
A method to measure Kr/N2 ratios in air bubbles trapped in ice cores

and its application in reconstructing past mean ocean temperature

Melissa A. Headly1 and Jeffrey P. Severinghaus1

Received 5 December 2006; revised 20 June 2007; accepted 6 July 2007; published 10 October 2007.

[1] We describe a new method for precise measurement of Kr/N2 ratios in air bubbles
trapped in ice cores and the first reconstruction of atmospheric Kr/N2 during the last
glacial maximum (LGM) �20,000 years ago. After gravitational correction, the Kr/N2

record in ice cores should represent the atmospheric ratio, which in turn should reflect
past ocean temperature change due to the dependence of gas solubility on temperature.
The increase in krypton inventory in the glacial ocean due to higher gas solubility in
colder water causes a decrease in the atmospheric inventory of krypton. Assuming Kr and
N2 inventories in the ocean-atmosphere system are conserved, we use a mass balance
model to estimate a mean ocean temperature change between the LGM and today. We
measured Kr/N2 in air bubbles in Greenland (GISP2) ice from the late Holocene and
LGM, using the present atmosphere as a standard. The late Holocene dKr/N2 means from
two sets of measurements are not different from zero (+0.07 ± 0.30% and �0.14 ±
0.93%), as expected from the relatively constant climate of the last millennium. The mean
dKr/N2 in air bubbles from the LGM is �1.34 ± 0.37%. Using the mass balance
model, we estimate that the mean temperature change between the LGM ocean and
today’s ocean was 2.7 ± 0.6�C. Although this error is large compared to the observed
change, this finding is consistent with most previous estimates of LGM deep ocean
temperature based on foraminiferal d18O and sediment pore water d18O and chlorinity.
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1. Introduction

[2] Deep ocean temperature is a fundamental parameter
of the climate system, but its past variations remain poorly
known despite decades of research. This is due mainly to
the inherent ambiguity of oxygen isotope (d18O) records
from benthic foraminifera, which are affected by both
temperature and ice volume [Shackleton, 2000]. In an effort
to separate the temperature from the ice volume signal in the
benthic d18O record, Schrag et al. [1996] measured the d18O
in sediment pore waters. These pore water studies provided
single estimates of deep ocean cooling at the last glacial
maximum (LGM) at several different core sites. Their
conclusion was that the deep ocean temperature was
�4�C cooler during the LGM than it is today, near the
freezing point of seawater [Schrag et al., 1996]. However,
this result only applies to the local temperature at the
sediment core sites. Changes in local hydrography can
obscure the global signal [Adkins and Schrag, 2001]. The
deep ocean is heterogeneous from place to place, limiting
the representativeness of these sites. Others have also tried
to reconstruct deep ocean temperature by using benthic Mg/
Ca ratios [Martin et al., 2002] and regressions of benthic

d18Ocalcite versus reconstructed relative sea level from fossil
corals [Waelbroeck et al., 2002; Cutler et al., 2003]. Like
Schrag et al.’s study, these are estimates of local deep ocean
temperature. Furthermore, Mg/Ca ratios in benthic forami-
nifera can be affected by diagenesis, in addition to temper-
ature [Martin et al., 2002].
[3] We use dKr/N2 measured in air bubbles in ice cores as

a new proxy for past ocean temperature variations. The
dissolved concentration of krypton in seawater varies with
ocean temperature, causing a complementary shift in its
atmospheric abundance [Craig and Weins, 1996]. Krypton
is measured as a ratio to nitrogen concentration because
nitrogen does not respond as sensitively to ocean tempera-
ture because of its low solubility in water, and direct
measurement of the absolute krypton inventory is imprac-
tical. Molecular weight primarily governs the solubility of
gases in solution, so krypton is more soluble than the lighter
gases. Solubility for gases increases with lower water
temperatures, and its dependence on temperature becomes
more pronounced at lower temperatures. The relative frac-
tions of krypton in the present-day atmosphere and ocean
are approximately 98% and 2%, respectively, and 99.5%
and 0.5% for nitrogen [Schlesinger, 1997; Weiss and Kyser,
1978; Weiss, 1970].
[4] The dKr/N2 measurements should provide an estimate

of whole-ocean average temperature change because Kr and
N2 are well mixed in the atmosphere. These atmospheric
gases integrate global solubility-driven air-sea fluxes. Ad-
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ditionally, dKr/N2 measurements in ice cores have the
potential to resolve a time series of ocean temperature
change because they provide discrete samples of the past
atmosphere, in contrast to the pore water studies which are
limited to a single (LGM) point.

2. Hypothesis and Conceptual Model

[5] In order to interpret the dKr/N2 measured in ice cores
as a proxy of past mean ocean temperature, we calculate
expected paleoatmospheric concentrations of Kr and N2

using a conceptual model of the ocean-atmosphere system.
A mass balance approach is used, conserving the total
inventory of Kr and N2 in the ocean-atmosphere system
between the LGM and today, as shown in (1) and (2) below:

Krpresent ocean þ Krpresent atmosphere ¼ Krtotal
¼ KrLGMocean þ KrLGMatmosphere

ð1Þ

N2present ocean þ N2present atmosphere ¼ N2 total

¼ N2LGMocean þ N2LGMatmosphere:

ð2Þ

By conservation of mass, the difference between the LGM
ocean inventory and today’s inventories must have been
taken up by the LGM atmosphere, as these gases are inert or
nearly so, and sources and sinks to the ocean-atmosphere
system are negligible on the timescale of interest. We
assume that nitrogen fixation and denitrification have a
negligible effect on the total N2 inventory. This assumption
is supported by the observation that the entire denitrifiable
inventory of nitrogen represents less than 0.01% of the
atmospheric inventory [Schlesinger, 1997].
[6] For clarity, we note that gas content and heat content

in the ocean are set at the surface outcrop where air-sea
equilibration occurs [Hamme and Emerson, 2002]. As a
water parcel moves through the ocean, these quantities are
conserved. There is no time lag of one versus the other.
Therefore the amount of Kr and N2 in the ocean is indicative
of the average temperature of the ocean at any point in time,
making the consideration of ocean mixing time in our
calculation unnecessary.
[7] ThecurrentoceanicKrandN2inventories (Krpresent ocean

and N2present ocean, respectively) are estimated by using a
multibox model of the ocean that incorporates the distribu-
tion of observed temperatures. The ocean is divided into 1�
latitude � 1� longitude boxes with varying depth segments
(ocean depth is divided into 33 depth intervals). Krpresent ocean
and N2present ocean are calculated using the krypton solubility
algorithms of Weiss and Kyser [1978], and those for
nitrogen of Weiss [1970]. Dissolved gases in the ocean
are assumed to be at equilibrium with the atmosphere.
This assumption may not be strictly correct [Hamme and
Severinghaus, 2007], but it will not affect our calculation
substantially. Ocean temperature data used in our calcula-
tions are given as the mean temperature of each grid box
used in the model [Levitus, 1994]. Salinity is assumed to be
35 psu in all boxes.

[8] The Kr and N2 solubilities (in mg/mol) are multiplied
by the mass of the ocean in each grid box in order to
convert them to Kr and N2 inventories in moles, as shown in
(3) and (4). The Levitus density data (r) are multiplied by
the grid box’s volume (V) to calculate the mass of each grid
box. The model does not include bottom topography, and
therefore does not take into account varying bottom depths
in calculating ocean volume. Rather, data taken at depths
deviating from the 33 standard depth levels are interpolated
from the observed depth to a standard depth. The standard
depths are then used in calculating ocean volume. The
inventories of Kr (Krpresent ocean) and N2 (N2present ocean)
for n grid boxes are calculated as shown below:

Krpresent ocean ¼
Xn
i¼1

G½ 	Kr T ; Sð Þ � r� V ð3Þ

N2present ocean ¼
Xn
i¼1

G½ 	N2
T ; Sð Þ � r� V : ð4Þ

The Kr and N2 in each box are summed to obtain a whole-
ocean inventory of Kr and N2 in today’s ocean (Krpresent
ocean and N2present ocean), which are used in equations (1) and
(2). We find Krpresent ocean and N2present ocean to be 4.35 �
1012 moles and 6.52 � 1017 moles, respectively.
[9] The second terms in equations (1) and (2),

Krpresent atmosphere and N2present atmosphere, are calculated by
multiplying the knownmole fraction of these gases in today’s
atmosphere by the total moles of air, 1.77 � 1020 moles
(calculated using the mass of the atmosphere and the
molecular weight of dry air from Schlesinger [1997]).
The calculated atmospheric Kr and N2 inventories are
2.02 � 1014 moles and 1.38 � 1020 moles, respectively.
[10] The first terms on the right side of equations (1) and

(2), KrLGM ocean and N2LGM ocean, are calculated using the
ocean box model described above. The temperature variable
used to calculate the present oceanic inventories is reduced
by 0.5�C to 6.0�C to simulate a wide range of mean ocean
temperature changes between the LGM and today. Higher
salinity of the LGM ocean is also included in the model,
assuming an LGM salinity of 36 psu [Adkins and Schrag,
2001]. The LGM ocean model also accounts for the
reduction in sea level (and thus ocean volume) at that time.
Measurements from past coral terraces indicate that sea
level was �120 m lower during the LGM [Fairbanks,
1989], which corresponds to a 3% decrease in ocean
volume. Another expected consequence of lower sea level
during the LGM is an increase in sea level barometric
pressure. This pressure increase is due to the displacement
of water from the ocean and onto land in the form of ice
sheets, decreasing surface pressure over land, and increasing
it over the lower sea level. We estimate the increase in sea
level pressure resulting from a 120 m decrease in sea level
as follows:

p=po ¼ e�z=H : ð5Þ

[11] The scale height of the atmosphere (H) is assumed to
be 7600 m in deep water formation regions, and sea level
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height (z) at the LGM is �120 m (in reference to today’s sea
level). This yields 1.0159 for p/po, the ratio of LGM sea
level pressure (at z = �120 m), to the pressure at sea level
today (at z = 0). Henry’s law states that partial pressure and
dissolved concentration of a gas are directly proportional, so
the Kr and N2 oceanic inventories would increase by 1.59%
because of higher sea level pressure during the LGM. This
calculation neglects the fact that ice sheets displace air at
slightly higher elevations (and thus lower air densities) than
does seawater, although this fact is largely compensated by
the lower density of ice than water. This calculation also
neglects possible synoptic changes in sea level barometric
pressure, which are currently unknown.
[12] Other potential factors that could influence the

amount of Kr and N2 in the LGM ocean include changes
in wind patterns and diapycnal mixing. It is widely accepted
that winds were stronger during the LGM, as suggested by
increased dust deposits in ice cores [Crowley and North,
1991]. Stronger winds or changes in wind patterns during
the LGM could alter the amount of bubble entrainment, or
injection, into ocean waters. Hamme and Emerson [2002]
have shown that air bubble injection preferentially increases
the abundance of less soluble gases (including N2) in the
ocean. Therefore an increase in bubble injection would
cause our measurements to be biased toward lower dKr/
N2 values, and an underestimation of ocean temperature
change. Bubble injection is unlikely to have a significant
influence on our measurements. The effect of doubling
bubble injection would change dKr/N2 by �0.2%, which
is less than measurement error (0.37%) [Hamme and
Severinghaus, 2007]. Likewise, although diapycnal mixing
is suggested to have changed between the LGM and today
[Watson and Garbato, 2006; Egbert et al., 2004], it is
unlikely to affect our measurements significantly. Diapycnal
mixing within the ocean, isolated from the surface, would
have no affect on atmospheric dKr/N2 because we are
concerned with Kr and N2 abundances, rather than their
saturation state. In a case where diapycnal mixing creates an

intermediate depth water parcel that outcrops at the surface,
the effect on dKr/N2 values should only be �0.1–0.2% at
most, which is within our measurement error.
[13] The last terms in equations (1) and (2),

KrLGM atmosphere and N2LGM atmosphere, are measured in
the air bubbles in ice from the LGM as the ratio, Kr/N2.
KrLGM atmosphere and N2LGM atmosphere, are also modeled using
the mass balance ocean-atmosphere model, and compared to
the measurements to interpret the results. The total amount of
Kr and N2 in the ocean and atmosphere together are constant
on these timescales, so the increase in LGM ocean invento-
ries due to ocean temperature change must cause a resultant
decrease in LGM atmospheric inventories. Therefore it
follows from (1) and (2) that

KrLGMatmosphere ¼ Krtotal � KrLGMocean ð6Þ

N2LGMatmosphere ¼ N2 total � N2LGMocean; ð7Þ

where Krtotal and N2total are the sum of today’s atmosphere
and ocean inventories of each gas. The modeled Kr and N2

in the LGM atmosphere vary with mean ocean temperature
change (Figure 1). In this study, the Kr/N2 ratio is expressed
in the customary delta notation, which describes the
deviation of the sample Kr/N2 from a standard Kr/N2 ratio:

dKr=N2 ¼ Kr=N2sample=Kr=N2standard

� �
� 1

� �
� 103 0=00: ð8Þ

The standard used is the ratio of Kr/N2 present in
today’s atmosphere (from samples taken on the SIO pier
in La Jolla, CA).

3. Analytical Technique

[14] The analytical approach used in this study is based
primarily on the techniques outlined by Severinghaus et al.
[2003] and Sowers et al. [1989]. Ice samples of approxi-
mately 50–60 g are cut using a band saw in a walk-in
freezer, kept at �20�C. Edges (5 mm) of the ice sample are
removed using a band saw to expose fresh ice surfaces. The
long axis of the sample is parallel to the ice core, so that
each sample is typically an average of several annual layers.
The piece is then cut into 2–4 smaller pieces to fit into the
extraction vessel. The extraction vessel is a custom-made
400-cm3 glass vessel. The ice sample and two glass-covered
magnetic stir bars are lowered into the extraction vessel with
chilled tongs. Two stir bars were found to be more effective
than one in extracting krypton during the transfer of gas
from the extraction vessel to the sample dip tube (Figure 2).
[15] The extraction vessel is then attached to the vacuum

line using a gold-plated copper conflat gasket, and the
ambient air is pumped out of the vessel for 40 min. The
extraction vessel is kept in an ethanol dewar at �20�C
during the pump down. Sublimation and subsequent water
vapor flow during pumping effectively remove any gases
adsorbed onto the ice [Severinghaus et al., 2003]. The total
pressure is measured to monitor outgassing at 5 min and at
the end of the 40 min of pumping, at which point the
pressure should reduce to the vapor pressure of water over
ice at �20�C. After 40 min, the extraction vessel is sealed,

Figure 1. Modeled dKr/N2 versus ocean temperature
change between now and the LGM. Modeled dKr/N2 is
positive at �0.5�C because of smaller ocean volume during
the LGM. Second-order polynomial fit to points: y =
�0.0175x2 + 0.5989x + 0.4146.

D19105 HEADLY AND SEVERINGHAUS: A METHOD TO MEASURE Kr/N2 IN ICE CORES

3 of 12

D19105




















