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In order to better understand the source of minerals on the dark-colored ice, located
in the Greenland ice sheet ablation zone, we analyzed the Sr and Nd isotopic ratios of
minerals in cryoconite, which were collected from glaciers in northwest and southwest
Greenland. We focused on the following: (i) comparison of the isotopes of minerals in
cyroconite with those in sediments from local and distant areas, (i) regional variations in
western Greenland, and (i) spatial variations across an individual a glacier. The mineral
components of the cryoconite showed variable Sr and Nd isotopic ratios (87Sr/2Sr:
0.711335 to 0.742406, ¢Nd (0): —33.1 to —22.9), which corresponded to those of the
englacial dust and moraine on and around the glaciers but were significantly different
from those of the distant deserts that have been considered to be primary sources of
mineral dust on the Greenland Ice Sheet. This suggests that the minerals within the
cryoconites were mainly derived from local sediments, rather than from distant areas.
The Sr ratios in the northwestern region were significantly higher than those in the
southwestern region. This is probably due to geological differences in the source areas,
such as the surrounding glaciers in each region. The isotopic ratios further varied spatially
within a glacier (Qaanaaqg and Kangerlussuaq areas), indicating that the silicate minerals
on the glaciers were derived not from a single source but from multiple sources, such as
englacial dust and wind-blown minerals from the moraine surrounding the glaciers.

Keywords: Greenland, cryoconite, dark ice, Sr and Nd isotopic ratios, mineral source

INTRODUCTION

Cryoconite is a dark colored surface dust, which is deposited on the surface of glacier ice and is
commonly found on glaciers worldwide. It is a mixture and/or aggregate of insoluble particles,
such as black carbon, mineral dust, and organic matter. Black carbon originates from natural or
anthropogenic forest fires and incomplete fuel combustion (e.g., Chylek et al., 1995). Mineral dust
is transported by wind from local or distant arid terrestrial surfaces (e.g., Boggild et al., 2010).
Organic matter is produced by microbes, such as cyanobacteria and green algae, living on glaciers
(e.g., Takeuchi et al., 2014). Cryoconite can act to reduce the surface albedo of the ice because of its
dark coloration and thus accelerates glacier melting in many parts of the world. The influence of
cyroconites on ice melt has been reported in the ablation area of the northwestern and southwestern
Greenland Ice Sheet and has been studied since the 1950s (e.g., Gajda, 1958; Gerdel and Drouset,
1960; Gribbon, 1979).
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Recently, the area of dark-colored ice covered by cryoconites
has expanded on the Greenland Ice Sheet. During summer, the
dark ice appeared at the surface of ablation area, particularly
along the western side of Greenland (e.g., Wientjes et al., 2011;
Takeuchi et al., 2014). Analyses of satellite images revealed that
the dark area varies annually and has generally been expanding
over the last 15 years (Shimada et al., 2016). Studies have shown
that cryoconite causes the dark-colored ice and substantially
reduces the albedo of the surface. For example, the albedo of a
cryoconite-rich dark ice surface is ~0.10 (Knap and Oerlemans,
1996; Chandler et al., 2015), whereas the value for a clean ice
surface, without cryoconite, is 0.46-0.64 (Knap and Oerlemans,
1996; Moustafa et al., 2015). The expansion of the dark region
is thought to be responsible for the recent albedo reduction
of the Greenland Ice Sheet and to contribute to recent melt
increases (e.g., Wientjes et al., 2011; Takeuchi et al., 2014). The
albedo reduction has been observed since 2000 and is likely have
contributed to recent high ice loss rates observed in Greenland
(e.g., Tedesco et al,, 2011, 2016; Box et al., 2012; Dumont et al.,
2014). Therefore, it is important to understand the process of
dark ice expansion in Greenland.

One of the possible causes of dark ice expansion is an increase
in cryoconite abundance on the ice surface. Because mineral dust
is the major constituent of cryoconite (Takeuchi et al., 2014), it
is important to know its sources and the processes by which it
accumulates on the ice sheet. The minerals in cryoconite may
also affect the microbial production on the glacial surface, which
is another contributor to the cryoconite mass. Because glacial
microbes are likely to incorporate nutrients from mineral dust
and dissolved components in snow and ice (Fjerdingstad, 1973;
Nagatsuka et al., 2010; Wientjes et al., 2011), the minerals on an
ice sheet and/or glacier could affect their biomass by supplying
nutrients. Recent studies have focused on the mineralogical
characteristics of cryoconite, as well as their physical, chemical,
and biological characteristics, including: abundance (Uetake
et al., 2010; Takeuchi et al., 2014); composition (Boggild et al.,
2010; Wientjes et al., 2011; Nagatsuka et al., 2014a); reflectance
(Tedesco et al.,, 2013); and elemental composition (Tepe and
Bau, 2015). However, the sources and transportation process of
cryoconite are still unknown.

There are different possible sources of the mineral dust in the
cryoconite on the Greenland Ice Sheet. The mineral dust in ice
cores from Greenland originated mainly in Asian deserts, with
very minor contributions from the Sahara in Africa (e.g., Biscaye
et al., 1997; Svensson et al., 2000; Bory et al., 2003; Lupker et al.,
2010). On the other hand, the dust deposited on the ablation
area was locally derived from wind-blown sediments and/or
englacial melt-out debris (e.g., Boggild et al,, 2010; Wientjes
et al., 2011). Tepe and Bau (2015) analyzed trace elements of
size-separated mineral dust in cryoconites from southwestern
Greenland and suggested that only fine minerals (<0.2 pwm)
originated from eastern Asia, whereas the coarser (>0.2 pm)
minerals were derived from eroded local bedrock. Kurosaki
and Mikami (2003) showed that a remarkable increase in dust
outbreaks occurred in East Asian deserts, which are vast source
areas of eolian dust, between 2000 and 2002, compared with the
previous seven years (1993-1999). These frequent dust outbreaks

could therefore increase eolian dust deposits on the Greenland
Ice Sheet, leading to an increase of cryoconite abundance. Bullard
and Austin (2011) also suggest that reworking of the proglacial
floodplain in western Greenland, during ice retreat, may provide
more material for eolian transport. However, there is still a lack
of direct evidence to link the minerals found in the cryoconite
to their source, and thus it is difficult to differentiate between
local and distant sources. Furthermore, the spatial variation
in the mineral sources of cryoconite is also unclear. Previous
studies have shown that the mineral composition of cryoconite
in northwestern Greenland shows regional variation (Nagatsuka
et al,, 2014a), suggesting that the sources also differ. The mineral
sources of cryoconite can also vary across individual glaciers,
due to differences in exposed ice age, for example, where there
is a transition between Pleistocene and Holocene ice (Reeh
et al., 2002; Petrenko et al., 2005). Hence, the abundance and
characteristics of mineral dust originated from englacial ice may
vary spatially on the ice surface.

Stable isotopic ratios of strontium (878r/80Sr) and neodymium
(M3Nd/"4Nd or eNd (0)) can reveal the source and transport
process of mineral dust in cryoconite. Sr and Nd are commonly
contained in trace amounts in natural materials such as rocks and
water as well as in organisms. Their isotopic ratios vary greatly,
depending on their geological origin and the ratios rarely change
during transportation in the atmosphere or after deposition as
sediment (e.g., Biscaye et al., 1997; Capo et al,, 1998). Sr and
Nd isotopic ratios have been widely used in studies of loess and
sediment, to determine their geological sources and have revealed
that there are large geographical variations in the isotopic ratios
of globally collected sediments, such as desert sand, soil, loess,
volcanic ash, and ocean core dust (e.g., Goldstein et al., 1984;
Nakai et al.,, 1993; Nakano et al., 2004; Grousset and Biscaye,
2005; Chen et al., 2007; Colville et al., 2011; Reyes et al., 2014).
Nagatsuka et al. (2010) first documented these isotopic ratios
for minerals in cryoconite collected from different elevations
on a glacier in western China. The isotopic ratios showed no
significant variation between the sites, suggesting that the mineral
dust was derived from a single source and deposited uniformly
across the ice surface. Nagatsuka et al. (2014b) also showed
geographical variation in the isotopic ratios of cryoconites on
Asian glaciers, which revealed that the sources of minerals differ
among the northern, central, and southern regions in Asia.
Therefore, the Sr and Nd isotopic ratios of the minerals in
cryoconite could reveal geographical, regional, and altitudinal
variation in the mineral sources on the Greenland Ice Sheet.

This paper aims to understand the source of minerals in
cryoconite in the dark region of the Greenland Ice Sheet, using
samples collected from multiple locations in western Greenland.
Sr and Nd isotopic ratios and mineral compositions of cryoconite
collected from seven glaciers in geographically separated regions
in northwest and southwest Greenland are analyzed. We focus
on the following: (i) comparison of the isotopes of minerals in
cryoconite with those in sediments from local and distant sites;
(ii) regional variation in western Greenland; and (iii) spatial
variation across individual glaciers. The variations in the isotopic
ratios and compositions are discussed in terms of the sources of
the silicate minerals found on the glaciers.
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SAMPLES AND ANALYTICAL METHOD

We analyzed cryoconite samples collected in the summers of
2011 to 2014 from six glaciers in northwestern Greenland and
from outlet glaciers in the Kangerlussuaq area of southwestern
Greenland (Table 1). The glaciers in northwestern Greenland
included Qaanaaq Glacier (QA), Qaqortaq Glacier (QQ), Tugto
Glacier (TG), Bowdoin Glacier (BD), Sun Glacier (SN), and
Thule Ramp (TL). The Qaanaaq and Qaqortaq Glaciers are outlet
glaciers that flow out from the Qaanaaq Ice Cap, which is on a
small peninsula of northwest Greenland (Figure 1). The Tugto,
Bowdoin, and Sun Glaciers are outlet glaciers of the Greenland
Ice Sheet, located around the Qaanaaq Ice Cap. The Thule Ramp
flows down from the Greenland Ice Sheet in the Thule area, which
is located 120 km south of the Qaanaaq Ice Cap. The outlet
glaciers in the Kangerlussuaq area in southwestern Greenland
(KA) include the Russell and Isunnguata Sermia Glaciers.

The samples were collected from the surface at different
elevations in the ablation area of each glacier (Figure 2). The
samples from the Qaanaaq Glacier were collected at six different
elevation sites ranging from 247 m (QA1l) to 1090 m (QA®6).
The lower five sites had a bare ice surface and were located
in the ablation area (QA1-QAS5), whereas the highest site was
snow-covered and situated in the accumulation area (QA®6).
The lowest site (QA1) had a relatively clean ice surface and
the areal coverage of the cryoconite holes was less than 5%
(Takeuchi et al., 2014). In contrast, the middle sites (QA2-QAD5)
had dirty ice surfaces with fewer cryoconite holes. The abundance
of cryoconite on the Qaanaaq Glacier has been reported to
range from 1.24 to 32.7 gm~? (dry weight, average 14.3 & 10.1

gm~2, Takeuchi et al., 2014) and is greatest at the middle site
(QA4). The samples from the Thule Ramp were collected at three
different sites from 536 m (TL1) to 632m (TL3). The surface
at the lower two sites (TL1 and TL2) was dirty ice with a few
shallow cryoconite holes, while that of the highest site (TL3) was
relatively clean ice with cryoconite holes. The samples from the
Kangerlussuaq area were collected at five different sites ranging
from 508 m (KA1) to 838 m (KA5). The surface at the lowest
and highest sites (KA1 and KA5) was dirty ice covered with
abundant cryoconite with a few shallow cryoconite holes. The
cryoconite samples were collected from the dirty ice surface.
The middle and higher sites (KA2-KA4) had relatively clean
ice and a number of cryoconite holes. The cryoconite samples
were collected from the bottom of the cryoconite holes. The
abundance of cryoconite on the ice surface in this area has been
reported to range from 4.75 to 143.85gm~2 and to be greatest
in the lowest site KA1 (dry weight, average 35.73 £ 37.1 gm~2,
Uetake et al., 2010). The samples from the other glaciers were
collected only at one site for each glacier. All of the sites were
located at the dark ice surface near the terminus at elevations
ranging from 28 to 102 m (Figure 2). The samples of cryoconite
were collected with a stainless steel scoop or a pipetted and
stored in clean 30 mL polyethylene bottles. Because cryoconite
on the glaciers is likely to be well mixed by ice movement
and running meltwater on the surface, we assumed that the
composition was uniform within each site. A moraine sample was
collected from a site located at ridge of debris deposited along
the sides of a glacier between site QA2 and QA3. Subsurface
dust samples (QA2E and QA3E) were collected from two sites
(QA2 and QA3, respectively) on the Qaanaaq Glacier. The

TABLE 1 | Description of sample of cryoconite, moraine, and englacial dust on and around the glaciers in northwestern and southwestern Greenland.

Glacier (abbreviation) Lat, Long Site Sample type Elevation (m a.s.l) Sampling date
Qaanaaq (QA) 77°30'N, 69°15'W QA1 Cryoconite (ice) 247 22 July 2012
77°30'N, 69°12'W QA2 Cryoconite (ice) 441 22 July 2012
77°30'N, 69°08'W QA3 Cryoconite (ice) 678 30 July 2011
77°30'N, 69°07'W QA4 Cryoconite (ice) 778 18 July 2012
77°31'N, 69°06'W QA5 Cryoconite (ice) 939 19 July 2012
77°54'N, 69°06'W QA6 Cryoconite (Snow) 1090 30 July 2013
77°30'N, 69°10'W QAM Moraine 565 30 July 2011
77°30'N, 69°12'W QA2E Englacial dust 441 25 July 2013
77°30'N, 69°08'W QA3E Englacial dust 678 4 July 2014
Qagortaq (QQ) 77°67'N, 68°82'W QQ Cryoconite (ice) 28 28 July 2012
Tugto (TG) 77°68'N, 68°85'W TG Cryoconite (ice) 54 27 July 2012
Bowdoin (BD) 77°40'N, 68°35'W BD Cryoconite (ice) 48 26 July 2013
Sun (SN) TT°47'N, 69°27'W SN Cryoconite (ice) 102 20 July 2013
Thule (TL) 76°40'N, 68°28'W TLA Cryoconite (ice) 536 4 August 2014
76°40'N, 68°25'W TL2 Cryoconite (ice) 580 5 August 2014
76°40'N, 68°22'W TL3 Cryoconite (ice) 632 5 August 2014
Russel and Isunnguata Sermia 67°16'N, 50°03'W KA1 Cryoconite (ice) 508 5 August 2012
in Kangerlussuaq area (KA) 67°17'N, 50°05'W KA2 Cryoconite (ice) 555 2 August 2013
67°18'N, 50°02'W KA3 Cryoconite (ice) 581 8 August 2014
67°18'N, 49°81'W KA4 Cryoconite (ice) 761 5 August 2012
67°15'N, 49°74'W KA5 Cryoconite (ice) 838 4 August 2012
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FIGURE 1 | Geological map of northwestern Greenland modified from Thomassen et al. (2002) showing the glaciers where cryoconite samples were
collected. (QA, Qaanaaq Glacier; QQ, Qaqgortaqg Glacier; TG, Tugto Glacier; BD, Bowdoin Glacier; SN, Sun Glacier; TL, Thule Ramp; KA, Kangerlussuaq area

sample at QA2E was collected from several centimeters below
the surface, with a stainless steel scoop, in 2013 and those at
QA3E were collected 0.3 m below the surface with a hand auger
in 2014.

The Sr and Nd isotopic ratios for the bulk components
(minerals and organic matter) of the cryoconite were measured
in the samples from the Thule Ramp and the Kangerlussuaq
area. Before the measurement, approximately 0.5 g of the samples
was digested with 38% hydrofluoric acid, 70% perchloric acid,
and 68% nitric acid. The isotopic ratios for the silicate mineral
component of the cryoconite were measured for the Qaanaaq
(except for QA3), Qaqortaq, Tugto, Bowdoin, and Sun Glaciers,
a part of the Kangerlussuaq area (KA5). The silicate minerals in
the samples were obtained after sequential extraction using four
different acid solutions because there were sufficient amounts of
the samples. The solutions used were ultra-pure water (H,O),
10% hydrogen peroxide solution (H,0;), 5% acetic acid (HOAc),
and 20% hydrochloric acid (HCI). The following five fractions
were obtained by the extraction: (1) H,O, (2) H,O3, (3) HOAc,
and (4) HCI extracted fractions as well as the (5) HCI residual
fraction. According to Yokoo (2000), these fractions can be

assumed to correspond to (1) saline minerals, (2) organic matter,
(3) carbonate minerals, (4) phosphate minerals, and (5) silicate
minerals, respectively. These extractions were performed in a
Class 100 clean laboratory at the Research Institute for Humanity
and Nature (RIHN) in Japan. Details of the extraction method are
described by Nagatsuka et al. (2010). We then analyzed the Sr and
Nd isotopic ratios of each fraction. Because the silicate mineral
fraction was the most dominant component in the fractions
(68-98%, Table 2), we used its isotopic ratio to identify the
source of the minerals in the cryoconite in this study. Although,
the isotopic ratios for the samples varied among the fractions
(e.g., HO™, H,0,, HOAc, and HCI extracted fractions and
HCI residual fraction: 0.715573-0.742101, 0.720807-0.757979,
0.720311-0.744930, 0.722372-1.021618, 0.716873-0.742246), we
assumed that those of bulk components were not significantly
different from those of the silicate mineral fractions because
silicate is the most dominant mineral in mass of the cryoconite
and is the only the mineral that appeared in the x-ray diffraction
analysis (XRD) spectra of the samples.

The Sr and Nd ratios were determined with a thermal
ionization mass spectrometer (TRITON, Thermo Fisher
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FIGURE 2 | Satellite images of (A) Qaanaaq Glacier, (B) Thule Ramp,
and (C) Kangerlussuaq area showing sampling sites on the glacier
surface. Images of (A) and (B) were taken in 15 July, 2012 by the Landsat-7
(ETM+), whereas that of (C) was taken in 30 July 2012 by the QuickBird.

Scientific) at RIHN, following the same analytical method as
that used by Nagatsuka et al. (2010). The measured 87Sr/%0Sr
and "3Nd/"4Nd values were normalized to an 8°Sr/®8Sr value
of 0.1194 and a 'ONd/'*Nd value of 0.7219, respectively.
The mean + SD of the 8Sr/%Sr ratios of NIST-SRM987
and the mean'*Nd/'¥*Nd ratios of JNdi-1 (the international

standard specimen for Sr and Nd isotopes determined during
this study) were 0.710247 =+ 0.000007 (n = 51) and 0.512107
£ 0.000004 (n = 13), respectively. The measured Sr and Nd
isotopic ratios of each standard specimen and sample were
determined by repeated measurements (100 times and 140 times,
respectively). The internal precisions of the Sr and Nd isotope
ratios were better than 0.000005 in this study. For convenience,
the 3Nd/'"*4Nd ratios are normalized and denoted as eNd(0) =
[(**Nd/***Nd)/0.512636 — 1] x 10%.

The mineralogical composition in the cryoconite was analyzed
by XRD using a RIGAKU Geigerflex RAD 11B at Chiba
University, Japan. The x-ray target was Cu Kv, the tube voltage
was 40 kV, and the tube current was 25 mA. Scans were
performed from 2.0° to 60° (20) at a rate of 2° min~l.
The amount of sample used for the XRD analysis was about
100—500 mg dry weight. Moreover, quantitative analyses were
also performed following the method described by Chung (1974).
The peak height ratio of each mineral to that of quartz was
compared with those from reference minerals, after which the
semi-quantitative proportion of each sample was obtained. These
analyses followed the method reported by Nagatsuka et al
(2010). Some of the XRD results (those for Qaanaaq, Qaqortagq,
Tugto, Bowdoin, and Sun Glaciers) have already been published
elsewhere (Nagatsuka et al., 2014a) and the data is cited for
comparison.

RESULTS
Sr and Nd Isotopic Ratios of Cryoconite

The ®Sr/%Sr and eNd (0) ratios of minerals in cryoconite
analyzed in this study ranged from 0.711335 to 0.742406, and
from —33.1 to —22.9, respectively (Table 3, Figure3). The
isotopic ratios were particularly distinct between the sites in
northwest (Qaanaaq) and southwest Greenland (Kangerlussuaq
area). The isotopic ratios in the Qaanaaq Glacier were
significantly higher than those in the Kangerlussuaq area,
especially the Sr values (Sr: 0.738570 vs. 0.714924, student ¢-test,
t = 10.613, P = 0.000 < 0.01; Nd: 0.511230 vs. 0.511062;
t = 2577, P = 0.030 < 0.05). The isotope ratios for the
other five northwestern glaciers (Qaqortaq, Tugto, Bowdoin, Sun,
and Thule Ramp) were intermediate, ranging from 0.718673 to
0.732128 (mean: 0.725947) for Sr and from 0.511063 to 0.511464
(mean: 0.511211) for Nd.

There were also spatial variations in the Sr and Nd isotopic
ratios within a glacier. On the Qaanaaq Glacier, the isotopic
ratios showed lowest Sr and highest Nd values at the highest site
(QAG6: 0.730566 and —23.9, respectively) but showed higher Sr
and lower Nd values at the middle part of the glacier (QA2-QA4:
0.741320 to 0.742406 and —28.2 to —28.1, respectively). The
other two sites showed intermediate isotope ratios, which were
0.736952 for Sr and —28.8 for Nd at site QA1 and 0.737927 for Sr
and —27.6 for Nd at site QA5 (Table 3, Figure 3). The Sr and Nd
ratios of englacial dust of the Qaanaaq Glacier were 0.744463 to
0.748934 and —28.0 to —26.4 (QA2E-QA3E), respectively. These
values were close to those of the cryoconite collected from the
middle parts of the glacier (QA2-QA4). The isotope ratios of
the moraine samples of the glacier were 0.725061 and —25.2,
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TABLE 2 | Sample weight (dry weight), amounts of extracted fraction and weight percent of extracted fraction to analyzed weight of cryoconite and

moraine.
Sample Sample weight H,O0 extracted fraction HyOsextracted fraction HOAc extracted fraction HCI extracted fraction HCI residual fraction
g g (%) g (%) g (%) g (%) g (%)
QA1 0.5638 0.006 (1.0) 0.000 (0.0) 0.001 (0.3) 0.047 (8.5) 0.507 (90.3)
QA2 0.970 0.001 (0.1) 0.015 (1.5) 0.001 (0.1) NA 0.981 (98.9)
QA3 NA NA NA NA NA NA
QA4 0.906 0.000 (0.0) 0.022 (2.4) 0.002 (0.3) 0.159 (17.5) 0.727 (79.9)
QA5 0.259 0.000 (0.0) 0.005 (2.4) 0.000 (0.0) NA 0.196 (97.6)
QA6 0.197 0.000 (0.0) 0.006 (3.3) 0.000 (0.0) 0.022 (11.6) 0.160 (85.1)
QAM 0.524 0.000 (0.0) 0.000 (0.0) 0.000 (0.0) 0.037 (6.9) 0.497 (93.1)
QQ 0.920 0.000 (0.0) 0.004 (0.4) 0.000 (0.0) 0.139 (15.1) 0.782 (84.5)
TG 0.542 0.000 (0.0) 0.036 (6.5) 0.006 (1.0) 0.087 (16.0) 0.418 (76.5)
BD 0.567 0.001 (0.2) 0.032 (5.4) 0.002 (0.4) 0.151 (25.7) 1.4083 (68.3)
SN 0.521 0.000 (0.0) 0.003 (0.5) 0.001 (0.1) 0.192 (30.8) 0.429 (68.6)
TLA NA NA NA NA NA NA
TL2 NA NA NA NA NA NA
TL3 NA NA NA NA NA NA
KA1 NA NA NA NA NA NA
KA2 NA NA NA NA NA NA
KA3 NA NA NA NA NA NA
KA4 NA NA NA NA NA NA
KAS 0.983 0.000 (0.0) 0.026 (2.9) 0.000 (0.0) 0.068 (7.7) 0.797 (90.7)

NA: not available.

respectively (QAM). These values were similar to those of the
dust in the snow surface (QA6) of the glacier.

The isotope ratios on the Thule Ramp and in the
Kangerlussuaq area also spatially varied (Table 3, Figure 3). The
Nd isotopic ratio at the highest site in the Thule Ramp was higher
than those of the lower two sites (—26.4 at TL3 vs. —30.7 and
—29.5 at TL1 and TL2). Furthermore, the Sr and Nd isotope
ratios at the lowest site in the Kangerlussuaq area (KA1) were
lower and higher, respectively, than those from the other upper
four sites (Sr: 0.711335 vs. 0.714782 to 0.717032 and Nd: —27.6
vs. —33.1 to —29.1, respectively).

Mineralogical Composition

The XRD spectra of the cryoconite samples showed peaks for
several silicate minerals. The peaks observed in the spectra of all
cryoconite samples were identified as hornblende (10.5°), quartz
(26.7°), potassium feldspar (27.2°), plagioclase (28.2°), and clay
minerals such as chlorite (6.0°, 12.5°, 18.9°) and kaolinite (12.5°,
25.2°). Although, there were alternative possible minerals for
the peaks at 12.5° and 25.2° (i.e., vermiculite or smectite), we
excluded them, as previous studies have shown that minerals
in ice or cryoconite in Greenland rarely contain vermiculite
or smectite (Svensson et al., 2000; Wientjes et al., 2011). The
distinctive peak at 8.9° that appeared only in the spectra of
the lower two sites of the Thule Ramp (TL1 and TL2) and the
lowest site of the Kangerlussuaq area (KA1), was identified as
illite. Peaks for saline, carbonate, and phosphate minerals did
not appear, indicating low amounts of these minerals in the
cryoconite.

The semi-quantitative composition of the minerals in the
cryoconite showed spatial variation among the collection sites on
the glaciers. The mineral proportion from the lowest site in the
Kangerlussuaq area (KA1) was distinctive from those from the
upper sites (KA4 and KA5). KA1 had a higher hornblende and
lower clay mineral content than those at the other sites (Table 4,
Figure 4). Furthermore, the composition on the Thule Ramp also
showed spatial variation: higher quartz and lower hornblende
contents at the upper site compared with those at the lower site.

DISCUSSION

Identification of Possible Source Areas of
Minerals in Cryoconite on Greenland

Glaciers Based on Isotopic Ratios

According to previous studies, there are three possible sources
of minerals in cryoconites on the Greenland Ice Sheet: (1)
dust transported by wind from the local area, probably the
nearby tundra; (2) englacial dust that was deposited in the
past in the accumulation area, traveled through the ice sheet,
and outcropped again in the ablation zone; or (3) long-range
transported dust from distant deserts. (Boggild et al., 2010;
Wientjes and Oerlemans, 2010; Wientjes et al., 2011; Takeuchi
et al., 2014; Tepe and Bau, 2015). The minerals in the cryoconite
are likely to be a mixture of those from the three different sources.
Biscaye et al. (1997) analyzed the Sr and Nd isotopic ratios of
dust in the GISP2 ice core drilled from the inland Greenland
Ice Sheet, which indicated that dust from eastern Asian deserts
was transported to the Greenland Ice Sheet across the ocean
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TABLE 3 | Sr and Nd isotopic ratio (87Sr/86sr, 143Nd/144Nd and Nd (0),
mean =+ SD x 10°) of cryoconites, moraine, and englacial dust on and
around the glaciers in northwestern and southwestern Greenland.

Sample 87gr/86gr 143Nd/144Nd eNd(0)
QA1 0.736952 + 08 0.511160 + 07 —28.8
QA2 0.741320 + 08 0.511194 + 03 —28.2
QA3* 0.742406 + 05 0.511197 + 03 —28.1
QA4 0.742246 + 04 0.511195 + 06 —28.2
QA5 0.737927 + 13 0.511221 £ 03 —27.6
QA6 0.730566 + 13 0.511414 + 32 —-23.9
QAM* 0.725061 + 05 0.511348 + 05 —-25.2
QA2E* 0.744463 + 08 0.511204 + 06 —28.0
QA3E* 0.748934 + 12 0.511285 + 06 —26.4
QQ 0.727905 + 12 0.511297 + 11 —26.2
TG 0.722113 £ 07 0.511068 + 04 —30.6
BD 0.719588 + 06 0.511175 £ 04 —28.5
SN 0.716873 + 08 0.511464 + 04 -22.9
TL1* 0.731745 + 06 0.511123 £ 05 —-29.5
TL2* 0.732128 + 06 0.511063 + 04 -30.7
TL3* 0.731279 + 06 0.511285 + 04 —26.4
KA1~ 0.711335 + 11 0.511225 + 09 —27.6
KA2* 0.714782 + 05 0.510940 + 05 —33.1
KA3* 0.716121 + 06 0.510945 + 04 -33.0
KA4* 0.715352 + 08 0.511055 + 06 -30.9
KA5 0.717032 + 09 0.511145 + 82 —29.1
*Bulk sample.
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FIGURE 3 | Sr - Nd isotopic ratios of silicate minerals in cryoconites
and those of moraine and englacial dust on and around the Qaanaaq
Glacier, and loess and sand reported in the Asian and African regions.

[source (3)]. In addition, Lupker et al. (2010) measured the Hf
isotope ratios of dust in the Dye 3 ice core from Greenland,
which suggested that the Sahara Desert could be an additional

source of the ice core dust. However, the Nd isotopic ratios of
the cryoconites analyzed in this study were significantly lower
than those of the distant deserts (Sr: 0.72782 vs. 0.72015, student
t-test, t = 1.938, P = 0.08 > 0.01; Nd: 0.511155 vs. 0.512001; ¢
=19.429, P = 0.000 < 0.01, Taklamakan and Gobi: Honda et al.,
2004; Nakano et al., 2004; Sahara: Grousset et al., 1998) but were
close to those of the moraine and englacial dust on and around
the glaciers (Figure 3). This suggests that the silicate minerals in
the cryoconites are probably not derived from Asian and African
deserts [source (3)] but mainly from the area surrounding the
glaciers [sources (1) and (2)].

The mineralogical composition of the cryoconites also
supports the predominance of local dust on the glaciers.
Nagatsuka et al. (2014a) revealed that cryoconites on the
Qaanaagq, Qaqortaq, Tugto, Bowdoin, and Sun Glaciers contained
much lower amounts of clay minerals (<15%) compared to Asian
desert sand (50-75%). The mineral composition on the Thule
Ramp and Kangerlussuaq area analyzed in this study also showed
a low clay mineral content (<15%, Table4, Figure4). Low
clay minerals content has also been reported in the cryoconite
collected in other regions of the Greenland Ice Sheet (e.g., Boggild
et al., 2010; Tedesco et al., 2011). Because a change in mineral
particle size from coarser to finer due to eolian sorting increases
the amount of clay minerals (Honda et al., 2004; Kanayama et al.,
2005), the low clay mineral content of the cryoconites indicates
that the minerals on the glaciers in Greenland are mainly derived
from local sources, rather than from distant areas. These results
are consistent with those of Boggild et al. (2010), Wientjes et al.
(2011), and Tedesco et al. (2013).

Regional Variation in Sr and Nd Isotopic

Ratios of Minerals in Cryoconite

The Sr and Nd isotopic ratios of cryoconite samples were
distinct between the northwestern and southwestern regions
of Greenland (Table 3, Figure 3), indicating that the mineral
source was not common but rather the local ground surface of
each region. The Sr isotope ratios in the northwestern region,
including the Qaanaaq, Qaqortaq, Tugto, Bowdoin, and Sun
Glaciers and the Thule Ramp, were significantly higher than
those in the southwestern region (the Kangerlussuaq area). The
distinct Sr isotope ratios are likely due to different geology
in the regions. Previous studies have reported that there is a
large regional difference in the geology between northwest and
southwest Greenland (Thomassen et al., 2002; Henriksen et al.,
2009, Figure 1). For example, the geology of the bedrock in the
Kangerlussuaq area is mainly made up of granite and gneisses
that formed in the late Archaean, whereas that in the Qaanaaq
area is made up of shallow water sedimentary rocks that formed
in the Mesoproterozoic (Henriksen et al.,, 2009). The distinct
Sr isotope ratios of cryoconite minerals probably reflect these
regional differences in bedrock geology.

The isotope ratios further varied among the glaciers in the
northwestern region, indicating that the source of dust differs
among the glaciers and is probably in the area around the
glacier margins. As shown in the geological map of the Qaanaaq
Peninsula (Thomassen et al., 2002, Figure 1), the geology is not
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uniform but greatly variable, even in the area. The variations
in the isotope ratios of minerals on the glaciers are probably
explained by the geological differences of each glacier.

Based on XRD analysis, the mineral compositions in
the cryoconite also varied consistently with the Sr and Nd
isotopic ratios (Table 4, Figure 4). The silicate minerals in the
northwestern region showed greater contents of clay minerals
(Qaanaaq, Qaqortaq, Tugto, Bowdoin, Sun, and Thule: 4.3-
29.2%) than those in the southwestern region (Kangerlussuaq
area: 2.0-4.1%). The regional trend in the relative abundance
of illite, which is a clay mineral rich in K and Rb, is consistent
with that of the Sr isotopic ratios. The mineral compositions in
the cryoconite on the Qaanaaq Glacier showed a greater illite
content (7.6-10.9%) than those on the glaciers in Kangerlussuaq
area (0.0-1.2%). Furthermore, mineral compositions on the other
five glaciers in the northwestern region showed intermediate
abundance of illite (Qaqortaq, Tugto, Bowdoin, Sun, and
Thule: 0.0-10.0%). According to previous studies, Rb, including
radioactive isotope 8Rb, which is the parent element of %S,
is most commonly present as a substitute for K in minerals;
therefore, high 87Sr/30Sr ratios are typically associated with
a high abundance of K-bearing minerals, such as illite and
potassium feldspar (e.g., Biscaye et al, 1997; Svensson et al,
2000; Kanayama et al., 2005). In contrast, the Nd isotopic
ratios do not vary with this mineral content (e.g., Goldstein
et al., 1984; Grousset et al., 1988). Thus, the variations in
the Sr isotopic ratios among the glaciers probably reflect the
abundance of illite in the cryoconite. A previous study revealed
that illite, a typical clay mineral originating from cold regions,
is dominant in shelf sediment from northern Greenland (Stein,
2008). The cryoconite from the Qaanaaq Glacier may contain

such sediments because the area around the glacier is mainly
composed of shallow water sedimentary rocks and may have
higher Sr values. Although, there are still some uncertainties
regarding the mineral composition in cryoconite on each glacier
because the samples were collected in a limited area, the
variations in the isotopic ratios are likely to reflect those of
the geology in the source areas of the silicate minerals in the
cryoconites.

Spatial Variations of the Isotopic Ratios

within a Glacier

Spatial variations of the Sr and Nd isotope ratios on the Qaanaaq
Glacier suggest that the minerals on the glacier were not derived
from a single source but rather from multiple sources. The
minerals in the upper snow area (QA6) showed lower Sr and
higher Nd ratios, which were close to those of the moraine located
downstream of the glacier (Table 3, Figure 3). In contrast, the
minerals in the middle part of the glacier (QA2-QA4) showed
higher Sr and lower Nd ratios, which approximated those of
the englacial dust (QA2E and QA3E). These facts indicate that
the minerals on the upper snow surface were mainly supplied
by wind from the moraine surrounding the glacier [source (1)],
whereas those on the ice surface in the middle part of the
glacier was derived from englacial dust of the glacier ice (source
(2)). The isotopic variation among the sites probably reflects
the mixing ratio of the minerals derived from the two different
sources depending on the location on the glacier surface. For
example, the minerals at the lowest site (QA1) and upper site
(QA5) were intermediate isotope ratios for both Sr and Nd,
showing that they contain both the windblown and englacial
minerals. This result supports the thought that the abundant

TABLE 4 | Mineral proportions in cryoconite and moraine on and around the glaciers in northwestern and southwestern Greenland.

Sample llite(%) Kaolinite (%) Chlorite (%) Hornblende (%) Plagioclase (%) Potassium feldspar (%) Quartz (%)
QA1 7.6 7.6 0.0 12.7 26.1 12.7 33.4
QA2 7.7 10.3 0.4 8.0 29.4 131 31.1
QA3 10.9 15.0 3.3 7.8 23.6 8.2 31.1
QA4 9.2 10.9 1.7 12.8 15.6 13.8 36.0
QA5 9.7 8.1 3.7 10.9 25.8 7.8 33.9
QAB NA NA NA NA NA NA NA
QAM 3.0 1.9 0.3 7.9 11.0 0.0 75.9
QQ 3.4 6.1 0.9 8.9 9.5 6.7 64.6
TG 10.0 7.5 0.9 9.0 23.0 1.9 37.8
BD 0.0 4.3 0.0 8.7 39.0 25.8 22.2
SN 0.0 156.0 0.0 16.7 34.4 9.4 25.5
TLA 2.4 4.3 1.4 19.3 51.3 7.6 13.6
TL2 5.7 6.9 1.2 11.4 43.9 10.3 20.6
TL3 0.0 5.7 0.8 10.4 50.7 7.3 25.2
KA1 1.2 0.3 0.5 31.3 31.6 8.6 26.6
KA2 NA NA NA NA NA NA NA
KA3 NA NA NA NA NA NA NA
KA4 0.0 3.4 0.6 25.1 39.8 11.6 19.5
KAS 0.0 3.4 0.7 27.5 36.8 6.4 25.3

NA: not available.

Frontiers in Earth Science | www.frontiersin.org

November 2016 | Volume 4 | Article 93


http://www.frontiersin.org/Earth_Science
http://www.frontiersin.org
http://www.frontiersin.org/Earth_Science/archive

Nagatsuka et al.

Mineral Sources on Greenland Ice

(%)
100

I\

S

80

N\

BEEEN\
N

[\
I | [\

60

7
7
E

&
j

|
|

40

20

QAT QA2 QA3 QA4 QA5 QQ TG BD

SN TL1

FIGURE 4 | Silicate mineral compositions of cryoconites on glaciers in northwestern and southwestern Greenland.

illite

£ kaolinite
[] chlorite
[] hornblende
[ k-feldspar
M plagioclase
W quartz

_ I

N\
e

_

S | N\

TL2 TL3 KA1 KA2 KA3

surface dust in the middle part of the glacier (QA2-QA4) was
mainly composed of englacial dust, as suggested by Takeuchi
et al. (2014). This ice-derived mineral dust formed dark stripes
several meters wide and several kilometers long on the surface,
corresponding to a surface with low albedo in a satellite image
(Figure 2). Thus, mineral-rich layers in the glacier ice appear to
be important for forming the dark ice surface of the Qaanaaq
Glacier.

Although, the englacial dust in the middle part of the glacier
appears to originally be windblown dust deposited on the glacier
in the past, the distinct isotope ratio of the englacial dust
compared to the moraine indicates that the source of the englacial
dust was not the moraine around the glacier. The source of the
windblown dust in the past is uncertain. The darker and dustier
ice that appeared several 100 m from the margin of the Greenland
Ice Sheet has been suggested to originate from a colder glacial
period (i.e., Pleistocene; Reeh et al., 2002; Petrenko et al., 2005).
However, according to previous studies, the Pleistocene ice is
missing in the Thule area of northwest Greenland because the ice
disappeared once during the Holocene Climatic Optimum, and
thus the present glacier ice comprises ice from the middle to late
Holocene (Reeh et al., 1990, 2002; Young and Briner, 2015). The
Qaanaaq Glacier is also likely comprised of Holocene ice because
it is located in northwest Greenland near the Thule area and is a
part of the Qaanaaq Ice Cap, which may have a shorter retention
time for ice than the main ice sheet. Thus, we assume that the
dust in the dark region of the glacier originates from a colder
glacial periods in the Holocene when more dust settled in the
accumulation zone of the ice sheet, which probably corresponds
to the age of englacial dust in the southwestern Greenland Ice
Sheet (Wientjes et al., 2011). Englacial dust may be derived from
more distant areas than the surrounding moraine, for example,
possibly from the eastern Canada Shield, where the bedrock has
high Sr and low Nd isotope ratios (Wadleigh et al., 1985; Sinko,
1994).

Spatial variations of the isotope ratios in the Kangerlussuaq
area also suggest that the minerals are not derived from a unique
source but likely from some of the englacial dust layers in the
ablation ice. According to the analysis of oxygen isotopes for
the ablation ice of the Greenland Ice Sheet, the ice near the
margin is the Pleistocene ice, while that located on the more
inland side is Holocene ice (e.g., Rech et al., 1987; Wientjes
et al,, 2011). Based on the age of ice in the Kangerlussuaq area,
the minerals at site KA1 may have been deposited during the
Pleistocene, but those at the upper sites KA2-KA5 may have
been deposited during the Holocene. Thus, the distinct isotopic
ratios of the minerals at KA1 with respect to the other sites
indicate that the source of the minerals deposited on the ice sheet
differed between the Pleistocene and Holocene. The mineral
source during the Pleistocene is uncertain, but one of possible
sources is the continental shelf, which would have been exposed
around Greenland during the Pleistocene because sea level was
lower during the Pleistocene glaciation than during the Holocene
(e.g., Lambeck et al., 2014). Thus, minerals from different sources
deposited on the ice sheet during different historical eras may
be responsible for the spatial variation of the isotope ratios in
cryoconite. An understanding of the distribution of mineral dust
in the englacial ice is important for evaluating the formation of
cryoconite and the dark ice surface on the ice sheet.

CONCLUSIONS

Analysis of the Sr and Nd isotopic ratios of the minerals
in cryoconite in northwestern and southwestern Greenland
revealed that the isotopic ratios varied greatly among regions,
among glaciers, and spatially within a glacier. However, the
isotopic ratios were substantially different from those of Asian
and African deserts. This finding suggests that the minerals
on the glaciers are mainly derived from local sources, rather
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than from distant areas. The Sr isotopic ratios were particularly
distinct between northwestern and southwestern Greenland; they
also varied among the glaciers in northwestern Greenland. This
indicates that the source of dust differs among the glaciers and is
probably the limited area around each glacier. Variations in the
isotope ratio of minerals among regions and among glaciers can
be explained by the differing geology at each glacier.

Spatial variations in the isotopic ratios of the minerals on the
Qaanaaq Glacier indicate that the minerals were not derived from
a single source but rather from multiple sources. The isotopic
ratios of minerals in the upper snow area were close to those
of the moraine, whereas those on the ice surface in the middle
parts of the glacier were close to those of the englacial dust. This
suggests that the minerals on the snow are mainly supplied by
wind from the moraine, and those on the ice surface are derived
from englacial dust. A major contributor to the dark ice surface
of the glacier is likely to be outcroppings of mineral-rich layers of
glacier ice.

Spatial variations of the isotopic ratios in southwest Greenland
are probably due to englacial dust layers formed during different
historical eras. Based on the age of ice in this area, the minerals at
the lowest site may have been deposited during the Pleistocene,
while those at the upper sites may have been deposited during
the Holocene. Thus, the distinct isotopic ratios of the minerals
among sites indicate that the source of minerals deposited on the
ice sheet differed between the Pleistocene and Holocene.

Our study demonstrates that the mineral particles in
cryoconites on the glaciers and ice sheet margin in western
Greenland are mainly derived from local sediments, such
as the moraine around each glacier and the englacial dust
deposited historically. Although, further analyses are necessary
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