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Post-depositional modification of stable water isotopes
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ABSTRACT. To assess the seasonal stability of the §'0 stratigraphy in winter snowpacks in the
Canadian Rocky Mountains, snow pits were sampled over three accumulation seasons at two field sites.
These sites, Opabin and Haig Glaciers, are ~160 km apart at similar elevations and represent windward
and lee-slope environments respectively. At both sites, snow pits were sampled at one glacier and one
forefield location throughout each accumulation season. Intra-seasonal changes in 3’30 at each site
were examined to determine the extent of post-depositional modification of isotope stratigraphies. At
both glacier sites, there was minimal temporal change before the onset of spring melt in all years. In
addition, the similar structure of 3'®0 profiles from both glacier sites suggests that regional controls
govern the isotopic composition of solid-phase precipitation across the study area. At forefield
locations, the absence of an insulating layer of ice at the base of the snowpack allowed for vapour
transport and post-depositional modification of the seasonal 3'20 signal. This did not result in consistent
changes to the mean §'%0, deuterium excess and SD-3'?0 regression line slopes in the lower layers of
snow, and the observed smoothing of 5'20 profiles was less than that simulated by applying a diffusion

model to these snowpacks.

INTRODUCTION

Stable water isotopes (3'°0 and 8D) in precipitation are
governed by the advective transport and condensation
history of precipitation-bearing weather systems and, in
particular, the in-cloud temperature during condensation
(Dansgaard, 1964). These characteristics are recorded in
solid-phase precipitation, so that snowpacks potentially
provide a cumulative record of winter precipitation events.
In addition, the preservation of annual isotopic cycles in
regions where the snowpack survives the summer melt
season has enabled the reconstruction of high-resolution
temperature records from firn and ice cores. However, the
interpretation of 3'°0 and 8D profiles in these records
requires a critical assessment of the influence of post-
depositional processes on the integrity of the isotope
stratigraphies (Stichler and Schotterer, 2000). On a seasonal
timescale, these processes act to diffuse isotopic signals
from individual accumulation events, smoothing the iso-
topic variability retained in the snowpack stratigraphy
(Judy and others, 1970; Krouse and Smith, 1972; Cooper,
1998). On longer timescales, the same mechanisms reduce
the interannual variability preserved in ice-core records,
complicating the use of stable water isotopes as paleo-
thermometers.

Before the onset of spring melt, the physical processes
most likely to control the post-depositional modification of
isotope stratigraphies at the surface of alpine snowpacks are
wind scour and sublimation. Because winter snow tends to
be low-density, it is more susceptible to wind transport and
redistribution (Naftz and others, 2004). Sites that experience
a significant amount of wind scour in winter months
therefore tend to be deprived of the light isotopic species
associated with cold condensation temperatures (Fisher and
others, 1983). The effects of surface sublimation are confined
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to the upper boundary of snowpacks and are most pro-
nounced when there are extended dry periods with low
atmospheric humidity (Stichler and Schotterer, 2000; Stichler
and others, 2001; Neumann and others, 2005). Under these
conditions, sublimation leaves surface snow enriched in
heavy isotopic species (Moser and Stichler, 1975).

At the ground-snow interface of alpine snowpacks, the
input of geothermal heat may promote strong temperature
gradients, vapour transport, recrystallization and depth-hoar
formation. In previous studies, this has been associated with
an increased concentration of heavy isotopes in the lowest
layers of the snowpack (Friedman and others, 1991;
Sommerfeld and others, 1991; Sturm and Benson, 1997;
Hachikubo and others, 2000). Finally, while diffusion in the
solid phase is negligible in the time frame of seasonal
snowpacks, vapour-phase diffusion within the snow matrix
is ~1000 times faster and acts to reduce isotopic gradients
during sublimation and redeposition in snow and firn
(Bolzan and Pohjola, 2000; Johnsen and others, 2000;
Helsen and others, 2005).

A significant degree of post-depositional modification via
any of these processes compromises the interpretation of
precipitation isotopes both on a seasonal timescale and
in longer-term analyses. For this reason, we aim to assess
the temporal stability of winter 3'®0O stratigraphies in the
Canadian Rocky Mountains to determine both the cause and
extent of any post-depositional modification. We also
consider the spatial reproducibility of the winter §'®0
profiles. A high degree of similarity between stable isotopes
on windward and lee slopes of this mountain range, across a
broad spatial area, offers the possibility of identifying
regional accumulation events in winter isotope stratigra-
phies. This would, in turn, lend insight into the relative
importance of weather system types that bring snow to the
alpine watersheds of the region.
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Fig. 1. (a) Opabin Plateau and Opabin Glacier showing snow-pit sites OG (Opabin Glacier) and OP (Opabin Plateau). The inset shows the
location of the study sites in North America. (b) Haig Glacier showing snow-pit sites HG (Haig Glacier) and HF (Haig Forefield). The inset
shows the relative locations of Haig and Opabin Glaciers in the Canadian Rocky Mountains.

FIELD SITES AND ANALYSIS

The Canadian Cordillera comprises the Rocky, Columbia and
Coast Mountain ranges extending from the United
States border into northern British Columbia. These moun-
tains have a glaciated area of approximately 38613 km?
(Ommanney, 2002) and experience a long snow accumu-
lation season, lasting generally from October to late May.
Our field studies focus on the Rocky Mountains, which
comprise the continental divide at the eastern edge of the
Canadian Cordillera. The two field sites selected for this study
are glaciated catchments in the Rocky Mountains that are
part of long-term studies of glacier mass balance, surface
energy-balance processes and alpine hydrology (Fig. 1).
Opabin Glacier is located in Yoho National Park, British
Columbia, between 2300 and 2450ma.s.l. on the west-
facing (windward) slopes of the Rocky Mountains. Haig
Glacier is an east-facing (lee-slope) environment in Peter
Lougheed Provincial Park, Alberta. It is the largest arm of the
southernmost icefield in this region and has an area of
approximately 2.9 km?. The upper glacier (~2800ma.s.l.) is
a broad, gently sloping plateau that flows east from the North
American continental divide to approximately 2430 ma.s.|.

These sites were visited throughout the 2004/05, 2005/06
and 2006/07 snow accumulation seasons (October—June)
and into the summer melt season. In 2004/05, work was
focused on Haig Glacier and a late-season snow pit was
sampled at Opabin Glacier. In 2005/06, snow pits were
sampled intensively at both sites through the accumulation
season, and in 2006/07 mid- and late-winter snow pits were
sampled at both sites. At Haig Glacier, snow pits were dug in
the vicinity of two automatic weather stations (AWSs). One
AWS is located mid-glacier near the equilibrium line (HG;
Fig. 1b), and the other is approximately 100m from the
glacier terminus on the forefield moraine (HF; Fig. 1b).
Similarly, at Opabin Glacier, snow pits were dug near an
ultrasonic depth gauge (UDG) at a site near the centre of the
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glacier (OG; Fig. 1a) and on the deglaciated Opabin Plateau
near an AWS (OP; Fig. 1a). The lower, HF and OP sites are
referred to as forefield sites, while the upper, HG and OG
sites are referred to as glacier sites.

The dates, names, depths and number of samples (n) from
all snow pits are shown in Table 1. On each visit, snow-pit
walls exposed the cumulative seasonal precipitation and
each snow-pit wall was sampled for density, stable-isotope
analysis and the temperature profile. At the glacier sites,
snow pits were dug back to the summer melt surface, and at
the forefield sites snow pits were dug to the moraine surface.
At the HF site, this consists of exposed rock, but at the OP
site there is a shallow layer of soil and vegetation overlying
the moraine.

Samples were taken upward from the ground/glacier
using a 100 cm’ steel sampler at 10 cm vertical resolution in
2004/05 and 5 cm vertical resolution in 2005/06 and 2006/
07. Snow samples were bagged and transported to Calgary
frozen, where they were melted at room temperature and
bottled for stable-isotope analysis. Analysis was conducted
at the University of Calgary Stable Isotopes Laboratory using
the CO,—H,O equilibration technique for §'®O (Epstein and
Mayeda, 1953) and chromium reduction for 3D. In both
cases, a dual-inlet isotope-ratio mass spectrometer was used
to determine & values, which are reported in per mil (%o)
notation relative to Vienna Standard Mean Ocean Water
(V-SMOW). Accuracies are generally better than £0.2%. for
8'80 and £2.0%o for 5D.

RESULTS
Glacier sites

Figures 2 and 3 show the §'20 and temperature profiles from
the HG and OG sites in the 2005/06 accumulation season
for all snow pits prior to spring melt and for the first
isothermal snow pit at each site. The depth is represented as
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Table 1. Snow-pit names, dates, depths and total number of samples (n) for the 2004/05, 2005/06 and 2006/07 seasons. Note that snow pits
are numbered consecutively, followed by the abbreviated year (‘05” for 2004/05 or ‘06’ for 2005/06) (e.g. HF105 is the first snow pit in the

2004/05 accumulation season at the Haig Forefield)

Sampling date Snow pit Depth n Snow pit Depth n
cm cm
2004/05
30 Jan. 2005 HF105 108 11 HG105 208 21
5/6 Mar. 2005 HF205 140 14 HG205 209 21
12 Apr. 2005 HF305 177 18 HG305 273 27
30 May/1 June 2005 *HF405 66 7 *HGA405 207 20
18 May 2005 OG105 263 26
13 June 2005 *O0G205 164 37
Total n: 50 152
2005/06
29/30 Oct. 2005 HF106 55 10 HG106 123 24
21 Feb. 2006 HF206 165 32 HG206 262 52
18 Mar. 2006 HF306 185 36 HG306 319 64
23 Apr. 2006 HF406 185 37 HG406 353 70
13 June 2006 *HG506 240 44
1 July 2006 *HG606 159 15
11 Oct. 2005 OG106 109 16
23 Nov. 2005 OP206 46 8 0G206 159 28
9 Jan. 2006 OP306 94 16 0G306 224 39
30 Jan. 2006 OP406 112 22 0OG406 290 49
5 Mar. 2006 OP506 122 24 OG506 303 55
1 Apr. 2006 OP606 143 28
20/21 Apr. 2006 OP706 132 26 OG706 318 63
8/9 May 2006 *OP806 151 31 0OG806 346 34
21 June 2006 *OG906 224 43
Total n: 270 596
2006/07
26 Jan. 2007 HF107 143 14 HG107 263 26
12 Apr. 2007 HF207 210 41 HG207 305 56
27 Feb. 2007 OP107 128 25 OG107 266 53
18 Apr. 2007 OP207 268 26 0G207 355 69
Total n: 106 204

*Isothermal snow pit.

snow water equivalent (SWE) and is measured from the base
of the snow pit to the surface, and error bars show the
estimated analytical error. Key stratigraphic features are
labeled as reference points to enable cross-pit comparisons.
The most positive (isotopically heavy) reference points are
labeled as letters, and the most negative (isotopically light)
reference points are numbered consecutively from the base
of the snowpack to the surface. As we did not sample
continuously, we cannot be sure that we measured the true
isotopic peaks (either negative or positive). These reference
points do serve, however, as a useful guide, particularly for
the 2005/06 and 2006/07 accumulation seasons where the
5cm sampling resolution captured the majority of the
snowpack. This resolution is sufficient to track the isotopic
character of major snowfall events through the accumu-
lation season, but small snow accumulation events will be
missed or averaged with larger events.

In addition to the fact that some isotopic variability may
not have been captured by our sampling resolution, the
stratigraphic features labeled in Figures 3 and 4 are also
observed at different depths due to (1) differences in settling
rates that cause local density variations; (2) irregularities in
the surface of the moraine or glacier at the base of the snow
pit, and snow surface undulations; (3) snow redistribution by
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wind; and (4) error associated with depth measurements
while sampling. To minimize these depth variations, we
confined our snow-pit sites to within a 30 m radius of each
AWS or UDG, while ensuring that we sampled undisturbed
snow on each site visit.

There was a wide range in §'®0O values at both glacier
sites, with the maximum seasonal range in §'?O averaging
-14.8%0 and -15.9% at Haig and Opabin Glaciers
respectively. The sawtooth nature of the profiles at both
sites likely reflects variable temperature characteristics and
vapour source regions of the succession of winter storms
that bring snow to the region. There was also a high degree
of temporal continuity in 8'®0 profiles at the glacier sites
across all accumulation seasons and no indication of
widespread post-depositional change. The mean shift in
reference-point values at Haig Glacier was 1.1%o, 1.6%o
and 1.5%o in 2004/05, 2005/06 and 2006/07 respectively.
At Opabin Glacier, mean reference-point shifts were 1.8%o
in 2005/06 and 1.2%o0 in 2006/07. Although these values
are subject to the sources of error discussed above, they
do provide some quantitative measure of the extent of
post-depositional change and are considered to be rela-
tively minor in the context of the high variability in §'®0 at
these sites.
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Fig. 2. 3'%0 stratigraphies and temperature profiles of HG snow pits from the 2005/06 accumulation season. HG606 (1 July) is not shown, as
the snowpack had become isothermal by HG506 (13 June). The data gap in HG506 is the result of a damaged sample.
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Fig. 3. 3'%0 stratigraphies and temperature profiles of all OG snow pits from the 2005/06 accumulation season. A dense layer of firn
occurred at the base of 0G306-OG506 below ~150 mm. This was not sampled in OG406, but the average 5'0 of this layer from previous
and subsequent snow pits was —16.3%o. Due to the isotopic homogeneity associated with snow that has survived summer melt, it is expected

that the §'%0 of firn in OG406 would fall within this range.

There was also a strong correspondence between §'°0
profiles at Haig and Opabin Glaciers in all years of the study,
with the same stratigraphic features identified at both
locations (Figs 2 and 3). The mean §'®0 values of each
reference point for the HG and OG sites are shown in
Figure 4. The mean reference-point values were calculated
using data from all pre-melt snow pits at each site, apart from
for 2004/05 when only one snow pit was sampled at the OG
site. For this reason, we compare reference points from
OG105 with the closest pre-melt HG snow pit, HG305. A
linear regression between these data shows a strong
relationship between reference points, with an R* of 0.79.
The average deviation of all data in Figure 4 from the line of
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best fit was 2.1%o, 2.5%0 and 3.5%o in the three consecutive
accumulation seasons. A matched-pairs t test was also
performed to assess whether there is a statistical difference
between these datasets. The results of this indicate that there
is no significant difference between the HG and OG
reference points at 95% confidence (n = 41; p = 0.0139).
While we expect some differences between §'%0 values at
Haig and Opabin Glaciers due to local atmospheric and
topographic influences and variations in air-mass trajectory
during individual storms (Sinclair and Marshall, unpublished
information), the similarity in the structure of 3'®O profiles at
these sites indicates that the same major storm systems bring
snow to both Opabin and Haig Glaciers.
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Fig. 4. Scatter plot of the mean reference-point values from HG and
OG snow pits from each accumulation season. The line of best fit is
shown along with the equation of this line, and the R* and p values
from the regression analysis.

Forefield sites

Figures 5 and 6 show §'®0 profiles from the 2005/06
accumulation season at the HF and OP sites. These were
sampled within 24 hours of the snow pits from the glacier
sites shown in Figures 3 and 4, apart from OP606 when
there was no corresponding OG snow pit.

At the HF site, there was considerable seasonal modifi-
cation of the §'0 profiles, particularly in the lowest 250 mm
of SWE. A highly depleted layer (-30.7%o) at 253 mm in
HF206 did not appear in the isotopic record from the HG site
at this time, but it spanned two samples and we believe this
was a genuine feature of the snowpack, rather than a
sampling error or stochastic variability. It may reflect a
snowfall event that was local to the glacier forefield, or wind
scour may have prevented preservation of this event at the
HG site. This depleted layer was no longer present in HF306
(25 days later), and the isotopic profile of the lower snow-
pack was highly modified over this time interval, showing an
almost inverse structure to the previous snow pit. Also
evident in HF306 is a marked increase in §'%0 in the lowest
50 mm of the snowpack, a feature that is persistent in HF406.
A trend to more positive 5'%0 values at the lower boundary
of the snowpack was also evident in late-season snow pits at
the OP site (Fig. 6). While this may be related to the input of
isotopically heavy groundwater, this effect has not been
observed directly.

At the OP site in 2005/06 (Fig. 6), there was little structural
change to the §'®0 profiles in the first three snow pits up to
OP406. In subsequent snow pits, §'%0 profiles were
progressively smoothed and trended to the most positive
3'%0 values at the ground-snow interface. In OP706, there
was a distinct loss of variability in the §'°0O profile
throughout the snowpack. The temperature profile of this
snow pit was close to isothermal, and the standard deviation
in 3'%0 decreased from 2.7%o in OP606 to 2.1%0 in OP706.

There was also a marked shift in §'%0 in the lowest layers
of snow in OP706. While the lowest 100 mm of SWE in
OP606 averaged —19.8%o, this decreased to —22.1%o in
OP706, and only the lowest sample (at 18 mm depth)
remained within 2%o of OP606 values. As meltwater tends to
be depleted in heavy isotopes compared to the remaining
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Fig. 5. 8'%0 stratigraphies and temperature profiles of all HF snow
pits from the 2005/06 accumulation season.

snowpack (Blason 1972; Hermann and others, 1981), this
isotopic depletion may be associated with the introduction
of meltwater into the snow matrix. However, as this trend
was not reflected in OP806, which was sampled 18 days
later and had a mean §'®0 of —~19.7%o in the lowest 100 mm
of SWE, the effect of meltwater percolation on the isotope
stratigraphy is not clear. It could be that this effect is spatially
variable over the sampling area or that there is a complex
interplay between the input of meltwater and the migration
of groundwater into the lower boundary of the snowpack.
A thorough investigation of these effects would require high-
resolution sampling from multiple snow pits.

Vapour transport and depth-hoar formation

The most likely explanation for the widespread isotopic
shifts in the lower reaches of the forefield snowpacks is the
input of geothermal heat and consequent depth-hoar
formation near the snow—moraine interface. Depth hoar is
characterized by large crystals with distinctive skeletal forms


https://doi.org/10.3189/172756408787814979

102 Sinclair and Marshall: Post-depositional modification of stable water isotopes

SWE (mm)
] 100 200 300 400 500
A4 -
! 0P206
23 Nov. 2005

g 0
. 2| =

£ E

w0 4 B

s 8
8
A6
Ty
]

- W}

£ | 2 g

aeo Zr 4 '2

o % 3
76 F B
-28

i C
-18
-20
-7 o
-
g 24 2§
g 4 P

£ 26 =

LA § O
"I opaos J
-30 | 30 Jan. 2006 5
-3
uk

0
£ - z g
£ - ‘« $
]
a8 H
-0

£ .

o i 4 =

= L —

g o Y o 2 g
2% OP6O6 4 A
sk 1 April 2006 6

6
16
-18
0 ;

-2 3

z 1 $

o - -

e 4 |2

o
26 OP706

. 21 April 2006 7
-8 6
A8

3 i _‘\_I'\_|_|—I

o 12— ——tr—t —-r 0| =

& e 5

Te 241 opaos ol b
o [ & May 2006 4 A

r

Fig. 6. 5'%0 stratigraphies and temperature profiles of all OP snow
pits from the 2005/06 accumulation season. Note that there is no
OP106 because there was little snow accumulation at this site at
the time the first glacier snow pit (OG106) was sampled.

(Akitaya, 1974) and forms when high temperature gradients
(>1°Ccm™) drive a vapour flux in low-density snow
(<300kgm™) (Colbeck, 1983). The transport of the vapour
to higher reaches of the snowpack is thought to occur via a
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‘hand-to-hand’ process (Yosida and others, 1955) whereby
each snow grain acts as a source and sink for water vapour;
the isotopically light water-vapour molecules are deposited
on the lower edge of snow grains while sublimation from the
top surface causes a higher concentration of isotopically
heavy molecules at this boundary. At a macroscopic scale,
there are consequently no net changes to the isotope ratios
of the snowpack except in the lower and upper layers where
there is a net loss or gain of water vapour (Sommerfeld and
others, 1987; Hachikubo and others, 2000).

The effect of vapour transport processes on isotope ratios
in depth hoar has been studied in natural snowpacks (Fried-
man and others, 1991; Satake and Kawada, 1997; Sturm and
Benson, 1997) and in laboratory experiments (Sommerfeld
and others, 1991; Hachikubo and others, 2000). These
studies found that snow subjected to high temperature
gradients became enriched in heavy isotopes in the lowest
and uppermost layers of the snowpack. In natural snowpacks,
this is the result of both the migration of isotopically heavy
soil moisture into the snowpack and fractionation during
depth-hoar formation, which leaves the vapour depleted in
heavy isotopes (Friedman and others, 1991).

The isotopic changes associated with vapour diffusion
and recrystallization differ for oxygen and hydrogen. This
lends insight into vapour-transport processes that cannot be
gleaned from the analysis of one isotopic ratio alone
(Friedman and others, 1991; Satake and Kawada, 1997).
[sotopic fractionation during in-cloud condensation is a
near-equilibrium process, and for unmodified (i.e. fresh)
snowfall the line of best fit for SD-5'%0 data should lie near
the global meteoric waterline: 8D = 85'80+10 (Craig,
1961; Gourcy and others, 2007). The non-equilibrium
fractionation associated with vapour diffusion alters this
relationship. Excess diffusion of D relative to '®O theoret-
ically decreases the slope of the 8D-3'%0 regression line in
the vapour, and, depending on the location of redeposition,
these changes may be transferred to the snow matrix
(Sommerfeld and others, 1991).

The differences in the diffusivity of isotopic species may
also cause post-depositional changes in the deuterium
excess, defined by d = 3D — 83'80 (Johnsen and others,
2000). Changes in d-excess have been found to correlate
with the depth-hoar level in Antarctica (Satake and Kawada,
1997), and d was observed to decrease systematically during
sublimation as §'®0 increased in the upper layers of a
snowpack in the tropical Andes (Stichler and others, 2001).

Changes to each of these measures of post-depositional
modification were examined in the 2004/05, 2005/06 and
2006/07 snowpacks. Figure 7 shows changes, in the lowest
layers of the snowpack at each site, to the mean §'%0; the
3D-3"%0 regression line slope; deuterium excess; and the
standard deviation of 3'%0. For the HF site, data in Figure 7
represent the lowest 147 mm of SWE (n = 10), which was
the total sampled in HF106 on 30 October 2005. This
enables us to trace the isotopic development of this snow in
subsequent snow pits. It should be noted that the earliest HF
snow pits in 2004/05 and 2006/07 were sampled in January.
For this reason, we also applied the calculations for these
years to the lowest 147 mm of SWE to permit a direct
comparison with the 2005/06 results. At the OP site in 2005/
06, the earliest snow pit was on 23 November 2005
(OP206). This had a total SWE of 106 mm (n = 8), and so
this value was used as the upper boundary for the OP
calculations. The average number of samples used for these
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Fig. 7. The seasonal evolution of the early-season snowpack at both field sites. For HF snow pits, this represents 147 mm of SWE, or the total
depth of HF106; for OP snow pits the lowest 147 mm of SWE was used, which was the total depth of OP106. Each line joins data from
consecutive seasonal snow pits for (a) the mean 5'%0; (b) the 8D-3'%0 regression-line slope; (c) deuterium excess (d); and (d) the standard

deviation of 8'%0.

calculations across all seasons was 6.3 and 6.5 at Haig and
Opabin Glaciers respectively.

The results presented in Figure 7 do not provide con-
clusive isotopic evidence of depth-hoar formation, which
would include (1) increasing mean §'0; (2) decreasing 5D
3'%0 regression line slopes, and (3) decreasing deuterium
excess. As illustrated in Figure 7a, the mean §'?0 tended to
decrease in the lower layers of the snowpack in all seasons,
aside from the OP site in 2006/07. The standard error in the
estimate of the mean for snow-pit §'%0 is small (£0.08%o)
and is not shown in Figure 7a. The 8D-8'%0 regression-line
slopes (Fig. 7b) trended to lower values, again with the
exception of the OP snowpack in 2006/07. This is the only
indicator that follows a trend that is consistent with depth-
hoar formation. Figure 7c shows the trends in deuterium
excess along with the standard error in the estimate of the
mean associated with this parameter (+1.4%o). There are no
discernible trends in d over time in the lower layers of the
snowpacks.

Finally, as expected, the standard deviation of §'®0O
tended to decrease over time at both field sites (Fig. 7d), with
the exception of the OP and HF snowpacks in 2005/06. At
the OP site, the standard deviation decreased until OP706
(cf. Fig. 6), and the standard deviations from snow pits at the
HF site were relatively stable, fluctuating from 1.8%o in
HF106 to 2.3%o in HF406. The overall decrease in standard
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deviation can be partly explained by the smoothing effect of
vapour diffusion within the snow matrix and, after the onset
of spring melt, by the redistribution of isotopic molecules by
percolation processes.

ISOTOPE DIFFUSION MODELLING

While isotope diffusion in the solid phase is negligible over a
single winter season, diffusion does occur in the vapour
which occupies the pore space of the seasonal snowpack.
This leads to a progressive smoothing of isotope gradients in
the snowpack, and the warm temperatures at these mid-
latitude sites (in contrast to polar firn) potentially give rise to
large amounts of diffusion, even in a single season.

We investigate the degree of post-depositional modifi-
cation associated with vapour diffusion by applying the
model of Johnsen and others (2000) to the §'80 and 8D
profiles that were measured in the initial site visit from each
season. Let subscript k refer to the isotope species of interest
(i.e. k = ['®0O, D]). Assuming that diffusion of §'®0 and 5D
in the seasonal snowpack follows

06 %6y
o= "oz M

we integrate forward in time through the winter to estimate
the diffusive smoothing of §'0 and 3D profiles at each site.
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Effective diffusivities x, are calculated following equa-
tion (17) of Johnsen and others (2000):

wesi Qo (11
,{k:m ———, (2)
RTayr \p p

where N,, is the molar weight of water, e is the saturation
vapour pressure over ice, {2, is the free-air diffusivity of
species k, R is the ideal gas-law constant, T is the absolute
temperature of the snow, « is the equilibrium isotopic
fractionation factor, 7 is the tortuosity factor for the vapour
path length in the pore space (Schwander and others, 1988),
p is the snow density, and p; is the density of ice. The basis
for this expression is well described in Whillans and Grootes
(1985) and Johnsen and others (2000), and Helsen and
others (2005) have applied it to the seasonal snowpack in
Antarctica.

We follow Johnsen and others (2000) in the parameter-
ization of 7 and €, while aiso(T) is from Majoube (1970)
and ap(7T) is from Merlivat and Nief (1967). For a snow
density of 300 kg m™ and a temperature of -9°C, close to the
mean winter values in our study, Equation (2) gives effective
diffusivities of kg =2.5x107""m?s™ (7.8 x 10> m?a™")
and kp =2.2%x107%m?s™" (6.9x 10> m?a™"). These val-
ues are approximately 100-fold greater than typical effective
diffusivities in polar firn (Johnsen and others, 2000).

We model the post-depositional diffusion in the snow-
pack using a finite-difference approximation to solve Equa-
tion (1), with a moving grid that tracks the snowpack
thickness. Snowpack densification is parameterized through
a simple model of exponential settling, with densification
rates based on density profiles measured during each site
visit. Snow temperatures are estimated from 30 min AWS air-
temperature data from each site. Temperatures at depth were
not measured, so were estimated by simulating vertical
diffusion of temperature into the snowpack:

oT  k 0°T
E*Eﬁ, 3)

where k; and c are the thermal conductivity and heat
capacity of the snow. Measured air temperatures provide the
upper boundary condition, and the lower boundary condi-
tion is 0T/0z = 0 at glacier sites, where the underlying
glacier surface is isothermal (0°C), and 0T/0z = —Qg/k: at
the forefield sites, for geothermal heat flux Qg estimated at
0.05Wm™.

Figure 8 illustrates the effects of vapour diffusion on
isotope profiles in the lower snowpack at the HG site in the
2005/06 accumulation season. The dashed lines represent
the original (measured) isotope profile from 30 October
2005 (HG106), and the solid lines correspond to the
modelled (diffused) profiles on subsequent site visits on
21 February, 18 March and 23 April 2006. The integration
runs from 1 November 2005 to 30 April 2006, and we
present only the lowest 350 mm of the snowpack, which was
the SWE sampled in HG106. Snow accumulation above this
level was prescribed according to snowpack observations,
with temperature simulated in the upper layers as part of the
isotope diffusion modelling.

The minima and maxima in the initial isotope profile are
highly smoothed, with modelled shifts in "0 and 8D of up
to 2%o and 14%, respectively. Average 'O and 8D values
in the lower snowpack vary by less than 0.5%0 and 3%,
respectively. Shifts in deuterium excess are less than 0.2%o.
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This result is unsurprising, as vapour diffusion serves primar-
ily to redistribute molecules within the snowpack.

Based on diffusion modelling in the lower (early-season)
snowpack at the other glacier and forefield sites, diffusive
smoothing of the isotope stratigraphy and diffusion-related
shifts in mean snowpack 5'®0 and 8D were similar in mag-
nitude at all sites. There was no systematic modelled
increase or decrease in §'°0 and 3D in the lower snowpack
as a result of vapour diffusion; shifts in mean values varied in
sign and were less than the observed isotopic changes at the
forefield sites.

These results suggest that vapour diffusion may induce
significant post-depositional modification via smoothing of
isotopic gradients and isotope redistribution within the
snowpack, but there is no significant alteration of the bulk
isotope content of the lower snowpack. We found this result
at both glacier and forefield sites. The observed snowpack
isotopic evolution through the winter is not consistent with
diffusive smoothing, so other processes are likely respon-
sible for most of the post-depositional modification. We also
note that the modelled diffusion is probably excessive: peaks
and gradients in the data survive the winter more than the
theoretical diffusion would suggest. Vapour diffusivities in
this relatively low-density, warm seasonal snowpack may be
less than expected on the basis of parameterizations crafted
to describe polar firn.

SUMMARY

There was a significant amount of post-depositional modifi-
cation to 8'®0 profiles at forefield sampling locations,
particularly in the lower snowpack above the ground-snow
interface. We postulate that the geothermal heat flux into the
base of the snowpack at these sites plays a major role in
promoting vapour transport and local redistribution of water
molecules. This may occur alongside the input of isotopic-
ally heavy groundwater (or groundwater vapour) into the
base of the snowpack, but this has not been quantified or
observed directly.

The post-depositional modification observed at forefield
sites does not consistently conform to trends expected from
vapour transport and depth-hoar formation such as a local
increase in §'°0, decreasing 5D-8'%0 slopes and decreas-
ing deuterium excess. While some of these parameters
provide evidence of vapour diffusion, this is not consistent at
all sites or between accumulation seasons. The application
of a diffusion model to isotopic data from these sites tends to
overestimate the degree of smoothing that was observed in
late-season snow pits, but the overall pattern of post-
depositional modification is not consistent with diffusion.
It seems that isotopic changes at these sites are a result of the
interplay between a number of processes. A detailed
stratigraphic investigation coupled with high-resolution
isotopic sampling could lend additional insight into post-
depositional processes at these sites.

In contrast, there was minimal post-depositional modifi-
cation to the seasonal §'®0 profiles at the glacier sites. Key
stratigraphic features identified during each accumulation
season were preserved until the onset of spring melt
throughout the entire snowpack at both sites. It is thought
that the insulating layer of ice at the base of these snowpacks
dampens the movement of water vapour and restricts the
input of geothermal heat. In addition to the intra-seasonal
stability in the isotope stratigraphies at these sites, the
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Fig. 8. (a—c) The modelled effects of diffusion on 8'80 (a), 8D (b) and deuterium excess (c) in the lower 350 mm of SWE at the Haig Glacier
site (HG) from 1 November 2005 to 30 April 2006. The dashed line is the original isotope profile, and the solid lines correspond to modelled
profiles on subsequent site visits. (d—f) The changes in §'20 (d), 5D (e) and deuterium excess (f) over the integration period.

structure of the §'®0 profiles at the HG and OG sites was
comparable throughout all three accumulation seasons. The
concordance between isotope records of winter snowfall at
sites 160 km apart in the Canadian Rocky Mountains suggests
that the 3'80 stratigraphy of alpine snowpacks is the result of
regional synoptic controls.

These findings suggest that, although considerable post-
depositional modification was observed at forefield sites, the
isotopic signatures of individual accumulation events tend to
remain intact prior to spring melt at glacier sites. Follow-up
research uses site-specific snow accumulation and meteoro-
logical data to relate the isotopic stratigraphies of late-
season snow pits to specific synoptic conditions (Sinclair
and Marshall, unpublished information). The complete
winter snowpack stratigraphy can be interpreted in terms
of weather systems that dominate the seasonal moisture
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supply, offering insight into the origin and transport of winter
precipitation in the Canadian Rocky Mountains. On longer
timescales, an understanding of these relationships can pro-
vide insight into how changes in dominant storm trajectories
may affect snow accumulation and glacier mass balance in
the region.
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