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ABSTRACT
The authors present stable water isotope and trace element data for fresh winter snow from two temperate
maritime glaciers located on opposite sides of the New Zealand Southern Alps. The isotopes d18O and dD
were more depleted at the eastern Tasman Glacier site because of prevailing westerly flow and preferential
rainout of heavy isotopes as air masses crossed the Alps. The deuterium excess provided some indication of
moisture provenance, with the Tasman Sea contributing ;70% of the moisture received at Franz Josef and
Tasman Glaciers. This source signal was also evident in trace elements, with a stronger marine signal (Na, Mg,
and Sr) associated with snow from the Tasman Sea and larger concentrations of terrestrial species (Pb, V, and
Zr) in air masses from the Southern and Pacific Oceans. Although postdepositional modification of signals was
detected, the results indicate that there is exciting potential to learn more about climate trends and moisture
source pathways and to learn from geochemical signals contained in snow and ice in the New Zealand region.

1. Introduction
Geochemical records from ice cores provide a realm
of information on past climate variability, including
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information about temperature (Dansgaard 1964), moisture provenance (Araguas-Araguas et al. 2000), atmospheric aerosol loading (Bertler et al. 2005), atmospheric
circulation variability (Legrand and Mayewski 1997;
Jansson et al. 2007), precipitation (Shiraiwa et al. 2002),
sea surface temperature (Jouzel et al. 2005), and anthropogenic pollution (Gabrielle et al. 2008). As such
these data give insight into understanding natural climate
variability and provide an important baseline against
which to assess climate change.
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Most research to date has focused on polar ice cores
(Jouzel et al. 1987; Legrand and Mayewski 1997; Kreutz
et al. 1999), as below freezing temperatures ensure the
preservation of primary isotopic/ionic signatures. However, other environments have also been studied, including tropical glaciers (Thompson et al. 2000; Ginot
et al. 2002) and glaciers at high-altitude sites, for example,
the Altai Mountains (Aizen et al. 2005), Siberia; Yukon
Territory, Canada (Holdsworth and Krouse 2002; Fisher
et al. 2008); and the Himalaya Mountains, north-central
Asia (Kaspari et al. 2008). Even sites at lower elevation
with melting, for example, the Canadian Arctic, have been
found to contain important climate information (Fisher
et al. 1998; Goto-Azuma et al. 2002).
Temperate maritime glaciers have not received as
much study, as summer ablation and consequent meltwater percolation (often coupled with large annual snow
accumulation), pose significant challenges (Arnason 1981).
Yet these sites have the potential to contribute important information, in particular in the Southern Hemisphere, where meteorological records are relatively sparse
and short (Jones and Moberg 2003). Already exciting
work has been carried out in Patagonia (Shiraiwa et al.
2002), Sweden (Jansson et al. 2007), Norway (Raben and
Theakstone 1994; He et al. 2002), and the Canadian
Rockies (Sinclair and Marshall 2009). Here we present
a systematic evaluation of the potential of New Zealand
glaciers for ice core reconstruction.
Orographic processes can modify both isotopic (Guan
et al. 2009) and trace element (Gilfedder et al. 2007) signatures, due to preferential rainout and airmass pathways
(Dansgaard 1964). Such effects can cause geochemical
records of glaciers located on opposite sides of an orographic barrier to show different concentrations and
patterns, even if the snow is derived from the same precipitation event. To evaluate this effect in New Zealand
ice, we compare data from fresh snow, concurrently collected at two sites during snow precipitation events.
Postdepositional modification of stable water isotopes
and trace elements may affect the climate integrity of ice
core records, especially on temperate maritime glaciers
at relatively low altitude (Raben and Theakstone 1994;
Yoshimura et al. 2000; Shiraiwa et al. 2002; Kameda et al.
2003). Previous studies on temperate glaciers have used
snowpit sampling at the end of winter to determine if
discrete snowstorm event information is maintained
(Raben and Theakstone 1994; He et al. 2002). However,
changes in snow density, redistribution, and compaction
make it difficult to unambiguously identify and correlate
snow depth to each precipitation event (Jansson et al.
2007). Here we attempt to reduce this uncertainty by
adopting methods that allow clearer identification of
snowstorm increments in a snowpit.
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Temperate maritime glaciers, like those in New Zealand, experience high annual accumulation (;6 m w.e.,
where w.e. means water equivalent) coupled with significant summer melt (;1 m w.e.) within the accumulation area, posing significant challenges for ice core
interpretation (Ruddell and Budd 1990). However, in
New Zealand, little analysis has been conducted into the
preservation and integrity of isotopic and trace element
records stored in glaciers.
We analyzed fresh snow samples, simultaneously collected during snow precipitation, from two temperate
glaciers located on opposite sides of New Zealand’s
Southern Alps, to determine the climate signal contained
in fresh snow and to evaluate how the geochemical signal is modified by the passage of an air mass across the
Southern Alps’ orographic barrier. Furthermore, we sample the same precipitation events in the snowpit at the end
of the sampling campaign. The two datasets will allow us
to do the following:
1) Contrast isotopic and trace element signatures present
in winter snow accumulation on two glaciers located
on opposite sides of New Zealand’s Southern Alps.
2) Establish their potential to provide information on
moisture provenance and climate variability.
3) Quantify the level of signal preservation.

2. Study sites
The New Zealand Southern Alps contain more than
3100 glaciers (Chinn 1996) and have an average altitude
of ;2500 m MSL. The mountain range lies perpendicular to the path of midlatitude westerly winds, resulting
in sites having prevailing westerly flow. For this reason,
we select two sites from opposite sides of the orographic
barrier: the Franz Josef Glacier (FJG) on the western
flank of the Southern Alps (438309S, 1708149E) and the
Tasman Glacier (TG), immediately on the eastern side
of the range (438309S, 1708209E) (Fig. 1). These glaciers
have been chosen because they are at similar latitude,
and their accumulation areas extend from ;1900 to
2500 m MSL, enabling study sites to be set up at similar
elevation (;2300 m MSL). Net annual accumulation on
these glaciers is around 3–5 m w.e., derived from a combination of large winter snowfall and summer ablation
;(1–2 m w.e.) at high elevations (Anderson et al. 2006;
Purdie et al. 2010a). There are no long-term weather data
from these glaciated sites, but annual mean annual temperature at the top of FJG is estimated to be around 248C
(Anderson et al. 2006).

3. Sample collection
During winter 2008 we simultaneously measured
snowfall at a snowboard (0.4 m 3 0.4 m, with 2-m central
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FIG. 1. Map showing the location of the Southern Alps and the Tasman and Franz Josef Glacier
study sites.

pole), in the accumulation area of TG and FJG from
14 July to 6 August. Surface snow samples were collected
daily at 0900 h, immediately adjacent to the snowboards,
with a clean plastic scoop and deposited directly into
sterile 18-oz Whirl-Pak bags. Bags were filled to minimize headspace, secured tightly, labeled, and kept frozen. Additional snow samples were taken after storm
cycles and at time intervals within storms when conditions
permitted. Snow depth, density, morphology, and temperature were measured daily. In addition, during the
same period, automatic weather stations were installed
at each site, ;4 m from the snowboards, to record local
temperature, humidity, wind speed, and direction. This
sampling strategy allows isotopic and trace element data
to be linked directly to the synoptic weather systems from
which they derived, and to meteorological data measured
on site.
To clearly identify individual snow events being measured at the snowboard, colored wool markers were
placed between snowstorm increments. This was done
by tying a single thread of wool (;1 m long) around the
central pole and extending the ends of the wool across
the snow surface beyond the snowboard boundary. At
the end of the study at the FJG site (24 days), a snowpit
was dug down to the initial snow surface (the snowboard)
and snow samples were collected from between the wool
markers. The integrity of the wool markers was checked
by calculating the compaction of fresh snow using depth

and density measurements, and comparing that to the
depth indicated by the markers and the density of snowpit
layers. Wind deflation, as measured at the site, was also
taken into account (see Purdie et al. 2010b, manuscript
submitted to Arct. Antarct. Alp. Res.). The use of the
colored wool markers provided a time stamp down the
pit and a robust way to identify the snow layers rather
than relying solely on density conversion.
Samples were kept frozen during transportation and
subsampling took place in the clean laboratory at the
GNS Science Ice Core Research Facility. The samples
were melted at room temperature and two aliquots were
taken, one for stable isotope analysis (d18O, dD, and
deuterium excess), and the other for inductively coupled
plasma mass spectrometry (ICP-MS) analysis (major cation, trace metals, and rare earth elements).

4. Analytical techniques
Stable water isotope analysis (d18O and dD) was conducted at the National Isotope Centre, GNS Science,
Lower Hutt, New Zealand. Oxygen stable isotopes were
analyzed on a GV Instruments (GVI) AquaPrep attached to a GVI IsoPrime mass spectrometer by the
classical equilibration method. A total of 400 ml of water
are equilibrated with 3 ml of headspace flushed with
CO2 for 24 h at 25.58C. Carbon dioxide is then extracted
and analyzed by dual inlet on the IsoPrime. All oxygen
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results are reported with respect to Vienna Standard
Mean Ocean Water (VSMOW), normalized to internal
standards INS11, INS9, and MM1 with reported values
of 20.3&, 217.3&, and 229.4&, respectively. All internal standards are routinely measured against VSMOW
for quality control and international comparability. The
analytical precision of these measurements are 60.1&.
Hydrogen stable isotopes were analyzed on a GVI
PyrOH attached to a GVI IsoPrime mass spectrometer
by direct injection over hot chromium. A total of 5 mL of
water was injected into a helium stream through a quartz
reactor filled with chromium granules and quartz chips
held at 10508C, where it was reduced to H2 gas. The H2 is
then analyzed by continuous flow mode on the IsoPrime.
All hydrogen results are reported with respect to VSMOW,
normalized to internal standards INS11, INS9, and MM1
with reported values of 23.3&, 2136.5&, and 2231.5&,
respectively. The analytical precision of these measurements are 61.0&.
ICP-MS analysis of trace elements was carried out at
Victoria University of Wellington on an Agilent 7500cs
for 20 trace elements. Samples were acidified prior to
analysis to 1% HNO3 using high-purity SEASTAR acid.
Samples were transferred to the ICP-MS via an ASX520 microvolume auto sampler and introduction kit with
PFA Teflon nebuliser and quartz spray chamber. Blanks
were run after every six samples to establish detection
limits (3s of blanks). Calibration standards were also
acidified to 1% HNO3 and prepared daily. The standards were run every 12 samples to correct for machine
drift and to calculate overall precision. Elemental concentrations were determined from ICP-MS count data
using bracketing analyses of the calibration standards.
Reported elemental concentrations comprise the sum
of soluble ions and acid-digested particulates. Certified
river water reference material (SLRS-4) was run to check
data accuracy and ascertain reproducibility.
To identify moisture source regions, back-trajectory
analysis was conducted using the Hybrid Single Particle
Lagrangian Integrated Trajectory (HYSPLIT) model,
available online (at http://ready.arl.noaa.gov/HYSPLIT.
php; Draxler and Rolph 2009). National Centers for
Environmental Prediction–National Center for Atmospheric Research (NCEP–NCAR) reanalysis data (2.58
grid size) were selected to force the model, and time
stamps were set to concur with snowstorm events. To
consider synoptic-scale trends in isotopic and trace element data, each day during the study was categorized
as 1 of 3 synoptic regimes following the classification of
Kidson (2000; Fig. 2). Kidson utilized 40-yr NCEP–NCAR
data to identify 12 different weather types for New Zealand, which were further categorized into zonal, troughing, or blocking regimes. Since their development, Kidson
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indices have been applied to studies of air pollution
(Appelhans 2009; Baldi et al. 2009), climate change
(Lorrey et al. 2007; B. Mullan 2009, unpublished manuscript), drought patterns (Salinger 2010), and marine
biodiversity (Dunn et al. 2009).

5. Results
a. Stable isotopes of water
Stable isotope data are summarized in Table 1. On
average d18O and dD values of fresh snow were more
negative at the TG site than at the FJG site by 1.15& and
9.24&, respectively. Overall, the data showed large variability, ranging from approximately 29& to 224& for
d18O and from approximately 257& to 2180& for dD,
resulting in a deuterium excess (d) range of ;(5–20). This
large range suggests that local temperature alone is unlikely to be the dominant influence on the isotopic ratio.
Comparison of pit and fresh snow from FJG showed
that in all cases, both d18O and dD values became less
negative over time, with enrichment ranging from 0.26&
to 2.0& for d18O and from 1.5& to 15.3& for dD (Fig. 3).
In addition, the d18O–dD slope relation had decreased in
the older pit snow, and the amount of change in d averaged 1.03&.

b. Trace elements
Trace element concentrations [parts per billion (ppb)
or parts per trillion (ppt)] in snow samples from both
sites were found to be highly variable, with the standard
deviation, for most elements, greater than the mean
(Table 2). FJG recorded higher average concentrations
for 11 of the 20 analyzed elements, including marine
species, for example, Na, Mg, Ca, and Sr (Millero 2007).
TG snow samples were higher in most terrestrial elements, including Pb, Zr, and V (Gaillardet et al. 2007).
Pearson’s correlation analysis was conducted on trace
element data to identify potential relationships. Three
elements—Tl, Th, and U—were removed before analysis,
as the concentrations of a number of samples fell below
detection limits. At FJG marine aerosols (Na, Mg, and
Sr) are correlated above the 95% confidence interval, but
not so at TG. In contrast, terrestrial elements are highly
correlated at both sites: FJG shows high correlation between Ce and La as well as Ca and Rb and TG shows high
correlations between La and Ce, as well as Pb and Rb
(Table 3).
Principle component (PC) analysis (PCA) of trace
element concentrations (using varimax rotation) was
also conducted. For FJG two PCs had eigenvalues .1;
PC1 accounted for 67% of snow chemistry variance,
with the top three loadings on Ti, Rb, and Al. PC2,
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FIG. 2. Examples of (a) zonal flow (15 Jul), (b) troughing (22 Jul), and (c) blocking (30 Jul) regimes at 0000 UTC
during the study period. Synoptic analysis charts provided by Metservice. Kidson diagrams, showing composite
patterns of 1000-hPa height, are from Kidson (2000).

representing 20% of the variance, was dominated by
Mg, Na, and V. At TG four PCs had eigenvalues .1;
PC1 explained 40% of variance with top three loadings
on terrestrial species Ce, As, and Mn. PC2 explained

18% of variance with loadings on marine elements Mg,
Na, and Sr. PC3 explained 12% of variance (Zr, Y,
and Mg), and PC4 explained 7% of the variance (Ti, V,
and Ba).
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TABLE 1. Summary of d18O, dD, and d data for fresh surface snow samples from FJG and TG during winter 2008. (x is the mean.)
FJG

TG

Isotope (%)

x

s

Min

Max

x

s

Min

Max

d18O
dD
d

214.28
2102.04
12.20

3.18
28.11
3.52

223.26
2177.30
4.50

29.38
257.80
17.56

215.43
2111.28
12.20

2.70
23.06
2.99

224.11
2183.30
6.96

29.82
258.60
19.96

6. Discussion
a. Temporal and spatial variability in stable water
isotopes and trace elements
In comparing d18O and dD values between the sites
showed in 7 out of 9 occasions when snow was recorded
at both sites, TG samples were more negative than FJG
samples (Fig. 4). Isotopic depletion in precipitation occurs with increasing altitude, because of the preferential
rainout of heavier isotopes, as an air mass passes over an
orographic barrier (Dansgaard 1964; Guan et al. 2009).
Precipitation also becomes more negative the farther
an air mass travels inland, with an increasing deficit in
heavier isotopes because of preferential precipitation,
often referred to as the continental effect (Dansgaard
1964). Under prevailing westerly flow, an air parcel precipitating at TG has already passed over the Southern
Alps, and the air parcel is likely to have precipitated at
FJG. Consequently, moisture arriving under these conditions at TG should be isotopically lighter than at FJG,
and this was found 78% of the time. Leeside increases

in d18O, because of subcloud evaporation and moisture
exchange (Guan et al. 2009), were not expected at TG
because of the site’s close proximity to the Southern Alps,
and below freezing temperatures. However, on two
occasions—23 and 28 July—when snowfall was recorded
at both sites, the isotopic trend was reversed. During
these days, back-trajectory analysis, 500-mb geopotential
height maps, and observed upper-level wind direction
indicate that an easterly flow pattern dominated. During
such conditions, an air parcel would reach the eastern
(TG) site first, thereby reversing orographic effects and
preferential rainout. Consequently, snow precipitation
during such an event is expected to show depleted values
at the FJG site in comparison to the TG site.
While synoptic-scale patterns are strongly modified by
large daily variability, caused by local airflow changes,
on average, higher d18O was recorded under zonal flow
(Fig. 4). Isotope values were highly variable during blocking and troughing regimes, although a rapid drop in d18O
was recorded during two troughing events on 20 July and
3 August (Fig. 4). Precipitation under zonal flow tended

FIG. 3. Changes in isotope concentrations between fresh (solid) and pit (hollow) snow over
a ;20-day period at FJG during winter.
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TABLE 2. Trace element data, including detection limits, average concentrations (x), standard deviations, range, and accuracies. The
concentrations of the first six elements are reported in ppb and the remainder in ppt.
Range

Detection limits
(3s of blanks)
Element
ppb
Na
Mg
Al
Ca
Mn
Ba
ppt
Ti
V
As
Rb
Sr
Y
Zr
La
Ce
Tl
Pb
Bi
Th
U

FJG

TG

0.708
0.008
0.016
0.854
0.002
0.002

4.60
0.015
0.017
1.19
0.003
0.000

6.80
0.547
1.63
0.107
2.39
0.030
0.189
0.056
0.047
0.094
1.21
0.082
0.114
0.058

11.6
1.35
1.20
0.253
2.94
0.038
0.379
0.035
0.054
0.080
0.296
0.103
0.109
0.067

x
FJG

TG

FJG

189
41.0
300
21.7
3.69
34.8
1.75
1.18
2.51
39.2
12.7
82.7
0.210 0.085
0.617
0.564 0.166
0.645
135
23.1
10.8
36.7
195
0.729
9.01
1.19
2.00
0.055
46.8
0.178
0.140
0.260

FJG

s
TG
90.9
6.91
0.923
8.86
0.078
0.205

min

max

3.64 1011
0.548 118
0.220
13.3
2.95
426
0.022
3.40
0.024
2.51

78.9
282
101
8.38 1526
37.8
10.7
12.0
11.9
50.5
8.62
9.63
6.84
1.87
49.0
17.2
87.2
33.9
1.42
466
53.2
267
65.8
12.4
910
0.527
0.862
0.899 0.049
4.00
15.3
14.0
19.7
1.26
68.0
1.93
1.37
2.77
0.163
6.91
2.88
2.17
3.51
0.172
11.3
0.324
0.071
0.626 0.000
0.300
89.8
70.2
133
5.10
299
0.496
0.291
1.16
0.000
1.60
0.642
0.21
1.25
0.000
0.933
0.396
0.207
0.666 0.000
1.03

to be lighter, with less aggressive airmass lifting compared
to troughing regimes. This may result in slower isotopic
rainout compared to faster-moving frontal systems. The
sharp drop in d18O recorded during troughing on two
occasions coincided with south-southwest changes in
airflow, typical as frontal systems crossed the Southern
Alps (Sturman and Tapper 2006).
No statistically significant correlation was found between d18O and daily average temperature (or snow
surface temperature) at either site, despite some days
appearing to covary (Fig. 4). Other climate parameters
were tested against d18O, including humidity and wind
direction; however, they likewise did not produce any
statistically significant relationships. Instead, the data
indicate that the isotopic signature on the scale of individual events might be dominated by airmass pathway
and moisture source origin.
Despite the strong influences of airmass trajectory,
d18O–temperature relationships have been found on
maritime glaciers. Regression analysis between snowpack and storm temperature on glaciers in the Canadian
Rocky Mountains resulted in an adjusted correlation
coefficient, r2 5 0.47 (Sinclair and Marshall 2009), and in
annual layers on Tasman Glacier, winter-season snow
was less enriched than snow from other seasons (Ruddell
and Budd 1990). We propose that the lack of relationship

TG
min

max

Accuracy
Relative
(difference standard Average
SLRS-4 %) deviation SLRS-4
n57
(%) n 5 7 n 5 7

2.93 580
0.667 48.0
0.357
5.06
4.81
39.5
0.028
0.430
0.022
0.979

2.14
15.4
3.85
3.63
6.62
9.18

9.31
5.26
14.2
7.67
4.24
4.02

2349
1353
55.0
5975
3.59
13.3

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

36.7
21.6
12.8
15.5
16.5
3.42
61.3
3.22
7.87
1.16
7.79
83.7
29.1
7.42

14.4
5.96
12.2
5.42
5.53
9.86
5.37
12.9
10.8
16.7
4.37
43.9
21.5
19.3

1709
389
767
1663
30641
143
173
310
389
6.47
87.3
2.39
23.0
53.7

654
67.3
29.3
215
438
5.02
103
12.3
13.4
2.04
826
5.93
4.34
2.23

found in this study lies in the briefness of our observations.
A longer study, encompassing at least a full seasonal cycle,
is more likely to detect a temperature–isotopic ratio relationship in New Zealand ice.
Variability in trace element concentration also occurred
between sites, but because of the variable nature of data, it
was difficult to discern trends between different synoptic
conditions (Fig. 4). The western (FJG) glacier site recorded higher concentrations of marine elements (e.g., Na
and Sr) with highest concentrations coinciding with zonal
flow and a strong northwest storm on 22 July. Prevailing
westerly flow explains why FJG tended to have a clearer
marine signal, with the signal appearing to dampen as
moisture travels across the Southern Alps. Increased
travel distance and orographic lifting (Gilfedder et al.
2007) results in the progressive removal of marine elements as the air mass crosses the Southern Alps.
The TG site generally recorded higher concentrations
of terrestrial elements (e.g., Pb and V), attributed to the
larger landmass over which moisture has to travel to
reach the site, and its proximity to industrialized cities.
Vanadium, for example, is associated with industry and
fossil fuels (Moskalyk and Alfantazi 2003); however, it is
also found in schist and greywacke, prominent rock
types in the Southern Alps (M. Dow 1998, unpublished
manuscript). High correlation between Rb, Ce, and La
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TABLE 3. Pearson’s correlation coefficients of trace element chemistry for FJG (n 5 29) and TG (n 5 45) snow samples. Correlations
significant at 0.05 (two tailed) are in italics. Correlations significant at 0.01 (two tailed) are bold.
FJG

Na

Na
Mg
Al
Ca
Mn
Ba
Ti
V
As
Rb
Sr
Y
Zr
La
Ce
Pb
TG
Na
Mg
Al
Ca
Mn
Ba
Ti
V
As
Rb
Sr
Y
Zr
La
Ce
Pb

1.00
.991
0.125
0.156
20.013
0.286
0.040
.862
0.204
0.067
.839
0.067
0.086
0.156
0.144
0.220
1.00
.335
.487
.490
0.121
0.200
0.069
.308
0.234
.948
.312
20.022
0.265
0.091
0.134
.819

Mg

Al

Ca

Mn

Ba

Ti

V

1.00
0.184
0.213
0.078
0.336
0.112
.877
0.255
0.136
.881
0.110
0.145
0.217
0.205
0.268

1.00
.966
.925
.588
.949
.371
.839
.969
.614
.846
.793
.896
.909
.863

1.00
.936
.529
.971
.381
.824
.985
.645
.839
.779
.885
.899
.810

1.00
.502
.973
0.225
.806
.974
.530
.790
.831
.849
.868
.744

1.00
.518
.572
.532
.517
.541
.480
.472
.562
.562
.487

1.00
0.262
.811
.985
.563
.848
.847
.896
.911
.787

1.00
0.359
0.306
.864
0.221
0.250
0.327
0.335
0.359

1.00
.833
.605
.864
.819
.836
.878
.753

1.00
.587
.828
.833
.876
.894
.798

1.00
.493
.511
.605
.601
.604

1.00
0.029
.377
0.007
20.034
20.019
0.230
0.149
0.099
.923
0.051
0.012
0.007
0.053
0.016

1.00
.501
.783
.383
.376
0.223
.657
.549
0.251
.562
0.268
.534
.658
.578

1.00
.488
.507
0.208
.482
.632
.502
.605
0.182
.576
.558
.565
.519

1.00
.407
.646
0.093
.759
0.196
0.272
.650
.325
.555
.717
.303

1.00
0.201
0.259
.443
.305
0.186
0.064
.426
.484
.487
.471

1.00
0.118
.306
0.132
0.105
0.266
0.186
0.207
0.277
0.189

1.00
.377
.332
.367
20.037
0.290
0.199
0.168
.338

1.00
.297
.448
.491
.489
.633
.705
.397

1.00
0.144
20.007
.433
0.186
0.240
.864

1.00
0.185
0.236
.299
.341
0.118

concentrations at FJG may indicate dust originating from
greywacke rock, whereas reduced correlation observed
between these elements at TG would suggest a combination of natural and anthropogenic sources.
Lead was often highest east of the Southern Alps, indicating that the Pb source is the more industrialized
eastern South Island, although Pb concentrations are high
in greywacke rock in comparison to the average crustal
abundance (Kennedy and Gadd 2003). High Pb levels
were also found in dust samples from ice on the Fox and
Franz Josef Glaciers (Marx et al. 2005). After comparison
to potential local and Australian sources, Marx et al.
(2005) concluded that the Pb was not of New Zealand
origin, instead it was derived from long-traveled Australian dust. In our study, high Pb concentrations on the
eastern Tasman Glacier appear to coincide with airflow
from the southeast or south, indicating that during our
observations, some portion of the Pb is likely attributable
to a New Zealand source. It is important to note that Pb
is a component of aviation fuel, and during winter, the

As

Rb

Sr

Y

Zr

La

Ce

Pb

1.00
.729
.962
.958
.874

1.00
.756
.791
.624

1.00
.984
.920

1.00
.888

1.00

1.00
20.021
.317
.526
0.061

1.00
.502
.552
.302

1.00
.911
.299

1.00
.321

1.00

Tasman Glacier accumulation area is subject to regular
helicopter landings as part of heli-skiing operations. We
find highest Pb concentrations at FJG in the first snow
sample, collected soon after helicopter activity. Further
research is needed to establish concentrations and dispersion of Pb in relation to local sourced (aircraft activity
on these glaciers) and more distant sources from New
Zealand and elsewhere.

b. Determining moisture provenance and within
storm variability
Tracing moisture source regions and airmass trajectories improves our understanding of regional climate
systems and helps to distinguish climate variability from
climate trends (Jansson et al. 2007). The d originally
defined by Dansgaard (1964) is used as an indicator of
precipitation source region and/or changes at the source
region (Araguas-Araguas et al. 2000; Schwikowski et al.
2005; Jouzel et al. 2007). Values of d vary seasonally, and
generally high values indicate a warm–dry source region
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FIG. 4. Daily variability in (left–right and bottom to top) d18O–snow depth, d– temperature,
Mg–Sr, V–Pb at FJG (dark gray) and TG (light gray) during the study period under the different synoptic regimes of Kidson (2000). Moisture source regions for specific storm events are
noted above snow accumulation data.

and low values a cold–humid source region (Schwikowski
et al. 2005). Average d during the study (12.2) was higher
than the long-term average (10) recorded for July–August
precipitation in Invercargill, situated near the southern tip
of the South Island (IAEA 2010).
Large deuterium excess values can be an indication of
variability in kinetic fractionation during initial evaporation from the ocean and/or a more complex evaporation history, including reevaporation of moisture from
land surfaces and mixing along airmass trajectories
(Aizen et al. 2009). High d values recorded from alpine

sites have been attributed to effects of moisture recycling
and subcloud evaporation (Froehlich et al. 2008). Subcloud evaporation is small during winter, so the high
d values recorded at both sites during this study may be
attributable to moisture recycling.
Back-trajectory analysis can assist in providing an
estimation of moisture source regions (Kahl et al. 1997;
Sinclair and Marshall 2009), but absolute certainty is
limited by spatial and temporal representivity of meteorological data (Kahl 1993). Even so, compared to upperlevel wind direction and back-trajectory analysis (Fig. 5),
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FIG. 5. Back-trajectory airflow analysis (2300 m MSL) showing different water vapor pathways during
snowstorm events for (a) Tasman Sea, (b) overland, and (c) Southern Ocean. The d recorded in snow
samples from both sites on these days is shown in the bottom left corner of each map.

values of d did appear to be sensitive to moisture provenance. High d values (;17) were associated with snow
likely derived from the warm Tasman Sea (n 5 11), and
lower values (;10) were found in snow, which probably
originated in the colder–humid Southern Ocean (n 5 3).
Moisture traveling over the landmass (most likely from
a Pacific Ocean source) had intermediate d values (n 5 4).
It is important to note that sample sizes for the latter two
categories are small in comparison to samples from a
Tasman Sea source. The predominant snow moisture
source during the winter survey appeared to be the
Tasman Sea, with 82% (FJG) and 68% (TG) of snowfall
measured from this source.
In addition to deuterium excess, variations in trace
element composition can also provide a ‘‘fingerprint’’ of
moisture source region (Legrand and Mayewski 1997;
Gabrielle et al. 2008). Because of the intensive on-site
sampling strategy adopted for this study, associations
between snow samples and individual storm events were
possible.
Moisture source signal was recorded in trace element
data from FJG and TG, with a stronger marine signal
contained in Tasman Sea storms, and higher levels of
pollutants in snow arriving from the Southern or Pacific
Oceans (Fig. 5). The source signal was clearer at FJG,
which showed a large difference in marine aerosols between the Tasman Sea and other moisture source areas.
The smaller marine signal at TG meant there was less
difference in those elements between successive storms;
however, higher concentrations of terrestrial components
were seen in snow from a Southern Ocean source or during
easterly flow. Therefore, snow from the eastern side of the
Southern Alps could be useful for tracking chances in atmospheric pollutants, while snow from the western side
appears to provide a clearer moisture source signal.

c. Postdepositional modification
At FJG enrichment of d18O and dD was recorded in
older pit snow in comparison to its initial fresh value
(Fig. 3). This enrichment appeared not to be related to

depth (time) or density changes. The 10-cm snow depth
temperature (measured daily at 0900 h local time), remained below freezing throughout the study, although
positive air temperatures (up to 6.98C) were recorded on
6 of the 24 days during midafternoon. Three snowpits
were dug during the study, and all showed snow temperatures tending toward 08C at 1.2-m depth. Temperature in
the sampled snowpit was 20.88C at 80-cm depth. Studies
in the European Alps (Moser and Stichler 1970) and in
Sierra Nevada, California (Taylor et al. 2001), have found
that even during winter, metamorphic processes enrich
the snowpack. Indeed, such changes can occur rapidly
(;8 days; Moser and Stichler 1970), as snow crystals enlarge and water vapor migrates from convex to concave
crystal surfaces (Whillans and Grootes 1985; Dewalle
and Rango 2008). Isotopic enrichment can also be driven
by evaporation–sublimation (Earman et al. 2006), and
even without surface heating, wind ventilation can drive
snow sublimation if vapor gradients allow (Neumann and
Waddington 2004).
Percolation of meltwater through the snowpack is
known to modify both the isotopic and trace element
signal, with isotopic fractionation occurring during melt–
refreeze processes (Arnason 1969; Hashimoto et al. 2002;
Zhou et al. 2008) and elution and mobility of ions by
meltwater percolation (Goto-Azuma et al. 1993; Raben
and Theakstone 1994; Yoshimura et al. 2000; Shiraiwa
et al. 2002; Kameda et al. 2003). It has been suggested that
a trend in d18O can be maintained on temperate glaciers
for some months into the summer season, when surface
melt refreezes in the snowpack, creating ice layers that
prevent further meltwater percolation (He et al. 2002). In
fact, preservation of climate information has been demonstrated in cores from the Penny Ice Cap, Baffin Island,
Canada, where more than 40% of annual accumulation
can be subject to melt–refreeze processes (Fisher et al.
1998; Goto-Azuma et al. 2002).
Results of this study demonstrate high variability in
isotope values between successive storms, mixing of old
and new snow due to wind redistribution (Purdie et al.
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2010b, manuscript submitted to Arct. Antarct. Alp. Res.),
plus enrichment from metamorphic processes, which
when combined mean that the isotopic signal left in the
snowpack at the end of winter can be complex. Over
the course of our observations, the shift in isotopic ratios
was systematic toward heavier values, which is most likely
attributable to a combination of snow metamorphism
and wind sublimation. Our extremely high sampling resolution means that even slight offset between actual precipitation of an event and neighboring material that might
be mixed during wind scouring can have significant effects. Without sampling over at least one full seasonal
cycle, we cannot determine the full effect this can have.
However, it is likely that some variability will be smoothed
when sampled at seasonal rather than hourly or daily
resolution.

7. Conclusions
Differences in stable water isotopes, and trace elements, were recorded in winter snow accumulation on
glaciers east and west of the Southern Alps over a 24-day
period. The dominant westerly airflow and orographic
processes result in snow being isotopically depleted when
deposited on the eastern (Tasman) glacier, but this trend
is reversed under easterly flow conditions, which are less
common. Trace elements were likewise influenced by the
dominant westerly flow, with snow on Franz Josef Glacier
containing a stronger marine signal and less terrestrial
pollutants in comparison to Tasman Glacier. Freshly
deposited snow was found to contain information on
moisture provenance, in both deuterium excess and trace
element variability. We were able to identify three different moisture source groupings (Tasman Sea, Southern
Ocean, and overland–Pacific Ocean). From this study, we
conclude that a variety of interesting climate information
is contained in snow accumulating on New Zealand glaciers and that potential exists for these sites to contribute
further to climate research studies.
However, postdepositional modification of signals
occurred during the short 24-day period in winter. Such
modifications are likely to be more pronounced during summer, including the possibility of substantial melt.
While this study provides a high-resolution, systematic,
geochemical snapshot, identifying some of the major influences on geochemical records from New Zealand glaciers, clearly more research is required, such as obtaining
longer records from either side of the orographic barrier,
containing at least one and preferably a number of seasonal cycles.
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