundary conditions are provided in the supplementary materials. 
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