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Laboratory determination of thermal diffusion constants for ?°N.,/?®N,, in air at
temperatures from —60 to 0°C for reconstruction of magnitudes of abrupt climate changes
using the ice core fossil-air paleothermometer
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Abstract—Rapid temperature change causes fractionation of isotopic gaseous species in air in firn (snow) by
thermal diffusion, producing a signal that is preserved in trapped air bubbles as the snow forms ice. Using a
model of heat penetration and gas diffusion in the firn, as well as the values of appropriate thermal diffusion
constants, it is possible to reconstruct the magnitude of a particular paleoclimate change. Isotopic nitrogen in
air serves as a convenient tracer for such paleoreconstruction, because th&NgfiBN, has stayed
extremely constant in the atmosphere ot (° years. However, prior to this work no data were available for
thermal diffusion of>N,/?®N,, in air, but only in pure . We devised a laboratory experiment allowing
fractionation of gases by thermal diffusion in a small, tightly controlled temperature difference. A mass
spectrometer was employed in measuring the resulting fractionations yielding measurement precision greater
than was attainable by earlier thermal diffusion investigators.

Our laboratory experiments indicate that the value of the thermal diffusion sensifiifip 2°N./2N,, in
air is +(14.7 = 0.5) X 102 per mil/°C when the average temperature is —30.0°C. The corresponding value
for 2°N,/?2N,, in pure N, that we find is+(15.3 = 0.4) X 102 per mil/°C at —30.6°C, in agreement with the
previously available literature data within their large range of uncertainty. We find that an empirical equation,
Q = (8.656M, — 1232T2) + 3% per mil/°C, describes the slight variation of the sensitivity values for
29N,,/2°N,, in air with temperature in the range of —60 to 0°C. A separate set of experiments also described in
this paper rules out adsorption as a candidate for producing additional temperature change-driven fractionation
of 2°N/?®N, in the firn air. The combined newly obtained data constitute a calibration of the fossil-air
paleothermometer with respect to isotopic nitrogen and will serve to improve the estimates of the magnitudes
of past abrupt climate changes recorded in ice cor€pyright © 2003 Elsevier Science Ltd

1. INTRODUCTION land Ice Sheet Project 2 (GISP2) ice core is shown in Figure 1.
Once the appropriate values of thermal diffusion constants are
known, the method allows an unambiguous estimate of the
magnitude of the abrupt climate warmings and coolings that
occurred persistently in Greenland (and elsewhere) throughout
the Last Glacial Period (Alley et al., 2001; Blunier and Brook,
2001). This was not possible with previously available methods
(see Jouzel, 2001).

A new method has been developed recently to allow precise
reconstruction of the magnitudes of abrupt climate changes
using fossil air from ice cores (Severinghaus et al., 1998;
Severinghaus and Brook, 1999; Leuenberger et al., 1999; Lang
et al., 1999; Jouzel, 1999; Caillon et al., 2001). The method is
based on the physics of air diffusion at the top of ice sheets in
the ~100-m deep layer of consolidated snow called “firn.” Firn
is a porous medium that is very effective in suppressing con-
vective movement of gas, making molecular diffusion the dom- 1.1. The Thermal Diffusion Phenomenon
inant transport mechanism. Fossil air preserved in bubbles in
ice cores was at one time freely-diffusing air just above the
firn—ice transition. Air becomes trapped when the lowermost

portion of the firn is gradually metamorphosed into ice under - . s
the ever-increasing weight of the newly deposited snow at the locally) when subjected to nonuniform temperature conditions.
This phenomenon is unrelated to the simple fact that there are

surface. Fast shifts of surface temperature are capable of mak- )

; ) . . . more molecules overall at lower than at higher temperatures,

ing the firn column nonisothermal (due to its lower portion . e s
pressure being equal. In the case of thermal diffusion the

being more insulated) for prolonged periods of time, which in . =™~ S .
L : - . diffusive mass transport is driven by a thermal gradient rather
turn causes a change in isotopic composition of air at the - : . i
bottom of the fim through the action of a subtle physical than by a concentration gradient as in the case of ordinary
diffusion. The case of thermal diffusion is distinctly different

phenomenon known as “thermal diffusion.” The validity of the . - "
o . from the other three transport properties (viscosity, thermal
fossil air paleothermometer has been tested in the modern polar . . e o :
conductivity, and ordinary diffusion) in that a gradient of one

firn as described by Severinghaus et al. (2001). An example of quantity (temperature) results in a transport of an unrelated

an observed isotopic profile of nitrogen and argon in the Green- quantity (mass). This subtle phenomenon can be derived theo-
retically using the methods of the rigorous kinetic theory of
*Author to whom correspondence should be addressed 9ases (Hirschfelder et al., 1964; Mason et al., 1966; Chapman
(agrachev@ucsd.edu). and Cowling, 1970) or of nonequilibrium thermodynamics (De
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The process of thermal diffusion (Chapman, 1917; Enskog,
1917; Chapman and Dootson, 1917) can be defined as the
tendency of initially uniform mixtures to unmix (fractionate
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Fig. 1. A profile of 85N® and §*°Ar in fossil air extracted from a ~15,000-year-old section of GISP2 ice core. The
observed isotopic anomaly in conjunction with a model of heat penetration and diffusion in the firn allows an estimate of
the magnitude of the warming (~11°C in the case of the “Bglling warming” shown in the figure; see Severinghaus and
Brook, 1999 and Severinghaus et al., 2003). Thermal diffusion sensitivity values in air from this work served as input
parameters of the model. The conventional paleotemperature proxy 80, is shown as a reference. (*) 6N =
{1CN*2N,) rmpied CINLPN) gangardl — 11} X 1,000 per mil; similar definition applies to the “°Ar/*°Ar ratio (§°Ar). The
values of 5*°Ar are scaled by a factor of 1/4 in order to display the delta values per unit mass difference in respective
isotopic species. The offset between the profiles of 8'°N and §*°Ar/4 is due to their different thermal diffusion sensitivity

values.

Groot, 1959). The simple (“Maxwellian”) gas kinetic theory
fails to account for it. Generally speaking, the greater the mass
difference between the molecules of the two species in a
mixture, and the “harder” the collisions between them (i.e., a
steeper repulsive wall of the intermolecular potential), the
greater isthe tendency of the two speciesto separate by thermal
diffusion.

The thermal diffusion process can be observed in a labora-
tory in a vertically mounted closed tube containing a uniform
mixture of gases or isotopic species by heating it from above
and chilling it from below, and detecting the subsequent slight
change of composition at its cold end relative to its warm end.
Unmixing driven by thermal diffusion can only proceed up to
a certain point: the increased mole fraction gradient enables
ordinary diffusion to support an equal and opposite flux of
respective molecules balancing the flux due to thermal diffu-
sion. The corresponding steady-state fractionation increases
with the imposed temperature difference. The effect islinear in
the sense that a doubling of the imposed temperature difference
results in a doubling of fractionation within temperature differ-
ences of ~100°C. For the majority of studied mixtures, the
heavier component migrates down the temperature gradient,

and the lighter component up. A number of excellent reviews
on the complex phenomenon of gaseous thermal diffusion are
available, most notably Grew and Ibbs (1952), Mason et al.
(1966), and Grew (1969).

Although many attempts have been made to offer a simple
explanation of thermal diffusion (see references in Cowling,
1970), none of the explanations proved completely satisfactory
(Mason et a., 1966; Monchick and Mason, 1967; Grew, 1969).
Still, we can make the most basic point regarding the driving
force of the unmixing by thermal diffusion, asfollows. The two
components in a binary mixture are “pushed apart” by thermal
diffusion. Opposing partial pressure gradients are established
for each of them as a result. (The total pressure is the same
throughout the vessel because the mixture is not flowing as a
whole). Focusing on one component, a force has to be con-
stantly applied to it to maintain its partial pressure gradient. It
is easy to recognize that such a force must originate from the
second component. The mechanism of generating the force lies
in the exchange of momentum between the components in
collisions (from Newton’'s law a force is equivalent to the rate
of change of momentum). In a mixture subjected to a temper-
ature difference there is a constant net transfer of momentum
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from one component to the other, hence the force that “ pushes”
them apart. Attempts to take this momentum transfer argument
further to match the result of the rigorous theory (Frankel,
1940; Jones and Furry, 1946; Furry, 1948; Present, 1958) have
been criticized as being inadequate and ad hoc (Mason et al.,
1966; Monchick and Mason, 1967). Rigorous theory supplies
mathematical derivation of thermal diffusion but unfortunately
no intuitive explanation of it (see however Cowling, 1970 for
an elementary interpretation of the exact theory).

1.2. The Thermal Diffusion Constants

The rigorous kinetic theory yields the following expressions
for the fluxes of gases in a nonuniform binary mixture in a
temperature gradient:

J; = —nDy(gradX; + aX; X, grad(InT)), (18)
J, = —nDy,(gradX, — aXX,grad(InT)), (1b)

where J; and J, are the vectors of flux densities (molecules/
cm?-s) of species 1 and 2 (J; + J, = 0), nis the total number
density of molecules (molecules'cm?), X, and X, are mole
fractions of the components (X, + X, = 1), D,, isthe ordinary
diffusion coefficient, T is temperature (in Kelvin), and o isthe
so-caled “thermal diffusion factor” (Grew and Ibbs, 1952;
Chapman and Cowling, 1970; Mason et a., 1966; Grew, 1969).
By convention, gas 1 is the heavier component of the mixture
so that when a; > 0 (the most common case) the heavier
component moves down the temperature gradient, and the
lighter component in the opposite direction.

The values of a vary substantially from mixture to mixture,
and depend on the absolute temperature (Mason et al., 1966).
There is also an effect of composition and of pressure on
thermal diffusion, the latter becoming particularly pronounced
at pressures greatly exceeding 1 atm (Mason et ., 1966; Velds
et a., 1967; Oost, 1968; Oost et a., 1972; also see Dunlop and
Bignell, 1996 and references therein). Because the accuracy of
theoretical calculations of the thermal diffusion factors still
needs improvement, especially for multicomponent mixtures
(Hirschfelder et d., 1964; Kestin et al., 1984; Boushehri et .,
1987; Kincaid et al., 1987; Bzowski et al., 1990), experimental
methods have been used widely to determine their values.
Experimental determination of thermal diffusion factors has
most commonly employed a so-called “two-bulb apparatus,”
which consists of two large volumes, one above the other,
connected by a narrow tube (Mason et a., 1966). A cascade
device called a trennschaukel (or swing separator) has also
been successfully employed for that purpose. The use of amore
complex apparatus caled a “therma diffusion column” can
only yield approximate o values when empirical “apparatus
factors’ are estimated from calibration experiments (Mason et
al., 1966). A large dataset on thermal diffusion factors for
various pure binary mixtures is available in the literature (see
references in Grew and Ibbs, 1952 and Mason et a., 1966).

The thermal diffusion factor is determined from an experi-
ment using a two-bulb apparatus as follows. The upper volume
(“bulb”) is kept at a temperature T, and the lower volume at
a temperature T, 4. The vertica mounting of the apparatus
with the warmer bulb above obviates convective currents. A
steady state is approached exponentially with the relaxation

time 7, which is determined mainly by the dimensions of the
apparatus and the ordinary diffusion coefficient D,, for the
mixture (Grew and Ibbs, 1952; Mason et a., 1966 and refer-
ences therein). In the steady state, fluxes J, and J,, of Egns. 1a
and 1b become equal to zero. Denoting the vertical axis as z,
the steady-state form of Eqgn. 1a can be written as:

dX,/dz = —aX,X, d(INT)/dz. )

Equation 2 can be integrated with the assumption of uniform
composition in each bulb and taking the temperature-dependent
parameter o to correspond to some intermediate temperature
between T4 and T, denoted as the effective average tem-
perature, T, :

IN[(Xgeoa/ Xocoia)/ (Kot Xano) ] = ar(Ta) X IN(Troe/ Tegra) -
©)

This equation (Grew and Ibbs, 1952; Mason et a., 1966) relates
the steady-state mole fractions of the components in the two
bulbs to the temperatures T, and T, 4 (in degrees Kelvin) at
which they are maintained in an experiment. The actual vaue
of the average temperature T,, can be found once a certain
algebraic form of the temperature dependence of the thermal
diffusion factor is assumed. If this dependenceis taken to be of
the widely used form o = a —b/T, (Brown, 1940; Grew and
Ibbs, 1952), where a and b are arbitrary constants, then the
effective average temperature is given as (Mason et al., 1966):

Tav. = ((ThotTeord/(Thot = Tooid)) X IN(Thot/ Teora), (4)

where all temperatures are expressed in degrees Kelvin. The
quantity in square brackets in Eqgn. 3 is called the “separation
factor” (Grew and Ibbs, 1952) and is denoted as q in the
literature:

q = (Xl cold/XZ cold)/(xl hot/XZ hot) . (5)

Temperatures T,; and T4 are chosen by the experimenter,
and the quantity g can be determined by analyzing the steady-
state composition of the mixture sampled from the hot and cold
bulbs using mass spectrometry or other analytical techniques
(Mason et d., 1966).

While the thermal diffusion factor is a parameter conven-
tionally used in the physics literature, a new measure of sus-
ceptibility of isotopic species to unmixing by thermal diffusion
has been introduced recently called the “thermal diffusion
sensitivity” ) (Severinghaus et al., 2001; Severinghaus et a.,
2003). It is defined in terms of easily identifiable quantities and
its form resembles customary geochemical and paleoclimato-
logical indicators. The starting point in the definition is to
express the relative fractionation of the two isotopic species
due to thermal diffusion using delta notation:

8* = (q— 1) X 1,000 per mil. (6)

The asterisk is used as areminder that no standard is used when
determining the fractionation, but rather the isotopic ratio in the
cold bulb of the apparatus is measured relative to the ratio in
the hot bulb (refer to Eqn. 5). The thermal diffusion sensitivity
is then given as:
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Q(Ta) = 8*/(Tho — Toaa) per mil/°C. @)

The sensitivity is referenced to the average temperature T,
given by Eqgn. 4 in an analogous way as the thermal diffusion
factor of Egn. 3. Note that while the thermal diffusion factor is
a pure number, the sensitivity has units of per mil/°C. This
parameter bears a straightforward meaning: it shows by how
much two isotopic species in a mixture fractionate (in steady
state) for each degree of applied temperature difference. The
value of the thermal diffusion sensitivity is readily calculated
from an experiment using Egn. 7. Combining Egns. 3, 5, and 6
and using the same &* notation, the thermal diffusion factor
corresponding to the effective average temperature T, of Eqgn.
4 is calculated as:

ar(Ta) = In(1 + 0.001 X &)/IN(Toe/ o).~ (8)

The approximate relationship between ((T,,) and a(T,,) is
given as follows:

(Ta) = ar(Ta) X 1000/T,, per mil/°C, ©)

where the effective average temperature T,, is in degrees
Kelvin (see Appendix). This approximation is very accurate for
small temperature differences.

1.3. The Objective of This Work

Our interest in thermal diffusion liesin its role in generating
a record of abrupt climate changes preserved in archives of
fossil air from ice cores. Previous work has employed the stable
isotopic species of either isotopic nitrogen *°N./?N, alone
(Leuenberger et a., 1999; Lang et al., 1999) or a combination
of isotopic nitrogen and isotopic argon “CAr/®Ar (Severing-
haus et al., 1998; Severinghaus and Brook, 1999; Caillon et d.,
2001) for the purpose of establishing the degree to which the
fossil air extracted from ice cores is fractionated by thermal
diffusion. Knowledge of the thermal diffusion constants of the
above isotopic species for appropriate conditions is critical in
recovering the magnitudes of abrupt climate shifts from the
amounts of observed thermal diffusion fractionation.

Unfortunately the literature supplies no data on thermal
diffusion of isotopic nitrogen and argon in air, but only in pure
respective gases (Stier, 1942; Mann, 1948; Davenport and
Winter, 1951; Moran and Watson, 1958; Saxena et al., 1961,
Paul et al., 1963; Boersma-Klein and De Vries, 1966; Raman et
al., 1968; Stevens and De Vries, 1968; Rutherford, 1973;
Taylor and Weissman, 1973; Santamaria et a., 1977). The
distinction isimportant to makein view of the fact that isotopic
pairs in pure and in mixed gases can have rather different
thermal diffusion factors (Van der Vak and De Vries, 1963;
Kincaid et a., 1987). Although one may expect the difference
to be more pronounced for argon (~1% in air) than for nitrogen
(~78% in air) due to greater dilution of the argon gas, it is not
clear apriori how close the pure gas thermal diffusion constants
are to the respective constants in air in either case.

We have developed a laboratory procedure allowing precise
determination of thermal diffusion constants of isotopic N, and
Ar in ar. Our technique is conceptualy similar to that em-
ployed by earlier workers (see Section 2.1). However, we used
a smaller size of fractionation apparatus, thus making experi-
ment durations relatively short. We also avoided the use of

multistage isotopic enrichment procedures, thus reducing the
potential for systematic error. We used small temperature dif-
ferences representative of climate, i.e., ~15°C, and hence were
capable of more accurate temperature assignment of o values,
while still being able to detect resulting small fractionations
with high precision. These improvements were made possible
by having firm temperature control during experiments and by
employing a modern dua-inlet mass spectrometer of much
higher sensitivity and precision than instruments available to
the pioneers of thermal diffusion studies.

This study presents the results of our therma diffusion
experiments on 2°N,/?®N,, in air and in pure nitrogen. In addi-
tion, we present results of a separate experimental investigation
of possible temperature change-driven fractionation effects
related to surface adsorption in the firn. The overall goa of this
work was to establish an accurate calibration for the recently
developed ice core fossil-air paleothermometer.

2. EXPERIMENTAL METHODS
2.1. Thermal Diffusion Experiments

Dry air, water-saturated air, or N, was equilibrated in a firmly
controlled temperature difference (or in an isothermal bath for “blank”
experiments) using a two-bulb apparatus (see Section 1.2). The portion
of air at the colder temperature became isotopically fractionated rela
tive to the portion at the warmer temperature by thermal diffusion. The
two were isolated from each other by closing off the appropriate valves
once enough time had been allowed to reach a steady state. The amount
of induced fractionation was measured on a mass spectrometer. For
brevity we refer to the bringing of a mixture to a steady state with
respect to thermal diffusion as “equilibration,” while of course strictly
speaking the situation is inherently a nonequilibrium one (a tempera-
ture difference is maintained and the composition of the mixture is
nonuniform). The experiments performed during 199899 are referred
to as the “early” experiments, whereas those for the time period
200002 are referred to as the “recent” experiments (Table 1a). The
latter were characterized by somewhat more careful experimentation,
and the corresponding data may be of slightly better quality.

2.1.1. Equilibration vessels

Two stainless steel equilibration vessels (hereafter the “small cell”
and the “big cell”) were employed in our experiments. The big cell is
shown in Fig. 2 under label “1.” The small cell had tube segments (of
the same diameter as the middle tube) in place of the bulbs, but had
otherwise the same geometry as the big cell. The total distance between
the ends of acell was ~32 cm and the inside cross section of the middle
tube was ~0.34 cm?. The bulb volume was ~26 cm?® for the big cell
and ~1.2 cm? for the small cell.

A cell was mounted vertically in a specially designed dual-temper-
ature bath (see Section 2.1.4). The upper side of acell isreferred to as
the“warm” side, and the lower asthe “cold” side (see Fig. 2). Each side
was equipped with a pair of valves. The inner valves served to isolate
the two portions of fractionated gas from each other once the equili-
bration has been completed. The outer valves allowed the introduction
of the gas into the mass spectrometer for the analysis. The end tubes
curved at 90° were intended for connecting the cell to the mass
spectrometer.

Originally the big cell was intended for experiments with argon, as
more air was needed to perform the argon analysis. We later decided to
use the big cell for the nitrogen experiments as well to test whether
there is a contribution to the overall fractionation caused by surface
effects (i.e., temperature-dependent i sotope-sel ective adsorption on the
stainless steel surface). Such effect should depend on the surface to
volume ratio in the sample volume, which differed considerably for the
two cells: it constituted roughly 15 cm™? for the small cell and ~2
cm™* for the big cell.
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Table 1a. A complete list of the measured and derived parameters for Table 1a. (Continued)
the thermal diffusion experiments.
AIR-Il: small cell/air/recent data
AIR-I: small cell/air/early data
Tcol da Thot 8* corr. Tav. ar X 103 Q’ X 103
Tool da Thot &% corr. Tav. QT X 103 O x 103
-37.6 —-225 0.210 -30.2 3.38 13.9
—64.8 -50.4 0.209 -57.8 3.12 145 —-37.6 —-225 0.211 —-30.2 3.40 14.0
—64.7 —49.8 0.208 —57.4 3.01 13.9 -375 —-225 0.209 -30.2 3.39 13.9
-51.0 —-36.7 0.205 —44.0 3.28 14.3
-51.0 -36.5 0.211 —43.9 334 14.6 AIR-I11: small cell/air+vapor/recent data
—-50.0 —-35.2 0.225 —42.8 3.50 15.2
-501 —-350  0.230 —42.7 351 15.2 Teold Thot & corr. Ta. arx10° Q x 10°
—-50.0 —-34.7 0.213 —425 321 139
—50.0 -34.7 0.227 —425 3.43 14.8 -370 —-22.2 0.222 —29.7 3.65 15.0
—46.1 —-36.7 0.129 —415 3.18 13.7 —36.9 —-21.8 0.238 —295 3.84 15.8
—46.1 —36.6 0.135 —41.4 3.28 14.2 —36.8 -21.6 0.223 —29.4 3.58 14.7
—46.0 —36.6 0.130 —41.4 321 13.8 —36.7 —-21.7 0.224 —294 3.64 14.9
-355 -19.7 0.236 —27.8 3.67 15.0 —36.8 -21.4 0.228 —29.3 3.61 14.8
—-34.8 —-20.4 0.222 —-27.7 3.78 15.4 —36.7 —-215 0.227 —29.3 3.64 14.9
-354 -19.7 0.228 —-27.7 3.56 145 —36.9 -21.2 0.234 —29.2 3.64 14.9
-35.5 —-195 0.239 —-27.7 3.67 14.9 —36.7 —-21.4 0.224 —29.2 357 14.6
-35.3 —19.6 0.247 —27.6 3.86 15.7 -36.7 —-214 0.218 —29.2 3.48 14.2
—-35.3 —-194 0.230 —-275 3.55 145
—34.6 -20.1 0.208 —-275 3.52 14.3 AIR-1V: big cell/air/early data (excluded)
—-20.7 —-5.2 0.228 —-13.1 3.82 14.7
—-20.5 —5.2 0.237 -13.0 4.03 155 Teoid Thot & corr. T arx10° Q x 10%
—-19.8 -55 0.210 —-128 3.83 14.7
—19.8 —5.3 0.213 —-12.7 3.82 14.7 -354 -19.7 0.224 —-27.7 351 14.3
—19.7 —5.0 0.230 —-125 4.08 15.7 —-354 —-195 0.220 —27.6 3.40 13.8
—-19.7 —-4.9 0.230 —-124 4.05 155 —35.2 —19.6 0.226 —-27.6 3.56 145
—19.6 —5.0 0.217 —-124 3.88 14.9 -355 -19.0 0.247 —-274 3.69 15.0
—19.6 —4.9 0.230 —-124 4.09 15.7 -35.2 —19.2 0.204 —-27.4 3.13 12.7
—19.7 —4.7 0.219 —-12.3 3.80 14.6 —-35.2 —-174 0.248 —26.5 344 13.9
-54 9.1 0.234 1.7 4.44 16.1
-53 9.1 0.217 18 4.14 151 AIR-V: big cell/50 torr air/recent data
—-5.3 9.2 0.214 18 4.06 14.8
-55 95 0237 1.9 4.35 15.8 Toua Toot & corr. T X100 Q X 10°
AIR-I1: small cell/air/recent data —499 —-35.3 0.208 —42.8 3.28 14.2
-38.3 —-23.2 0.217 —-30.9 3.48 14.4
Teold Thot &* corr. Tav. arx10® QO x 10° -381 -231 0.208 -30.8 3.36 13.9
—-379 —-23.2 0.216 —-30.7 3.56 14.7
—65.4 —50.5 0.211 —58.1 3.05 14.2 —-379 —-23.2 0.215 —-30.7 3.55 14.6
—65.4 -50.4 0.203 —58.1 291 135 -37.7 —-234 0.209 -30.7 3.54 14.6
—65.4 —-50.3 0.205 —58.0 2.92 13.6 —-38.1 —-229 0.215 —-30.7 343 14.1
—65.3 —-50.4 0.201 —58.0 2.90 135 —38.0 —-23.0 0.210 -30.7 3.40 14.0
—65.2 -504 0.209 —58.0 3.04 141 -38.0 -23.0 0.216 -30.7 3.49 14.4
—65.1 -50.3 0.194 —57.9 2.82 131 -37.6 —-234 0.211 —-30.6 3.60 14.9
—65.0 —-50.2 0.201 —-57.8 2.93 13.6 —-37.6 —-234 0.219 —30.6 3.74 154
—65.0 —50.2 0.202 —57.8 2.94 13.6 -37.8 —-23.1 0.208 —-30.6 3.43 141
-64.9 —50.2 0.197 —-57.7 2.89 134 -37.8 -231 0.215 -30.6 3.55 14.6
—49.9 -35.3 0.206 —42.8 3.25 14.1 -37.6 —-23.3 0.224 —30.6 3.80 15.7
—49.8 -35.1 0.216 —426 3.39 14.7 -374 -235 0.207 -30.6 3.61 14.9
—385 —-22.9 0.225 —-30.9 3.50 14.4 -375 —-233 0.212 -305 3.62 14.9
—38.7 —22.6 0.236 —30.8 3.55 14.7 -37.6 -231 0.220 -305 3.68 15.2
—38.6 —22.6 0.231 -30.8 3.50 14.4 -375 —-23.2 0.206 —-305 3.50 14.4
-385 —22.6 0.234 —-30.7 3.57 14.7 -375 -232 0.220 -305 3.73 154
-38.3 —-22.8 0.230 —-30.7 3.60 14.8 -37.6 —-225 0.212 -30.2 3.41 14.0
—38.3 —22.8 0.227 —-30.7 3.55 14.6 —-37.6 —22.2 0.209 —30.1 3.30 13.6
-37.8 -233 0.209 —-30.7 3.50 14.4
—-384 —22.6 0.232 —-30.7 3.56 14.7 AIR-VI: big cell/air/recent data
-37.7 -233 0.225 —30.6 3.79 15.6
-377 -233 0211  -306 355 147 Toua Trot & corr. Ta X 10° Q% 103
-38.3 —-225 0.228 —30.6 3.50 14.4
—-380 —228 0.231 —30.6 3.69 15.2 -381 —228 0.219 —30.6 3.47 14.3
-375 —-233 0.215 —-30.5 367 151 -379 -229 0.221 —-30.6 357 14.7
—-374 —234 0.215 —30.5 373 154 -379 -228 0.216 —-305 3.47 14.3
-375 232 0.218 —-30.5 370 15.2 -378 —-226 0.221 -304 353 145
—-37.3 —234 0.205 —30.5 3.58 14.7 -37.7 —-225 0.223 —-30.3 3.56 14.7
-37.3 —-234 0.214 -305 3.74 154 —-376 —-226 0.215 —30.3 3.48 14.3
—-375 —-231 0.224 —-304 3.78 15.6 .
(continued)

(continued)
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Table 1la. (Continued) Table 1la. (Continued)
AIR-VI: big cell/air/recent data Group <& " N
Teord® Thot & corr. To. ar X 10° Q x 10° AR 0.005 =+ 0.009 9
- +
-376 —225 0.219 -30.2 3.52 145 ARV 888; N gg% g
—-375 —22.6 0.217 —30.2 354 14.6 - —
-374 -225 0.222 -30.1 3.62 149 ARV 0.002 + 0.006 16
0.006 = 0.002 9
N2-1: small cell/N /early data AIR-VI 0.011 + 0.004 9
Tcold Thot 8*corr. Tav. aTX 103 QX 103 N2-| —0012+ N/A 1
-0.014 = 0.010 4
—-354 -19.8 0.242 —-27.8 3.80 155 N2-11 0.006 =+ 0.002 9
—35.3 —19.8 0.235 —=27.7 3.72 151
-353 -197 02388  -27.7 3.74 15.2 AZall 0.008 + N/A 1
-353 —196 0.230 —27.6 3.60 14.6 N2-1V 0.007 + 0.005 11
-353 —196 0.232 —27.6 3.62 147
—-35.1 —19.6 0.224 —275 3.55 14.5 2 Units:
-351 -195 0226  -275 357 145 Teorcr Thot Tav: °C
-351 —195 0.234 -275 3.68 15.0 & corrr (Styan): Per mil.
Q (“thermal diffusion sensitivity”): per mil/°C.
N2-11: small cell/N,/recent data ag (“thermal diffusion factor”): none.
b Shown is the average and the standard deviation for a group of
Teoid Thot & corr. Tov. aX10° Q x 10° blank experiments. The values shown were used to make the back-
ground correction for an appropriate set of thermal diffusion experi-
-38.4 —-22.8 0.240 -30.8 3.73 154 ments using Egn. 11. N is the number of blank experiments used to
-38.4 —22.8 0.240 —-30.8 3.73 154 calculate the average.
—38.2 —229 0.237 —-30.7 3.76 155
-381 —-230 0.239 -30.7 3.84 158
-381 —230 0.238 -30.7 3.82 15.8 21.2. Relaxation times for the cells
-383 —227 0.232 -30.7 3.61 149
-382 —-228 0.230 -30.7 3.62 14.9 Therma diffusion proceeds nominaly a the speed of ordinary
-382 —-228 0.232 -30.7 3.65 151 diffusion, and the composition approaches steady state exponentially
-37.9 -230 0.233 —30.6 3.79 15.6 (Chapman and Dootson, 1917; Lonsdale and Mason, 1957; Saxena and
Mason, 1959; Mason et a., 1966)
N2-111: big cell/N,/early data
Xi = Xo = (Xo = Xo)(1 — exp(—t/7)). (19
Tcold Thot 3*cc:rr. Tav. aTX 103 Q X 103
Here X is the mole fraction of a component of a mixture in either the
—-354  -197 0.232 —-21.7 363 14.8 hot or cold bulb of the equilibration vessel (Fig. 2) at the initial time
-352 -195 0235 —27.5 3.67 15.0 (denoted by 0), at some particular time of interest t, or in the steady
state (denoted by ). The relaxation time is denoted as . The amount
N2-1V: big cell/50 torr N/recent data of time required for the initially uniform composition to reach ~99%
of the steady-state value is ~4.57.
Teold Thot & corr. Tav. arX10° Q x 10° The relaxation times for the cells were found by equilibrating them
for various intervals of time and plotting the resulting fractionation as
-381 -231 0.217 —30.8 3.51 145 afunction of time. We found relaxation times for the big cell and the
-380 —-232 0.219 —30.8 359 14.8 small cell of ~90 min and ~5 min respectively at 1 atm. In the case of
-379 -231 0.226 —30.7 3.70 153 the big cell at 50 torr the relaxation time was reduced to ~6 min (due
—404  -203 0.306 —30.6 3.69 152 to the inverse proportionality of the ordinary diffusion coefficient to
-37.8 —-231 0.227 —30.6 3.75 154 pressure, see Grew and lbbs, 1952). The average amount of time
=377  -232 0.226 —30.6 378 15.6 allowed for equilibration in our experiments was ~1.5 h for the small
=317 —232 0.220 —30.6 3.68 15.2 cell at 1 atm, ~1 h for the big cell at 50 torr, ~8 h for the early
=377  -232 0.226 —30.6 378 15.6 experiments with the big cell a 1 am, and ~10 h for the recent
=377 -231 0.226 —30.5 3.76 155 experiments with the big cell at 1 atm. Thusin all cases we exceeded
-402 —-203 0.298 -305 3.63 15.0 57
—-37.7 —230 0.230 —30.5 3.80 15.6
Group <& panic>" N 2.1.3. Gas mixtures used for experiments
—0.005 + 0.004 5 Three mixtures were used in our experiments: dry air, H,O-saturated
—0.001 + N/A 1 air, and N, (a mixture in the sense that it naturally contains three
ARl —0.008 = 0.008 14 isotopic species: *°N,, *N,, and #N,). Dry air was obtained by
—0.014 + 0.007 8 pumping the ground level air in La Jolla, California (or Narragansett,
—0.017 + 0.021 2 Rhode Island for the earliest experiments) into aluminum tanks via a
—0.009 + 0.002 3 water trap. This was done on days when meteorological conditions
0.005 = 0.004 12 were such that pollution of the ambient air was small. Wgter—sqturgted
AR 0'007 T 0'001 9 air was ob;a_n ned from_the headspace pf a2-L glassflask with deionized
0.006 T 0'003 9 water equilibrated with tank dry air (1 atm) at room temperature.

(continued)

Commercial tank nitrogen (N,) that was used was of ultra-high purity
grade (>99.995% N,).
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Table 1b. Summary of the thermal diffusion results for air at —30°C.

Group Q X 10°, per mil/°C? N Comment
ARl 148 = 0.5 7 small cell/air/early data
AIR-II 148 = 0.5 21 small cell/air/recent data
AR 149+ 04 9 small cell/air+vapor/recent data
ARV 140+ 0.8 6 big cell/air/early data (excluded®)
ARV 146 = 0.6 20 big cell/50 torr air/recent data
AlIR-VI 145+ 0.2 9 big cell/air/recent data

147 = 0.5 66 (overall average)®

2The values were obtained by averaging the results from Table 1a in the vicinity of —30°C &fter they have been corrected slightly for the
temperature offset as described in Section 3. The uncertainty corresponds to the standard deviation 1o. N is the number of experiments used to

calculate the average.

b Results were biased and were not included in calculating the overall average (see explanation in Section 4).
© Compare with our average result for pure N, at —30.6°C: 0 = (15.3 + 0.4) X 10° per mil/°C (N = 20).

2.1.4. The uniform temperature and dual-temperature baths

A rectangular plastic basin (~35 cm X 23 cm X 11 cm) was used for
the blank experiments. It contained water at uniform temperature as a
therma medium. The cells were mounted in it horizontally rather than
vertically (because convection was of no concern in this case) using
clamps.

The latest version of our dual-temperature bath was made of 3/8"
Plexiglas and had average dimensions roughly 30 cm X 30 cm X 14
cm (Fig. 2, label 2). We attempted to minimize its volume while

e 4
Lol g Lol Tol

= e

Fig. 2. The setup used in our thermal diffusion experiments. The cell
with gas (1) is placed into a bath (2) whose two sections are maintained
at two different temperatures. The bath fluid temperatures are brought
to their set values by a combined action of a chiller equipped with a
probe (3) and the heaters attached to the PID temperature controller (4).
The controller is equipped with a pair of temperature sensors and
maintains the temperatures at their set values with high precision. The
bath fluid is vigorously mixed (5) by apair of stirrers having long shafts
with propellers at their ends. At the termination of the equilibration, the
inner valves on the cell are closed off quickly using a specialy
designed tool. The amount of induced fractionation between the “hot”
and “cold” sample volumes is subsequently measured on a mass
spectrometer.

providing enough space for al the accessories to be inserted. It is
worthwhile to mention that the actual bath differed from the drawing in
that there was a rectangular volume in its lower left hand part between
the bottom and the partition that was separated out and was not a part
of the lower section. The associated reduction of volume helped con-
serve bath fluid and permitted better mixing. The curved shape of the
bath at the upper right-hand side was such that both inner valves could
be closed off quickly and with minimal perturbation to the temperature
in the bath using a specially designed tool. The tool was shaped like a
screwdriver and had two pins at itstip matching two small holes drilled
on the inner valve handles.

Communication of the bath fluid between the two sections was
stopped once a cell was inserted into the bath, because the rectangular
opening in the partition between the two sections was closed off tightly
with a Plexiglas lid permanently attached to a cell (see Fig. 2). Another
opening in the partition between sections allowed the chiller probe to
penetrate through and tightly fit (see Fig. 2). During equilibrations both
the uniform temperature and the dual-temperature baths were placed
into thermal insulation boxes of matching dimensions made of 3/4”
gypsum wallboard and fiberglass insulation designed to minimize heat
exchange with the room and flammability (the top portion of the
thermal diffusion bath remained exposed to air).

2.1.5. Temperature control

The laboratory in which the uniform temperature bath was kept was
maintained at a roughly constant temperature of ~21.5°C (+0.3°C).
Small fluctuations of air temperature in the room were not noticeablein
the water-filled bath as a result of the high heat capacity of water. Of
particular concern was the spatial uniformity of temperature in the bath.
The latter was determined to be extremely uniform with or without
mixing.

Ethyl alcohol was used as a bath fluid in the case of the dual-
temperature bath. In atypical experiment, the temperature in the upper
section of the bath was set ~15°C higher than in the lower section. A
chiller and two heaters were used to drive the temperatures to their set
values and to keep them steady afterwards. We found that the best
temperature control is achieved when the rate of cooling is maintained
constant and varying portions of heat are added to the bath by two small
200-Watt heaters. Hence we always had the chiller in the “on” regime,
and the two heaters were constantly switched between “on” and “ off”
positions by a PID temperature control unit (OMEGA Temperature
Handbook). It proved crucia to stir the medium in both sections
extremely vigorously to maintain precise and spatialy uniform tem-
perature control. Two adjustable speed “propeller” mixers (500 to
10,000 rotations per minute) were used for that purpose.

Temperatures in the two sections were monitored independently
from the reading on the temperature control unit by a pair of mercury
thermometers (individually calibrated Fisher Scientific total immersion
certified thermometers with scale divisions of 0.1°C). The temporal
variation of temperature that we typically observed in each section of
the bath for the overdl duration of an experiment was in the overall
range of =0.2°C or less from the set values. No local differences were
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detected by moving a mercury thermometer inside a section as long as
the stirring intensity remained appropriate. In recent experiments the
temperature of the stainless steel surfaces on the cold and warm sides
of a cell were also monitored by attaching to them thermistors con-
nected to high-precision Newport Electronics INFCH-series tempera-
ture units. Mercury thermometer temperature readings for the medium
in the bath agreed with these surface temperatures, the amplitudes of
fluctuations of the latter being somewhat damped because of the
metal’s thermal inertia.

2.1.6. Experimental procedure

Two aternative procedures were employed for filling the cells with
a desired gas as follows.

a) All valves on a cell were opened and it was connected to either
tank nitrogen or tank dry air. Flow through a cell was maintained for
~10 min (regulator set to 3 p.s.i.g.). Then the valve on the regulator
and the cell’ s outer upstream and downstream valves were closed off in
that order. During the gas flow the downstream end of a cell was
connected to along piece of Decabon tubing which prevented room air
from back diffusing into the cell. Most blank samples from the early
experiments were not equilibrated in an isothermal bath but rather were
andlyzed immediately after filling. Because of vigorous flow through
the cell, it is unlikely that isotopic fractionation occurred.

b) A cell was connected to a vacuum line on its “warm” end and all
the valves on it were opened, except the outer valve on the cold side.
A tank with dry air, nitrogen, or the flask containing H,O-saturated air
in the headspace was connected to an adjacent port on the line. The cell
and connection to the tank (flask) were evacuated to below 6 X 104
torr. For the 1 atm or 50 torr dry gas experiments, a desired amount of
gas was metered into a cell by using an intermediate valve (until the
capacitance manometer gauge read the desired pressure of 760 or 50
torr). For H,O-saturated air experiments, air from aflask was expanded
directly into the small cell (both were connected to the vacuum line
outlets). In that case the resulting pressure in the cell was only slightly
less than atmospheric, because the volume of the headspace was ~100
times larger than the sample volume of the cell.

A filled cell had its two outer valves closed and its two inner valves
open. The ends of a cell were sealed off (using plastic caps and
Parafilm-M plastic film) to prevent bath fluid from entering the tubes,
and the cell was mounted in the bath. In the case of a blank experiment,
the time count began directly after a cell was placed into the bath (see
Section 2.1.2). For a therma diffusion experiment, the time count
began after the temperatures had stabilized at their set values. Temper-
atures were monitored throughout a thermal diffusion experiment, and
their values were documented for the final 10 min with 30 s spacing as
read by a pair of mercury thermometers or INFCH readouts (see
Section 2.1.5). The average values of the resulting 21 temperature
measurements for each section were calculated (a typical standard
deviation was <0.1°C), and were later used for calculating the thermal
diffusion constants (see Section 3). The experiment was terminated by
closing off the inner valves. A cell was then removed from the bath,
dried, and brought to a uniform room temperature.

2.1.7. Mass spectrometric analysis

A dud-inlet Finnigan MAT 252 mass spectrometer was used for the
isotopic analysis. Generaly, “warm” sample was introduced into the
bellows on the sample side, and the “cold” sample into the standard
side bellows of the mass spectrometer. In the case of water-saturated
samples, vapor had to be removed before the analysis. This was
achieved by a quantitative transfer of samples via a cold trap (at
—100°C) into ~10 cm® ~80 cm-long 1/4” OD stainless steel tubes
placed in liquid helium (refer to the experimental technique of Sowers
et a., 1989). The samples from the tubes were then introduced to the
mass spectrometer. In the case of the big cell at 1 atm, intermediate ~1
cm?® pipettes were connected to the mass spectrometer’s inlet system.
Gas from a cell was alowed to eguilibrate with the pipettes first, and
subsequently the gas from the pipettes was expanded into the bellows.
This was done to reduce the gas to an amount the mass spectrometer
can accept. In the recent experiments the big cell together with the
pipettes were placed into an isothermal water bath (while being con-

nected to the mass spectrometer) to eliminate the possibility of thermal
fractionation occurring between the bulbs and the pipettes.

After transferring dry samples into the mass spectrometer, the vol-
ume of the bellows was first adjusted roughly such that the pressure
was ~38 mbar, and then more precisely manually to ensure an exact
balance between the sample and standard ion currents. The isotopic
ratio of 2°N, to 2N, of gas that was in the hot side of the cell during
equilibration relative to that from the cold side was determined 24
times for the early experiments and 144 times for the recent experi-
ments. Note that although measuring “hot” gas vs. “cold” gas actually
yields the negative of 6* (see Egns. 3, 5, and 6), we aways report the
absolute values |5*| (Table 1). An automatic Dixon-2 statistical test
with 80% confidence level (or more conservative Dixon-3 with 90%
confidence level in case of the recent experiments) rejected any outliers
(which occurred rarely). Average “delta’ valuesin units of per mil and
the corresponding standard deviations were reported by the mass spec-
trometer’s software as a final result.

2.2. Adsorption Fractionation Experiments

A hypothesis can be proposed, that when the molecular nitrogen
adsorbed on the surfaces of snow in the firn is desorbed as the firn
warms up, a change in firn air isotopic composition will occur. It is
possible that the heavier species adsorbs preferentially and makes the
firn air isotopically heavier upon desorption. We performed a series of
experiments (to which we refer as the “adsorption fractionation exper-
iments’) to test this hypothesis. A “snow chamber apparatus’ was
designed for the experiments (Fig. 3). The cylindrical body of the
chamber (Fig. 3, label 1) had two detachable flanges on either side, and
the outlets on both flanges were equipped with valves. A piece of firn
of cylindrical shape was inserted inside the chamber. Two detachable
~1 cm? pipettes (Fig. 3, labels 4 and 5) were connected to the body of
the chamber in the middle to alow “sampling” of the firn air.

The first step of the experiment was to introduce clean dry air into
the chamber (filled with firn) maintained at —-50°C by sustaining a flow
of prechilled air through the chamber for 10 min (regulator set to ~3
p.si.g.). Theair in the chamber (at ~1 atm) was then isolated from the
outside by closing Nupro valves V-1 and V-2 on the flanges (Fig. 3).
Enough time was alowed for the air composition to become uniform
throughout the firn and inside the pipettes (>30 min). Then asample of
air was taken by closing off one of the pipettes (Fig. 3, label V-R). The
chamber was then warmed to —15°C and once again enough time was
allowed for the air to homogenize isotopically at this new temperature.
This“warm” air was sampled by closing off the second pipette (Fig. 3,
label V-L). The isotopic composition of the “—50°C” and “—15°C"
samples was compared with the aid of the mass spectrometer. If the
“desorption fractionation hypothesis’ (see above) were correct, then the
warm sample would contain a larger fraction of the heavier isotopic
species (*°N,) than the sample collected before the warming.

Shallow firn from the top portion of a Greenland Dye-3 ice core
(from interval ~0-20 m depth) was used for the experiments. An
insulated plastic bath (~35 cm X 23 cm X 11 cm) with vigorously
mixed ethanol was used as atemperature bath (see Fig. 3). Temperature
control was achieved in a fashion similar to the thermal diffusion
experiments. “Blank” experiments were performed that attempted to
mimic as closely as possible the treatment experiments. Three types of
blanks accompanied the experiments as follows: 1) samples were taken
from an empty chamber at a constant —-50°C, 1 h apart from each other
(“simple blank”); 2) samples were taken from an empty chamber before
and after warming (“real blank”); 3) samples were taken from the
chamber filled with firn at a constant -50°C, the second sample 1 h after
the first one (“firn blank”).

Samples of air from the pipettes were transferred into the tubes (see
Section 2.1.7) viaacold trap maintained at ca. —100°C to remove water
vapor. The mass spectrometric analysis of air in the tubes was per-
formed in asimilar fashion asin case of thermal diffusion experiments.
Twenty-four determinations of the “delta’ values for the 29/28 N,
ratios were obtained on each pair of samples. In contrast to most of the
thermal diffusion experiments, a correction to the “delta’ values of ca
0.010 per mil for CO* isobaric interference and O,/N, chemical slope
was made (Sowers et al., 1989; Severinghaus et a ., 1996; Severinghaus
et a., 2001).
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Fig. 3. The setup used in the adsorbtion fractionation experiments. A cylindrical piece of snow firn is inserted into the
chamber (1), which is equipped with two detachable flanges (2) and (3). After the air in the chamber has been replaced with
the clean, dry (prechilled) air from the tank, valves V-1 and V-2 are closed off. Pipettes (4) and (5) equipped with valves
V-L and V-R dlow “sampling” of the air inside the chamber once it has been homogenized by diffusion. The bath (6) filled
with ethanol serves to keep the apparatus at a desired temperature. The temperature control is achieved in the same fashion
as for the therma diffusion experiments: (7) is the chiller probe, (9) is the temperature controller, while (8) signifies
vigorous mixing. The controller maintains the temperature at the set value (—50°C or —15°C). After a sample of air was
taken at —50°C, the controller is reset to —15°C and another sample is taken upon equilibration at this new temperature.
The pipettes (4) and (5) are then detached and the rel ative fractionation between them is measured on the mass spectrometer.

3. RESULTS

Results of our thermal diffusion experiments with air and N,
are shown in Table la. Results are subdivided into 10 groups
based on what cell and what gas were used for the experiments
and whether the experiments were performed before or after we
felt that we mastered the experimental technique. Three directly
measured parameters are reported for each experiment: the
temperatures maintained in the two sections of the bath T, 4
and T, and the amount of fractionation induced by thermal
diffusion after reaching the steady state &*. To account for a
dlight drift in the mass spectrometer over time and to obtain a
control, blank experiments were routinely performed in be-
tween the thermal diffusion experiments (see Section 2.1).
Results of the blank experiments expressed as 6* . were
averaged over periods of time during which the performance of
the mass spectrometer was stable and uninterrupted (by amajor
power outage, for example). These average values <&}
(see Table 1a) were then used to make a background correction
to the results of the thermal diffusion experiments performed
during the same time periods according to the equation:

8.’éorr. = 0" — <8.f)lank> (11)

The values of the temperature-dependent thermal diffusion
constants a and ) for each experiment were obtained by
substituting the values of &* o, Teoiqr @Nd Ty iNtO EQns. 8
and 7 respectively. The effective average temperature of the
experiment T, to which the values of the thermal diffusion
constants were referenced was calculated using Egn. 4. Note
that T, is effectively a proxy for the temperature T on which
both constants depend, but which has to be approximated
because a finite temperature difference has to be employed to
obtain a thermal diffusion signal. The smaller the temperature
difference (T,or — Toaw)s the closer is the match between T,
and T. Thelatter two parameters are often used interchangeably
in the literature.

The estimation of errors in the values of ar and ) in Table
1a by the propagation of errors calculation is straightforward.
Taking the typical values of the parameters that enter in the
calculation as T, g = 2380 = 0.1 K, T, = 253.0 = 0.1 K, and
&* corr. = 0.220 £ 0.009 per mil, where the errors correspond to
~10, the following result is obtained: ar = (3.60 = 0.15)
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X 1073, and Q = (14.7 = 0.6) X 102 per mil/°C. In both
cases the error congtitutes ~4%. The error in §*,, that was
used here is a combination of a typical error in our mass
spectrometric measurements of ~0.005 per mil and the typical
error in the average results of blank experiments of ~0.007 per
mil. We should point out that the errors in the averages of a
series of any experimental values that we report hereafter are
the raw standard deviations of the sample and were not divided
by the sgquare root of the number of values that were averaged,
which makes the errors that we report greater than they would
beif the textbook definitions were used. We cannot rule out the
presence of small systematic errors on the order of measure-
ment precision in our experiments until our results are con-
firmed by an independent study. Therefore the errors that we
display are indicative of what we feel are more realistic exper-
imental uncertainties at this time.

Most of our thermal diffusion results correspond to an ef-
fective average temperature of roughly —30°C. Before the re-
sults for air in the vicinity of —30°C (66 datapoints) can be
averaged within each group of experiments, they al have to be
scaled to asingle temperature. Thisis done by finding the slope
of the tangent to the curve that best approximates the temper-
ature dependence of the thermal diffusion sensitivity of 2°N./
28N, in air at —30°C, which is ~0.025 X 10~2 per mil/°C
increase in () per 1°C increase in temperature (see below). The
summary of the results for air that correspond to temperatures
from —27.5 to —30.9°C scaled to —30°C is shown in Table 1b.
The group of results AIR-1V is excluded from further consid-
eration as we believe its results were systematically biased as
outlined in Section 4. The group AIR-VI contains the newer
version of the same experiments with the source of bias elim-
inated.

The errors for the average values of thermal diffusion sen-
sitivity shown in Table 1b are based on a direct calculation
from the scatter of datapoints, and are in close agreement with
the error in () estimated above. The relatively low value of the
directly calculated error for group AIR-VI is probably fortuitous
and does not necessarily represent the redlistic error in the
results of the blank experiments that entered into the calcula-
tion of Q) for this group. With the exception of the results of
group AIR-1V (excluded), the results of the different groups are
not statistically different (p = 0.95) from each other within our
current estimations of the realistic experimental uncertainties.
Hence al the results can be averaged together to obtain the
“best” value of the thermal diffusion sensitivity at —30°C,
which is (14.7 = 0.5) X 102 per mil/°C.

The thermal diffusion sensitivity () is much less dependent
on temperature than the thermal diffusion factor . Hence a
single value of Q) of 14.7 X 102 per mil/°C could relatively
safely be used for the purposes of paleoreconstructions over the
whole range of temperatures experienced by the polar environ-
ments. On the other hand, knowing the exact value of param-
eter () for each given temperature from that range would
further improve the accuracy of the fossil-air paleothermom-
eter. We approach deduction of the empirical equation describ-
ing  in air as a function of temperature as follows. It was
pointed out earlier (see Section 1.2) that awidely used approx-
imation for the temperature dependence of the thermal diffu-
sion factor isgiven as a =~ a—b/T. Thisequation implies that
the experimental thermal diffusion factors plotted against the

reciprocal temperature should fall along astraight line, which is
demonstrated for our datafor air in Fig. 4. The pooled standard
deviation (see below) of al the datapoints relative to the fitted
lineis ~0.1 X 10~ 3, which agrees well with the magnitude of
our experimental uncertainty. Hence we believe it isjustified to
use the least-squares regression equation

ar X 10° = 8.656 — 1232/T, (12)

to describe the temperature trend of our results for the thermal
diffusion factor of 2°N,/*®N, in air. It is understood that T,
here represents the effective average temperature T, .

Having obtained Eqgn. 12 allows us to write down a similar
equation for the thermal diffusion sensitivity by utilizing the
link between o and Q given by Eqgn. 9:

Q = 8.656/T — 1232/T2, per mil/°C. (13)

Fig. 5 shows the data for air expressed in terms of the thermal
diffusion sensitivity plotted against temperature. The curve in
Fig. 5 represents Eqn. 13. As a measure of how well the curve
represents the data, we cal cul ated the pooled standard deviation
of al the datapoints relative to the curve (also termed “good-
ness of fit"), which is given as the square root of the sum of
squared differences between a datapoint and the curve value at
the same temperature divided by the number of degrees of
freedom. The fact that the pooled standard deviation yielded the
value equal to 0.5 X 10~ per mil/°C in agreement with our
experimental uncertainty leads usto conclude that Egn. 13isan
adequate empirical representation of the temperature depen-
dence of () in air as suggested by our results.

At —30°C the value of () yielded by Eqgn. 13is14.8 X 102
per mil/°C rather than a “better” value of 14.7 X 1072 per
mil/°C (see above), which, although insignificant, may be kept
in mind when the value at —30°C needs to be used for a
paleoreconstruction. Based on Eqgn. 13 the values of the thermal
diffusion sensitivity change as follows: 13.5 at —60°C, 14.5 at
—40°C, 15.0 at —20°C, and 15.2 X 10~ 3 per mil/°C at 0°C. The
inset of Fig. 5 shows that the predicted change in () based on
Egn. 13 is very nearly linear over the range —32 to —27°C.
Therefore the procedure of scaling the datapoints in the vicinity
of —30°C to that exact temperature by using alinear slope equal
to the temperature derivative to Eqn. 13 at —30°C is justified.

Table 2 displays the results of the supplementary work on
“adsorption fractionation” described in this paper (see Section
2.2). The essence of this set of experiments was comparing the
isotopic composition of the interstitial firn air before and after
a warming of a specialy constructed chamber from -50 to
—15°C. Results indicate that there is no significant differencein
the relative composition compared to zero and also compared
to the various blank experiments that were performed.

4. DISCUSSION

In this section we first make three comments regarding our
results and then proceed with comparing our thermal diffusion
results for N, with the data available in the literature. First, itis
encouraging that the error in the parameter () estimated from
the known typical uncertainties in the experimental parameters
that enter in its calculation matches the error in the thermal
diffusion senditivity directly calculated from the scatter of
results at —30°C. This suggests that unknown sources of ran-
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Table 2. Summary of the adsorption fractionation experiments.

Type of experiment &, per mil®

“Simple blank® 0.002
(empty chamber at —50°C, no warming) 0.003

+0.003 * 0.001°

“Real blank” —0.014
(empty chamber at —50°C, warming to —15°C) 0.005
—0.009

—0.006 = 0.010

“Firn blank” 0.001
(chamber with firn a —50°C, no warming) 0.003

+0.002 = 0.001

Actual experiment 0.015
(chamber with firn a —50°C, warming to —15°C) —0.007
0.004

0.003

0.000

—-0.007

—0.004

—0.019

—0.003

—0.002 = 0.009

@ See Section 2.2 for a description of the procedures employed for
blank experiments and for the actual adsorption fractionation experi-
ments.

b The “delta’ value corresponds to the analysis of air sampled before
the warming (pipette 5, sample side) versus that sampled after the
warming (pipette 4, standard side).

¢ Shown are average and the standard deviation of a set of results
(see Fig. 3).

dom error are not present in our experiments at our current
precision level.

Second, it should be mentioned that before obtaining the
results of group AIR-VI we were puzzled with the significant
difference (p = 0.95) between the results for group AIR-1V (big
cell/1 atm air) and the groups AIR-11 (small cell/1 atm air) and
AIR-V (big cell/50 torr air), which yielded ) values of 14.0,
14.6, and 14.8 X 103 per mil/°C respectively (results of the
group AIR-I11 were not yet available). We thought that a com-
bination of surface effects and of the pressure dependence of
thermal diffusion may have caused the offset of ~0.7 X 1073
per mil/°C. Experiments at 50 torr were performed because we
wanted to speed up the equilibration time for the big cell. Our
principal literature source on thermal diffusion states that there
isno effect of pressure on thermal diffusion at low gas densities
(Mason et a., 1966), although further reading suggested that
this may not always be true (Oost et al., 1972; Dunlop and
Bignell, 1996).

As we discovered later by repeating the experiments with
greater caution (group AIR-VI), experiments of the group
AIR-1V were biased inadvertently. There was an intermediate
sample transfer step in the case of the big cell at 1 atm, which
was absent from any other experiments, the purpose of which
was to reduce the excessive sample size that the big cell
supplies. The procedure involved transferring the two samples
from the big cell into 1 cm?® pipettes. It turns out that if no
precaution is made to make the system isothermal during the
transfer such that thermal diffusion does not take place between
the bulbs of the cell and the pipettes, a bias into the samples

may be introduced. Indeed, when care was used to maintain the
system in strictly isothermal conditions during the experiments
of the group AIR-VI, the results turned out essentially the same
as the ones for the other groups of experiments. Having found
the reason for the offset, we felt justified to reject the results of
group AIR-IV from any further consideration, while still dis-
playing them in Table 1 for completeness.

Finaly, we have long been concerned whether possible
temperature-dependent surface adsorption isotopic effects on
the stainless steel surfaces may somehow bias the thermal
diffusion results. Thefact that the results for the big cell and the
small cell turn out essentially the same indicates that such
effects, if present, are insignificant at our current precision
level. Another piece of evidence comes from the moist air
results on the small cell. Water molecules may be effective in
taking up some of the surface adsorption spaces. Despite this,
there is no significant difference between the moist-air results
and the results of the other sets of experiments.

At the time when the conflicting results of group AIR-IV
were obtained, our concerns about the surface effects became
particularly strong in view of the fact that snow (firn) has
extensive surfaces of adsorption (Domine et a., 2001). If there
was an effect on the 2°N,/*®N,, pair, it would make our “dry-
air” thermal diffusion calibration of the fossil paleothermom-
eter to some degree inadequate for the natural polar environ-
ment of primary interest to us. This prompted us to carry out a
separate set of “adsorption fractionation” experiments aimed at
investigating this issue. As was already pointed out, we see no
adsorption fractionation effects even though the temperature
change in our experiments (—50 to —15°C) was greatly exag-
gerated compared with the magnitudes of changes experienced
by the polar environments during the recent geologic past.

With al the information available to us today, we are led to
conclude that while surface effects could induce very small
fractionations for 2°N.,/?®N., in response to temperature changes
in laboratory experiments or in nature, it is beyond our current
resolution level to detect them. As later reading revealed,
Trengove et a. (1981) were confronted with concernssimilar to
ours with regard to their thermal diffusion experiments on
mixtures of helium with other gases. They resolved theissue by
placing a copper cleaning pad in one of the bulbs of their
thermal diffusion apparatus (which increased its surface area by
a factor of ~2) and saw no difference in the results with or
without the pad within the experimental uncertainty.

We now turn to the data on therma diffusion of isotopic
nitrogen in pure gas that was recovered from the literature
(Table 3). Note that in some cases thermal diffusion of the
3ON,/?®N,, isotopic pair was studied rather than the 2°NL/?N,,
pair, but fortunately there is a well-established relationship that
alows one to convert the results between different isotopic
species of the same gas with great accuracy (Saxena and
Mason, 1958). Another point worth mentioning isthat the study
of Boersma-Klein and de Vries (1966) was originally intended
for the “slope” method of deducing the thermal diffusion factor
(Mason et al., 1966) instead of the more conventional way by
employing Eqgn. 3. However the authors failed to carry out all
the steps needed to deduce the o values from their raw data.
They fitted their data for the parameter g (see Egn. 5) with a
curve derived from their thermal diffusion experiments on
isotopic CO and mislabeled the curves so that to an unsuspect-
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Table 3. Literature data for the isotopic thermal diffusion factor of
N,.2

T.° reference (1°)
103.4 —1.69 + 0.05
118.2 —0.65 + 0.42
130.1 0.57 = 0.09
231.0 3.70 £ 0.72
363.3 5.89 = 0.72
408.8 5.63 £ 0.51
504.8 6.35 = 0.56
603.2 6.23 +£ 0.42
677.5 6.37 = 0.91
736.1 6.11 = 0.79
T reference 2* reference (21
142.5 1.47 1.36
143.7 1.49 142
144.8 1.50 1.48
160.5 172
168.4 2.09 1.89
168.4 197
172.2 2.16 1.83
173.1 2.06 1.73
173.1 2.18 1.85
178.7 2.17
187.5 2.24 221
190.1 2.44 212
190.1 2.59 2.27
198.5 2.52 240
226.7 3.38
236.4 3.67 3.73
241.1 3.69 3.61
245.7 3.70 3.45
247.7 3.20 3.26
251.5 3.80 4.39
258.9 4.08
269.1 3.75 437
2719 471
279.9 4.78
280.4 4.90 5.40
281.0 5.86 511

T, reference (3)
433.7 9.10 + 0.40
435.1 8.90 = 0.90
281.3 7.10 = 0.50
281.6 7.80 = 1.20
Tav. reference (4)
329.7 510 = 0.51

2The data were obtained from the following references: 1) Raman et
al. (1968); 2) Boersma-Klein and de Vries (1966):

* 29/28 N, experiments,

T30/28 N, experiments; 3) Davenport and Winter (1951); 4) Mann
(1948). In order to convert all of the data to a single format, the data
from ref. 1 were divided by a factor of 57, and the data from ref. 2*
were multiplied by a factor of 29/57 in accordance with the law of
proportionality of the isotopic thermal diffusion factor to (M, — M,)/
(M; + M,), where M; are the masses of the isotopic molecules in
consideration (see Mason et al., 1966).

b Effective average temperature (in Kelvin)

©aT X 10° obtained from the listed reference

ing reader it appears that the fit (for which they listed an
equation) isin fact avery good one. Although we did reanalyze

their data using the slope method, we refrain from using it in
this paper because the results are highly sensitive to the form of
the o temperature dependence assumed, and the original data
are too noisy for the procedure to be carried out with confi-
dence. On the other hand, calculation of the thermal diffusion
factors through the use of Egn. 3, while undermining the
possibility of an “exact” (in theory) assignment of the thermal
diffusion factors to temperature, permits viewing their data
before the scatter has been artificially removed.

Figure 6 shows the literature data plotted in terms of the
thermal diffusion factor against the effective average tempera-
ture T, . We chose to omit the data of Davenport and Winter
(1951) from the plot as they appear biased towards higher
values. The origin of this biasis unclear. We included our two
average datapoints for pure N,: o = (3.71 = 0.09) X 103 at
2425 K and ar = (3.66 = 0.08) X 10 % at 2455 K in Fig. 6
(refer to Table 1a). We did not attempt to “scale” our resultsfor
N, to the temperature of —30.0°C as we did in Table 1b for air,
because in the case of pure N, we do not know the temperature
trend of the thermal diffusion factor with high precision. It may
be noted that our error bars (20) are the size of the symbolsin
Figure 6 and amount to less than 0.2 X 103, whereas the
typical literature error barsin Fig. 6 are a factor of five larger.

Theinset of Figure 6 shows clearly that our data support the
previoudy available data within their range of uncertainty
while establishing the magnitude of the a; vaue with un-
matched precision at the effective average temperature of
roughly —30°C. The same procedure as in Figure 4 was per-
formed to obtain the following empirical equation representing
al of the data for N, shown in Figure 6:

ar X 10% = 7.980 — 1003/Ty. (14)

Unlike Egn. 12 this equation, while applicable over a very
broad range of temperatures, allows only a crude estimation of
a7 a various temperatures because of the fitted data being
sparse and mostly characterized by a large uncertainty. The
data such as that contained in Figure 6 for isotopic nitrogen can
serve as a powerful testground for intermolecular potential
models (Saxena and Mathur, 1966; Maitland et al., 1981).

5. CONCLUSIONS

A new experimental setup alowing fractionation of gas
mixtures in a known temperature difference by thermal diffu-
sion in the laboratory has been described. Unlike techniques
used by previous workers, the experimental procedure is fast
and less laborious. Small temperature differences are used in
our procedure. This gives an advantage of more accurate as-
signment of the acquired thermal diffusion constants to the
average temperature, but requires very sensitive equipment to
be able to detect the fractionation with high precision. The
disadvantage of our method is that it can only be applied over
a relatively narrow temperature range (ca —60 to 0°C). We
performed 108 thermal diffusion experiments using air as a
study mixture and 30 experiments using pure N, as a study
mixture. This allowed us to determine the precise values of the
thermal diffusion constants for the 2°N,/*®N,, isotopic pair in
air and in N,. Our results for N, support the previously avail-
able literature data and constrain the absolute value of the
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Fig. 6. Literature data for the thermal diffusion factor of 2°N,/?®N,, in pure N,, plotted as a function of temperature (see
Table 3). Our two averaged results are shown for comparison. The solid curve is an unweighted fit to all of the pure N, data
(including ours) of the form a; = a — b/T,. Shown for comparison in the inset is the dashed curve representing our data
for air (Egn. 12). (*) Typical experimental error of Boersma-Klein and de Vries (1966) was estimated from their statement
that a typical measurement error in g (Egn. 5) was 0.2% while taking into account that their trennschaukel had 8 tubes. No
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for that work is shown in conjunction with one datapoint only in order to preserve the clarity of the figure.) (**) Data based
on the %°N,/?N,, experiments of Boersma-Klein and DeVries (1966), see Table 3.

thermal diffusion factor at —30°C with an uncertainty afactor of
five smaller than the previously available data.

The thermal diffusion constants of 2°N./?®N, in air were
determined for the first time and are shown to be dlightly less
than the results in N,, as may be anticipated due to the modi-
fying effect of the“third” major gas (oxygen) in air (see Fig. 6).
Wheress the thermal diffusion constants for N, were only
determined at a single temperature of ca. —30°C in our exper-
iments, the constants for air covered a range of temperatures
from ca. —60 to 0°C, which allowed us to deduce the dlight
trend of the thermal diffusion sensitivity with temperature in
this case. It should be emphasized that the trend with the
temperature is a second-order feature. Of foremost importance
is the absolute value of the thermal diffusion sensitivity at a
selected temperature, which we find to be (14.7 + 0.5) X 102
per mil/°C a —30°C. To account for the slight temperature
variation of the thermal diffusion sensitivity, the following
empirical equation may be used to find its value at any tem-

perature of interest in the range —60 to 0°C: Q (**N,, /?®N.,, air)
= 8.656/T, —1232/TZ (*ca. 3%) per mil/°C.

In addition, a separate experimental setup was used to in-
vestigate whether temperature change—induced fractionation of
the polar firn air can also result (in addition to the thermal
diffusion process) from differing affinities of isotopic mole-
cules for adsorption on the snow surfaces at different temper-
atures. Our “adsorption fractionation” experiments for 2°N./
28N, in air have essentially eliminated that possibility, at least
at the current resolution level.
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APPENDIX

The relationship between a1 (T,,) and Q (T,,) can be derived as
follows. We start with the expression for a of Eqn. 8 and notice the
following:

1) If 0.001 X & << 1, thenIn (1 + 0.001 X &*) ~ 0.001 X &*
(using Taylor expansion to the first order);

2) Definition of T, (Egn. 4) can be rewritten asIn (Tyo/Teqa) = AT X
Tav/(Thot X Teoia), Where AT = Ty — Tegai

3) The latter expression can be transformed by noticing that if T,
and T4 are close to each other, then
Thot X Tcold ~ Tgv.; hence |n (Thot / Tcold) ~ AT/ Tav.'

Equation 8 can now be approximated as
ar (T,,) =~ (8*/AT) X 0.001 T, . By observing that the expression in
the parenthesis is the definition of € (T,,) (Egn. 7), we arrive at the
final simple equation relating the thermal diffusion sensitivity Q (T,,)
to the therma diffusion factor o (T,,):
Q (Ty) = a7 (T,,) X 1000/T,,, where the units of T,, are degrees
Kelvin and the units of ) are per mil/°C.
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