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ABSTRACT

The high abundances and cyclic distribution of remains of the
freshwater fern Azolla in early-Middle Eocene sediments from the
Arctic Ocean have previously been related to episodic surface-water
freshening, which was speculated to be orbitally modulated. Our inte-
grated palynological and cyclostratigraphical analysis of the recov-
ered Azolla interval in Integrated Ocean Drilling Program (IODP)
core 302-M0004A-11X resulted in the recognition of two clear peri-
odicities: a dominant ~1.2 m cyclicity, which we relate to changes
in obliquity (~40 k.y.), and a weaker ~0.7 m cyclicity, which we link
to precession (~21 k.y.). Cycles in the abundances of Azolla, cysts
of freshwater-tolerant dinoflagellates, and swamp-vegetation pol-
len show covariability in the obliquity domain. This strong correla-
tion suggests periods of enhanced rainfall and runoff during Azolla
blooms, presumably linked to increased local summer temperatures
during obliquity maxima. Larix and bisaccate conifer pollen covary
at the precession frequency, with peak occurrences corresponding to
precession minima, possibly as a result of enhanced continental run-
off from a more remote source area and a stronger seasonal contrast.
Following the sudden demise of Azolla ca. 48.1 Ma, runoff (cycles)
continued to influence the central Arctic at decreased intensity.
This and a concomitant decline in swamp-vegetation pollen suggest
edaphically drier conditions on land and decreased runoff into the
Arctic Ocean, causing salinity changes, which might have been fatal
for Azolla. Moreover, a sea-level rise, inferred from overall decreas-
ing total terrestrial palynomorph concentrations, possibly facilitated
oceanic connections.

INTRODUCTION

The modern Arctic Ocean receives a high volume of river inflow;
combined with a positive precipitation-evaporation budget of the local
basin, this results in surface-water freshening in this largely enclosed
basin (Hay et al., 1993; Serreze et al., 2006). The freshwater balance of
the Arctic is greatly influenced by orbitally forced (latitudinal) insolation
changes, which affect local precipitation and drive the poleward atmo-
spheric heat and moisture transport (Lawrence et al., 2003; Raymo and
Nisancioglu, 2003). In an Eocene climate modeling study, Lawrence et
al. (2003) showed that during times of maximum seasonal insolation con-
trast, which could be due to both changes in precession and/or obliquity,
precipitation increases at high Northern Hemisphere latitudes, with rises
of ~13% in Siberia, ~23% in northern Greenland, and ~22% in northern

North America. Similar changes are simulated when changing high-lati-
tude temperatures (Held and Soden, 2006; Shellito et al., 2009).

During the Eocene Greenhouse conditions, the hydrological cycle
was intensified (Huber et al., 2003) and the Arctic atmosphere contained
approximately two times more water vapor compared to today (Jahren
and Sternberg, 2003). A high precipitation regime prevailed in the western
and eastern Arctic, which likely resulted in enhanced freshwater runoff
to the Arctic basin (Eldrett et al., 2009; Greenwood et al., 2010), which
at the time was nearly entirely enclosed (Jakobsson et al., 2007). High
concentrations of megaspores and microspore massulae of the freshwater
fern Azolla arctica (Collinson et al., 2009) were recovered from early-
Middle Eocene marine sediments cored at the Lomonosov Ridge in the
central Arctic Ocean (Backman et al., 2006; Brinkhuis et al., 2006). The
co-occurrence of different life stages and reproductive parts of Azolla
and the absence of land plant detritus show that this floating fern grew in
situ on the ocean surface (Brinkhuis et al., 2006; Collinson et al., 2009).
Over the recovered ~4-m-thick Azolla interval, concentrations of Azolla
remains vary between 50,000 and 300,000 specimens/g dry sediment,
showing that the intensity of its growth changed episodically (Brinkhuis
et al., 2006). Given that Azolla has been restricted to freshwater systems
since at least the Paleocene (Collinson, 2002), its presence suggests an
episodic substantial freshwater cap on the surface ocean (Brinkhuis et al.,
2006). A stratified water column with freshwater on top of more saline
deep water is supported by siliceous microfossil data and geochemical
proxies (Onodera et al., 2008; Stein et al., 2006; Stickley et al., 2008;
‘Waddell and Moore, 2008).

The fluctuations in the Azolla concentrations are strongly cyclic
and have been suggested to be orbitally forced (Brinkhuis et al., 2006).
Orbitally induced insolation changes, driving local climate as well as
poleward atmospheric heat and moisture transport, likely influenced the
amount of precipitation and freshwater discharge into the Arctic Ocean.
This suggests that the episodic changes in the freshening of Arctic sur-
face waters and subsequent Azolla pulses could have been astronomically
driven. We hypothesize that orbitally driven Azolla changes are accompa-
nied by in-phase changes in the terrestrial elements sensitive to hydrology
(vegetation), and marine phytoplankton changes sensitive to salinity. In
this study we evaluate the possible underlying forcing mechanisms for
these freshwater cycles and the final demise of Azolla ca. 48.1 Ma by
applying an integrated palynological and cyclostratigraphical approach.
Furthermore, we aim to unravel potentially different impacts of individual
orbital frequencies.
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MATERIALS AND METHODS

The studied material is from core 11X, between 297.31 and 302.63 m
below seafloor (mbsf), from the Lomonosov Ridge Site MOOO4A in the
central Arctic Ocean, cored during Integrated Ocean Drilling Program
(IODP) Expedition 302 (or the Arctic coring expedition, ACEX) (Back-
man et al., 2006; Fig. 1). We examined 54 samples, earlier investigated
mainly for Azolla concentrations in the pilot study of Brinkhuis et al.
(2006), in detail for palynology. Here we present three aquatic palyno-
morph records: Azolla and cysts of two freshwater-tolerant dinoflagellate
taxa, and five pollen-based records, i.e., total bisaccate pollen, Larix pol-
len, TCT pollen (Taxodiaceae, Cupressaceae, and/or Taxaceae pollen),
Alnus pollen, and pollen of warm-temperate angiosperms. The palyno-
morph records were analyzed cyclostratigraphically using spectral analy-
sis and bandpass filtering. (For details, see the GSA Data Repository'.)

RESULTS

All samples yield well-preserved, rich palynomorph assemblages
showing concentrations as high as 350,000 specimens/g dry sediment.
The interval from 298.81 to 302.63 mbsf is dominated by Azolla massulae
and is referred to as the Azolla interval (Fig. 2A; see the Data Repository).
Furthermore, the samples yield abundant cysts of freshwater-tolerant
dinoflagellate taxa, notably Senegalinium spp. (Fig. 2C) and Phthano-
peridinium spp. (mainly P. echinatum) (Fig. 2B) (Pross and Brinkhuis,
2005; Sangiorgi et al., 2008; Sluijs and Brinkhuis, 2009). The terrestrial
assemblage is rich in angiosperm pollen, mainly deriving from the warm-
temperate tree taxa Carya, Fagaceae, Liquidambar, and Ulmus (Fig. 2E),
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Figure 1. Paleogeographic reconstructions (Middle Eocene;
ca. 50 Ma) showing site locations of Integrated Ocean Drilling Pro-
gram (IODP) Expedition 302 (or Arctic coring expedition, ACEX) and
Ocean Drilling Program (ODP) Expedition 151.

!GSA Data Repository item 2011141, supplementary information with ex-
tended materials and method section and age assessment, is available online at
www.geosociety.org/pubs/ft2011.htm, or on request from editing@ geosociety
.org or Documents Secretary, GSA, P.O. Box 9140, Boulder, CO 80301, USA.
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but pollen of cool-temperate taxa is also present, such as Alnus (Fig. 2F).
Furthermore, the terrestrial assemblage comprises abundant gymnosperm
pollen, including Larix pollen (Fig. 2G), bisaccate pollen from evergreen
conifers such as Picea and Pinus (Fig. 2H), and TCT pollen, likely pre-
dominated by the swamp-forest genera Metasequoia and/or Glyptostrobus
(Fig. 2D). These genera are common in flora macroremains throughout
the surrounding Arctic, including the Middle Eocene Axel Heiberg Island
assemblages (Greenwood and Basinger, 1994; Greenwood et al., 2010).

All major aquatic and terrestrial palynomorph groups reveal robust
cyclic changes in their absolute and relative abundances. Abundances of
Azolla and cysts of the freshwater-tolerant dinoflagellate taxa Senegalin-
ium spp. (lower part of percentage record; Fig. 2C) and Phthanoperi-
dinium spp. (Fig. 2B) covary and show a cyclicity with a periodicity of
~1.2 m. Abundances of TCT pollen (Fig. 2D) and pollen abundances of
both warm- and cool-temperate angiosperms (Figs. 2E and 2F, respec-
tively) reveal a similar ~1.2 m cyclic pattern. Peaks in TCT pollen abun-
dances slightly lag Azolla peaks, and the peaks in both angiosperm pollen
records are associated with Azolla abundance minima. This opposite phase
relation between Azolla and angiosperm pollen abundances is maintained
when TCT pollen abundances are excluded from the pollen percentage
sum. This implies that the observed phase relation is robust and indepen-
dent of the TCT pollen abundances. Abundances of Larix and bisaccate
pollen (Figs. 2G and 2H, respectively), and Senegalinium spp. (concentra-
tion record and upper part of the percentage record; Fig. 2C) reveal cyclic-
ity of ~0.7 m, approximately half the periodicity of Azolla cycles.

At 298.81 mbsf, Azolla abundances decrease to just a few specimens
per gram, and numbers do not increase again in the upper 150 cm of the
core (Fig. 2A). Simultaneous with the final demise of Azolla, TCT pollen
abundances show a sharp decline and remain low in the overlying section
(Fig. 2D). The palynological assemblage in the upper 150 cm of the core
(297.31-298.81 mbsf) is dominated by cysts of the freshwater-tolerant
dinoflagellate taxon Senegalinium spp. (Fig. 2C). Cyst abundances of the
freshwater-tolerant dinoflagellate taxon Phthanoperidinium spp. continue
to show an ~1.2 m cyclic pattern after the demise of Azolla, albeit with
a slightly decreased magnitude (Fig. 2B). Total terrestrial palynomorph
concentrations gradually decrease throughout the core section (Fig. 2I).

DISCUSSION AND CONCLUSIONS

Given the average sedimentation rate of ~24.3 m/m.y. calculated for
the Middle Eocene interval (see the Data Repository), we derive a dura-
tion of ~49 k.y. for the dominant ~1.2 m cyclicity, and ~29 k.y. for the
weaker ~0.7 m cyclicity. Taking the uncertainties in the age model into
account (Backman et al., 2008; see the Data Repository), we are confi-
dent in relating these cycles to the astronomical-type cycles of obliquity
(~40 k.y. in the early-Middle Eocene; Laskar et al., 2004) and precession
(~21 k.y.), respectively.

Cycles in the abundances of Azolla and cysts of freshwater-tolerant
dinoflagellates show a strong correlation in the obliquity domain. This cor-
relation suggests large variations in surface water salinity over time, varia-
tions that can be related to changes in local precipitation over the Arctic
Ocean and/or river discharge. Synchronous variations in the abundances of
swamp-vegetation pollen suggest coeval expansion of swamps on coastal
areas surrounding the Arctic Ocean. This implies that regional precipitation
changed in-phase with Azolla. Higher obliquity leads to increased summer
insolation at high latitudes (Milankovitch, 1941), which in turn is though
to enhance total annual precipitation in the Arctic region (Held and Soden,
2006; Lawrence et al., 2003). Sufficient freshening of Arctic Ocean surface
waters during the growing season at the same time may have allowed rapid
colonization by Azolla of the ocean surface. In addition, a longer growing
season during an obliquity maximum could enhance the integrated annual
Azolla flux. Conversely, Azolla abundance minima are likely associated
with obliquity minima, when less precipitation and reduced runoff may
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have been insufficient to freshen Arctic Ocean surface waters. Still, the
sustained low Azolla concentrations show that Azolla growth continued at
least part of the year or only in restricted areas. Azolla abundance minima
are associated with high abundances of pollen from both cool- and warm-
temperate angiosperms. This effectively rules out a large temperature and/
or altitude effect. Rather, this antiphase relationship with Azolla, fresh-
water-tolerant dinoflagellates, and swamp vegetation suggests that these
angiosperms are also primarily driven by humidity. Therefore, peaks in
angiosperm pollen are interpreted to indicate edaphically drier conditions
on land, which is in line with the supposed overall drier conditions on the
continents during obliquity minima.

A surprising second frequency is observed in the abundances of
bisaccate and Larix pollen that corresponds with half the duration of the
obliquity cycle. This suggests that this frequency either represents the pre-
cession cycle or a nonlinear response to obliquity. Since this frequency
continues also in the upper part of the record, when the lower frequency
signal of obliquity becomes less clear, it most likely reflects a true preces-
sion-related climate response.

Precession influences seasonality and thus intensity of summer
insolation at the low to middle latitudes (Milankovitch, 1941). Still, a
maximum seasonal insolation difference (during precession minima in
the Northern Hemisphere) has been shown to result in enhanced total
annual precipitation in wide-ranging areas of the Northern Hemisphere,
including the high latitudes (Lawrence et al., 2003), and increased conti-
nental runoff in North America (Sloan and Huber, 2001). Bisaccate pol-
len have a good floating and wind-dispersal capacity and are dispersed
along large distances relative to other pollen (Traverse, 1988; Hooghiem-
stra, 1988). The precession signal in these pollen abundances may reflect
changes in continental runoff. Enhanced local runoff would, however,
also have favored Azolla and Phthanoperidinium abundances, which do
not show a precession frequency. The precession signal in these pollen
records might therefore reflect a more distant, somewhat lower latitudi-
nal source. Runoff from a more remote source area would have carried
comparatively less water relative to local freshwater discharge and may
not have freshened Arctic Ocean surface waters sufficiently to sustain
the growth of Azolla and Phthanoperidinium. The fact that Senegalinium
covaries with bisaccate pollen at the precession frequency, notably in the

upper part of the record, suggests that this freshwater-tolerant and het-
erotrophic dinoflagellate was less sensitive to small changes in salinity
and may have responded to an enhanced riverine nutrient input from the
more remote source areas.

Furthermore, bisaccate pollen is produced by evergreen conifers,
which are expected to be more tolerant of subfreezing rather than milder
winter temperatures at high latitudes. Subfreezing temperatures prevent
evergreen conifers from staying metabolically active and consuming their
resources during the several months of winter darkness, when photosyn-
thesis is inhibited (LePage, 2003; Read and Francis, 1992). Hence, peaks
in bisaccate pollen abundances, which go together with peaks in pollen
derived from the cold-temperate conifer Larix, may correspond to times
of maximum seasonal contrast during precession minima.

It is often observed that obliquity variability within geologic records
occurs in intervals of low eccentricity values and thus low precession
amplitudes. In our record, the precession signal shows the highest ampli-
tudes in the middle of the studied interval, indicating maximal values
of the eccentricity cycle. In addition, the obliquity signal reveals strong
amplitude variability in this interval, implying that the obliquity signal is
not present in our record due to low eccentricity values. Therefore, we are
certain that the obliquity and the precession signals are both derived from
different locations and/or climatic or proxy-related mechanisms and do
not have the same underlying mechanism.

The final demise of Azolla may have occurred when surface waters
no longer became sufficiently fresh during the growing seasons. Although
freshwater cycles continued to influence the Arctic Ocean, indicated by
the cyclic distribution and dominance of cysts deriving from freshwater-
tolerant dinoflagellates, a slight increase in salinity may be inferred from a
reduction in the concentrations of Phthanoperidinium. Such a slight salin-
ity increase may have crossed the critical threshold for salinity tolerance
for Azolla. The concomitant decline of TCT pollen abundances suggests
edaphically drier conditions on the surrounding coastal areas. Moreover,
the overall decrease in total terrestrial palynomorph concentrations sug-
gests a rise in sea level, which could have facilitated oceanic connections.
The associated salinity increase may have been lethal for Azolla, while
salt-water intrusion into the coastal areas drastically diminished the salt-
intolerant swamp forests.
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Figure 2. Selection of aquatic and terrestrial palynomorph proxy data from Integrated Ocean Drilling Program (IODP) core 302-M0004A-11X
and interpreted orbital cyclicity. Concentration data (specimens/g) are given in solid blue lines with scale bars on upper X axes. Percentages
are given in dashed blue lines with scale bars on lower X axes. Percentages are calculated relative to following. A: Total aquatic assemblage.
B, C: Total dinocyst assemblage. D-G: Total of all angiosperm and gymnosperm pollen, excluding bisaccate pollen. H: Total pollen assem-
blage (for details, see the Data Repository [see footnote 1]). TCT pollen—Taxodiaceae, Cupressaceae, and/or Taxaceae pollen. Gaussian
bandpass filter is shown in red (obliquity) and green (precession). Y axis shows depth in meters below seafloor (mbsf), core recovery, and

magnetostratigraphy.
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