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Abstract

Alpine glacier samples were collected in four contrasting regions to measure
supraglacial dust and debris geochemical composition and quantify regional variability.
A total of 70 surface glacier ice, snow and debris samples were collected in Svalbard,
southern Norway, Nepal and New Zealand. Trace elemental abundances in snow and5

ice samples were measured via inductively coupled plasma mass spectrometry (ICP-
MS). Supraglacial debris mineral, bulk oxide and trace element composition were deter-
mined via X-ray diffraction (XRD) and X-ray fluorescence spectroscopy (XRF). A total
of 45 major, trace and rare earth elements and 10 oxide compound abundances are re-
ported. Elemental abundances revealed sea salt aerosol and metal enrichment in Sval-10

bard, low levels of crustal dust and marine influences to southern Norway, high crustal
dust and anthropogenic enrichment in the Khumbu Himalayas, and sulfur and metals
attributed to quiescent degassing and volcanic activity in northern New Zealand. Rare
earth element and Al/Ti elemental ratios demonstrated distinct provenance of particu-
lates in each study region. Ca/S elemental ratio data showed seasonal denudation in15

Svalbard and southern Norway. Ablation season atmospheric particulate transport tra-
jectories were mapped in each of the study regions and suggest provenance pathways.
The in situ data presented provides first-order glacier surface geochemical variability as
measured in the four diverse alpine glacier regions. The surface glacier geochemical
data set is available from the PANGAEA database at doi:10.1594/PANGAEA.773951.20

This geochemical surface glacier data is relevant to glaciologic ablation rate under-
standing as well as satellite atmospheric and land-surface mapping techniques cur-
rently in development.

1 Introduction

A primary factor in increased glacier melt is lowered surface albedo which has been at-25

tributed to increased surface particulate coverage (Oerlemans et al., 2009). Absorbing
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particulates on snow and ice surfaces at part per million concentrations can decrease
surface albedo by 5–15 % (Warren and Wiscombe, 1980), and enhance melt signifi-
cantly (Paul et al., 2005; Painter et al., 2007; Yasunari et al., 2011). As alpine glacier
melt and mass loss continues (Barry, 2006), understanding of surface glacier geo-
chemical composition is an important aspect that has yet to be fully investigated.5

Glacier geochemical composition is determined by geographic location, surrounding
geologic and anthropogenic environment characteristics and atmospheric circulation
patterns. Particulates in glaciers can indicate temperature and aridity climate condi-
tions (Thompson, 2000; Gabrielli et al., 2010), radiative forcing alterations (Hansen
and Nazarenko, 2004; Paul et al., 2005; Oerlemans et al., 2009) and particulate prove-10

nance (Kreutz and Sholkovitz, 2000; Marx et al., 2005). Specific elemental abundances
(e.g. Na, Ca or Pb) can suggest natural and anthropogenic processes influencing a
glacier.

Tools useful in analyzing geochemical glacier composition include atmospheric res-
idence and transport models and satellite surface composition mapping. Atmospheric15

particulate residence and transport modeling can identify age of particulates as well
as local and long-range circulation paths (e.g. Han and Zender, 2010; Huang et al.,
2010). Satellite determination of supraglacial dust and debris geochemistry (e.g. Glee-
son et al., 2010; Casey et al., 2012) allows for increased spatial and temporal glacial
dust and debris analysis toward climate, radiative forcing and particulate provenance20

studies.
In this study, supraglacial snow, ice and debris samples were collected from four

contrasting geographic, atmospheric and geologic glaciers speculated to maximize
supraglacial composition diversity. Indicator elements were measured and analyzed
with respect to regional geology to assess the degree of non-local impacts on glacier25

compositions.
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2 Background

In the atmosphere, snow and ice crystals nucleate around particulates (except when
temperatures are below −38 ◦C and homogeneous freezing occurs) (Zimmermann
et al., 2008; Cziczo et al., 2009; Knopf et al., 2011). Whether or not a particulate is at
the center of a snow or ice crystal, as precipitation falls to Earth’s surface, additional5

particulates can be assimilated. Both natural and anthropogenic particulates are trans-
ported from source areas to remote locations and incorporated in glacial geochemistry
(Tatsumoto and Patterson, 1963; Barrie, 1985; Schwikowski et al., 1999; Kaspari et al.,
2009).

Yet, the geochemical composition of supraglacial ice and snow evolves over days,10

seasons and years. Atmospheric deposition of particulates fluctuates with season,
weather or emission event (e.g. a volcanic eruption, smelter emission, oceanic salts).
Atmospheric wet and dry deposition, and local dust or rock fall, biotic processes, wind
exposure, glacial slope and/or resurfacing of sediments from glacial flow influence
supraglacial ice composition. Glacier motion can crush glacial sediments and bedrock15

to rock flour, allowing for remobilization of reactive trace elements within minerals to
glacial ice (Tranter, 2003). Biotic processes also influence supraglacial composition
(e.g. Kohshima et al., 1992; Hodson et al., 2005). For example, biota can change in-
organic element oxidation states, and thus affect solubility of inorganic elements on
glacier surfaces.20

Glacier surface composition also evolves as chemical reactions occur. These chem-
ical reactions are regulated by factors including solar radiation, surface temperature,
wind, precipitation and the presence of melt water. In polar regions, solar radiation
strongly influences seasonal atmospheric and supraglacial composition (e.g. Hg, de-
tailed in Lu et al., 2001; Ferrari et al., 2008).25

Generally, soluble species in glacier surface particulates (e.g.: Na) are washed
away in runoff, or percolated downward in the snow pack with successive melt and
refreeze cycles, while insoluble species are concentrated by surface sublimation
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(Colbeck, 1981; Tranter et al., 1986; Fountain, 1996; Ginot et al., 2001). The tendency
for an element to be soluble is determined by intrinsic chemical properties (e.g. ion-
ization potential, electronegativity and valency). Figure 1 displays meteoric solubility
(i.e. solubility of elements in natural water with atmospheric interaction) of the elements
measured in this study. This insolubility can be utilized to identify source material (Tay-5

lor and McLennan, 1985; Rudnick and Gao, 2003). Insoluble elements are targeted
in this study to investigate particulate origins and anthropogenic vs. natural influences
to supraglacial dust and debris. Soluble elements are used to study seasonal glacier
surface abundances.

3 Geochemical influences to the study areas10

The four glacier study areas located in Svalbard, southern Norway, Nepal and New
Zealand contain polar and mid-latitude glaciers, Northern and Southern Hemisphere
glaciers, debris covered and bare ice glaciers, as well as active volcano, marine and
continental influenced glaciers. These regions provide different geographic (latitude,
hemisphere, altitude), climate (precipitation, temperature, atmospheric and oceanic15

circulation) and glaciologic (temperate, polythermal) characteristics (Fig. 2, Table 1).
The Svalbard, Grønfjordbreen and Aldegondabreen small cirque glaciers are located

on the west coast of Spitsbergen at 77.98◦ N, 14.12◦ E. This Arctic study area is influ-
enced strongly by the North Atlantic ocean current, resulting in a relatively mild climate
(mean annual temperature −6.0 ◦C) relative to the high northern latitude. Of the study20

areas, these glaciers are lowest in elevation (250–500 m), receive the least amount of
precipitation (less than 400 mm per year (Hagen et al., 1993)), and are closest to the
ocean as well as a local emission source. Grønfjordbreen and Aldegondabreen are
less than 15 km from the ocean and coal mines.

The southern Norway (61.78◦ N, 7.10◦ E) study area consists of a mountain25

ice field, Jostedalsbreen, and one of its northern outlet glaciers, Bødalsbreen
(elevation span from 740–1900 m). Characterized as a temperate maritime ice
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field, Jostedalsbreen experiences high precipitation year-round (approximately 1200–
3000 mm) (Andreassen et al., 2005) with significant snow accumulation and annual
melt due to typically warm summers (mean annual temperature 6.4 ◦C). Although re-
moved from direct local emission sources, long-range transport of natural and anthro-
pogenic particulates is a primary source of Pb, Cd, Zn and Co to southern Norway5

(Pacyna et al., 1984; Steinnes, 2001; Berg et al., 2008).
Of the areas studied, the Khumbu Himalaya, Nepal glaciers are closest to the Equa-

tor and highest in elevation: Ngozumpa glacier (28.00◦ N, 86.69◦ E) spans from 4700–
8188 m and Khumbu glacier (27.99◦ N, 86.85◦ E) spans from 4900 m to the highest
point on Earth, 8848 m. The climate in the region is strongly affected by the South Asian10

monsoon, mid-latitude westerlies and El Niño Southern Oscillation (ENSO) (Benn and
Owen, 2002). Nepalese Khumbu Himalayan glaciers are continental “summer accu-
mulation type” and experience summer precipitation that exceeds winter precipitation.
The mean annual average temperature and precipitation in the region is −2.4 ◦C and
465 mm, respectively (Tartari et al., 1998; Hambrey et al., 2008). Atmospheric depo-15

sition from local continental dust is a known influence on area glaciers (e.g. Risheng
et al., 2003), however, the majority of glacial debris is due to frequent rock and ice
avalanches from surrounding extreme terrain (Hambrey et al., 2008). This study site
has the most extensive debris cover of the areas discussed, with local geology com-
posed primarily of quartz, feldspars, carbonates and micas (Searle et al., 2003; Casey20

et al., 2012).
Approximately eight small cirque glaciers lie on the upper outer flanks and in the

summit craters of the active andesitic stratovolcano Mt. Ruapehu, in New Zealand
(39.27◦ S, 175.56◦ E) (Dibble, 1974; Chinn, 2001). The glaciers span in elevation from
2200–2797 m and are influenced by a temperate, high precipitation, maritime climate25

(6.1 ◦C annual mean temperature, 1100 mm annual average) with seasonal snow cover.
The warm acidic Crater Lake (typically between 15–40 ◦C) near the summit, provides
a continual sulfur and to a lesser extent chloride and magnesium aerosol influence on
glacier ice (Hurst et al., 1991; Werner et al., 2006). Mt. Ruapehu produces frequent
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eruptions – predominantly steam, periodically magmatic, and commonly lahars – with
over 60 such documented events since 1945 (Williams, 2001; Keys, 2007; Keys and
Green, 2008). The last large Mt. Ruapehu eruption occurred on 25 September 2007
(discussed in Christenson et al., 2010; Kilgour et al., 2010). From the frequent volcanic
eruptions, tephra layers in glacier ice are numerous and can be up to 1/2 m thick, rang-5

ing from fine ash to ballistics, with plagioclase, pyroxene, elemental sulphur, anhydrite,
pyrite, and alunite dominant mineralogy (Williams, 2001; Kilgour et al., 2010).

4 Data collection and analysis

4.1 Sample collection

Preparation for trace element supraglacial snow and ice sample collection included the10

following: in a clean room, soaking low density polypropylene 500 ml Nalgene bottles
in an acid bath for 48 h, subsequently washing acid-soaked bottles with triple filtered
deionized water, drying bottles under laminar flow, and double bagging bottles prior to
transport to the field. In the field, extreme care was taken during sample collection and
handling. Samples were collected with clean polyethylene gloves using standard trace15

element sampling procedures (e.g. Fitzgerald, 1999). While the snow and ice samples
were collected in the prepped bottles, supraglacial debris samples were collected in
clean polyethylene bags, obtaining approximately 100 grams of debris per sample. In
total, 70 supraglacial snow, ice and debris samples were collected in accumulation and
ablation seasons (except in the Khumbu Himalayas where monsoon-season sample20

collection was not logistically possible) as detailed in Table 1. All samples were stored
at room temperature in the dark until transported for analysis to the Norwegian Institute
for Water Research and the University of Oslo, Department of Geosciences in Oslo,
Norway.
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4.2 Analytical methods

A Thermo Finnigan Element 2 high resolution inductively coupled plasma mass spec-
trometer (ICP-MS) was utilized for snow and ice major and trace element abundance
measurement. All samples were nitric acid preserved (Romil brand 67–69 % HNO3
assay for trace metal analysis, 10 %) and stored at room temperature for 2 weeks to5

maximize dissolution of supraglacial particulates. The following major and trace ele-
ments were measured via ICP-MS: Na, Mg, Al, Si, S, K, Ca, Ti, V, Cr, Mn, Fe, Co,
Ni, Cu, Zn, As, Rb, Zr, Mo, Cd, Sn, Sb, Cs, Ba, Tl, Pb, Bi, U and rare earth ele-
ments (REE) La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu. An internal
standard spike of 10 ppb In, Ir and 50 ppb Ge, Sc, Li was utilized. External standards10

and blanks were run before, every tenth sample, and at the end of measurements to
monitor instrument performance. Blank sample concentration values were subtracted
from all sample measurement results, and three times the standard deviation of blank
concentrations was utilized for the instrumental detection limit (subsequently denoted
as 3σ).15

Mineralogy and geochemical composition of glacier surface debris collected at the
Khumbu Himalaya, Nepal and Mt. Ruapehu, New Zealand study glaciers were mea-
sured as follows. Glacial debris mineralogy was determined via powder X-ray diffrac-
tion (XRD) and geochemical composition was assessed via X-ray fluorescence spec-
troscopy (XRF). To prepare supraglacial debris samples for XRD and XRF analysis,20

debris was oven dried at 60 ◦C for 24 h. Debris was then crushed and ground to a
fine powder of less than 125 µm particle size (via a vibratory disc mill). Powder XRD
was conducted on two grams of homogenized debris sample powder via use of a
Philips XPERT diffractometer (manufactured by PANalytical B.V., Almelo). Dominant
mineral components were identified by semi-quantitative peak area (height × full width25

at half maximum) weight factor estimates (Moore, 1997) and full pattern modeling (e.g.
Chipera and Bish, 2002). Ten grams of the homogenized debris sample powder were
prepared into sample tablets to be measured on a Philips PW2400 XRF. The following
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oxide compounds and trace elements were measured: Na2O, MgO, Al2O3, SiO2, P2O5,
K2O, CaO, TiO2, MnO, Fe2O3, S, V, Co, Ni, Cu, Zn, Rb, Zr, Nb, Ba, Pb, Th, and U. The
accuracy of XRF results is 98 % based on calibration data.

5 Results and discussion

5.1 Element and mineral data set5

Major, trace and rare earth element abundances from snow and ice samples are re-
ported as median values from each region and sample type (Tables 2 and 3). Snow
and ice major element concentrations demonstrate seasonal patterns as well as mar-
itime, continental, and/or volcanic contributions to supraglacial dust composition at the
study locations. For example, Svalbard samples displayed high amounts of charac-10

teristic sea salt aerosol deposition indicator elements, Na, S, Mg. Svalbard summer
snow and ice compositions are characteristic of Arctic solute flush out (e.g. described
in Pohjola et al., 2002), with depletion of Na, S, and Ca from winter to summer sam-
ples. Specifically, Grønfjordbreen winter snow samples were most enriched in Na, S,
Mg and Ca, and summer Aldegondabreen ice samples were most abundant in Si, Al,15

Fe, Na. From the southern Norway major element glaciochemistry, Jostedalsbreen firn
was highest in Fe, Al, S, Na, while Bødalsbreen ice was highest in Si, Fe, Al, Mg. Firn
to ice reduced concentrations of S and Na demonstrate soluble element dissolution.
The high Fe, Al, Na, Mg, and Si compositions from both southern Norway sample ar-
eas indicate the influence of local and regional dust deposition as well as slight marine20

influence (Pacyna and Pacyna, 2001). Khumbu Himalayan snow and ice samples from
both Ngozumpa and Khumbu glaciers displayed major element compositions domi-
nated by Ca, Fe, Si, and K, reflecting the strong continental dust influence to this region
(e.g. presented in field observation and dust model results in Kang et al., 2007; Yue
et al., 2009). Although monsoon season sample collection was not possible within this25

study, non-monsoon season surface snow concentrations are known to contain higher
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particulate loads, with soluble element peak annual concentrations (e.g. Kang et al.,
2007). Mt. Ruapehu winter snow samples contained high abundance of Na, S, Mg and
Ca. The S abundance in particular is likely due to the continuous aerosol emissions
from the warm acidic Crater Lake as well as the frequent volcanic activity affecting the
surface glacier compositions. Increased summer snow and ice abundances of Al and5

Ti suggest sublimation and melt flush out of soluble elements (e.g. Na).
Supraglacial debris compositions from the two debris covered glacier study regions,

Khumbu Himalaya, Nepal and Mt. Ruapehu, New Zealand were distinct. The primary
minerals of the Ngozumpa and Khumbu supraglacial debris were quartz, feldspars,
carbonates and micas (further detailed in Casey et al., 2012). Primary minerals of the10

Mt. Ruapehu supraglacial debris included plagioclase and pyroxene. Median values
for bulk oxide and trace elemental XRF measurements from the Khumbu Himalaya
and Mt. Ruapehu, New Zealand supraglacial debris samples are presented in Table 4.
The Khumbu Himalaya samples are more silica rich than the Mt. Ruapehu supraglacial
debris, 63.6 % vs. 55.5 % SiO2, respectively. The volcanically influenced Mt. Ruapehu15

supraglacial debris contains higher CaO, MgO and Fe2O3 bulk oxide and S, V, Co,
Ni, Cu trace element abundance. These geochemical distinctions are as expected for
continental geologic influences (e.g. SiO2 rich) vs. volcanic influences (e.g. sulphur,
metal rich).

5.2 Trace and rare Earth elemental abundances in snow and ice20

Median supraglacial snow and ice trace and REE abundances are compared to geo-
chemical standards (trace abundances to upper continental crust (UCC) composition
(after McLennan, 2001) and rare earth abundances to chondrite composition (after
Boynton, 1984)) to investigate geochemical variability of the distinct study regions.
Due to the dilution from snow and ice, all supraglacial samples display trace and REE25

negative anomalies with respect to UCC and chondrite abundance (Figs. 3 and 4).
The Khumbu Himalaya samples displayed highest overall trace and rare earth elemen-
tal abundances, reflecting the high dust deposition (Mahowald and others, 2009) and
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significant dust re-emission in the region, particularly during the non-monsoon season
(Lee et al., 2008; Liu et al., 2011). The three other alpine glacier regions contain less
debris cover and are surrounded by less arid topography and thus exhibit lower trace
and rare earth elemental overall abundances. This magnitude of particulate influence
at the glacier surface is quantified in Fig. 3 average magnitude abundances 1×10−5–5

1×10−6 for Svalbard, Norway, and New Zealand compared with average magnitude
abundances 1×10−3–1×10−4 for Nepal (similar REE magnitude differences are dis-
played in Fig. 4).

Trace element to UCC abundance signatures displayed additional differences. Sval-
bard and southern Norway snow and ice samples revealed As, Sb and Bi enrichment,10

and slight enrichment in Cd, Pb, Zn, and Cu. Khumbu Himalaya snow and ice samples
had relatively constant values for transition metals (Ti, V, Cr, Mn, Fe, Co, Ni) and were
most enriched in As, Cs and Bi. Mt. Ruapehu snow and ice samples were least en-
riched in light transition metals (Ti, V) and heavy metals (Pb, U) and most enriched in
As, Cd, Sb, Tl and Bi. The strong negative Zr anomalies plotted, particularly strongly15

in Nepal samples, are indicative of potential incomplete nitric acid digestion of the sili-
cates (e.g. compared to HF digestion, as discussed in Osterberg et al., 2006).

Because REE are among the least soluble and geologically altered of the trace el-
ements (Kreutz and Sholkovitz, 2000; Marx et al., 2005; Zhang et al., 2009), REE
abundances can reflect supraglacial dust and debris sources. REE abundance relative20

to chondrite (after Boynton, 1984) is plotted in Fig. 4. Regional variations are found in
both the magnitude as well as fractionation of the light (LREE: La, Ce, Pr, Nd), middle
(MREE: Sm, Eu, Gd, Tb, Dy, Ho) and heavy (HREE: Er, Tm, Yb, Lu) elements. The
magnitude of REE abundance was largest in the Khumbu Himalayan glacier samples,
and is indicative of the high dust deposition and re-emission in the region. The three25

other glacier study regions, Svalbard, southern Norway, and northern New Zealand
displayed a similar magnitude of REE abundance. Southern Norway snow and ice
samples were enriched in LREE, with slight LREE enrichment found in Svalbard and
New Zealand snow and ice samples. The Khumbu Himalayan snow and ice glacier
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samples displayed slight HREE enrichment. REE characteristics are further quantified
in the elemental ratio Sect. 5.4.

5.3 Supraglacial snow, ice and debris enrichment factors relative to UCC and
regional geology

Individual elemental abundances were further quantified by calculation of enrichment5

factors (EF) (Eq. 1). EF provide a simple, robust means to evaluate the abundance
of an element in a sample relative to a reference material. Enrichment factors greater
than 5 indicate significant enrichment, likely due to rock or soil dust. Enrichment fac-
tors greater than 10 indicate contribution from other natural or anthropogenic sources
(Dasch and Wolff, 1989; Barbante et al., 2003) (UCC, regional loess and regional de-10

bris are used as references in this study).

EFx =
(X/Ref)sample

(X/Ref)STD

(1)

Where “EFx” corresponds to the enrichment factor of element “x”, “X ” is the con-
centration of the element to be measured, “Ref” is the concentration of the reference
element (Ti in this study), “sample” indicates the concentration ratio of the sample, and15

“STD” indicates the concentration ratio of the standard material chosen.
Glacier surface sample EF relative to UCC, and relative to local geology are pre-

sented in Tables 5 and 6, respectively. Surface glacier snow, ice and debris enrichment
of elements relative to UCC (reference element Ti) are presented for the following el-
ements: Fe, Co, Ni, Cu, Zn, As, Mo, Cd, Sb, Rb, Ba, Pb, Bi and U. In the Svalbard20

supraglacial snow and ice samples, significant crustal enrichment (EF greater than 5)
was found for Ni, Cu, Zn, As, Mo, Cd, Sb, Ba, Pb, Bi and U, and high (EF greater than
10) enrichment for all previous elements except Mo, Ba and U. The southern Norway
snow and ice samples displayed significant crustal enrichment in Cu, Zn, As, Mo, Cd,
Sb, Pb and Bi, and high enrichment of As, Cd, Sb, Pb and Bi. The Khumbu Himalaya25
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snow and ice samples were significantly crustal enriched in Zn, As, Mo, Cd, Sb, Pb,
Bi, and U. Greater than 10 crustal enrichment was found for As, Mo, Sb, Pb, Bi and U
in Khumbu Himalaya snow and ice samples. Significant crustal enrichment was found
in all Mt. Ruapehu snow and ice samples. Enrichment factors greater than 10 were
measured for Co, Ni, Cu, Zn, As, Mo, Cd, Sb, Pb and Bi. From the debris samples,5

significant crustal enrichment of U was found in Ngozumpa debris. No significant en-
richment was found for Khumbu glacier debris nor Ruapehu glacier debris.

Local geologic compositions were taken directly from Nepal and New Zealand
supraglacial debris sample XRF measurements, while Spitsbergen Quaternary Loess
(averaged from Advendalen samples reported in Gallet et al., 1998) was utilized for10

Svalbard and southern Norway EF relative to local geology calculation. Table 6 lists the
EF relative to local geology calculation results from the following elements (reference
element Ti): Fe, Co, Ni, Cu, Zn, Rb, Ba, Pb and U. Svalbard snow and ice displayed
significant local enrichment in Ni, Cu, Zn, Ba, Pb and U, and high enrichment in Ni, Cu,
Zn, and Pb. Southern Norway significant local enrichment of snow and ice samples15

was found for Cu, Zn and Pb, high local enrichment for Cu and Pb. Khumbu Himalaya
snow and ice significant local enrichment, EF greater than 10 was found for U only.
Mt. Ruapehu snow and ice significant local enrichment was found for Co, Ni, Cu, Zn,
Rb, Ba, Pb and U, with high local enrichment for all listed elements except U.

The crustal vs. local enrichment calculations generally agreed well for the elements20

repeated in both calculations (e.g. Svalbard Pb at 43.0, 12.4 relative to crustal enrich-
ment and 47.7, 13.7 relative to local geology). Although EF cannot be used to specify
provenance nor anthropogenic vs. natural contributions (e.g. Correia et al., 2003), the
EF greater than 10 values found for As, Cd, Pb and Bi suggest non-crustal and poten-
tially anthropogenic deposition sources in the glacier study regions. In the Mt. Ruapehu25

study region, the strong metal crustal and local geology enrichment is likely predomi-
nantly due to the continual volcanic degassing, although a small anthropogenic contri-
bution may be possible.
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5.4 Element abundance ratios

Elemental abundance ratios were used to demonstrate the type and degree of vari-
ous geologic source contributions to supraglacial dust and debris. Three elemental
abundance ratios, Ca/S, Al/Ti and Nd/Yb, are listed in Table 7 and visualized in Fig. 5.

The Ca/S ratio conveys information on relatively soluble elements Ca and S and non-5

quartz dominant mineral dust abundance in each of the regions. Snow to ice phase
changes result in alterations to the Ca/S ratio in each of the study regions (with the
exception of New Zealand where Ca and S were not measured in summer samples).
Ca can be related to calcium carbonate CaCO3 dust, while S is related to sulphate
aerosol or volcanic influences. The Svalbard and southern Norway glacier samples10

exhibited high Ca and low S in ice samples, while Khumbu Himalayan snow and ice
samples displayed the opposite with higher Ca in snow samples, likely due to the high
amount of carbonate dust in the region. Higher S than Ca was found in Mt. Ruapehu
winter snow samples, similar to the relationship found in Svalbard and southern Norway
snow samples.15

Both the Al/Ti and Nd/Yb elemental ratios utilize insoluble elements to provide infor-
mation on the type and provenance of mineral dust in the supraglacial snow and ice
samples. The Al/Ti ratio differentiates quartz type, while Nd/Yb has been utilized to pin-
point provenance (e.g. Kreutz and Sholkovitz, 2000). The particular insolubility of REE
preserves geologic differences irrespective of glacial weathering and seasonal melt20

processes. The LREE Nd is chosen and the HREE Yb because these elements are
relatively abundant and detected with greater precision than for REE potential anomaly
elements. Distinct Al/Ti and Nd/Yb ranges of values can be seen from the different
study area supraglacial snow and ice samples (Fig. 5). The Nd/Yb values are within
the range of those reported in previous glacier snow and ice studies (e.g. Grousset25

et al., 1992; Ikegawa et al., 1999; Svensson et al., 2000; Kreutz and Sholkovitz, 2000;
Osterberg et al., 2006). Of note, such data have not been reported in Svalbard, south-
ern Norway or northern New Zealand.
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5.5 Surface glacier particulate influence to ablation

Because absorbing particulates on snow and ice surfaces at part per million concen-
trations can decrease visible surface albedo by and enhance melt significantly, total
elemental particulate concentrations are briefly discussed. Single element concentra-
tions, for example iron (Fe), ranged from 7.10 ppb in Grønfjordbreen Svalbard snow to5

20.1 ppm for Ngozumpa, Khumbu Himalaya snow or sodium (Na) ranged from 19.5 ppb
in Jostedalsbreen Norway snow to 2.44 ppm in Mt. Ruapehu New Zealand ice (Table 2).
In order to make a simple albedo impact estimate, crude total elemental abundances
were tallied and presented in the final line of Table 2. Total elemental abundance sums
ranged from 0.1 ppm in Jostedalsbreen Norway snow to 96 ppm in Ngozumpa, Khumbu10

Himalaya snow, demonstrating that particulate loads measured in this study are likely
to have albedo reducing impacts. Further, the geochemical composition of supraglacial
debris, for example granitic continental vs. basaltic tephra, determines the variation of
glacier surface albedo and the absorption of solar radiation. The more silica-rich de-
bris found in Khumbu Himalaya, generally absorbs less solar radiation than the basaltic,15

silica-poor debris found in Mt. Ruapehu surface glacier compositions.

5.6 Modeled air mass trajectories in glacier study regions

Another means to quantify particulate transport to and deposition on glacier surfaces
is use of atmospheric models. Atmospheric particulate residence times can be calcu-
lated (e.g. Han and Zender, 2010), and transport paths can be mapped (e.g. Draxler20

and Rolph, 2012). For this study, the HYSPLIT (HYbrid Single-Particle Lagrangian In-
tegrated Trajectory) model (Draxler and Rolph, 2012) was utilized to estimate regional
atmospheric transport patterns in each of the glacier study regions during the abla-
tion season sample collection periods (Fig. 6). In each study region, 5-day transport
paths were mapped using 24 variations in path and National Center for Environmental25

Prediction (NCEP) Global Data Assimilation System (GDAS) meteorologic input data.
Svalbard ablation season atmospheric circulation demonstrated low-altitude Arctic air
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mass transport from the northeast. Southern Norway ablation season atmospheric
transport from high-altitude Atlantic westerly movement was estimated. Khumbu Hi-
malaya, Nepal atmospheric transport was dominated by westerlies in the November
portion of the ablation season. New Zealand ablation season atmospheric particulate
deposition was modeled to be transported from the west, over the Tasman Sea. The5

model scenarios in each region demonstrate likely ablation season transport paths,
and the ability to conduct more sophisticated analysis of particulate residence times,
transport paths and thus deposition to targeted glaciers.

6 Discussion

Atmospheric particulate flux and the predicted changes to particulate flux patterns10

have significant implications for the world’s glaciers and ice sheets (Petit et al., 1999;
Hansen and Nazarenko, 2004; Kaspari et al., 2009). Increased atmospheric deposi-
tion of dust, in conjunction with warming climate, could lead to greater than expected
snow and ice melt rates, increased snow and ice mass loss, and ultimately contribution
to sea level rise. Recent studies have also highlighted changes in spatial distribution15

of heavy supraglacial debris due to changing climate (Stokes et al., 2007; Scherler
et al., 2011; Lambrecht et al., 2011). With warming climate, insulation provided by
heavy supraglacial debris can lessen, resulting in downwasting, thinning or retreat of
many glaciers (e.g. southern Himalayas, Caucasus), changes to mass flux patterns,
increased meltwater discharge, and/or increased supraglacial melt and glacier lake20

outburst flood potential. The geochemical composition of supraglacial dust and debris
influences these supraglacial energy balance variables and thus is important to study.
This study adds to the understanding of supraglacial trace and rare earth elemental
compositions, by providing a synoptic data set from western Svalbard, southern Nor-
way, Khumbu Himalaya, Nepal and northern New Zealand.25

In situ sampling techniques and analytical geochemical methodologies continue
to evolve (e.g. immediate measurement techniques detailed in Gkinis et al., 2011).
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Currently many trace elemental measurement studies are limited by logistic con-
straints, which result in small sample sizes and/or inability to conduct multi-region
comparisons. Small data sets also impede use of statistical methods such as clus-
ter analysis (e.g. positive matrix factorization, principal component analysis). The most
ideal description of glacial surface chemistry involves high spatial and temporal resolu-5

tion data.
Satellite surface geochemical composition mapping and atmospheric dispersion and

transport modeling over glacier study regions could be promising tools for investigat-
ing changing surface glacier compositions. Atmospheric modeling on multi-seasonal
or annual time scales could assist in quantifying particulate deposition, at temporal10

scales. Satellite remote sensing techniques for describing atmospheric and surface
geochemical compositions are continually improving. Satellite observations of atmo-
spheric particulates, including mineral dust, soot, sulfide, water vapor and other compo-
nents are currently mapped via spectral, lidar and thermal remote sensing techniques
(e.g. Royer et al., 2010; Liu et al., 2008; Clarisse et al., 2011). Emerging research15

points to the ability to detect major mineral groups as well as transition metals and rare
earth elements on glacier surfaces from satellite spectral remote sensing techniques
(e.g. Gleeson et al., 2010; Casey et al., 2012). Yet, in situ data collection and geo-
chemical analysis is currently the most accurate method for deriving surface glacier
geochemical composition.20

7 Conclusions

Trace and rare earth element supraglacial composition data are limited in published lit-
erature. This study provides an important synoptic data set of four diverse alpine glacier
regions. The contrasting geographic, glaciologic, atmospheric, and geologic conditions
of the regions maximize supraglacial composition diversity and allow for a first-order25

exploration of supraglacial geochemical composition. Surface glacier snow, ice and
debris trace and rare earth element abundances and mineralogy was determined via
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ICP-MS, XRD and XRF. Measured data were compared with geochemical standards
and local geology. The Khumbu Himalaya, Nepal samples contained a significantly
higher magnitude of elemental abundances, including characteristic continental dust
element abundances (e.g. Ca). Maritime influences of high Na content and solute
flush out with Arctic spring were found in Svalbard snow and ice compositions. Vol-5

canic influence was seen in the Mt. Ruapehu glacier sample results, with high S, Cr,
Mn elemental abundances. Anthropogenic influence, was suggested by the elevated
enrichment of Bi, As, Pb in all of the study regions. Rare earth element signatures
were distinct in the four study areas, and suggested that more robust follow-on studies
could utilize REEs to pinpoint provenance of atmospherically deposited supraglacial10

particulates.
XRF geochemical bulk oxide and trace element measurements offer higher accu-

racies and precision, free from dissolution biases. For this reason, XRF or laser ab-
lation ICP-MS is recommended for future analytical geochemical studies. Limitations
were found in use of solution ICP-MS as demonstrated by the suspected incomplete15

supraglacial particulate digestion of the silica-rich Khumbu Himalaya samples.
Satellite mapping of atmospheric and surface compositions are encouraged along

with atmospheric particulate transport and deposition modeling. Improved quantifica-
tion of glacier surface characteristics is paramount to monitoring glaciers, modeling
radiative energy balance changes and estimating ice flux amidst changing climate.20
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Table 1. Characteristics of glacier study regions.

Study region, Glacier type, Mean annual Dates glacier Number of
glacier influences temp., precip. data, surface samples glacier surface
(latitude, longitude) elevation (m a.s.l.) collected samples, (ID)

Svalbard, Arctic, small
Grønfjordbreen valley, polythermal. −6.0 ◦C, >400 mma 17, 18 April 2009 8 snow (1a)
Aldegondabreen maritime influences 250–500 mb 18 July 2009 2 ice (1b)
(77.98◦ N, 14.12◦ E)

Norway, Ice field and outlet
Jostedalsbreen valley glacier, temperate 6.4 ◦C, 1200–3000 mmc 24–27 June 2009 3 snow (2a)
Bødalsbreen slight maritime influence 740–1990 md 4 ice (2b)
(61.78◦ N, 7.10◦ E)

Nepal, Debris covered
Ngozumpa continental valley −2.4 ◦C, 465 mme 26–27 November 2009 6 snow (3a), 4 ice (3b), 8 debris (3c)
Khumbu glaciers. Temperate, 4900–8848 mf 4–6 December 2009 2 snow (3d), 6 ice (3e), 14 debris (3f)
(28.00◦ N, 86.69◦ E ) summer accumulation

New Zealand, Cirque glaciers
Mt. Ruapehug volcanic influences 6.1 ◦C, 1100 mmh 28 August 2009 9 snow (4a)
(39.27◦ S, 175.56◦ E) 2200–2797 mi 5 March 2010 1 snow (4b), 1 ice (4c), 2 debris (4d)

a Svalbard coastal region mean annual temperature and precipitation from Hagen et al. (1993).
b Norwegian Polar Institute (2004).
c Norwegian Meteorological Institute (1961–1990).
d Andreassen et al. (2008).
e From Tartari et al. (1998) as measured at Pyramid Meteorological Station (5050 m a.s.l.) from 1990–1996 though
agree well with previous studies from the 1970s and 1992. Note 87 % of precipitation was found to occur solely in
monsoon season (June–September).
f Hambrey et al. (2008).
g Mt. Ruapehu winter snow samples were collected from Whakapapa, Paretaetaitonga and Whangaehu glaciers, and
summer snow, ice and debris samples were collected from Mangatoetoenui glacier.
h New Zealand National Institute of Water and Atmospheric Research records, accessed 2010 for Whakapapa Village,
elevation 1100 m.
i New Zealand Department of Conservation (2004).
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Table 2. Median major and trace elemental abundances (ppb) for snow and ice samples by
region. Values below instrumental limit of detection (LOD, 3σ) are given in parentheses or
indicated by “<dl” if measured at zero.

Element LOD Svalbard Norway Nepal New Zealand
(3σ) 1a 1b 2a 2b 3a 3b 3d 3e 4a 4b 4c∗

(n=8) (n=2) (n=3) (n=4) (n=6) (n=4) (n=2) (n=6) (n=9) (n=1) (n=1)

Na 10.6 1.44×103 619 19.5 219 653 201 381 76.4 747 128 2.44×103

Mg 1.61 172 177 10.8 979 8.59×103 205 5.75×103 584 102 – –
Al 2.16 15.3 833 24.4 1.96×103 2.02×104 337 1.07×104 1.03×103 18.6 194 1.05×104

Si 53.8 <dl 1.23×103 (7.69) 3.37×103 1.29×104 1.24×103 1.44×104 1.66×103 <dl – –
S 29.5 194 92.3 (19.0) 135 112 454 325 134 136 – –
K 9.93 55.9 221 (7.78) 697 1.18×104 739 5.82×103 787 37.2 – –
Ca 3.64 76.5 199 4.97 758 1.68×104 1.03×104 3.03×104 2.64×103 52.5 – –
Ti 6.21×10−2 0.597 47.1 2.41 209 3.70×103 44.3 1.58×103 168 0.299 1.25 32.4
V 3.10×10−2 3.97×10−2 3.40 3.48×10−2 6.67 70.0 1.22 32.0 3.19 3.58×10−2 5.30×10−2 1.11
Cr 1.88×10−2 3.49×10−2 1.17 2.92×10−2 4.32 55.9 0.691 29.8 2.98 0.108 5.39×10−2 1.75
Mn 1.88×10−2 0.166 6.33 0.524 42.9 489 6.93 425 30.8 0.809 1.83 25.4
Fe 1.22 7.10 757 25.5 2.89×103 2.01×104 374 1.86×104 1.70×103 18.6 26.5 351
Co 1.81×10−3 5.60×10−3 0.37 1.75×10−2 1.29 16.9 0.273 10.9 0.969 2.63×10−2 0.166 2.61
Ni 5.79×10−2 8.50×10−2 0.83 <dl 3.93 29.8 0.364 22.3 1.90 8.18×10−2 – –
Cu 4.27×10−2 8.08×10−2 1.19 0.125 7.39 34.7 1.09 21.2 1.67 8.06×10−2 0.278 13.5
Zn 0.217 0.871 1.61 (7.41×10−2) 18.9 86.6 4.90 60.5 5.43 10.1 0.565 4.74
As 2.28×10−2 (9.28×10−3) 0.80 <dl 2.26 12.7 6.56 8.18 0.559 <dl 0.300 0.667
Rb 9.30×10−3 4.97×10−2 1.96 9.18×10−2 6.43 254 5.49 99.9 12.6 6.51×10−2 0.205 2.21
Zr 1.04×10−2 3.47×10−2 2.20 2.90×10−2 0.583 0.287 2.10×10−2 0.133 3.42×10−2 4.66×10−2 – –
Mo 5.03×10−3 (6.66×10−4) 0.133 (8.69×10−4) 0.265 0.191 0.480 0.162 1.76×10−2 1.74×10−2 6.59×10−3 1.62×10−2

Cd 3.87×10−2 (4.93×10−3) (2.43×10−2) (2.10×10−3) 5.73×10−2 0.195 (5.91×10−3) 0.114 (1.01×10−2) (4.45×10−3) (5.83×10−3) (3.32×10−2)
Sn 9.37×10−3 1.41×10−2 0.241 2.10×10−2 3.02 9.09 0.242 2.12 0.309 <dl (2.68×10−3) 6.21×10−2

Sb 3.40×10−3 9.15×10−3 0.138 1.65×10−2 0.776 6.89×10−2 4.86×10−2 0.126 (2.99×10−3) (2.04×10−3) 8.42×10−3 2.33×10−2

Cs 2.06×10−3 (6.79×10−4) 0.203 4.09×10−3 0.425 62.7 1.14 30.2 3.07 (1.01×10−3) – –
Ba 4.44×10−2 0.713 19.9 0.308 14.9 185 3.24 96.3 11.5 0.398 – –
Tl 1.60×10−4 2.15×10−4 3.40×10−2 <dl 6.53×10−2 1.48 2.05×10−2 0.514 6.37×10−2 <dl 1.59×10−2 0.304
Pb 1.66×10−3 0.106 2.42 0.193 56.1 26.6 0.708 67.8 1.65 4.53×10−2 1.56×10−2 0.316
Bi 1.60×10−4 2.60×10−3 6.59×10−2 6.11×10−3 1.28 8.39 0.179 4.76 0.342 4.82×10−3 2.60×10−3 5.65×10−2

U 5.30×10−4 3.30×10−3 0.161 2.69×10−3 0.276 9.43 21.1 10.3 1.21 1.38×10−3 4.63×10−3 2.28×10−2

Σ (ppm) 2.0 4.2 0.12 11 96 14 89 8.9 1.1 0.35 13

∗ Where the following notations represent the following samples: 1a Grønfjordbreen snow, 1b Aldegondabreen ice,
2a Jostedalsbreen snow, 2b Bødalsbreen ice, 3a Ngozumpa snow, 3b Ngozumpa ice, 3d Khumbu snow, 3e Khumbu
ice, 4a Ruapehu winter snow, 4b Ruapehu summer snow, and 4c Ruapehu summer ice.
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Table 3. Median rare earth elemental abundances (ppt) for snow and ice samples by region.
Values below instrumental limit of detection (LOD, 3σ) are given in parentheses or indicated by
“<dl” if measured at zero.

Element LOD Svalbard Norway Nepal New Zealand
(3σ) 1a 1b 2a 2b 3a 3b 3d 3e 4a 4b 4c∗

(n=8) (n=2) (n=3) (n=4) (n=6) (n=4) (n=2) (n=6) (n=9) (n=1) (n=1)

La 0.47 12.2 1.03×103 57.9 9.59×103 8.32×103 107 8.94×103 719 23.1 71.8 600
Ce 1.01 53.0 2.16×103 110 1.82×104 1.92×104 251 1.93×104 1.49×103 85.1 217 1.73×103

Pr 0.28 3.85 281 10.3 2.16×103 2.64×103 28.1 2.51×103 186 7.58 23.9 199
Nd 1.46 15.5 1.15×103 33.2 7.85×103 1.22×104 120 1.07×104 749 29.2 94.9 804
Sm 1.37 3.32 248 6.17 1.24×103 3.85×103 35.2 3.10×103 198 6.49 19.5 195
Eu 0.52 <dl 50.2 <dl 166 694 5.22 564 32.4 0.561 4.26 53.9
Gd 0.67 3.48 234 7.33 1.21×103 4.75×103 38.5 3.92×103 225 6.04 18.4 186
Tb 0.35 (0.102) 24.2 (0.331) 94.4 785 5.04 628 31.7 0.482 2.25 25.9
Dy 0.34 1.33 155 3.74 530 5.39×103 34.1 4.06×103 227 2.63 11.2 147
Ho 0.27 (0.200) 28.8 0.556 101 913 7.20 736 37.7 0.387 2.11 27.8
Er 0.26 0.786 73.9 1.50 286 2.42×103 15.1 2.01×103 102 2.42 5.74 76.0
Tm 0.45 (8.86×10−2) 10.4 (0.348) 33.4 316 2.21 291 15.3 (0.352) 0.879 10.5
Yb 0.30 0.732 59.8 (0.151) 212 1.87×103 12.2 1.69×103 87.9 1.29 5.74 67.3
Lu 0.22 <dl 8.67 (2.20×10−2) 32.0 242 1.65 220 11.4 <dl 0.938 9.66
ΣREE – 94.2 5.52×103 232 4.17×104 6.36×104 663 5.87×104 4.11×103 165 479 4.14×103

∗ Where the following notations represent the following samples: 1a Grønfjordbreen snow, 1b Aldegondabreen ice,
2a Jostedalsbreen snow, 2b Bødalsbreen ice, 3a Ngozumpa snow, 3b Ngozumpa ice, 3d Khumbu snow, 3e Khumbu
ice, 4a Ruapehu winter snow, 4b Ruapehu summer snow, and 4c Ruapehu summer ice.
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Table 4. Khumbu Himalaya, Nepal and Ruapehu, New Zealand glacier debris median bulk
oxide weight percents and trace element abundances (ppm) as determined by XRF.

Region Na2O MgO Al2O3 SiO2 P2O5 K2O CaO TiO2 MnO Fe2O3

Nepal

Ngozumpa glacier debris, 3c (n=8) 2.93 1.49 13.7 63.9 0.140 3.95 2.32 0.500 7.00×10−2 4.00
Khumbu glacier debris, 3f (n=14) 2.33 2.21 14.0 63.3 0.125 3.96 2.58 0.710 7.00×10−2 5.37

New Zealand

Mangatoetoenui glacier debris, 4d (n=2) 2.89 4.23 15.0 55.5 8.00×10−2 1.24 7.07 0.665 0.120 7.69

Region S V Co Ni Cu Zn Rb Zr Nb Ba Pb Th U

Nepal

Ngozumpa glacier debris, 3c (n=8) 12.5 45.5 11.5 26.5 17.0 76.5 313 181 17.5 407 41.0 18.5 10.5
Khumbu glacier debris, 3f (n=14) 201 71.5 15.0 34.5 22.0 89.5 244 214 19.0 568 37.0 20.0 8.50

New Zealand

Mangatoetoenui glacier debris, 4d (n=2) 1.81×103 196 27.5 60.5 49.5 66.0 51.0 112 5.50 274 10.5 5.00 2.50
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Table 5. Snow, ice and debris enrichment of elements relative to UCC (reference element Ti)
are listed. EF values with significant enrichment (i.e. EF> 5) are displayed in bold. Elements
with sample measurements below instrumental detection limits or not measured (3c, 3f, 4b, 4c)
are indicated by “–”.

EF relative to Svalbard Norway Nepal New Zealand
UCC 1a 1b 2a 2b 3a 3b 3c 3d 3e 3f 4a 4b 4c 4d∗

(n=8) (n=2) (n=3) (n=4) (n=6) (n=4) (n=8) (n=2) (n=6) (n=14) (n=9) (n=1) (n=1) (n=2)

Fe 1.39 1.88 1.24 1.62 0.638 0.988 1.09 1.38 1.18 1.03 7.30 2.47 1.27 1.58
Co 2.26 1.91 1.75 1.49 1.11 1.49 0.926 1.66 1.39 0.850 21.2 32.1 19.4 1.66
Ni 13.3 1.65 – 1.75 0.752 0.764 0.824 1.31 1.05 0.755 25.5 – – 1.41
Cu 22.2 4.14 8.53 5.79 1.54 4.04 0.930 2.19 1.63 0.848 44.2 36.5 68.3 2.04
Zn 84.4 1.98 1.77 5.22 1.35 6.38 1.47 2.21 1.86 1.21 1950 26.1 8.45 0.956
As 44.0 46.7 – 29.6 9.40 404 – 14.1 9.07 – – 654 56.3 –
Mo 3.05 7.70 0.985 3.47 0.141 29.6 – 0.280 0.286 – 159 14.4 1.36 –
Cd 346 21.5 36.5 11.5 2.20 5.58 – 3.01 2.51 – 622 195 42.8 –
Sb 314 59.9 141 76.1 0.382 22.5 – 1.63 0.364 – 140 138 14.7 –
Rb 3.05 1.53 1.39 1.12 2.52 4.54 3.82 2.31 2.73 2.10 7.97 6.01 2.50 0.468
Ba 8.91 3.16 0.952 0.532 0.373 0.545 1.01 0.453 0.509 0.995 9.91 – – 0.512
Pb 43.0 12.4 19.3 64.7 1.74 3.85 3.30 10.3 2.36 2.10 36.5 3.00 2.35 0.635
Bi 141 45.2 81.8 197 73.3 131 – 97.2 65.5 – 520 67.1 56.2 –
U 8.09 5.01 1.64 1.93 3.74 696 5.13 9.54 10.5 2.92 6.78 5.42 1.03 0.918

∗ Where the following notations represent the following samples: 1a Grønfjordbreen snow, 1b Aldegondabreen ice,
2a Jostedalsbreen snow, 2b Bødalsbreen ice, 3a Ngozumpa snow, 3b Ngozumpa ice, 3c Ngozumpa debris, 3d Khumbu
snow, 3e Khumbu ice, 3f Khumbu debris, 4a Ruapehu winter snow, 4b Ruapehu summer snow, 4c Ruapehu summer
ice and 4d Ruapehu debris.
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Table 6. Elemental enrichment of Svalbard and southern Norway snow and ice samples rela-
tive to Spitsbergen loess (reference element Ti) (from Adventdalen samples reported in Gallet
et al., 1998). Nepal and New Zealand snow and ice sample elemental enrichments are pre-
sented relative to XRF measured supraglacial debris measurements conducted in this study (as
reported in Table 4). EF values with significant enrichment (i.e. EF> 5) are displayed in bold.
Elements with sample measurements below instrumental detection limits or not measured (4b,
4c) are indicated by “–”.

EF relative to Svalbard Norway Nepal New Zealand
local geology 1a 1b 2a 2b 3a 3b 3d 3e 4a 4b 4c∗

(n=8) (n=2) (n=3) (n=4) (n=6) (n=4) (n=2) (n=6) (n=9) (n=1) (n=1)

Fe 1.58 2.13 1.40 1.83 0.583 0.904 1.33 1.14 4.62 1.57 0.802
Co 2.60 2.20 2.01 1.71 1.19 1.61 1.95 1.63 12.7 19.3 11.7
Ni 22.3 2.76 – 2.94 0.913 0.928 1.74 1.39 18.0 – –
Cu 35.3 6.57 13.5 9.20 1.65 4.34 2.59 1.92 21.7 17.9 33.5
Zn 85.3 2.07 1.86 5.47 0.918 4.33 1.82 1.53 2040 27.3 8.84
Rb 4.72 2.37 2.16 1.74 0.658 1.19 1.10 1.30 17.0 12.8 5.34
Ba 8.37 2.97 0.895 0.500 0.368 0.539 0.456 0.512 19.3 – –
Pb 47.7 13.7 21.4 71.7 0.526 1.17 4.93 1.13 57.5 4.72 3.70
U 9.42 5.84 1.90 2.25 0.729 136 3.26 3.61 7.38 5.90 1.12

∗ Where the following notations represent the following samples: 1a Grønfjordbreen snow, 1b Aldegondabreen ice,
2a Jostedalsbreen snow, 2b Bødalsbreen ice, 3a Ngozumpa snow, 3b Ngozumpa ice, 3d Khumbu snow, 3e Khumbu
ice, 4a Ruapehu winter snow, 4b Ruapehu summer snow and 4c Ruapehu summer ice.
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Table 7. Elemental ratios for snow, ice and debris samples from each study region.

Element Svalbard Norway Nepal New Zealand
1a 1b 2a 2b 3a 3b 3c 3d 3e 3f 4a 4b 4c 4d∗

(n=8) (n=2) (n=3) (n=4) (n=6) (n=4) (n=8) (n=2) (n=6) (n=14) (n=9) (n=1) (n=1) (n=2)

Ca/S 0.394 2.16 0.262 5.62 150 22.7 1.33×103 93.2 19.8 91.7 0.387 – – 27.9
Al/Ti 25.6 17.7 10.1 9.36 5.46 7.59 24.2 6.76 6.13 17.4 62.2 155 324 19.9
Nd/Yb 21.2 19.2 <dl 37.1 6.54 9.84 – 6.35 8.52 – 22.7 16.5 12.0 –

∗ Where the following notations represent the following samples: 1a Grønfjordbreen snow, 1b Aldegondabreen ice,
2a Jostedalsbreen snow, 2b Bødalsbreen ice, 3a Ngozumpa snow, 3b Ngozumpa ice, 3c Ngozumpa debris, 3d Khumbu
snow, 3e Khumbu ice, 3f Khumbu debris, 4a Ruapehu winter snow, 4b Ruapehu summer snow, 4c Ruapehu summer
ice, and 4d Ruapehu debris.
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Fig. 1. The plot presents the meteoric solubility (i.e. solubility of elements in natural water with
atmospheric interaction) of the elements measured in the study regions, where the geochemical
reference standard Mean Ocean Residence Time (MORT) is given relative to the chemical
partition coefficient (of sea water to upper continental crust) (chemical data after Taylor and
McLennan, 1985; Rudnick and Gao, 2003).
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Cr   
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1.  Svalbard                                3. Nepal

2.  Norway                                 4. New Zealand

Fig. 2. (Upper) Map depicting study glaciers Grønfjordbreen and Aldegondabreen in western
Svalbard (1), Bødalsbreen outlet glacier and parent Jostedalsbreen ice field in southern Nor-
way (2), Ngozumpa and Khumbu glaciers in Khumbu Himalaya, Nepal (3) and Mt. Ruapheu,
New Zealand glaciers (4). (Lower) Field photos of study regions as labeled. Note, the Svalbard
picture was taken by R. Solberg, and the New Zealand picture was taken by M. Hambrey.
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Fig. 3. Log scale trace element to upper continental crust snow and ice signatures for each
of the study regions. Svalbard and southern Norway snow and ice elemental abundances are
displayed in the top chart, followed by the Khumbu Himalaya, Nepal abundances in the middle
chart, and Mt. Ruapehu New Zealand abundances displayed in the lower chart.
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Fig. 4. Log scale REE element relative to chondrite snow and ice signatures for each of the
study regions. Svalbard and southern Norway snow and ice REE abundances are shown in the
top chart, followed by the Khumbu Himalaya, Nepal REE abundances in the middle chart, and
Mt. Ruapehu, New Zealand REE abundances displayed in the lower chart.
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Fig. 5. Elemental ratio Ca/S, Al/Ti and Nd/Yb median value plots for snow and ice observations
in each of the study regions, where the data points represent the following medians: Svalbard
1a, 1b; S. Norway 2b; Nepal 3a, 3b, 3d, 3e; New Zealand 4a, 4b, 4c). (Note, the Norway
2a, Nd/Yb Jostedalsbreen snow observation is not included due to Yb concentrations below
instrumental detection limits. Also note the logarithmic scales in the Ca/S and Al/Ti plots.)
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1. 3.

2.                                              4.  

Fig. 6. NOAA HYSPLIT atmospheric 5-day transport trajectories for each glacier study re-
gion (1. Svalbard, 2. Norway, 3. Nepal, 4. New Zealand) using GDAS1 meteorology and 24
prediction trajectories.
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