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Abstract

The molar ratios of atmospheric gases change during dissolution in water due to differences in their relative solubilities. We exploited this characteristic
to develop a tool to clarify the origin of ice formations in permafrost regions. Extracted from ice, molar gas ratios can distinguish buried glacier ice from
intrasedimental ground ice formed by freezing groundwaters. An extraction line was built to isolate gases from ice by melting and trapping with liquid He,
followed by analysis of N, O,, Ar, 800, and Ny, by continuous flow mass spectrometry. The method was tested using glacier ice, aufeis ice (river
icing) and intrasedimental ground ice from sites in the Canadian Arctic. O,/Ar and N,/Ar ratios clearly distinguish between atmospheric gas in glacial ice
and gases from intrasedimental ground ice, which are exsolved from freezing water. 8Ny, and 6'%0q, in glacier ice, aufeis ice and intrasedimental
ground ice do not show clear distinguishing trends as they are affected by various physical processes during formation such as gravitational settling, excess
air addition, mixing with snow pack, and respiration.
© 2007 University of Washington. All rights reserved.
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Introduction 1986; Kaplyanskaya and Tarnogradski, 1986; French and Harry,
1990; St-Onge and McMartin, 1995; Dyke and Savelle, 2000), or
According to the ACGR (1988), massive ground ice bodies intrasedimental ice of a segregation/intrusive origin (Mackay,
consist of large tabular ice bodies whose volumetric ice content 1966; 1971; Burn et al., 1986; Harry et al., 1988; Pollard, 1991;
exceeds 95%, whereas icy sediments contain excess ice and have Mackay and Dallimore, 1992; Lacelle et al., 2004; Murton et al.,
a volumetric ice content in the >50 to 95% range. In formerly =~ 2005). The burial of glacial ice occurs when sediments are
glaciated permafrost regions, natural exposures of buried massive deposited on top of the ice or when debris melts out from the basal
ground ice and icy sediments bodies (hereafter: MI/IS) may be ice, forming an insulating blanket of supraglacial debris. If the
observed in the headwall of thermokarst slumps and within thickness of the sediments covering the ice eventually exceeds
eroded river banks and coastal cliffs. The nature and origin of  that of the active layer (top layer of soil that undergoes seasonal
these MU/IS bodies have been attributed to either a glacial origin, freeze/thaw), the ice can be preserved indefinitely. Alternatively,
as firnified or basal ice (Lorrain and Demeur, 1985; Astakhov, massive segregated-intrusive ice bodies tend to occur within the
subglacial and/or proglacial permafrost where pressurized glacial
meltwater freezes onto the base of permafrost, or if permafrost
* Corresponding author. Current address: Canadian Space Agency, 6767 route aggrades through previously thawed sediments upon exposure to
de I'acroport, St-Hubert, QC, Canada J3Y 8Y9. Fax: +1 450 926 4766. cold air following the retreat of glaciers (e.g., Rampton, 1988).
E-mail addretcses: rcardyn@lsotrace.co.nz (R. Cardyn),' 1dglark@u0ttawa.ca Determining the origin of MI/IS bodies has important implica-
(I.D. Clark), denis.lacelle@space.gc.ca (D. Lacelle), blauriol@uottawa.ca : > . .
(B. Lauriol), czdanowi@nrcan.gc.ca (C. Zdanowicz), tions regarding the dynamics of ice sheets and for geomorpho-
fabrice.calmels.1@ulaval.ca (F. Calmels). logical, paleoclimatic and paleoenvironmental reconstructions.
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To date, several approaches have been used to attempt to
definitely characterize the origin of MI/IS in permafrost. For
example, the textural and morphological context of the massive
ground ice bodies and their relation with adjacent sediments
(Murton and French, 1994; Murton et al., 2004; Murton, 2005),
the crystallographic characteristics (French and Pollard, 1986;
Pollard, 1991), chemical composition (Leibman, 1996) and
stable isotope of oxygen and hydrogen of the ice (Lorrain and
Demeur, 1985; Mackay and Dallimore, 1992; Lacelle et al.,
2004) have all been employed to attempt to distinguish between
buried glacial and intrasedimental ice. However, none of these
methods, when used alone, unambiguously distinguish between
buried glacial ice and segregated-intrusive ground ice bodies.
For example, in the western Canadian Arctic, the massive
ground ice exposure at Peninsula Point displays characteristics
that could be indicative of buried glacier ice or segregated ice,
but since the massive ice is located beyond the limits of
Pleistocene glaciation, a glacier ice origin cannot be accepted
(Mackay and Dallimore, 1992). Similar ambiguous observations
were also recorded from the massive ice exposures in the eastern
Siberia, Russia (Astakhov, 1986; Kaplyanskaya and Tarno-
gradski, 1986; Leibman, 1996).

One approach that has been used with success to determine
the origin of MI/IS bodies in permafrost is the analysis of the
concentration and 6'*C value of CO, gases occluded within the
ground ice body (Moorman et al., 1998; Lacelle et al., 2004).
The concentration of CO, entrapped in ice can distinguish
between glacier and intrasedimental ice because in the latter,
CO, concentration is expected to be 10 to 100 times greater than
atmospheric values due to the oxidation of organic carbon to
CO, by microbial activity in soils. However, not many studies
have employed this technique due to the complications in
returning unthawed ice samples back to the laboratory.

Since the molar ratios of atmospheric gases change during
dissolution in water due to differences in their relative
solubilities, a potential new approach to determine the origin
of MI/IS bodies is the measurement of the relative abundances of
0O,, N, and Ar gases entrapped in ice and their stable isotope
ratios. The objective of this study is therefore to determine
whether the molar gas ratios (No/Ar, O»/Ar), 3'*0g, and "Ny,
can be used as a new diagnostic tool to determine the origin of
MI/IS in permafrost. In this study, the theory surrounding the use
of the relative abundances of O,, N, and Ar gases entrapped in
ice as a diagnostic tool is first presented, followed by some
measurements from glacier ice, aufeis ice and massive ground
ice bodies of segregated-intrusive origins.

Background on the origin of gases entrapped in ice
Gases entrapped in glacier ice

The gas composition of the atmosphere is dominated by N,
(78.08%), followed by O, (20.94%) and Ar (0.93%). This
produces O,/Ar and N,/Ar ratios of 22.42 and 83.60,
respectively, with little change over time. In glacier ice, atmos-
pheric gases are trapped through the process of firn densification
and occlusion of porosity (Craig et al., 1988; Sowers et al., 1992;
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Schwander, 1996). The complete occlusion of air in the ice can
take several years and as a consequence, the gases trapped in the
ice can be much younger than the ice itself (Barnola et al., 1991;
Arnaud et al., 2000; Clark et al., 2007).

During occlusion of the gases in the firn layer, the relative
abundance of O,, N, and Ar gases and 6800, and 8Ny,
entrapped in glacier ice can be slightly modified from the initial
atmospheric values. For example, the molar ratios of gases
trapped in glacier ice are mainly affected by gravitational
fractionation and the presence of micro-fissures in the ice.
Gravitational fractionation of heavy gases, such as Ar, relative to
lighter gases like O, during occlusion of the gases in the firn can
lead to a decrease in the O,/Ar and N,/Ar ratios. The magnitude
of the latter is determined by the structure of the firn, which is
influenced by temperature, wind speed and snow accumulation
rate at the depositional site (Hattori, 1983; Mariotti, 1983;
Sowers and Bender, 1989; Caillon et al., 2003; Landais et al.,
2006; Petrenko et al., 20006).

The presence of micro-fractures in the ice can also affect
molar gas ratios of the gases entrapped in the ice. If there are
micro-fractures in the ice, the smaller atoms of Ar will diffuse
faster than the molecules of O, and N,, with larger cross-
sectional diameter (Craig et al., 1988). On the other hand, the
isotopic composition of the gases entrapped in the ice is mainly
affected by thermo-fractionation. The 6'%0q, can provide an
indication of rapid temperature changes as it is influenced by
changes in the measured 6'*0 of ocean water, which reflects
global changes in ice volume (Bender et al., 1994). Since the late
Pleistocene, the 6'*0g, has progressively decreased from about
—0.2 to 1.3%o as a result of disappearance of the Laurentide and
Eurasian ice sheets (Bender et al., 1999).

Gases entrapped in intrasedimental ice

In contrast to atmospheric gases in occluded firn air, the molar
gas ratios in intrasedimental ice formations, which include pore,
wedge, segregated and intrusive ice, are expected to be different
from atmospheric ratios due to the different solubilities of the
gases in water. Under equilibrium conditions, gases dissolve in
water according to their Henry’s Law solubility constant, Kj;:

Mgas

e = e (1)

Henry’s constant (mol kg ' atm™') is a temperature-
dependent factor relating the dissolved concentration, mg,g in
moles per kg of water with partial pressure, Pg,, of the gas
(atm). The partial pressure of a gas is its fractional contribution to
the total gas pressure Py, and it is calculated as its molar
fraction multiplied by the total gas pressure:

Pgas = 'Ptotal(atm) (2)

The concentration of dissolved gas in water is often expressed
volumetrically to be consistent with the analytical method used.
The units are then cCyas.sTP/CCwaters Where cCgyq sTp 18 the cm’
volume occupied by the moles of the gas at standard temperature
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and pressure (STP=273.16K and 1 atmosphere). The propor-
tionality constant for gas solubility expressed as a volume at STP
rather than as mole fraction is the Bunsen coefficient, B, which
is equal to Ky RTg.

Using the Bunsen coefficient (Benson and Krause, 1980,
1984) and Henry’s constant for O,, N, and Ar (CRC, 1988;
Andrews, 1992), the equilibrium gas concentration in water at
STP was calculated. The higher solubility of argon in water results
in O,/Ar and N»/Ar ratios 0 20.83 and 35.50, respectively, which
are lower than for atmospheric ratios. The isotopic composition of
N, and O, dissolved in fresh water also differs from their values in
air. Kendall and Aravena (2000) showed that 6'°N of dissolved
N; is 1%o. For oxygen, fractionation during dissolution is on the
order of 0.7%o. Therefore, intrasedimental ice is expected to have
a different relative abundance of O,, N, and Ar from firnified
glacier ice, but similar 6'"%00, and 8" Ny, as fractionation is not
greatly affected by dissolution.

Measurement of relative concentration and stable isotope
composition of gases in ice

Two main steps are involved in the measurement of the
relative abundance and stable isotope composition of gases
entrapped in ice: the extraction of gases from the ice, and their
analysis by either continuous flow or dual inlet on an isotope-
ratio mass spectrometer. The extraction of gases can be
accomplished following any of three main techniques. A dry
extraction technique is commonly used to analyze for CO, gas
because the potential CO, contamination by dust particles
containing carbonates in the ice could modify the concentration
and 6"3C composition of CO, if the ice were melted (Zumbrunn
et al., 1982; Sowers et al., 1997). Following the dry extraction
technique, a large sample of ice (~ 100 g) is crushed in a stainless
steel cylinder to release the gases and the CO, is cryogenically
separated from the released gases using a series of liquid
nitrogen traps. However, a problem with this technique is that
not all gases may be recovered during the crushing of the ice.
Sublimation of the ice is used to solve this limitation, but
sublimating the ice is very time-consuming (Henderson, 2000).

For gases, such as O,, N, and Ar, a wet extraction technique is
used because dissolved carbonate dust is not an additional con-
tamination source. In this technique, a relatively small quantity
ofice (<50 g) is melted and refrozen from the bottom, forcing the
dissolved gases out of the water, which are then condensed in a
stainless steel sample tube immersed in liquid helium.

The extraction procedure followed in this study was
modified from the wet-extraction method developed by Sowers
et al. (1997) because it allows the release and recovery of all
gas trapped in the ice (recovery greater than 99%). Air
collected outside the laboratory building was used as the
standard reference gas and yielded average O,/Ar and N,/Ar
ratios of 22.43+0.58 and 83.60+7.87, respectively, similar to
the theoretical atmospheric composition. The stable isotope
results are presented using the d-notation representing the parts
per thousand differences for '0/'°0 or '"N/'N from the
standard reference gas. The 6'"800, and 6'° Ny, values averaged
—0.01£0.29%o and —0.01£0.23%o, respectively, indicating that
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the method is precise and reproducible. The complete descrip-
tion of the method used in this study is presented in Appendix A.

Site descriptions and sampling techniques

Various ice types were collected to measure the relative
abundance of O,, N, and Ar, as well as 6'®0g, and 6Ny, of the
air entrapped in the ice (Fig. 1). Glacier ice samples were
collected from the Agassiz Ice Cap, Ellesmere Island, Nunavut
(NU) and the Barnes Ice Cap, Baffin Island (NU). Samples of
aufeis ice were collected from the Firth River aufeis located in the
northern Yukon Territory (YT) and massive ground ice samples
of segregated-intrusive origins were collected from the Aklavik
Plateau, Northwest Territories (NT), and Nunavik, Québec (QC).

Glacier ice: Agassiz Ice Cap, Ellesmere Island, Nunavut

Agassiz Ice Cap (80°40'N; 73°30’W; 1730 m a.s.1.) is located
on Ellesmere Island (NU) and covers a surface area of
approximately 16,000 km?. Ice cores have provided records of
stable oxygen isotope ratios (Fisher et al., 1983; Fisher and
Koerner, 1994; Fisher et al., 1995), ice-melt stratigraphy
(Koerner and Fisher, 1990), pH and conductivity (Koerner and
Fisher, 1982; Barrie et al., 1985), pollen deposition (Bourgeois et
al., 2000) and solid electrical conductivity (Zheng et al., 1998).
The ice core used in this study was obtained in the spring of 1993
using an electromechanical drill (Zheng et al., 1998). The ice
core was stored in plastic lay-flat tubes inside core boxes and
cooled at —45 °C several days before shipment to Ottawa. Once
in Ottawa, the ice cores were kept at —10 °C in the Geological
Survey of Canada Snow and Ice Core Laboratory. The samples
analyzed for relative concentration of O,, N, and Ar and 6002
and 0'°Ny, values are from the 107- to 112-m depth,
corresponding to the Pleistocene—Holocene transition period.

Glacier ice: Barnes Ice Cap, Baffin Island, Nunavut

Barnes Ice Cap (69°39'N; 72°39’W; 400 m a.s.l.) is located
on central Baffin Island (NU) and is the remnant Foxe Dome of
the Laurentide Ice Sheet. In the summer 2000, ice block samples
were collected about 20 cm below the surface after scrapping
off any slush or snow to minimize possible mixing with liquid
or refrozen runoff using an ice chisel from an ~2-km transect
where Pleistocene and Holocene-age ice strata outcrop on the
margin of the ice cap (Zdanowicz et al., 2002). Based on their
stratigraphic position in relation to the 6'%0 profile measured
across the ice cap margin, the Barnes Ice Cap samples can be
separated into Pleistocene and Holocene age groups. The late
Pleistocene (Wisconsin-age) ice strata is characterized by low
0'%0 values (—41 to —31%o), whereas the Holocene-age ice
displays higher 6'%0 values (up to —20%o) (Fig. 4). However,
there is an anomaly in the Pleistocene-age ice zone, with higher
6'%0 values (up to —26%o). This anomaly was interpreted as
being a possible recumbent fold or some other structural mixing
between the Holocene and Pleistocene ice at the margin of the
ice cap (Zdanowicz et al., 2002). Nine samples were analyzed
across the Pleistocene-age strata and three samples from the
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Figure 1. Map showing location of sampled sites in the Canadian Arctic.

anomalous zone to determine the relative concentration of O,,
N, and Ar as well as the 6'*0, and 8'°Ny, values.

Aufeis ice: Firth River aufeis, northern Yukon Territory

Aufeis (river icings) are sheet-like masses of horizontally
layered ice that accumulate on river channels in permafrost
regions by the freezing of successive overflows of perennial
groundwater-fed springs upon exposure to cold air. The sampled
aufeis, which covers a surface area of 31.5 km?, is located on the
upper Firth River in the British Mountains, northern Yukon
Territory (Fig. 2). Samples of aufeis ice were collected in spring
1993 using a hand-held ice auger. Samples were kept frozen and
shipped to Ottawa in a thermally insulated box. The cores were
sub-sampled and analyzed for their 6'*0 and 6D values (Clark
and Lauriol, 1997), with the core slabs archived at —20 °C. A
stable oxygen isotope profile from a core obtained on the Firth
River aufeis shows Rayleigh-type trends across the rhythmic ice
layering, suggesting that the aggradation of the aufeis occurs
under closed-system conditions (Clark and Lauriol, 1997). Eight
samples of aufeis ice were analyzed for O,/Ar and N,/Ar molar
ratios, as well as 6'®0¢, and 6'°Ny, values, across the vertical
profile.

Massive segregated-intrusive ground ice: Aklavik Plateau,
Northwest Territories

On the Aklavik Plateau (68°05N; 139°40W; 300 m a.s.l.),
Richardson Mountains (NT), extensive beds of debris-rich ice
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overlain by an icy diamicton were found exposed in the
headwalls of retrogressive thaw flows (Fig. 3) (Lacelle et al.,
2004). The exposed massive ground ice was sampled in summer
2000 using an ice chisel. As sampling took place during the
thaw season, approximately 10 cm of ice was removed from the
surface to minimize possible mixing with liquid and refrozen
runoff. The ice blocks were kept frozen in a thermally insulated
box during transport back to Ottawa. The debris-rich ice is
characterized by low 6'*0 values (—30 to —27%o) and a CO,
concentration similar to biogenically produced CO, (up to 9
times greater than atmospheric values). Based on these results,
Lacelle et al. (2004) suggested that the debris-rich ice consisted
of segregated-intrusive ice that was fed by subglacial meltwater
moving through a proglacial talik (unfrozen zone in an area of
permafrost) under high artesian pressure during the retreat of the
Laurentide Ice Sheet and subsequently formed during aggrada-
tion of permafrost upon exposure to cold temperatures. Only
two samples from the late Pleistocene massive segregated-
intrusive ice unit were analyzed for their relative O,, N, and Ar
concentration as well as 6'*0, and 8'°Ny, values because of
the difficult sampling conditions and in keeping and transport-
ing frozen ice samples during peak summer conditions.

Massive segregated ground ice: Nunavik, Québec

An experimental research site has been established near
Umiujap in Nunavik (northern Québec) by the Centre d’Etudes
Nordiques (Université Laval) to monitor permafrost and frost
mounds dynamics. The study area is located in a valley filled by
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Figure 2. Photograph of the Firth River aufeis, northern Yukon Territory.

Figure 3. Photograph of late Pleistocene massive segregated-intrusive ice of
subglacial meltwater origin exposed in the headwall of a retrogressive thaw flow
on the Aklavik Plateau, NWT.
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post-glacial marine silts deposited by the Tyrell Sea about
6000 yr ago (Lajeunesse and Allard, 2003). The aggradation of
permafrost at this site took place about 3200 yr ago and led to
the development of numerous frost mounds, including palsas
(Allard et al., 1987). Two late Holocene palsas were sampled in
summer 2003 using a portable corer. The palsas measure
approximately 50 m wide and 2.5 m high, and their surface is
covered by sand. The internal structure of the palsas is
composed of ice layers varying in thickness from a few
centimeters to 35 cm and separated by glaciomarine silts. Only
three samples of late Holocene massive segregated ice were
analyzed for occluded gas content, due to the relatively small
amount of ice recovered by coring the palsas and the logistical
complications in returning frozen samples in summer.

Results
Molar ratios

Glacier ice and intrasedimental ice can be distinguished
based on their Oy/Ar and N,/Ar ratios (Fig. 4). The
Pleistocene-age ice samples from Agassiz Ice Cap have O,/
Ar and Ny/Ar ratios averaging 22.54+0.48 and 87.04+2.81,
respectively. The molar gas ratios of the Pleistocene-age ice
from Bames Ice Cap averages 18.87+1.03 for O,/Ar and
78.42+2.23 for N,/Ar, whereas those obtained from the
anomalous zone are 20.00+£0.31 and 76.76+0.52, respec-
tively. The molar gas ratios of the Barnes Ice Cap samples are
slightly different from the atmospheric ratios. The molar gas
ratios obtained from intrasedimental ice are, by contrast,
significantly lower than the atmospheric ratios. The late
Pleistocene massive segregated-intrusive ice collected on the
Aklavik Plateau yielded O,/Ar and N,/Ar ratios of 11.42 and
75.92, respectively, whereas the late Holocene massive
segregated ground ice samples collected from the one palsa in
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Figure 4. Summary of molar gas ratios (O,/Ar and N,/Ar) of air entrapped in
glacier ice (Agassiz and Barnes ice caps), aufeis ice (Firth River aufeis) and
intrasedimental ice (late Pleistocene massive segregated-intrusive ice and
Holocene segregated ice).

Nunavik provided average O,/Ar and N,/Ar ratios of 3.00+0.17
and 56.55+2.49, respectively. The other palsa provided similar
molar ratios, with a value of 1.34 for N,/Ar and 62.21 for O,/Ar.
The molar gas ratios of the aufeis, with average O,/Ar and N,/Ar
values of 18.79+£1.49 and 68.45+10.66, respectively, fall
between the atmospheric and theoretical dissolved gas molar
ratios, indicative of dissolved gases in water with a strong
atmospheric signal. This was expected given that the aufeis forms
from perennial groundwater-fed springs and also receives an
important contribution of snow accumulating onto its surface,
forming a mixture of slushy ice prior to freeze-up (e.g.,
Heldmann et al., 2005). The complete results and statistical
summary of the molar gas ratios of the various ice formations are
presented in Appendix B (Supplementary Table 1).

Stable O-N isotope ratios

There is some variability in the 5800, and 6'°Ny, of the
various ice types (Fig. 5). The 6'%0q; and 8'° Ny, values of the
occluded gases in the Agassiz Ice Cap samples average 1.35+
0.94 and 0.57+0.34, respectively, which are slightly higher than
atmospheric values. In the Barnes Ice Cap and aufeis ice
samples, the 0800, and 6" Ny, composition of occluded
gases are similar to atmospheric values. The late Pleistocene
massive segregated-intrusive ice from the Aklavik Plateau
provided a 6'* 0, and §'°Ny, value of —0.1%o and —0.9%o,
respectively, which is close to the anticipated result for direct
dissolution of these gases from air. The late Holocene massive
segregated ice from Nunavik yielded 6'%0g, and 8Ny
values of 2.0+1.3%o and 0.4+0.1%o, respectively, which are
enriched over both the dissolved and atmospheric values. The
complete results and statistical summary of the §'*0g, and
8""Ny, values of the various ice formations are presented in
Appendix B (Supplementary Table 2).
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Discussion

The comparison of the O,/Ar, No/Ar, 680, and 8'° Ny,
values of gases occluded in the various MI/IS bodies, although
limited, is instructive and generally supports the theoretical
calculations. Despite the considerable variability in 518002 and
8" Ny, values of the various ice formations examined, they
offer no characteristic trend to distinguish between glacier and
intrasedimental ice (Fig. 5). Rather, the variations are more
closely related to in situ processes during the formation of the
ice. For example, in the case of firnified glacier ice, these
modifications include gas partitioning by firn air diffusion and
possible diffusion through micro-fractures.

The molar ratios of gases occluded in MI/IS bodies clearly
distinguish between glacier ice and intrasedimental ice (Fig. 4).
The O,/Ar and N,/Ar ratios of glacier ice tend to preserve a
signature slightly modified from atmospheric value, whereas
the molar gas ratios of intrasedimental ice are significantly
modified from atmospheric values due to the dissolution of the
gases in water. The measured molar gas ratios in such refrozen
samples, however, differ from the calculated values for
equilibrium dissolution of gases in water. In the following
sections, the processes that can lead to the modification of the
molar gas ratios in the glacier ice and intrasedimental ice are
discussed.

Variations in molar ratios of glacier ice

The Agassiz Ice Cap O,/Ar and N,/Ar ratios are slightly
higher than the atmospheric ratios. During the recovery of the
ice core, Zheng et al. (1998) observed the presence of micro-
fractures within the ice; during the extraction of the gases, the
ice was very brittle. Experimental work by Sowers and Bender
(1989) indicated that the presence of micro-fractures in the ice
could result in the loss of gases that have smaller cross-sectional
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Figure 5. Summary 0f 68005 ana 0" "Ny of air entrapped in glacier ice (Agassiz
and Barnes ice caps), aufeis ice (Firth River aufeis) and intrasedimental ice (late
Pleistocene massive segregated-intrusive ice and Holocene segregated ice).
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diameter, like Ar, resulting in increased O,/Ar and N,/Ar ratios
relative to atmospheric values. Consequently, prior to and
during pumping of the ice in the extraction vessel, some of the
Ar may have been lost, causing a slight increase in the measured
O,/Ar and N,/Ar ratios.

The molar gas ratios from samples taken across the
Pleistocene-age ice strata in the Barnes Ice Cap are slightly
lower than the Agassiz Ice Cap and atmospheric values (Fig.
4). A steady-state reconstruction model of the Laurentide Ice
Sheet suggests that the Pleistocene-age strata in Barnes Ice
Cap originated high up on the ice sheet (Zdanowicz et al.,
2002), where temperatures were much colder. The lower O,/Ar
and N,/Ar ratios in the Barnes Ice Cap may be due to the thermo-
gravitational fractionation of heavy gases, such as Ar, relative to
lighter gases (e.g., O, and N,) during the occlusion of
atmospheric air in the firn (Craig et al., 1988; Sowers et al.,
1992).

Variations in molar ratios of intrasedimental ice

For MI/IS bodies generated by the freezing of water, the
O,/Ar and N,/Ar values can deviate from the theoretical value
of gas dissolved at STP due to several physical and biological
processes operating in the subsurface. Fig. 6 shows the general
pathways for such secondary processes affecting the molar gas
ratios of intrasedimental ice formations. The main physical
process that can modify the theoretical dissolved molar gas
ratios values is the addition of excess atmospheric air. Such a
process was clearly observed in the O,/Ar and N,/Ar values of
the Firth River aufeis. Aufeis ice, which forms during winter
by successive overflows of perennial groundwater, also re-
ceives a contribution of snow falling onto its surface.
Accordingly, the O,/Ar and N,/Ar values of the gas entrapped
in the ice, which fall between the atmospheric and dissolved
ratios, reflect the dissolved gases content in the groundwater
and the atmospheric signal originating from air in the snow.
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Figure 6. General pathways of processes that can modify the molar gas ratios of
intrasedimental ice formations prior to freezing.
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The addition of excess air was also observed in the N,/Ar ratio
of the segregated ground ice (palsas). The fine-grained porous
media provided by the glaciomarine silts covering the valley
floor where the palsas developed are favorable conditions for
the entrainment of atmospheric air in the subsurface. The
supply of atmospheric air to the subsurface can occur during
recharge of the water table from an unsaturated zone, when
small air bubbles may become trapped in capillary fringe and
forced down below the water table (Heaton and Vogel, 1981).
At a certain hydrostatic pressure or depth below the water
table, the trapped atmospheric gases will dissolve into the
water, thus adding an atmospheric component to the dissolved
molar gas ratios. As an example, the N,/Ar ratios of the
segregated ice fall within the range of dissolved gas in fresh
water at standard temperature and pressure with approximately
0.05 cc/ce in excess air content.

Known biological reactions that can modify the dissolved
molar gas ratios include respiration, methanogenesis and
denitrification. The effect of respiration was observed in the
O,/Ar ratio measured in the late Pleistocene segregated-intrusive
icy sediments on the Aklavik Plateau. The lower measured ratio
relative to the expected dissolved gas molar ratio points to a
selective loss of O, during bacterial respiration in the ground-
water prior to freezing. Lacelle et al. (2004) reported CO,
concentrations of up to 9 times higher in the ice (128 pg C kg™ '
ice; 8'*C oy averaging —21.9+2.1%o) compared to atmospheric
values due to microbial respiration, which oxidized organic
carbon to CO,. This microbial effect consequently decreased the
amount of O, available, and as a result reduced the observed O,/
Ar ratio from its theoretical dissolved value. The effect of
respiration was also observed in the O,/Ar values of the ice
mounds in Nunavik. The Nunavik segregated ice formed where
in situ respiration of buried organics, evident from the elevated
CO, concentrations and 6'>Ccq, values as low as —18%o in
association with trace concentrations of methane in the ice
(Calmels, 2005), has reduced available O,.

The O,/Ar ratio of the Firth River aufeis, since it receives an
important contribution from atmospheric gas (snowfall), is also
reduced compared to the theoretical dissolved gas molar ratio.
The groundwater circulating in this area are in part associated
with the production of biogenic methane, which occurs in the
absence of O, (Clark and Lauriol, 1997). As argon is non-
reactive and would remain unchanged during the residence time
of the groundwater circulating through the limestone, the lower
O,/Ar ratio most likely represents a mixture between methano-
genic groundwaters and an important contribution from snow
accumulating on the surface of the aufeis.

A few other processes, although not observed in the samples
analyzed, are capable of modifying the O,/Ar and N,/Ar ratios in
water-derived ground ice. In environments where NOj is
available, denitrification can cause an increase in the N,/Ar
ratio over the theoretical dissolved ratio. Denitrification, which
occurs under anoxic conditions, would provide additional N,
to the groundwater, resulting in higher N,/Ar ratios. Although
the production of N, by denitrification can be anticipated, in
most northern landscapes there may be insufficient excess of
NOj to produce a significant and measurable shift to the N,/Ar
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ratio. Finally, under certain conditions, the dissolved concentra-
tion of Ar could increase from the initial value due to the
accumulation of Ar through the radiogenic decay of *’K (Heaton
and Vogel, 1981), which would lower the O,/Ar and N,/Ar ratios
relative to the theoretical dissolved gas molar ratios.

Conclusion

In theory, analyzing the concentration of the occluded gases
within MI/IS bodies should distinguish glacier ice, formed
through the process of firn densification, from intrasedimental
ice, formed by the freezing of water. To test this, a gas-extraction
line that uses liquid helium to isolate atmospheric gases
entrapped in ice was constructed based on a design conceived
by Sowers and Bender (1989). The new method, which is based
on dilution of the gases in helium coupled with analysis using a
continuous flow isotope ratio mass spectrometry (IRMS), allows
for rapid analysis of the concentration of the gases and their
stable isotope ratios on smaller quantities of samples compared
to dual-inlet procedure. The results, although obtained on a
limited number of samples, indicate that the 6'800, and 6"° Ny,
composition of the various ice formations examined offer no
characteristic trend to distinguish between glacier and intrasedi-
mental ice. However, the O,/Ar and N,/Ar ratios of gases
occluded in MI/IS bodies are able to distinguish clearly between
glacier ice and intrasedimental ice. The O,/Ar and N,/Ar ratios
of glacier ice preserved a signature slightly modified from
atmospheric value, whereas the molar gas ratios of intrasedi-
mental ice are significantly modified from atmospheric values
due to the dissolution of the gases in water. This novel approach
provides an efficient tool for discriminating between buried
glacier and intrasedimental ice.
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Appendix A. Description of wet extraction technique

To extract the gases occluded in ice, approximately 50 g of ice
is placed inside a round bottom glass vessel that is immersed in a
cold ethanol bath (— 80 °C) and pumped under vacuum conditions
for 30 min to remove possible gas contamination. The ice is then
melted by submerging the glass vessel in warm water, which
releases the gases trapped in the ice. The ice is then frozen using
the cold ethanol bath (=30 °C) from the bottom, leaving O,, N,
and Ar exsolved. The released gases are then condensed into a
stainless steel sample tube immersed in liquid helium. After a
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second melt/freeze condensation cycle, the stainless steel tube is
closed off and brought to room temperature. Sample gas is then
expanded into a high-vacuum, low-volume transfer loop and
mixed with ultrapure He gas. An aliquot of this mixture is then
transferred into a glass septum vial and analyzed for the gas ratios
and isotopic content of O,, N, and Ar through a GasBench II
interfaced to a Finnigan Mat Delta®™ XP isotope ratio mass
spectrometer with a special eight-collector assembly. Because N,
uses the same collectors as O,, a peak jump was needed to
measure N,. Ar, N, and O, reference gases are also measured
every time for stable isotope ratio measurements. The stable
isotope results are presented using the d-notation representing the
parts per thousand differences for '*0/'°0 or ">N/"*N from a
standard reference gas, consisting of atmospheric air sampled
outside the laboratory building. The analytical precision of
6800, and 6"° Ny, is £0.67 and +0.54, respectively.

To verify the background gas levels in the extraction and
transfer lines, leak checks were performed routinely by closing
the valve connecting the manifold to the pump and verifying that
the Pirani gauge remained constant and below 10~ * mTorr. A
blank test was performed to verify the background level of gases
on the extraction line and in the gas transfer line from the
stainless steel tube to the glass septum vial used for analysis on
the mass spectrometer.

To test the accuracy and precision of the method, a
compressed air standard and compressed air in degassed ice
were analyzed. The compressed air standard was introduced in
degassed ice within the glass extraction vessel. This was done
by introducing a few fabricated ice cubes in the glass vessel and
extracting the gases by a series of two melt/freeze condensation
cycles. Afterwards, the compressed air was introduced in the
line and an aliquot was trapped in the glass extraction vessel.
The results show that there is a difference in the §'®0¢, and
6'°N values between the compressed air and the compressed air
in degassed ice (Appendix B, Supplementary Table 3). The
6800, and 8'°N values of compressed air in degassed ice
average —6.65+£0.08%0 and 0.47+0.13%0, respectively,
whereas the '*0, and §'°N values of compressed air average
—10.75+£0.44%0 and 0.83+ 0.02%o, respectively. This differ-
ence is due to the method of introducing the compressed gas
into the vessel. Since the temperature of the vessel is at
~—=100 °C during the injection of the compressed gas, a
thermo-fractionation of the isotopes is induced as the heavier
isotopes of oxygen tend to accumulate at the colder
temperature, producing a higher ratio. Since O, has a smaller
diameter than N, it diffuses faster, which is why the difference
is more noticeable in 6'¥0q, (Craig et al., 1988). The values of
8"°N are too close to discern a difference between compressed
air and compressed air introduced in degassed ice.

Finally, the air collected outside the laboratory building,
which is used as the standard reference gas, was measured nine
times to verify the reproducibility of the data. The average molar
ratio O,/Ar and N,/Ar are 22.43+0.58 and 83.60+7.87,
respectively, very similar to the theoretical atmospheric com-
position. The 6'®0¢, and 6' "Ny values average —0.01+0.29%o
and —0.01+0.23%., respectively (Appendix B, Supplementary
Table 4).
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Appendix B. Supplementary data

Supplementary data associated with this article can be found,
in the online version, at doi:10.1016/j.yqres.2007.05.003.
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