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A summertime rainy season in the Arctic forests of the Eocene
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ABSTRACT
The discovery of exceptionally well-preserved fossil wood
revealed that extensive forests existed north of the Arctic Circle during the Eocene (ca. 45–55 Ma). Subsequent paleobotanical studies led
researchers to suggest eastern Asia as a modern analog, based on the
distribution of nearest living relatives. During the last decade, proxybased reconstructions of mean annual paleoprecipitation, productivity, and relative humidity have led workers to characterize the climate of the Arctic forests as similar to today’s temperate forests of the
Pacific Northwest. Using a new model, we reconstructed the seasonal
timing of paleoprecipitation from high-resolution intra-ring carbon
isotope measurements of fossil wood. We showed that the Eocene Arctic forests experienced, on average, 3.1 times more precipitation during summer than winter, entirely dissimilar to the Pacific Northwest
where summer precipitation is only one-half to one-sixth of the winter
precipitation. This new result shows that although mean annual climate conditions may have been similar to the mean annual conditions
the Pacific Northwest, consideration of seasonality implies that the
temperate forests of eastern Asia represent the best overall modern
analog for the Eocene Arctic forests.

TABLE 1. COMPARISON OF THE TEMPERATURE (°C), PRECIPITATION (mm),
AND SUMMER RELATIVE HUMIDITY (%) OF MODERN BRITISH COLUMBIA
AND SOUTH KOREA TO THAT OF THE ARCTIC EOCENE

INTRODUCTION
Buried within the permafrost of the Canadian High Arctic are the
fossilized remains of vast conifer forests that thrived for millions of years
during the Eocene epoch. These northern high-latitude areas supported
species-rich plant (Jahren, 2007; McIver and Basinger, 1999) and vertebrate (Eberle et al., 2009; Eberle and McKenna, 2002; Estes and Hutchison, 1980) communities that endured at least three months of nearly continuous (>22 h/d) light and dark periods each year (Herman and Spicer,
2010). Although mild winter temperatures suggest that these Eocene
Arctic paleoenvironments were likely free of permafrost (Basinger et al.,
1994; Eberle et al., 2010; Estes and Hutchison, 1980; Greenwood et al.,
2010; Markwick, 1998), photosynthesis ceased during the dark polar winter. Similar ecosystems do not exist at these latitudes today, but comparison of the nearest living relatives to the flora and fauna of the Eocene Arctic led researchers to propose parts of eastern Asia as a modern analog to
the Arctic Eocene forests (Basinger, 1991; Basinger et al., 1994; Estes and
Hutchison, 1980; Kalgutkar and McIntyre, 1991; McIntyre, 1991; McIver
and Basinger, 1999). More recent work has used paleoreconstructions of
the climate, biomass, and productivity of the fossil forests to infer a modern analog climate environment. Specifically, estimates of mean annual
precipitation (MAP) (Greenwood et al., 2010), paleotemperature and relative humidity (Jahren and Sternberg, 2003), and biomass and productivity
(Williams et al., 2003) led these researchers to compare the Arctic Eocene
conifer forest environment to the present-day Pacific Northwest. For
example, Vancouver Island, British Columbia, has a MAP of 1452 mm
and a mean annual temperature (MAT) of 8.6 °C (Greenwood et al.,
2010), values that fall within the ranges estimated for the Eocene Arctic
from plant and animal fossils (Table 1). Both eastern Asia and the Pacific
Northwest have similar MAT and MAP, but differ critically in the seasonal

timing of maximum precipitation. In the Pacific Northwest, the amount
of summer precipitation represents one-half to one-sixth the amount of
winter precipitation, which is in stark contrast to eastern Asia where two
to six times more precipitation falls in summer than winter. Here we report
high-resolution (intra-ring) carbon isotope measurements across fossil
tree rings in order to provide the first quantitative estimates for the seasonal distribution of precipitation in the Arctic during the Eocene.

*E-mail: bschube@hawaii.edu.

MAT
CMMT
WMMT
MAP
Psummer
Pwinter
Psummer /Pwinter
RHsummer

Campbell
River, BC*

Busan,
South Korea†

Gangneung,
South Korea†

Arctic
Eocene§

8.6
1.3
16.9
1452
429
1023
0.4
58–74

14.4
3.0
25.7
1548
1171
377
3.1
65–85#

13.4
1.3
24.5
1645
1253
392
3.2
61–79#

8–15
−2–5.5
19–25
1500
1134
366
3.1
67–100**

Note: BC—British Columbia; MAT—mean annual temperature; CMMT—cold
month mean temperature; WMMT—warm month mean temperature; MAP—mean
annual precipitation; Psummer—May through October precipitation; Pwinter—November
through April precipitation; RHsummer—May through October relative humidity.
*As reported in Environment Canada (2011).
†
As reported in NOAA Climate Services (2011).
§
Temperature estimates summarized in Eberle et al. (2010) and Jahren and
Sternberg (2003); MAP from Greenwood et al. (2010).
#
As reported in Korea Meteorological Administration (2011).
**Jahren and Sternberg (2003, 2008).

MATERIALS AND METHODS
Five mummified (i.e., nonpermineralized), fossil wood samples collected from deltaic deposits from two geographically distant sites—the
Margaret Formation at Stenkul Fiord on southern Ellesmere Island, Nunavut, and the Cyclic Member of the Eureka Sound Formation on northern Banks Island, Northwest Territories—were sampled for high-resolution, intra-ring δ13C analyses (G13, A15A16, MB, CMNPB4720, and
CMNPB4723; Fig. DR1 in the GSA Data Repository1). Both sites were
located at ~76°N during the Middle to Early Eocene, but were separated
by ~40° of longitude (~1100 km) (GEOMAR, 2011; Irving and Wynne,
1991). We estimated seasonal precipitation for the Eocene Arctic on the
basis of 812 δ13C measurements across 20 tree rings from the five fossils (Table 2; Fig. 1). The number of trees, growth rings, subsamples, and
measurements per ring we analyzed here exceeded the median numbers
analyzed in 11 previous studies of modern trees (n = 2 trees, n = 16 growth
rings, n = 84 subsamples, n = 9 measurements per ring; calculated from
Table 2 within Schubert and Jahren, 2011). Each sample was subdivided
1
GSA Data Repository item 2012152, supplementary information on quantifying the ratio of summer to winter precipitation, stable isotope methods, details on the fossil ages, photographs of the fossils, and stratigraphic sections,
is available online at www.geosociety.org/pubs/ft2012.htm, or on request from
editing@geosociety.org or Documents Secretary, GSA, P.O. Box 9140, Boulder,
CO 80301, USA.
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TABLE 2. SUMMARY OF EVERGREEN WOOD SAMPLES ANALYZED
Avg. no. δ13C
analyses per ring

Δδ13Cmeas
(‰)

P1 /P2*

30
40
63

66
67
21

0.46
0.99
0.54

4.1
2.2
3.7

CMNPB4720
CMNPB4723

78
50

30
20

0.76
0.77

2.9
2.8

-24.5

Average

52

41

0.70 ± 0.21

3.1

-25.0

Sample ID

Median resolution
(μm)

-23.0

Ellesmere Island
G13
A15A16
MB

A

-23.5
-24.0

Banks Island

*Ratio of summer (P1 ) to winter (P2 ) precipitation, calculated using Equation 1 of
the text.

n = 263

-21.5

B

-22.0
-22.5
-23.0
-23.5
δ13Cbulk (‰)

by hand using a razor blade into 30–78 μm increments (Table 2) to determine bulk δ13C values across each tree ring (see the Data Repository). The
number of δ13C measurements per ring measured here (n = 41) represents
significantly higher resolution than our previous work on Eocene fossil
wood (n = 9; Jahren and Sternberg, 2008). Three out of five fossils showed
distinctive, concentric rings in hand sample (Figs. DR1C–DR1E), so the
direction of growth was known; tree rings were not observed in G13 and
A15A16 due to taphonomic processes (Figs. DR1A and DR1B). All of the
samples were from different stratigraphic layers (Figs. DR2–DR4), and
consequently rings of different samples were not correlated.
We determined the fossil wood samples from Stenkul Fiord to be
Early Eocene in age (ca. 53–54.5 Ma) based primarily upon the composition of the vertebrate fauna that includes mammals and several taxa of
turtle, and to a lesser extent a preliminary radiometric date; fossil wood
from Banks Island was determined to be Eocene in age based upon the
palynology and fossil vertebrates (see the Data Repository).

-24.5

(

)

ln ( P1 P2 ) = Δδ13Cmeas − Δδ13CCO2 − 0.73 ( −0.82 ),

(1)

where Δδ13CCO = 0.01L + 0.13 (L = latitude, valid only for Northern
2
Hemisphere sites), and Δδ13Cmeas is the average difference between the
maximum δ13C value of a given year (δ13Cmax) and the preceding minimum
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n = 84

C

n = 118

D

n = 81

E

-25.0
-25.5
-26.0
-25.5

RESULTS AND DISCUSSION
In order to quantify seasonal precipitation across the Canadian Arctic,
we conducted high-resolution carbon isotope analyses on five wood samples (Fig. DR1). Across three samples with preserved ring anatomy, the
lowest δ13C values corresponded with the ring boundaries and the highest
δ13C values occurred in the middle of the growing season (Figs. 1C–1E).
Ring boundaries were inferred for the other two fossils based on similarities in the δ13C pattern among all five samples (Fig. 1). High-resolution
δ13C measurements across wood can be used to infer annual growth ring
boundaries in modern species (Leavitt and Long, 1991), including wood
that lacks identifiable ring anatomy (e.g., Pons and Helle, 2011). The δ13C
pattern does not differ between angiosperm and gymnosperm trees, but
does differ strongly between evergreen and deciduous trees. The δ13C
patterns, with mid-season maxima in δ13C values for all fossils (Fig. 1),
indicate an evergreen habit (Barbour et al., 2002), and are in strong contrast to the steady decrease in δ13C values observed in modern (Helle and
Schleser, 2004) and ancient (Jahren and Sternberg, 2008) deciduous trees
(see the Data Repository).
The resulting δ13C trends of fossil angiosperm or gymnosperm
evergreen wood can be used to calculate the ratio of summer to winter
precipitation (P1/P2) across the Eocene Arctic using the following relationship derived from Equation 9 of Schubert and Jahren (2011) (see the
Data Repository):

n = 266

-26.0
-26.5
-27.0
-27.5
-24.5
-25.0
-25.5
-26.0
Figure 1. High-resolution δ13C measurements across nonpermineralized, fossil wood. The δ13C patterns from five different Eocene wood
pieces recovered from Ellesmere Island (A, G13; B, A15A16; C, MB)
and Banks Island (D, CMNPB4720; E, CMNPB4723) indicate trees were
evergreen. Average Δδ13Cmeas of the evergreen trees for all sites was
equal to 0.70‰ (0.66‰, Ellesmere Island; 0.76‰, Banks Island). Ring
boundaries (vertical lines) in A and B were inferred from the isotopic
pattern; rings boundaries in C–E were identified from wood anatomy
and confirmed by the isotopic pattern. The direction of growth is from
left to right for C–E; growth direction is unknown for A and B.
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Examination of our seasonal precipitation estimates revealed that
the moisture regime across the Eocene Arctic was similar to that of
present-day eastern Asia (MAP = 1000–2000 mm; P1/P2 = 1.3–5.8), but
not to that of the Pacific Northwest (MAP = 1000–2000 mm; P1/P2 =
0.16–0.53), where summers receive as little as one-sixth the precipitation as in winter (Fig. 2). Annual and seasonal temperatures and relative
humidity for eastern Asia are also similar to those estimated for Arctic
Canada during the Eocene (Table 1). Model results indicate high humidity and cloudiness in winter (Abbot et al., 2009), although precipitation
or summertime cloudiness was not modeled. Our data indicating abundant precipitation during the summer suggest a high amount of summer water vapor, which is consistent with proxy-based estimates of high
amounts of atmospheric water and increasing relative humidity during
the growing season (Jahren and Sternberg, 2003, 2008). If the relationship between humidity and cloudiness modeled by Abbot et al. (2009)
for winter months also applies to summer months, we can speculate that
summers may have had greater cloudiness than winters. With our new
insight into the seasonal precipitation regime in the Arctic during the
Eocene, we conclude that both paleobotanical and paleoenvironmental
evidence are consistent with eastern Asia as the best modern analog for
the Arctic Eocene forests (Table 1; Fig. 2).
Above the Arctic Circle, the extreme photoperiod limits photosynthesis to the summer season. Freshwater availability during summer
months was required to support photosynthetic organisms in both terrestrial and marine realms. Thus, seasonal precipitation focused in summer months made possible the existence of forests north of the Arctic
Circle and could possibly have contributed to the vast Azolla communities of the Arctic Ocean (Barke et al., 2011; Brinkhuis et al., 2006;
Greenwood et al., 2010), which require freshwater (and light) to bloom.
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δ13C value of the annual cycle (δ13Cmin). Equation 1 results from a comparison of high-resolution δ13C data on 286 annual growth rings in modern evergreen trees to a suite of environmental characteristics at the site
of growth. The trees included in this relationship represent ten different
evergreen genera, including both angiosperms and gymnosperms, growing across 98° of latitude and all temperature and precipitation regimes in
which evergreen trees are able to grow. The data set includes high-latitude
locations, near the tree line, with large changes in seasonal light levels
(e.g., northern Sweden, 64°N; central Siberia, 60°N), and places where
tree growth ceases in winter due to subfreezing temperatures (e.g., Italian
Alps, Sweden, Siberia, and Germany). Across all sites, we had very high
correlation (R2 = 0.96) between the measured and predicted change in
δ13C (see Schubert and Jahren, 2011, their equation 9 and figure 7).
The average Δδ13Cmeas value calculated from carbon isotope measurements on five Eocene evergreen trees sampled from across the
Canadian Arctic (Fig. 1) is 0.70‰ with a standard deviation of 0.21‰
(Table 2). Given that L = 76 (GEOMAR, 2011; Irving and Wynne, 1991)
and Δδ13Cmeas = 0.70‰ ± 0.21‰ for these sites during the Eocene, Equation 1 revealed P1/P2 = 3.1 (i.e., 2.4 to 4.0), or 3.1 times more precipitation in summer than winter (Table 2). This calculation assumed that,
for Northern Hemisphere sites, seasonal changes in δ13CCO (Δδ13CCO ),
2
2
which are reflected in the δ13C values measured in bulk wood, were of
the same magnitude and followed the same latitudinal trends as today
(Δδ13CCO2 = 0.01L + 0.13; Keeling et al., 2001; Schubert and Jahren,
2011). Warm winter conditions over midlatitudes, however, may have
resulted in a dampening of the seasonal δ13CCO signal. A decrease in
2
Δδ13CCO2 of up to 40% compared to modern values still results in P1/P2
> 2 (at least twice as much summer precipitation as winter precipitation). In contrast, increased photosynthesis at high latitudes might imply
that the latitudinal trend in Δδ13CCO during the Eocene was steeper than
2
today; this scenario serves to increase P1/P2 and implies that an even
larger proportion of the annual precipitation fell during summer. Likewise, although seasonal changes in light levels proved insignificant in
our model, sites in our model only extended up to 64°N (Schubert and
Jahren, 2011). Above the Arctic Circle it is possible that the extreme
photoperiod could more strongly influence the δ13C pattern. On the basis
of isotope theory, these changes in seasonal light would serve to increase
Δδ13Cmeas, which would result in an increase in our estimate for P1/P2.
Lastly, taking error into account for the estimate of paleolatitude from
Irving and Wynne (1991), the fossil forest sites may have been as far
south as 74°N, which would only decrease our estimate of P1/P2 by 0.1
(P1/P2 = 3.0 versus 3.1); higher paleolatitudes would serve to increase
P1/P2. Therefore, taking all the above uncertainties into account, our
estimate for P1/P2 may represent a minimum value. Δδ13Cmeas values differ slightly for each evergreen wood sample (Δδ13Cmeas = 0.46‰–0.99‰)
(Table 2), but were not significantly different between Ellesmere Island
(Δδ13Cmeas = 0.66‰ ± 0.28‰, n = 3) and northern Banks Island (Δδ13Cmeas
= 0.76‰ ± 0.009‰, n = 2). The similarities between the data from Ellesmere Island and Banks Island suggest that wet summers characterized
the regional Arctic climate during the Eocene. The range in Δδ13Cmeas
values for each fossil yielded P1/P2 values between 2.2 and 4.1 (Table 2),
indicating these trees grew under conditions with approximately two to
four times greater precipitation in summer than in winter. When taken
with independent estimates of MAP, values for summer and winter
precipitation can be quantified. MAP for Late Paleocene (Ellesmere
Island, 1000–2190 mm/yr) and Middle Eocene (Axel Heiberg Island,
930–1900 mm/yr) sites was estimated using leaf-area analysis and bioclimatic analysis based upon nearest living relatives (Greenwood et al.,
2010). If we use the midpoint value within the large range of MAP given
above, 1500 mm (P1 + P2 = 1500 mm), and our average value for P1/P2
is 3.1, we calculate P1 = 1134 mm (mean summer precipitation) and P2
= 366 mm (mean winter precipitation).
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Figure 2. Comparison of mean annual precipitation (MAP) and
seasonal precipitation (P1—May through October; P2—November
through April). Precipitation data are presented for (A) modern eastern Asia, (B) modern Pacific Northwest, and (C) Eocene Arctic Canada (Ellesmere Island, Banks Island). Although all three regions have
similar MAP, precipitation across eastern Asia (i.e., Japan, South
Korea, and eastern China) falls mostly in summer, while precipitation in the Pacific Northwest falls mostly in winter. The mean annual
and seasonal precipitation in Arctic Canada during the Eocene (C)
is very similar to eastern Asia (A), and opposite in seasonality to
the Pacific Northwest (B). Precipitation data are from Environment
Canada (2011), NOAA Climate Services (2011), and Western Regional
Climate Center (2011).
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In conclusion, we envision that ecosystems across the Canadian Arctic
during the Eocene were highly seasonal with respect to precipitation,
and received ~76% of the total annual precipitation during the summer
months of nearly continuous light.
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Quantifying the Ratio of Summer to Winter Precipitation
Schubert and Jahren (2011) used high-resolution, intra-ring δ13C data from
angiosperm and gymnosperm evergreen species growing under different climates
worldwide to relate average seasonal changes in environmental parameters to average
seasonal changes in the δ13C value (Δδ13C) using the following general equation:
Δδ13C = Δδ13CCO2 + A(ΔP) + B(ΔT) + C(d) + D(Δca) + ΔY

(1)

where Δδ13CCO2, ΔP, ΔT, and Δca are the average, seasonal changes in δ13CCO2,
precipitation, temperature, and carbon dioxide concentration, respectively. A, B, C, and D
are constant scalars, d is the distance in degrees latitude from the equator (a proxy for
changes in seasonal light levels), and ΔY represents seasonal changes post-photosynthetic
physiological processes. Seasonal changes in precipitation and temperature were defined
as follows:
ΔP = ln(P1) – ln(P2)
ΔT = ln(T1) – ln(T2)

(2)
(3)

where subscripts 1 and 2 indicate the 6-month period (May through October or
November through April) during which the maximum and minimum δ13C values occur,
respectively. For northern hemisphere sites, Δδ13CCO2 can be calculated using data from
Keeling et al. (2001) such that:
Δδ13CCO2 = 0.01(L) + 0.13

(4)

where L is latitude. Optimization of Equation 1 showed that Δδ13C varied among sites
based on seasonal changes in δ13CCO2 and precipitation (i.e., A = -0.82, B = 0, C = 0, D =
0):
Δδ13C = Δδ13CCO2 – 0.82(ΔP) + 0.73
Jahren, 2011).

(5; same as Equation 9 within Schubert and

Substituting Equation 2 into Equation 5 and rearranging to solve for ln(P1/P2) yields:
ln(P1/P2) = (13Cmeas – 13CCO2 – 0.73) / 0.82
1 of the main text).

(6; same as Equation

1

Substitution of Equation 4 into Equation 6 provides and equation for calculating
P1/P2 from δ13C and knowing latitude:
ln(P1/P2) = (13C – 0.01(L) – 0.86) / 0.82

(7).

Stable Carbon Isotope Analysis
Bulk δ13C values were measured via online combustion using a Eurovector
automated elemental analyzer (Eurovector Inc, Milan, Italy) coupled to an Isoprime
isotope ratio mass spectrometer (Isoprime, Ltd, Cheadle Hulme, UK); all samples were
introduced to the combustion system in pure tin capsules. Our choice to measure δ13C in
bulk wood is consistent with several published examples that prefer bulk wood in order to
expedite high-resolution sampling (Schulze et al., 2004) and reduce bias (Walia et al.,
2010). All isotope data used to develop our seasonal precipitation model (Schubert and
Jahren, 2011) represent δ13C determinations in bulk wood, except for one study that
reported holocellulose, one on α-cellulose, and one that measured both bulk wood and
cellulose. Multiple studies have demonstrated that there is a consistent isotopic offset
between bulk wood and cellulose fractions and therefore a similar intra-ring δ13C pattern
(Leavitt and Long, 1991; Pons and Helle, 2011; Verheyden et al., 2005), including for
fossil wood (compare Fig 2B and 2C within Jahren and Sternberg, 2008). Isotopic values
are reported in δ-notation (‰) against Vienna standards (VPDB). Analytical uncertainty
associated with each measurement was <0.1 ‰. Each δ13C value determined from
samples G13, A15A16, and MB represents the average of three replicate capsules; the
average isotopic variability of replicate capsules was  0.08‰. Each δ13C value
determined from samples CMNPB4720 and CMNPB4723 represents a single
measurement.
Age of the Stenkul Fiord Wood Samples
We estimate the age of the fossil wood samples from the Margaret Formation at
Stenkul Fiord, southern Ellesmere Island, Nunavut based primarily upon the composition
of the vertebrate fauna that includes mammals and several taxa of turtle, and to a lesser
extent the palynology and a preliminary radiometric date. The terrestrial fossil-bearing
sediments of the Margaret Formation comprise inter-bedded sandstone, mudstone, and
coal that are interpreted to represent a lush proximal delta front to delta plain
environment with abundant channels and coal swamps (Miall, 1986).
Sample MB was collected from a sandy unit (Fig. DR2) in western exposures of the
Margaret Formation (Eureka Sound Group) along the southern shore of Stenkul Fiord (77
o
N) that also produced fossils of the hippo-like Coryphodon, perissodactyls (including
tapiroids), and the turtle taxa Echmatemys, Hadrianus, and Emydidae (pond turtles). The
vertebrate taxa suggest an age of Early Eocene (Wasatchian North American Land
Mammal ‘Age’) that is corroborated by pollen floras (Harrington et al., 2011). As
additional age control, a zircon recovered from volcanic ash located at the base of the
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stratigraphic sections on the southern shore of Stenkul Fiord yielded preliminary dates by
SHRIMP analysis of 52.6 ± 1.9 Ma (Reinhardt et al., 2010).
The other two samples – G13 and A15A16 – were recovered from exposures of
the Eureka Sound Group along the eastern shore of Stenkul Fiord (Fig. DR3). Although
vertebrate fossils are rare in this section, there is some evidence for an early Eocene age.
Specifically, a fossil of a perissodactyl was recovered from approximately the same
stratigraphic level as A15A16. Perissodactyls first appeared in North America at the
onset of the Eocene (Bowen et al., 2002). However, wood sample G13 comes from a
stratigraphic level that is below this and consequently its age may be early Eocene or
potentially latest Paleocene. Fossils of trionychine (soft-shelled) turtle and the alligator
Allognathosuchus occur throughout the section at Stenkul Fiord, but are not temporally
diagnostic.
Muskox River Age Model
The wood samples from the Muskox River site on northern Banks Island, Northwest
Territories (~74˚N) were collected from the Cyclic Member of the Eureka Sound
Formation. The Cyclic Member comprises coarsening-upward cycles of shale, silt,
unconsolidated sand, paleosol, and lignitic coal, interpreted as a deltaic sequence (Miall,
1979) (Fig. DR4), and the trees probably grew on delta lobes. On the basis of palynology,
the Muskox River site is Eocene in age, and probably Early Eocene. Specifically, the
presence of Platycarya [reported by Hopkins (1974) in Miall (1979)] in a pollen sample
collected from GSC loc. C-26412 at the Muskox River site suggests an Early Eocene age,
although this occurrence needs to be verified through analysis of new pollen samples
(collected in 2010) that are underway (A.R. Sweet, pers. comm., 2011). Although of
limited biostratigraphic utility, the fossil vertebrates known from northern Banks Island
support the pollen-based Eocene age estimate. Specifically, rare fossil turtle shell
fragments collected by JJE in 2004 at nearby Eames River (north of the Muskox River
site, and mapped by (Miall, 1979) as Eocene in age) and identified by J.H. Hutchison
(UCMP Berkeley) are referred to Emydidae (pond turtles), a family that appeared in midlatitude North America in the early Wasatchian [Wa1; (Holroyd et al., 2001; Hutchison,
1998)]. Further, isolated sharks’ teeth referred to the genus Physogaleus
(Carcharhinidae; extinct relative of today’s sharpnose sharks) are known from the
Muskox River site (Padilla, 2008), a genus documented only from Eocene-aged strata
elsewhere (Cappetta, 1987; Rana et al., 2006; Takeshi et al., 2006), while thousands of
sharks’ teeth referred to Striatolamia (Odontaspididae; sand tigers) are known from both
the Muskox River and Eames River sites, and this genus has a Paleocene-Eocene
distribution (Padilla, 2008).

Significance of Evergreen Wood
Although deciduous flora dominated Arctic environments during parts of the
Eocene (Jahren, 2007; Jahren and Sternberg, 2008), evergreen cones and leaves (Kotyk et
al., 2003) and pollen (e.g., Harrington et al., 2011) have been identified. Our samples,
3

however, mark the first examples of evergreen wood from the Eocene Arctic. Earlier
studies claimed to have identified Picea wood (evergreen), however, reanalysis of the
wood indicated the samples were actually Larix (deciduous) (Jagels et al., 2001). The
presence of evergreen wood, although relatively rare, should not be surprising given the
observations made by Royer et al. (2003, 2005) that from a carbon loss perspective,
under extreme photoperiod deciduous strategies do not confer an advantage over
evergreens. In addition, evergreen foliage may have provided a winter food source for
large, non-migratory mammals (Eberle et al., 2009).
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Figure DR1. Non-permineralized, evergreen fossil-wood from Ellesmere Island (AC) and Banks Island (D-E). (A) MB, a concentric sample, contained visible tree
rings. Inset shows subsample used for high-resolution δ13C analysis. (B) G13 and (C)
A15A16 both lacked preserved ring anatomy. (D) CMNPB4720 and (E)
CMNPB4723 are both concentric, ringed samples. Note that fractures, caused by
shrinkage upon drying, do not necessarily follow ring contours and do not indicate
ring boundaries.
5

Figure DR2. Stratigraphic sequence of the western exposure of the Margaret
Formation (Eureka Sound Group) along the southern shore of Stenkul Fiord. The
location of sample MB is indicated. This sequence corresponds in part to CR-83-14
described in Kalkreuth et al. (1996). Coal layers are numbered sequentially from
bottom to top.
6

Figure DR3. Stratigraphic sequences of exposures of the Eureka Sound Group
along the eastern shore of Stenkul Fiord from which samples A15A16 (A) and G13
(B) were recovered. (A) Section corresponds in part to CR-83-07 (Kalkreuth et al.,
1996). (B) Section corresponds in part to CR-83-10 (Kalkreuth et al., 1996). Coal
layers in both are numbered sequentially from bottom to top.
7

Figure DR4. Composite measured section through the exposures of the Eureka
Sound Formation at Muskox River, north-central Banks Island. Section transect is
indicated by latitude and longitude coordinates at various highlighted localities.
Overall, the section records deposition in a lower coastal plain setting characterized
by distributary mouth-bar complexes and extensive wetlands (Miall, 1979). Samples
CMNPB4720 and CMNPB4723 were collected from the “Upper Fossil Forest”
layers.
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