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ontemporary political summits and policy decisions, 
like those at Johannesburg and Rio de Janeiro and 

the Montreal and Kyoto Protocols, are clear evidence 
that world leaders and their communities are increasingly 
concerned about the Earth’s climate and its future. Policy 
makers frequently turn to scientists for definitive answers 
and pragmatic solutions to climate problems and too often 
focus on only anthropomorphic influences. Although 
human impact on the environment certainly deserves the 
attention it receives, all of us must recognize that the Earth’s 
climate is a complicated and multi-faceted system that 
responds to inputs on both human and geologic time scales. 
The correct interface of science and policy should consider 
not only anthropogenic stimulants to Earth’s climate, but 
also the natural responses to and controls of this system. 
Scientists who try to explain, model, and predict future 
climate change examine Earth’s former climates in the 
geologic record to test their models and predictions. Past 
climates let us not only gauge our current understanding 
of Earth’s dynamic climate, but also evaluate how climate 
varies over time periods that span innumerable human 
generations.

Most geologists regard the Cretaceous (a period of geologic 
time 145 to 65 Ma, where Ma denotes million years ago) as 
the model “greenhouse” Earth. The planet was ice-free, sea 
levels were very high, and carbon dioxide levels were four-
to-eight times the present level.5,14,29,32,66 Cretaceous climate 
was characterized by warm temperatures and low global 
temperature gradients.3,36 Fossil plant and animal data are 
also suggestive of a very equable climate: there were forests 
and ectothermic reptiles (e.g., “cold blooded” champsosaurs 
and turtles) at polar latitudes.34,66

Recent research, however, suggests that this anomalously 
high, globally distributed warmth did not characterize 
the entire Cretaceous. Several authors report evidence 
compatible with the presence of polar ice and strong global 
temperature gradients at the beginning of the Early Cre-
taceous.17,31,32,60,61,62,70 For example, Abreu et al. correlated 
Cretaceous and Cenozoic (the last 65 Myr) stable oxygen 
isotope data and eustasy (global sea level) and concluded 

that there is a positive correlation between the two data 
sets. The ratio of 18O to 16O in ocean and meteoric water 
is temperature dependant, which means that it can be used 
to estimate paleotemperatures. The positive correlation 
between stable oxygen isotopes and sea level suggest that 
there may have been continental ice in the Albian (late Early 
Cretaceous, 110 Ma).1 These results suggest that climate 
may have been dramatically different during short (< a few 
million years) intervals when compared to the elevated mean 
temperature that characterized most of Cretaceous time.

Stable carbon isotope data from low latitude Tethyan 
(the Tethys was an ancient global, subtropical sea) sites also 
suggest that there were short but significant perturbations in 
the Earth’s carbon cycle during Valanginian (137-132 Ma) 
and Albian-Aptian (121-99 Ma) time and Cenomanian-
Turonian (99-89 Ma) time.10,71 Organisms prefer to 
utilize 12C in their metabolic reactions, so organic carbon 
is enriched in 12C; conversely, inorganic carbon, such as 
carbonate, is often enriched in 13C. Dramatic changes in 
the 13C/12C ratio (usually displayed as δ13C values, where 
positive δ13C values indicate an increase in inorganic carbon 
relative to organic carbon) indicate a change in how carbon 
is partitioned in the global carbon budget; these changes 
are referred to as carbon isotope events. There are many 
characteristic C-isotope events during the Cretaceous, and 
they may be related to widespread volcanic outgassing that 
elevated atmospheric CO

2
. CO

2 
is an effective greenhouse 

gas, so more CO
2 
would amplify greenhouse conditions and 

spur climatically induced ecological changes, which in turn 
would have significant effects on the global carbon cycle.73 
One possible feedback follows: as the Earth became more 
humid, increased chemical and mechanical weathering and 
increased continental runoff added significant quantities 
of nutrients, particularly phosphate, to the oceans. High 
nutrient levels could have stimulated biologic activity and 
indirectly created an ecological crisis in which increased 
marine productivity and subsequent eutrophication led 
to widespread anoxia in intermediate and deep waters. 
These ecological crises are referred to as oceanic anoxic 
events (OAEs) and are often coeval with extensive reduced 
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black shales in the marine record, especially during the 
Cretaceous.

Most research on Cretaceous climate has been conducted 
on low latitude rocks and results are typically generalized to 
represent the global climate. Recent results from high latitude 
areas, however, suggest that Cretaceous temperatures were 
episodically cooler than the Tethyan record indicates.17,24,60 

Typical paleoclimate studies of the Cretaceous have relied on 
climate proxies such as stable oxygen isotope data, which are 
affected by diagenetic processes and are subject to various 
interpretations. Although some authors have reported more 
direct climate proxies— flora and ectothermic reptiles— 
there are still few direct Cretaceous climate indicators 
from high latitudes.60,66 For these reasons and others, polar 
regions are particularly important for understanding past 
climate change, especially with a limited supply of available 
geologic data. 

Kemper’s and Schmitz’s description of glendonites in 
the Deer Bay Formation of the Sverdrup Basin in the High 
Canadian Arctic is an important but often overlooked 
development in Cretaceous climate studies.48 Glendontites 
are characterized by their unique aggregate euhedral shape 
[see title figure] and form when the mineral calcite replaces 
ikaite (CaCO

3
 • 6H

2
O), the high pressure, low temperature 

species of hydrated calcite. Although rare, glendonites are 
found throughout the geologic record and are sometimes 
associated with dropstones and rafted wood. Natural 
ikaite of Recent age is found only near the sediment-
water interface in near-freezing marine and continental 
marine environments (e.g., Ikka Fiord, Greenland; 
Bransfield Straight, Antarctica) and has never been found 
in continental marine waters above 4°C.55,63 De Lurio 
and Frakes determined that near-freezing temperatures 
coupled with high alkalinity and elevated orthophosphate 
levels are necessary for ikaite precipitation in the normal 
marine environment.15 Ikaite precipitation is not favored 
under such conditions, however; it is only facilitated. These 
associations and its restrictive precipitation controls suggest 
that ikaite (and therefore glendonites) may be an unique 
and unambiguous cold-water climate indicator.

In a recent review, Price attempted to correlate the 
occurrence of high latitude glendonites with eustasy and 
show that glendonites were a proxy for extensive polar ice.56 
His study was done only on a gross scale, however, and it 
cannot be used to rigorously test the proposed correlation. 
Rigorous correlations require high-resolution stratigraphy 
of glendonite-bearing sediments to determine not only their 
precise age, but also their duration in the geologic record.

Our work is aimed at deriving this high-resolution 
stratigraphy utilizing a technique called magnetostratigraphy 
(see below). We supplement the magnetostratigraphy with 
ammonite and Buchia biostratrigraphy to calibrate our 
paleomagnetic data to the geologic time scale. Such calibration 
allows us to investigate the duration of glendonite-bearing 
horizons, the relationship between glendonites, OAEs, and 
eustasy, and the potential mechanisms that may have caused 
Early Cretaceous cooling events.

From Field to Lab: Sample Collection
Our field work in 1999 and 2000 concentrated on 

the sediments of the Deer Bay Formation, a relatively 
homogenous sediment package of dark silty shallow marine 
shales and siderite concretionary beds deposited and 
precipitated during the Early Cretaceous.45 The Deer Bay 
Formation is bound by two sandstone units: the Jurassic 
Awingak Formation below and the Isachsen Formation 
above.21 These formations are part of a continuous 
sequence of Mesozoic (250-65 Ma) and Cenozoic rocks of 
the Sverdrup Basin of Arctic Canada [Fig. 1a-b], and were 
brought to the surface by tectonic movements between 
North America and Greenland.16,33,50,65,69 

Samples were collected from the steeply dipping (~65°) 
south limb of a synform (a trough-shaped structure) in the 
Blackwelder Mountains of west-central Ellesmere Island 
(80° 38.85’ N, 85° 00.79’ W) [Fig. 1b-c]. Approximately 
200 samples from 36 sites spanning 230 meters of the Deer 
Bay Formation were collected as either one-inch field-drilled 
cores or, where weathering or lithology precluded coring, 
hand samples. Because the goal of our paleomagnetic study 
is to measure the direction of the magnetic field preserved in 
the rocks (hopefully at the time of deposition), we measure 
the unique orientation of each sample before removing it 
from the outcrop. 

Orienting high latitude samples is not straightforward, 
however. Our field area is very near the present north 
magnetic pole (78.5° N, 103.4° W) [Fig. 1b], so the lines 
of force that describe the direction of Earth’s magnetic field 
are nearly vertical there.53 Consequently, any magnetic 
disturbances due to external forces (e.g., solar wind) can 
cause large errors in magnetic compass readings. To account 
for these complications, we oriented our samples with 
a sun compass and compared any measurements made 
with a magnetic compass to daily records of the present 
magnetic field measured at various high latitude magnetic 
observatories.65

In addition to drilling core samples for paleomagnetic 
studies, we described the physical characteristics of the rock 
at each core site and from at least one site between two 
successive core sites. Representative fossils, shale samples, 
and geologic specimens (e.g., fossil wood, glendonites) 
were collected from each sample site for age control and 
geochemical analysis. Fossil animals were found throughout 
the section and included gastropods (snails), bivalves 
(clams), a few echinoderms (sea lilies), belemnites, and 
ammonites (hard-shelled cephalopods). Although there 
are numerous forms of life represented, these forms are 
not diverse. Jeletzky comments that, in general, North 
American Boreal fauna lack diversity and are dominated by 
a few species with abundant representatives.39 Our data, in 
addition to data collected by previous researchers, support 
Jeletzky’s observations and are suggestive of a cold marine 
environment at the time the Deer Bay Formation was 
deposited.

Glendonites were preserved in three distinct horizons in 
the upper half of the section. The first horizon is the thickest 
(~15m) and occurs directly above a thin (~5m) band of 
reddish shale. The other two horizons are considerably 
thinner and are separated from the initial horizon by 
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approximately 17 meters. A large 
slump covers the section immediately 
above the last horizon. The entire 
section spanned by the glendonite 
horizons is generally devoid of fossils. 
The same stratigraphic, lithological, 
and taphonomic (fossil preservation) 
patterns are characteristic at Expedition 
Fiord on western Axel Heiberg Island, 
several hundred kilometers to the 
west [Fig. 1b]. The only significant 
difference between these two sites is 
that the glendonites at Expedition 
Fiord are much smaller and more 
weathered than the glendonites at the 
Blackwelder Mountains.

Fossils and age control
William Smith, the now famous 

English civil engineer and surveyor, 
observed that fossils, especially fossil 
assemblages, succeed one another in 
a regular and determinable order. The 
principle of faunal succession was very 
controversial when Smith proposed 
it, but it is now a fundamental part 
of historical geology and the geologic 
timescale: a species originates, 
persists for some time, and then 
becomes extinct, never to reappear 
in the geologic record. By carefully 
documenting the distribution of fossils 
preserved in layers of rock, these layers 
can be subdivided into time units 
based on the unique fossil assemblages 
they contain, a technique called 
biostratigraphy. Although geologic 
ages determined by biostratigraphy 
were originally relative, developments 
in geochronology, such as radiometric 
age-dating, supplement the fossil data, 
and biostratigraphy is now a very useful 
tool for determining both the relative 
and absolute ages of rocks.

We collected numerous invertebrate 
fossil organisms for age control to 
calibrate our paleomagnetic data to 
the geologic time scale. Belemnites are 
extinct straight-shelled cephalopods 
that were abundant in the Jurassic 
and Early Cretaceous. Several 
poorly preserved specimens were 
collected throughout the section, 
and although the poor preservation 
made identification difficult and 
more speculative than definitive, 
the specimens appear to be forms 
characteristic of the Valanginian in the 
Early Cretaceous.

William Elder, a paleontologist 

with the National Park Service, 
graciously identified 22 representative 
Buchia specimens collected 
throughout the section [Fig. 3a-b]. 
Buchia, robust bivalves similar in 
gross morphology to clams, are by far 
the most abundant macrofossil in the 
Deer Bay Formation. Elder identified 
several forms that are characteristic of 
the Boreal Valanginian.74 He remarks 
that the distribution of specific forms 
in the uppermost part of the section 
suggest that this part of the Deer Bay 
Formation records the gradational 
boundary from the Lower Valanginian 
to the Upper Valanginian.

Ammonites, extinct cephalopods 
similar in appearance to the Modern 
Nautilus, are by far the most useful index 
fossil for Mesozoic biostratigraphy. 
In fact, the Mesozoic is divided into 
ever-shorter time units based in part 
on ammonite speciation patterns. We 
were very fortunate to find several 
well-preserved ammonite specimens 
[Fig. 3c], all of which correlate to the 
uppermost Lower Valanginian.27,30,32

 
Magneto-what?

Although biostratigraphy is an 
invaluable first to second order 
technique for calibrating an outcrop 
to the geologic timescale, its time 
resolution can be limited. For example, 
we can deduce from ammonite 
biostratigraphy that the Deer Bay 
Formation was deposited during 
the Valanginian stage of the Early 
Cretaceous, but we cannot determine 
more precisely when glendonites 
appeared in the Deer Bay Formation 
and for how long they persisted. Thus, 
we would like to supplement the 
biostratigraphy with an independent 
dating method that yields higher 
time resolution. Although it 
probably is not immediately obvious, 
paleomagnetism— the study of Earth’s 
ancient magnetic field as preserved 
in rocks and sediments— can 
(ideally) establish the high resolution 
stratigraphy we need to better 
understand the nature of glendonite-
bearing horizons in the Deer Bay 
Formation. 

The time-averaged (over 1000s 
of years) magnetic field of Earth 
(geomagnetic field) resembles a 
magnetic dipole oriented along the 
Earth’s spin axis, an observation referred 

to as the Geocentric Axial Dipole 
(GAD) hypothesis. The magnetic field 
is vectorial and is described by both its 
direction and magnitude, which vary 
with latitude. The vertical component 
of the direction of the magnetic field is 
called inclination and is a fundamental 
direction in paleomagnetic studies. 
Inclination is vertical and up (that is, 
pointing out from Earth) at the south 
magnetic pole, parallel to the surface 
of the Earth at the magnetic equator, 
and vertical and down (pointing into 
the Earth) at the north magnetic pole. 
The current configuration of the 
geomagnetic field, which we call normal 
polarity, is such that the north magnetic 
pole is in the northern hemisphere 
(and the south magnetic pole is in 
the southern hemisphere); hence, the 
north-seeking arrow of a magnetic 
compass points geographically north. 
Another fundamental observation 
from paleomagnetism is that the 
direction (and magnitude) of the 
Earth’s magnetic field has changed 
randomly with time such that at 
some points in geologic time the 
north magnetic pole was actually in 
the southern hemisphere. We call this 
configuration of Earth’s magnetic field 
reversed polarity. 

The random pattern of field 
reversals through geologic time became 
apparent when geophysicists measured 
the magnetic directions preserved in 
young, well-dated volcanic rocks on 
land and later from volcanic rocks 
on the ocean floor. Oceanic crust is 
produced at spreading ridges where 
hot magma erupts and cools to form a 
rock called basalt, which often records 
very well the direction of the magnetic 
field at the time it cools. The creation 
of oceanic crust at spreading ridges is 
a continuous process, and since crust 
moves away from spreading ridges, 
measuring the preserved directions of 
the magnetic field in oceanic basalts 
from a spreading ridge to another 
tectonic plate boundary (such as 
a subduction zone, where crust is 
destroyed as it sinks deep into the 
Earth) provides a continuous record 
of magnetic field reversals from the 
present back to approximately 160 
Ma (the age of the oldest oceanic 
crust). These series of measurements 
through geologic time are precisely 
dated (usually using radioactive age 
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dating techniques) and compiled into 
what is referred to as the Geomagnetic 
Polarity Timescale (GPTS). A period 
of reversed polarity and its immediately 
proceeding normal period is called 
a ‘chron,’ which is characteristic to 
a point geologic time, much like a 
fossil can be specific to a point in 
geologic time. Because the magnetic 
field reverses randomly, the pattern 
of chrons is unique throughout time. 
Furthermore, because the magnetic 
field encompasses the entire planet, 
all rocks will record the same pattern 
of reversals at a specific point in time. 
Geologists can measure the magnetic 
directions preserved in their sampled 
rocks and, using age tie points (e.g., 

fossils, radioactive age dates), can 
calibrate their measured pattern of 
field reversals to the GPTS; this dating 
technique is called magnetostratigraphy. 
Magnetostratigraphy is often more 
precise and often offers far higher 
resolution than other types of 
stratigraphy (e.g., biostratigraphy, 
lithostratigraphy), enabling geologists 
to have better age control over the 
rocks they are studying.

Extracting the magnetic direction 
preserved in a rock sample is non-
trivial, however. Samples are gradually 
demagnetized in a step-wise fashion 
using a variety of techniques, such as 
applying a known magnetic field to 
a sample or heating the sample to a 

specified temperature, all of which try 
to isolate the most stable, characteristic 
magnetization preserved in the rock. 
Between each demagnetization 
step, samples are measured in a 
magnetometer that can measure very 
magnetic fields. The demagnetization 
data from each sample is then compiled 
in graphical form, from which the 
vector of the magnetic field preserved 
in each sample (and therefore the 
direction of the magnetic field in that 
sample) can be determined using a 
variety of statistical techniques.

Many different factors can 
complicate or overprint the primary 
magnetization of a sample some 
time after the rock formed, such that 
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the characteristic (i.e., most stable) 
magnetization may not be the primary 
magnetization. Fortunately, we can 
use standard paleomagnetic field tests 
to determine the relative time at which 
a rock was magnetized. The most 
straightforward field test is a tilt-test. 
The beds from which we collected our 
samples are presently steeply dipping, 
but were horizontal when they were 
deposited. If the magnetization is 
Recent, then the inclination will be 
shallow when we restore the beds 
to horizontal. Conversely, if the 
magnetization is ancient, inclination 
will steepen once the beds are restored 
to horizontal. Most samples have steep 
inclinations after tectonic correction, 
which signify that ancient primary 
magnetizations have been isolated and 
preserved. These results indicate that 
we can construct a magnetic polarity 
column.

Several sites showed clear normal 
polarity directions. There were a few 
examples of clear reversed polarity, 
evidenced by shallow in situ directions 
that became steep after tectonic 
correction. The sites from which these 
reversed directions were observed 
are stratigraphically distinct, which 
suggests that these sites record reversed 
polarity zones. Rarely did all samples 
from such sites yield clear reversed 
directions. More commonly, a few 
samples showed clear reversed polarity 
directions after overprints had been 
removed, while other samples appeared 
to show a progression of increasingly 
greater degrees of overprinting. The 
majority of the overprints seemed to 
record a Recent field direction, which 
is consistent with a phenomena known 
as viscous remanent magnetization.9 
In some cases, however, the overprint 
appeared to have a steep, pre-tilting 
direction similar to the normal polarity 
characteristic magnetization isolated 
at most of our sites. In one zone, the 
mixing of reversed and normal polarity 
pre-tilting directions is sufficiently 
complex that we can only assign the 
interval as mixed polarity.

To summarize our directions 
and construct a polarity column, we 
first compiled all sites with normal 
polarity directions and calculated 
site-mean directions using spherical 
statistical methods.23 Site-mean data 
are compared to various expected 
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directions for the Early Cretaceous, 
which provides another test for 
primary magnetizations.6,64 Normal 
polarity paleomagnetic results from 
the Deer Bay Formation are consistent 
with expected directions for this region 
of the Arctic in the Early Cretaceous, 
which supports the results from our 
field tests.68

Getting good dates
Our preliminary polarity column 

contains three reversed polarity 
intervals (called A, B, and C here). 
Zones A and B are defined by clear 
reversed polarity samples. Zone C, 
however, has only a single site with 
straightforward reversed polarity 
directions; all other sites in this zone 
have both normal and reversed polarity 
directions. Our polarity interpretation 
is based on the following tie points. 
First, our biostratigraphy places the 
base of our section in the Lower 
Valanginian, close to the Upper/Lower 
Valanginian boundary (~136 Ma) 
[Fig. 2].27,30,32 Second, the top of the 
section is at the base of the Isachsen 
Formation, which is thought to 
represent the Hautervian/Valanginian 
boundary.22,48 Using these tie points, 
we assign the uppermost reversed 
polarity interval (Zone A) to reversed 
polarity Chron M11 of the GPTS [Fig. 
2]. Thus Interval B could be a record of 
one of the reversed polarity subchrons 
in M11A, or a record of Chron 
M12. However, the paleontological 
identifications suggest that the mixed 
polarity zone C corresponds to chron 
M12 (further suggesting that Interval 
B is a subchron in M11A).

Putting it all together
Preliminary calibration of the 

magnetostratigraphy of the Deer Bay 
Formation to the GPTS provides new 
information about the timing and 
duration of fine-grained sedimentation 
and glendonite-bearing horizons in the 
High Canadian Arctic. Biostratigraphic 
correlation unambiguously places the 
Deer Bay Formation in the Valanginian 
Stage; magnetostratigraphic correlation 
suggests that the sampled section is 
greatly expanded (i.e., more sediment 
per unit time) compared to typical low-
latitude successions. Previous authors 
have only speculated on the duration 
of glendonite-bearing horizons.48 We 
suggest that all three discrete zones of 
glendonites occur during the upper-
most interval of normal polarity in 
Chron M12 and throughout Chron 
M11A (a span of less than one million 
years) [Fig. 2]. Individual glendonite 
zones, therefore, probably represent 
short periods of geologic time: e.g., 
~100 kyr for the upper two horizons, 
and ~400 kyr for the lowest horizon. 
The implication is that polar climate 
crossed a temperature threshold, below 
which ikaite formation was facilitated, 
at least three times in a period as short 
as one million years.

Sea level and climate change
Price, in a review of previous work 

on glendonites, emphasized that 
Valanginian glendonites represent 
a global climate signal because they 
temporally correspond to low eustasy.56 
Tethyan and Lower Boreal stratigraphic 
records indicate that global sea level 

was at a Late Mesozoic minimum 
during the Valanginian [Fig. 2], after 
which sea level reached a global high 
throughout the Cretaceous and Early 
Tertiary. Eustasy does not reach 
similarly low levels until the Middle 
Miocene, 120 million years later.31,32

Glendonite-bearing horizons do 
temporally correlate well to stratigraphic 
records [Fig. 2], indicating that polar 
glendonites may record a global 
climate signal. Terrestrial ice is one 
possible mechanism for low eustasy, 
especially for rapid and short-term 
(<3 myr) eustatic changes. We make 
a cautionary note in regard to relying 
heavily on rapid and short-term sea 
level change to invoke climate changes: 
several authors have questioned the 
reliable recognition of third-order and 
lower sea level changes.13,26 

 
The biologic response

We can use our magnetostratigraphic 
column to correlate the Arctic Sverdrup 
Basin to lower latitude sections from 
which Early Cretaceous stable isotope 
stratigraphies have been measured. 
In particular, we note that Channell, 
Erba, and Lini have constrained a 
Late Valanginian C-isotope excursion 
with magnetostratigraphy in Tethyan 
limestone sections [Fig. 2].10 δ13C 
values initially rise during Chron M12, 
peak during the normal period of 
Chron M11, and slowly decay to pre-
excursion values from Chrons M10N 
to M8.10 This positive excursion, and 
the occurrence of numerous black 
shale horizons, suggests high biological 
productivity in the oceans and a global 
oceanic anoxic event.51,73 The global 

Figure 3: Some of the key fossils from the Deer Bay Formation used as tie-points to the geologic timescale. a. Buchia 
keyserlingi (Lahusen), a bivalve characteristic to the Lower Valanginian (approximately 137 to 135.5 Ma); b. Buchia 
sublaevis-inflata, characteristic to the Upper Valanginian (approximately 135.5 to 132 Ma); c. a Polyptychites keyserlingi 
ammonite, distinct to the uppermost Lower Valanginian. See Figure 2 for timescale.
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by the Deer Bay Formation and 
allow us to construct a preliminary 
magnetostratigraphic polarity column. 
The faunal assemblage constrains the 
lower portion of our measured section 
to the uppermost Lower Valanginian 
(136 Ma).27 Our temporal correlations 
provide the first refined age control 
on the duration of these high 
latitude glendonite-bearing horizons. 
We suggest that the three distinct 
glendonite-bearing horizons in the 
Deer Bay Formation represent short 
(100-400 kyr) cooling events. Also for 
the first time, Arctic stratigraphy can be 
readily correlated to low latitude records. 
Our results suggest that glendonite-
bearing horizons are coincident with 
a Late Mesozoic eustatic low. More 
surprisingly, however, is our discovery 
that glendonite-bearing horizons are 
contemporaneous with the onset of 
the Valanginian OAE as defined by 
C-isotope stratigraphy in Tethyan 
sections. Additional work to refine the 
magnetostratigraphy for the Deer Bay 
Formation, as well as efforts to measure 
directly a C-isotope stratigraphy in our 
section, will refine our correlations. 
Furthermore, our conclusions need 
to be tested against other hypotheses 
for the Early Valanginian C-isotope 
event and the validity of glendonites as 
paleoclimate indicators. The available 
data, however, are compatible with the 
idea that glendonite-bearing horizons 
in the Deer Bay formation represent 
short reversals of climate during what 
is generally recognized as the start of 
Cretaceous greenhouse conditions.
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history of modern science and medicine.  
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nature of this event has been bolstered 
by recent drilling results from the 
northwestern Pacific Ocean.7

The upper Deer Bay Formation 
corresponds in time (as defined by 
our magnetostratigraphy) to the 
Valanginian OAE defined by Lini et 
al.51 Although organic carbon values 
from our section are not yet available, 
we note that the overall stratigraphy of 
the Deer Bay Formation is consistent 
with enhanced organic carbon burial.48 
Importantly, we note that, on a finer 
scale, the glendonite-bearing horizons 
from the Deer Bay Formation appear 
to be contemporaneous with the onset 
of the carbon isotope excursion [Fig. 
2].

Weissert et al. related the δ13C 
excursion to peak Paraná (Brazil) 
volcanic activity and rifting in the 
North Atlantic.73 The Valanginian 
C-isotope excursion is increasingly 
considered to signify the onset of 
the overall trend toward greenhouse 
conditions during the Cretaceous.51 
In this sense, the correspondence with 
the glendonite events, which suggest 
cooling, at first seems paradoxical. We 
note, however, some similarities with 
our observations in the Valanginian 
with developing work on Cenomanian-
Turonian sections (during another, 
better preserved OAE). In particular, a 
number of authors have noted short-
term (100 kyr and less) variations 
within the positive δ13C excursion that 
they relate to polar ice and/or sea level 
falls.25,62,71,72 Although the evidence for 
polar ice is hotly debated, there does 
appear to be a sufficient stable isotope 
event (both in carbon and oxygen 
isotopes) to indicate relatively short-
term cooling and significant changes 
in the global carbon cycle within 
the broader positive Cenomanian-
Turonian C-isotope excursion. 37

Cooling in the greenhouse?
The traditional view of positive 

carbon isotope excursions is that they 
represent major changes in the global 
carbon cycle during especially intense 
greenhouse climate conditions. Our 
correlations suggest that the Valanginian 
event was punctuated by rapid cooling 
events. Mild greenhouse conditions 
may have increased nutrient delivery to 
the oceans, which stimulated oceanic 
primary production. The consequent 

reduction in atmospheric CO
2
 (from 

a vigorous carbon pump; e.g., agal 
photosynthesis) could have produced 
a small, antagonistic response to 
the mild greenhouse conditions 
and either stabilized or even cooled 
surface atmosphere temperatures. 
This response, however, may not have 
been significant by itself to produce 
cooling; rather, two or more climate 
variables would probably need to work 
in concert to push the climate system 
to a critical threshold.

For example, the orientation of 
the Earth’s orbit around the sun is 
not constant over time. Rather, the 
shape of the orbit (eccentricity), the 
inclination of the Earth’s spin axis 
with respect to its plane of orbit 
(obliquity), and the wobble of the spin 
axis due to the rotation of the Earth 
(precession) change cyclically with 100 
kyr, 41 kyr, and 23 kyr periodicities, 
respectively. These orbital cycles, 
called Milankovitch cycles, affect 
the amount of solar radiation that 
reaches Earth, and thus affect Earth’s 
climate. Our temporal control on 
the glendonites, although a great 
improvement over previous results, 
is still limited. Nevertheless, there is 
a hint of orbital forcing because two 
of the glendonite horizons appear 
to represent 100 kyr intervals, and 
the third a 400 kyr interval. Thus, 
eccentricity may have amplified the 
effect of small biologically-induced 
reductions in atmospheric CO

2
 and 

briefly pushed the climate system over 
a critical threshold.

Summary
The Deer Bay Formation in the 

Sverdrup Basin of Arctic Canada 
contains three discrete glendonite-
bearing horizons suggestive of cold 
water environments. Previous studies 
and reviews have tried to correlate 
the occurrence of glendonite-bearing 
horizons to episodes of low global sea 
level, aiming to infer global climate 
signals from these correlations; but 
these reviews have been limited to gross 
temporal correlations. The primary 
goal of this study was to sample the 
Deer Bay Formation and to measure 
and determine a magnetostratigraphic 
polarity column with which we could 
make detailed temporal correlations. 
Primary magnetizations are preserved 


