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Samenvatting

Groenland is voor meer dan 80% bedekt met de op een na grootste ijskap ter wereld.
Alleen de Antarctische is nog groter. Een ijskap ontstaat door de accumulatie van
neerslag, voornamelijk sneeuw, die vervolgens wordt omgezet in ijs. Hij verliest
massa door smelt en door het afkalven van ijsbergen. Wanneer de netto hoeveel-
heid massa verlies gelijk is aan de netto hoeveelheid accumulatie, dan is de ijskap
in evenwicht en zal noch afsmelten noch groeien. Dit komt echter in de praktijk
nooit voor, omdat een ijskap zich zeer langzaam aanpast aan klimaatveranderingen.
Bij stijgende temperaturen zal de neerslag over de ijskap toenemen. De hoeveel-
heid smelt per jaar zal echter ook stijgen en bovendien zullen gletsjers versneld ijs
afvoeren, waardoor er meer afkalving plaatsvindt. Op dit moment lijkt de Groen-
landse ijskap af te smelten, dat wil zeggen dat het totale massaverlies groter is dan
de totale accumulatie. De hoeveelheid smelt van ijs en sneeuw wordt bepaald door
de som van alle fluxen die energie aan het ijsoppervlak leveren of onttrekken, de op-
pervlakte energiebalans. Deze balans bestaat uit de netto kortgolvige straling en de
netto langgolvige straling die door het ijsoppervlak worden geabsorbeerd, alsmede
turbulente warmte uitwisseling tussen het ijsoppervlak en de atmosfeer. De netto
langgolvige straling is de warmtestraling die wordt uitgezonden door de atmosfeer
min de warmtestraling die wordt uitgezonden door de aarde. De netto kortgolvige
straling wordt bepaald door de hoeveelheid zonnestraling die het ijsoppervlak bereikt.
Een deel van deze straling wordt geabsorbeerd en als langgolvige straling weer
uitgestraald, terwijl een deel gereflecteerd wordt door het ijs. Het reflecterend ver-
mogen van een oppervlak wordt albedo genoemd. Dit is dus de verhouding ofwel de
ratio tussen de inkomende en de gereflecteerde straling. Het albedo van sneeuw is erg
hoog, rond de 0.85, doordat sneeuw veel van het zichtbare licht weerkaatst. Hierdoor
wordt sneeuw als wit ervaren. Het albedo van ijs is lager en kan dalen tot minder dan
0.3 wanneer het ijs erg vuil is. Het albedo is dus een belangrijke variabele van de
oppervlakte energiebalans.

Onderzoek in West-Groenland heeft uitgewezen dat albedo-variaties een
belangrijke rol spelen voor de totale massabalans van de Groenlandse ijskap. Reeds
in het begin van de jaren negentig van de vorige eeuw werd op satellietbeelden een
donker gebied in het ijs waargenomen van enkele tientallen kilometers breed en hon-
derden kilometers lang. Dit gebied bevindt zich op enige afstand van de rand van
de ijskap en loopt meer of minder evenwijdig aan deze ijsrand. Het donkere ge-
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bied heeft een lager albedo dan het omringende, helderdere ijs. Een eerste hypothese
voor het ontstaan van dit gebied was, dat het lage albedo zou worden veroorzaakt
door het accumuleren van oppervlakte smeltwater, als gevolg van de lage doorlaat-
baarheid van het koude ijs en de geringe helling van het oppervlak van de ijskap,
waardoor smeltwater slecht kan worden afgevoerd. Echter, uit recenter onderzoek
blijkt dat het donkere gebied een eigenschap van het ijs zelf is. Hoewel de huidige
ligging en het albedo van het donkere gebied kunnen worden bepaald aan de hand
van satellietbeelden, is het ook van belang om de toekomstige ontwikkeling van dit
gebied te begrijpen, om zijn invloed op de massabalans van Groenland te kunnen
voorspellen. Daarvoor is het noodzakelijk om te begrijpen hoe het donkere gebied
tot stand komt. Dit proefschrift behandelt de processen die leiden tot het verlaagde
albedo in het donkere gebied in het westen van de Groenlandse ijskap.

Allereerst wordt in hoofdstuk 2 een schatting gemaakt van de mogelijke hoeveel-
heid extra smelt van de Groenlandse ijskap die veroorzaakt wordt door het donkere
gebied. Hiervoor worden de resultaten van een meerjarige klimaatsimulatie met een
regionaal atmosferisch klimaatmodel van Groenland gebruikt. Met behulp van een
energiebalans model worden twee situaties doorgerekend, een met de daggemiddelde
waardes van het albedo zoals berekend met het klimaatmodel en een waarbij het
albedo in het donkere gebied wordt verlaagd ten opzichte van het albedo uit het
model. De uitkomsten van beide situaties worden met elkaar vergeleken en hieruit
wordt de extra smelt als gevolg van het lagere albedo bepaald. Hieruit blijkt, dat het
lage albedo in het donkere gebied beduidend kan bijdragen aan de totale smelt van
de Groenlandse ijskap.

Om meer inzicht te krijgen in het gedrag van het donkere gebied, zijn satelliet-
beelden geanalyseerd. Dit onderzoek staat beschreven in hoofdstuk 3. Het donkere
gebied verschijnt aan het einde van het voorjaar, zodra de sneeuw gesmolten is en
er dus ijs aan het oppervlak is. Met behulp van tijdseries van de satellietdata wordt
aangetoond, dat het donkere gebied zich tijdens de hele zomer steeds op dezelfde plek
bevindt. Hierdoor kan een zone met smeltende sneeuw en water als enige oorzaak van
het donkere gebied worden uitgesloten, omdat deze zone naar het oosten schuift naar-
mate het smeltseizoen voortschrijdt. Ook wanneer de ligging van het donkere gebied
gedurende verschillende jaren met elkaar wordt vergeleken, blijkt dat het donkere ge-
bied steeds op dezelfde afstand van de ijsrand verschijnt. Recent stof dat met neerslag
meekomt of dat wordt opgewaaid vanuit de toendra is dus ook niet de oorzaak van
het donkere gebied. Dit moderne stof zou immers ook dichter bij de rand te vinden
moeten zijn. Bovendien is de overgang tussen het heldere ijs en het donkere ijs vrij
abrupt en is het erg onwaarschijnlijk dat de wind of neerslag het stof ieder jaar op
precies dezelfde plek deponeren.

Ook het spectrale stralingspatroon van het donkere gebied is onderzocht met be-
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hulp van satellietproducten, dus de straling die het oppervlak uitstraalt of reflecteert
voor verschillende golflengtebanden binnen het elektromagnetisch spectrum. Hieruit
blijkt dat het donkere gebied voornamelijk meer straling absorbeert in het zichtbare
licht dan het omringende helderdere ijs. Dit is typerend voor ijs dat meer stof bevat
dan schoon, helder ijs. Omdat recent stof niet de oorzaak van het lage albedo in het
donkere gebied is, ontstaat het donkere gebied waarschijnlijk door oud stof dat uit de
ijskap zelf komt. Dit kan als volgt worden verklaard. In het accumulatiegebied in
het midden van de ijskap valt netto meer neerslag dan er ijs smelt. Als gevolg van
de zwaartekracht stroomt dit ijs naar de randen van de ijskap, waar in het ablatiege-
bied (smeltgebied) netto meer ijs smelt en afkalft dan er ijs accumuleert. Wanneer
er dus stof in het accumulatiegebied neerslaat, zal dit stof samen met het ijs naar het
ablatiegebied aan de rand van de ijskap worden getransporteerd. Hier smelt het ijs
aan het oppervlak en wordt als smeltwater afgevoerd. Wanneer het stof blijft liggen,
wordt het ijs donkerder en het albedo dus lager. Als gevolg van de ijsdynamica geldt
voor het ablatiegebied, dat hoe dichter het ijs bij de rand is, hoe ouder het ijs is. Het
ijs in het donkere gebied stamt daarom waarschijnlijk uit een periode waarin er veel
stof op de ijskap terecht is gekomen. De scherpe overgang tussen het donkere gebied
en het omringende ijs is dan een isochroon, een lijn van gelijke leeftijd. De aanname
dat het donkere gebied wordt veroorzaakt door stof dat met het ijs mee komt en in het
ablatiegebied uitsmelt, wordt bevestigd door de zichtbare structuur aan het oppervlak
van de ijskap. Satellietbeelden met een hoge ruimtelijke resolutie laten golfachtige
patronen in het ijs van het donkere gebied zien, die typisch zijn voor het uitsmelten
van vervuilde lagen ijs.

Om de herkomst van het stof in het donkere gebied te bepalen, is er stof
gemonsterd op drie locaties in het donkere gebied en ter referentie op drie locaties
in het helderdere ijs dichter bij de rand van de ijskap. Deze zes locaties liggen in
een rechte lijn op verschillende afstanden tot de ijsrand. Het stof is geanalyseerd
met behulp van verschillende geochemische analyses. De resultaten hiervan staan
beschreven in hoofdstuk 4. Het materiaal is met een microscoop bestudeerd en
bestaat uit zowel organisch als mineraal stof. Veel van de sedimentaire korrels in het
materiaal hebben een hoekige vorm en vertonen scherpe randen. Dit is waarschijnlijk
het gevolg van het transport van het stof door de ijskap. Om de samenstelling van
het stof te bepalen, is zowel de concentratie van een groot aantal elementen in het
materiaal gemeten, alsook de mineralogische compositie bepaald. Dit onderzoek
heeft uitgewezen, dat het stof dat uit het donkere gebied komt, grotendeels dezelfde
samenstelling heeft als het stof dat uit het helderdere referentiegebied komt. Ook zijn
de gevonden waarden vergeleken met literatuurwaarden om de mogelijke herkomst
van het stof te bepalen. Een aantal types stof dat op de Groenlandse ijskap wordt
aangetroffen, zoals vulkanisch materiaal, kosmisch stof en woestijnzand, kunnen
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hierdoor worden uitgesloten als bron van het gemonsterde materiaal. Het stof in dit
deel van het ablatiegebied van de Groenlandse ijskap is waarschijnlijk oorspronke-
lijk van de nabije toendra naar het accumulatiegebied in het midden van de ijskap
gewaaid, waarna het met het ijs weer naar de ijsrand is getransporteerd.

Met behulp van een microscoop zijn in het materiaal ook micro-organismen
waargenomen, zoals groenalgen en blauwalgen (cyanobacteriën). Gedeeltelijk
vormen deze cyanobacteriën conglomeraten met mineraaldeeltjes en ander organisch
materiaal. Deze samengestelde organische korrels komen niet alleen voor op Groen-
land, maar worden vaak waargenomen op gletsjers en ijskappen over de hele wereld.
Zij ontstaan door de aanwezigheid van cyanobacteriën, zonlicht, (smelt)water en stof.
De mineralen in het stof leveren nutriënten (voedingstoffen) voor de microorganis-
men. Uit bestudering van het materiaal met behulp van een microscoop is gebleken
dat het materiaal uit het donkere gebied meer, grotere en donkerdere organische kor-
rels bevat dan het referentiemateriaal. Bovendien lijkt de hoeveelheid organismen in
de monsters toe te nemen in verhouding tot de afstand tot de ijsrand waar het mate-
riaal gemonsterd is. Deze waarnemingen zijn in overeenstemming met metingen van
de hoeveelheid totaal organisch koolstof in het materiaal. Uit deze metingen blijkt,
dat het percentage organisch koolstof in het stof toeneemt in verhouding tot de hoogte
en afstand tot de rand van de ijskap. Van de conglomeraten is bekend dat zij een sterk
absorberend vermogen hebben. Dit betekent dat hun aanwezigheid op het ijsopper-
vlak het albedo zal verlagen. Uit de aanwezigheid van deze conglomeraten in het
stof van het donkere gebied blijkt, dat niet alleen stof, maar ook micro-organismen
en biologische processen als gevolg van de aanwezigheid van dit stof, bijdragen aan
het verlaagde albedo in dit gebied. Ook deze resultaten staan omschreven in hoofd-
stuk 4.

Tot slot is er geprobeerd om de leeftijd van het ijs te bepalen en daarmee het
tijdstip waarop het stof op de ijskap is neergeslagen (hoofdstuk 5). Hiervoor zijn
kleine ijskernen uit het donkere en enkele referentie-ijskernen uit het helderdere ijs
dichtbij de rand gebruikt. Voor het dateren is gebruik gemaakt van 14C analyses,
waarbij de ratio tussen het radioactieve isotoop 14C en het stabiele isotoop 12C wordt
vergeleken met de standaard ratio in de atmosfeer, zodat uit het verval van het ra-
dioactieve isotoop de ouderdom van het materiaal bepaald kan worden. De analyses
zijn uitgevoerd op koolstof dat zich in vaste vorm in het ijs bevond. Dichtbij het op-
pervlak van het ijs is veel modern koolstof gevonden, dat waarschijnlijk is ontstaan
door de aawezigheid van micro-organismen. Een andere deel van het onderzochte
materiaal lijkt echter met het ijs omhoog te komen. De concentratie van de vaste
koolstof deeltjes die met het ijs omhoog komen, lijkt significant groter te zijn in het
donkere gebied dan in het referentiegebied. De totale concentraties zijn desondanks
erg laag, waardoor maar een beperkt aantal monsters gedateerd kon worden. De resul-
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taten van deze analyses bevestigen dat het ijs met het opgewaaide stof in het verleden,
maar wel tijdens het Holoceen, op de ijskap terecht is gekomen, in een periode van
meer eolische (wind) activiteit. Dit betekent dat stof uit een periode waarin relatief
veel stof naar het accumulatiegebied van de ijskap is gewaaid, nu zichtbaar wordt in
het ablatiegebied en hier in het donkere gebied het albedo verlaagt en daardoor een
bijdrage levert aan het smelten van de Groenlandse ijskap.
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1
Introduction

1.1 The Greenland ice sheet

Greenland is the largest island in the world, with a surface area of 2.175.600 km2.
An ice sheet up to 3 km thick in the centre covers about 80% of this island. This dy-
namic mass of snow and ice is subject to accumulation (mainly snowfall) and ablation
(mainly melt and calving). Accumulation dominates at higher elevations, where the
snow forms permanent ice. Due to gravity, the ice flows slowly towards the margins
(see Fig. 1.1). At these lower elevations melt and runoff dominate. Where outlet
glaciers flow into the water, icebergs are formed and the ice sheet looses mass by
calving. The total mass balance of the ice sheet is the sum of accumulation, melt and
calving. If the total accumulation equals the total ablation, the ice sheet is in equi-
librium and will neither grow nor decay. In reality this is never the case, because the
flow changes on a much longer time scale than the accumulation and ablation, which
are highly variable on short time scales due to a continuously changing climate.

At this moment the Greenland ice sheet is threatened by global warming. Mostly
due to human activity, the amount of greenhouse gases in the atmosphere is increas-
ing since the Industrial Revolution. As a result, the average surface temperature of
the earth is rising. Due to these rising temperatures, it is expected that melt rates
will increase, outlet glaciers will accelerate leading to more calving, and more pre-
cipitation will fall on the interior of the Greenland ice sheet. Recent studies reveal
that currently the ablation exceeds the accumulation, implying that the Greenland ice
sheet is loosing mass (Fig. 1.2). Figure 1.3 shows the averaged surface mass change
across the Greenland ice sheet for 2003 to 2008.

If the Greenland ice sheet reduces in size, there will be major consequences. The
melt of this ice sheet will not only affect the mean sea surface level, but due to the
large amounts of fresh water that will flow into the oceans, it might affect the ocean
currents and therefore the climate system. Another effect concerns the albedo, the
fraction of incident radiation that is reflected by a surface. Since newly exposed bare
land has a much lower albedo than ice and snow, a smaller ice sheet will lead to higher
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Figure 1.1: A sketch of ice flow and mass balance terms, adapted from Van de Wal (1992).
The total mass budget of the ice sheet is determined by the sum of accumulation due to
precipitation, and ablation due to melt and calving. The equilibrium line defines the height at
which net accumulation equals net ablation.

absorption of solar radiation and therefore to a further increase of temperature. This
is called the ice-albedo-feedback. Apart from these consequences, the disappearance
of the ice sheet will affect both flora and fauna on Greenland. A possible positive
effect is that the vanishing ice sheet will lead to a better access for the mining of oil
and minerals, which are at present covered under the ice.

1.2 Climate changes

The Greenland ice sheet is the remainder from huge ice sheets, that covered large
parts of North America, northern Europe and north-central Siberia in the northern
hemisphere during the last glacial maximum. More than twenty thousand years ago,
the world was cold and dry, windy circumstances prevailed, and large areas in the
northern latitudes were covered with ice, causing a dramatic lowering of sea level of
more than 100 m. A period with such conditions is called a glacial. After this period,
climate started to warm to the present-day interglacial conditions. The cold glacials
are alternating with the relatively short, warm interglacials with a 100-kyr cyclicity
for more than a half million years (see for example Fig. 1.4). Climate conditions on
Earth are forced by continental geometry, greenhouse gas concentrations and solar
radiation. The major variations in incoming solar radiation (or insolation) are caused
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Figure 1.2: A compilation of observations of the mass budget of the Greenland ice sheet,
adapted from Katsman et al. (2011), where references can be found. The boxes represent the
length of the period over which the estimate is made and the uncertainty of the mass balance.
The blue line indicates a sea level change of 0.5 mm per year. Green: Insar measurements of
ice velocity, red: gravitational measurements, black: radar altimetry, grey: glaciological and
remote sensing data combined with energy balance model output (Tedesco et al., 2011). The
blue box is the IPCC estimate based on Z05, K00, V05, R06 and C06.
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Figure 1.3: Averaged surface mass change of the Greenland ice sheet simulated with a re-
gional climate model for the period 2003-2008, from Van den Broeke et al. (2009) (Reprinted
with permission from AAAS). The numbers indicate the integrated surface mass balance
(SMB) and the ice discharge (D) for each area in Gt year−1.
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Figure 1.4: Temperature, CO 2 and dust concentration plotted against age for the Vostok ice
core, Antarctica, showing 4 glacial cycles over the last 400 000 years, data from NOAA after
Petit et al. (1999).

by periodic changes of Earth’s orbital parameters, due to the attraction between celes-
tial bodies (Milankovic theory). Reduced insolation will lead to lower temperatures
causing snow to accumulate as permanent ice on land, whereas increased insolation
will melt snow and ice. However, variations in the radiation forced by astronomical
cycles are too small to account for the large temperature changes. Other processes
and feedback mechanisms, discussed hereafter, must have operated to amplify the
climate change.

Evidence for the sequence of glacials and interglacials is provided by e.g. glacial
deposits, landscape forms, corals and shells, marine and lake sediments and ice cores
(Fig. 1.4). Those deep ice cores are drilled in the centre of an ice sheet, where ice
formed by annual layers of (winter) precipitation. From the ice, important informa-
tion on the past climate can be obtained by stable isotope analyses. The natural ratio
between different stable isotopes of H and O is constant. However, water molecules
containing lighter isotopes evaporate more rapidly and condense less readily than
water molecules containing heavier isotopes. In a warmer climate, water will more
often undergo phase shifts on its way towards the ice sheet, and will therefore become
more depleted in the heavier isotopes. The ratio between the isotopes compared to
the natural ratio therefore serves as a temperature proxy.

Additionally, gas bubbles trapped in the ice can provide information on the com-
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position of the atmosphere in the past. A strong correlation between greenhouse gases
and temperature is observed. Changing greenhouse gas concentrations in the atmo-
sphere will enforce temperature change. For example, at the beginning of a transition
from a glacial to an interglacial, increasing temperatures could release greenhouse
gasses from oceans and continents, therefore increasing their concentrations in the
atmosphere. Greenhouse gases are transparent to solar radiation, but they absorb
(longwave) radiation that is emitted from the Earth surface and trap this energy in the
atmosphere, leading to further global warming. This process is a positive feedback
mechanism.

Another important feedback mechanism in the climate system is the above de-
scribed ice-albedo-feedback. As the albedo for ice and snow is generally high, the
formation of ice and snow covers will lead to a higher reflectivity of solar radiation,
which leads to decreasing temperatures and therefore further growth of the permanent
ice cover, creating large ice sheets.

The albedo of the ice is influenced, among other parameters, by the concentration
of dust on its surface. Ice cores provide also information on the dust concentration
in the ice, revealing that more dust settles on the ice during glacials than during
interglacials. During glacials, cold and dry circumstances prevail and frequent storm
events occur. It is believed that these circumstances cause a dust-loaded atmosphere
and long-range transport of the dust towards the ice sheet.

1.3 Modelling

1.3.1 Mass balance modelling

It is likely that the Greenland ice sheet is still slowly reacting to the last glacial-
interglacial transition. Moreover, present temperature changes lead to further adjust-
ment of the ice sheet. Because the response of the Greenland ice sheet to these cli-
matic variations is complicated, numerical models are useful tools to get insight into
the relation between the mass balance and climate change (e.g. Oerlemans, 1991a).

An important component of the surface mass balance of Greenland is ablation
by means of melt and runoff. For this reason, models of the Greenland ice sheet
should consider the amount of energy available for melt. Degree-day models deter-
mine the ablation as function of the amount of positive daily temperatures. A more
explicit method is based on the surface energy balance. The main components of this
energy balance are the net amounts of shortwave radiation, longwave radiation and
turbulent heat fluxes. The net longwave radiation is the longwave radiation emitted
by the atmosphere that reaches the ice surface minus the longwave radiation that is
emitted by this surface. The turbulent heat fluxes represent the energy transport due
to temperature and humidity differences between the atmosphere and the ice surface.

12
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The net shortwave radiation is the total shortwave radiation that reaches the surface
minus the reflected shortwave radiation, determined by the albedo of this surface.
Therefore, the albedo is an important factor when calculating the energy balance of
the Greenland ice sheet. Fresh snow has a high albedo between 0.8 and 0.95. This
means that it reflects most of the incident shortwave radiation, which causes its white
appearance. The albedo of ice is lower and can reduce to less than 0.3 if the ice is
very dirty. There are many ways to account for the different albedos in the energy bal-
ance. We discuss here some of the most important different types for the Greenland
ice sheet.

1.3.2 Albedo parameterizations

Already in 1985, Ambach (1985) described a relation between net radiation, cloudi-
ness and albedo, used for an energy balance study of the Greenland ice sheet. For
this relation, Ambach (1985) used three different values for the albedo: a dry snow
surface, a melting or old snow surface and an ice surface, respectively. Oerlemans
et al. (1991) developed an albedo parameterization for the Greenland ice sheet based
on the presence of water, impurities and snow on the surface. The presence of liquid
water, dust and soot on the ice lowers the surface albedo. As these factors generally
increase with decreasing height on glaciers and ice sheets, the albedo of ice depends,
among other things, on elevation relative to the equilibrium-line altitude (Oerlemans,
1991b). Because snow has a higher albedo and meltwater a lower albedo than ice, the
presence of snow and meltwater also influence the surface albedo. For these reasons,
the albedo used in the model of Oerlemans et al. (1991) is a function of the surface
height, the accumulation of melt and the presence and depth of snow on the ice. Van
de Wal and Oerlemans (1994) developed an albedo parameterization that accounts
for the different characteristic zones observed in the ablation zone of the Greenland
ice sheet: the dry snow zone, the wet snow zone, the transition zone and the bare
ice zone. The albedo is determined by the fraction of surface that is covered with
water, the snow depth and the time after a snowfall event. A different approach for
the albedo parameterization was described by Greuell and Konzelmann (1994) and
is based on the density of the snowpack and the cloud cover. The albedo of snow
is lower if grain sizes are larger. The snow grains increase in size both with time
and after refreezing of meltwater in the snow. The density of the snow represents
these effects. In addition, the amount of clouds influences the spectrum of incoming
radiation and therefore the overall mean albedo. The albedo parameterization from
Greuell and Konzelmann (1994) is also implemented in the regional atmospheric cli-
mate model RACMO/GR used in this thesis (Ettema et al., 2010). Zuo and Oerlemans
(1996) developed a model that includes the effect of meltwater accumulation on the
ice surface. The albedo in this model is determined by the presence and density of
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snow and slush and the amount of meltwater on the ice. To determine the latter, the
surface slope is taken into account. The authors reveal that the results of this model
agree well with the observed mass balance and albedo pattern on the ablation zone
of the west Greenland ice sheet. Bougamont et al. (2005) used for their surface mass
balance model an exponential relation for the albedo of snow, which combines the
effect of snow temperature and the age of the snow. The albedo of snow can also
expressed as a linear function of snow age (e.g. Mernild et al., 2011). Lefebre et al.
(2003) validated a thermodynamic snow-ice model with snow metamorphism and
albedo parameterizations for the Greenland ice sheet. The albedo model is based on
the snow depth and the amount of surficial meltwater, to account for the different sur-
face types on the ice. The snow albedo is related to the grain sizes of the snow, which
are determined, among other factors, from the liquid water content in the snow.

1.4 Albedo variations on the Greenland ice sheet

1.4.1 Different types of surface ice

The real ice albedo in the ablation zone of the Greenland ice sheet shows complicated
patterns, due to high variability in the presence of clean ice, blue ice, meltwater and
impurities (see Fig. 1.5).

The melting of ice and snow creates both slush and meltwater. If the solid ice
blocks the internal drainage of liquid water, a supraglacial meltwater system devel-
ops, with meltwater ponds, streams and lakes. This surface meltwater can have a
significantly lower albedo than the surrounding ice. Greuell et al. (2002) found that
albedo could even slightly decrease during the day due to the accumulation of melt-
water on the ice surface. However, the total surface covered by meltwater needs to
be considered to allow a proper estimation of the averaged total surface albedo. For
example, Lüthje et al. (2006) found that supraglacial lakes in the ablation zone in
southwest Greenland can enhance surface melting of the ice beneath such lakes by
up to 170%, but as these lakes cover less than 1% of the ablation zone, the total effect
is small.

The precise albedo of a melt lake or pond depends on its depth, the presence of
an ice lid and the amount of sediments or dust on the bottom. Dust on the ice is
transported by meltwater and gathered in small depressions in the snow or ice, where
it forms melt holes. These holes may become part of the supraglacial water system
(Wharton et al., 1985). Through the growth and combination of holes, large ponds
of several metres diameter can develop. Dust on the ice can be found in these melt
holes and ponds or as impurities evenly distributed on the surface (see Fig. 1.6). This
dust can also considerably reduce the albedo.
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1.4. Albedo variations on the Greenland ice sheet

Figure 1.5: Aerial photo from the ablation area of the Greenland ice sheet near Kangerlus-
suaq, showing some meltwater lakes and streams and stratified dark layers outcropping from
the ice. Photo taken by P. Kuipers Munneke on 24 July 2007.

Figure 1.6: Dust on the ice. The scale bar in the lower right corner is around 20 cm. Both
cryoconite holes and evenly distributed impurities (lower left corner) in the ice are visible.
The large hole in the centre is formed by several smaller holes. Photo taken by J. Ettema on
28 August 2007.

15



1. Introduction

1.4.2 Cryoconite

In 1870, the arctic explorer A. E. Nordenskiöld went on an expedition to Green-
land, were he and his group were the ones who discovered the deep water-filled
holes everywhere on the ice, covered with a grey powder on their bottom (Norden-
skiöld, 1872). Nordenskiöld gave this powdery substance the name kryokonite (or
cryoconite) from the greek words kruos (ice) and konis (dust). The melt holes be-
came consequently cryoconite holes, although they were sometimes called dust wells
as well (Gajda, 1958).

Besides the discovery of the grey powder, the companioning botanist observed
that the ice sheet was not deserted, as they expected. Brown polycellular algae to-
gether with some other microscopic organisms were present both on the ice surface
and in the cryoconite. Nordenskiöld called this dark mass containing cryoconite and
microorganisms the most dangerous enemy to the ice sheet, as it absorbs solar radi-
ation, creating deep melt holes and therefore enhancing the melt process (Norden-
skiöld, 1872).

The cryoconite holes were not only found in Greenland, but in the ablation zone
of ice sheets and glaciers around the world, as well as on sea and lake ice. Since
1870, a lot of research has been done on the formation and distribution of the holes.
For example, Gajda (1958) studied their appearance in the Thule area in northwest
Greenland and Gribbon (1979) measured the sizes of more than 150 holes on the
Sermikavsak glacier in west Greenland. In addition the composition of the cryoconite
and its interaction with microorganisms received a lot of attention (e.g. Hodson et al.,
2010a). Energy released from biological activity can contribute to the development
of the holes (Gerdel and Drouet, 1960). Besides, the presence of microorganisms
can significantly reduce the albedo. There are many different kinds of green algae
and cyanobacteria that live on the ice. The last ones often form so-called cryoconite
granules, spherical conglomerations of mineral dust, (decomposed) organic matter
and bacteria. Entangled filamentous cyanobacteria on the outside of these granules
preserve their spherical shape. The composition of these cryoconite granules can
influence the albedo (e.g. Takeuchi, 2002; Hodson et al., 2010a). The amount of
organic matter can change significantly in the ablation zone of the Greenland ice
sheet (e.g. Stibal et al., 2010).

1.4.3 The dark region

The western ablation zone of the Greenland ice sheet is relatively wide and melt in
this region contributes considerably to the total mass balance (Fig. 1.3). However, the
albedo in this region has a high spatial variability, containing dirty ice, blue bands,
meltwater and cryoconite holes (e.g. Reeh et al., 2002). Therefore, it is difficult
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to determine the average albedo of this area. With the advent of satellite images,
this problem could be addressed more easily. Satellite images show the reflected
radiances, from which albedo can be determined (König et al., 2001). In addition,
they can provide insight in the albedo variations. From the observation of satellite
images, it is clear that the ablation zone in West Greenland contains a large dark
region in the ice, first noted by Van de Wal (1992). Radiances in this region where
considerably lower compared to the surrounding surface ice, implying that this region
has a lower albedo than the brighter surrounding ice (see Fig. 1.7). This dark region
has a length of more than 350 kilometres and is several tens of kilometres wide. Its
position is parallel to the margin of the ice sheet, but at some distance from this
margin.

Different studies have been performed since the dark region was first noticed, to
elucidate its origin. The first hypothesis was that the dark region was caused by the
accumulation of meltwater on the ice, due to the low permeability of the cold surface
ice and due to the small surface slope (e.g. Van de Wal and Oerlemans, 1994; Knap
and Oerlemans, 1996; Greuell, 2000). This was confirmed by Zuo and Oerlemans
(1996), who compared a mass balance model that account for meltwater accumula-
tion with three other models for the Greenland ice sheet, revealing that the model
with the meltwater-albedo coupling is the only one that predicts the albedo pattern in
this area well. However, new insights about the shape and location of the dark region
pointed to the fact that the dark region is a property of the ice itself. Besides, the zone
containing meltwater lakes migrates to the east when summer proceeds (Sundal et al.,
2009), whereas the dark region has a fixed position. Hence, meltwater might play a
role in the formation of the dark region, but it is not the only cause for its presence.

The aim of this thesis is to elucidate the mechanisms responsible for the dark
region. Although the present day albedo of the dark region can be measured, it is
important to understand how the dark region will develop, to gain insight in the future
albedo variations in the western ablation zone of the Greenland ice sheet. Unravelling
the underlying processes that causes the dark region is critical to predict its future
influence on the mass balance of the Greenland ice sheet.

1.5 Outline of this thesis

This thesis focuses on the processes that cause the low albedo in the dark region.
We begin with a simple estimation of the importance of the low albedo on the

present mass balance of the Greenland ice sheet in Chapter 2.
To predict what its influence in the future will be, it is important to understand

the causes of the dark region. Therefore, we analysed the dark region with the help
of satellite images. Chapter 3 describes the temporal and spatial behaviour of this
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1. Introduction

Figure 1.7: True colour composition from NASA-MODIS/TERRA, from 26 august 2003,
showing the dark region in the western ablation zone of the Greenland ice sheet. In the upper
left corner and in the lower part, clouds are visible.
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region for different years, studied with satellite images with a high temporal resolu-
tion (MODIS). Additionally, the spectral characteristics of this region are compared
with literature values. Furthermore, the spatial variations within the dark region are
investigated with high-resolution satellite images (ASTER).

There are strong indications that the dark region is caused by dust. Therefore dust
was sampled from different locations inside the dark region as well as from the sur-
rounding brighter reference ice. This dust was analysed with different geochemical
methods. Microorganisms in the material were observed with an optical microscope.
The shape and mineral composition of the grains were investigated and the relative
amount of organic carbon in the material was determined, as well as the concen-
trations of major, minor and trace elements. These results are presented in Chapter
4.

The new hypothesis is that layers of high dust content, outcropping with the ice
in the ablation zone, cause the dark region. Chapter 5 deals with 14C dating of the
material in small ice cores from both the dark region and some reference cores, to
reveal the period in which the dust originally settled on the ice. Based on the half-life
of the radioactive isotope 14C, the age of the material or gas can be determined by the
ratio between this isotope and the stable isotope 12C, compared to the natural ratio
between 14C and 12C. Both the observed carbon concentrations and the age for the
samples are compared with literature values.

Chapter 6 concludes this thesis with a summary of the main results and some
recommendations for future research.
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2
The potential effect of the dark region on the

ablation of the Greenland ice sheet

2.1 Introduction

Global warming can have a significant influence on the mass balance of the Greenland
ice sheet. One of the most important effects is the increased melting in the ablation
zone. To understand the processes that determine the mass balance in the ablation
zone of the Greenland ice sheet, meteorological field campaigns were held in the
melt zone of the Greenland ice sheet. In the early nineties, a long-term study was
performed in the western ablation zone, which is relatively wide. Measurements were
conducted along the K-transect, a series of surface mass balance and weather station
sites perpendicular to the margin near Kangerlussuaq (Oerlemans and Vugts, 1993;
Van de Wal and Russell, 1994). It was found that albedo variations significantly
influence the net solar radiation, which is one of the main contributors to the total
melt energy in this area (Van de Wal and Oerlemans, 1994). The western ablation
zone contains a large dark region, which stretches several hundreds of kilometres
in the north-south direction, at some tens of kilometres distance from the margin
(Fig. 2.1), first observed by Van de Wal (1992). This region has a lower albedo
than the brighter surrounding ice, implying a higher light absorbency and therefore
enhanced melting. Previous research aimed at measuring the albedo variation of this
region and at unravelling the causes for the albedo lowering (Knap and Oerlemans,
1996; Greuell, 2000). Zuo and Oerlemans (1996) developed a model that predicts
the mass balance profile along the K-transect, with an additional meltwater-albedo
coupling to account for the dark region. However, the effect of the dark region on the
mass balance of the Greenland ice sheet has not been qualitatively determined until
present. The purpose of this chapter is to provide an estimate of this effect, using
output of a regional climate model.
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S

J

Figure 2.1: MODIS image from 9 August 2007, band 2 (841-876 nm), showing the dark
region in the western melt zone of the Greenland ice sheet (adapted from Wientjes and Oer-
lemans, 2010). S is Sukkertoppen Iskappe, K is Kangerlussuaq, J is Jakobshavn Isbrae and
the red dots indicate the five locations for which the calculations were made. Latitude N and
longitude W are shown along the axes.
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2.2. Energy balance

2.2 Energy balance

The Greenland ice sheet gains mass by precipitation of rain and snow (accumulation)
and looses mass by calving and melt (ablation). The melt rates of snow and ice
depend on the amount of surface energy available for melting. The total surface
energy balance consists of all fluxes that provide or extract energy to the ice surface.
The main terms of this energy balance are the net shortwave radiation, net longwave
radiation and the turbulent exchange of heat. Therefore, a simple model for the total
surface energy flux Ψ (W/m2) can be described as follows:

Ψ = (1−α)Q+Lnet +Hnet (2.1)

In eq. (2.1), Q is the incoming shortwave radiation (W/m2), α the albedo (-),
Lnet the net longwave radiation (W/m2) defined as the difference between incoming
and outgoing longwave radiation, and Hnet is the turbulent heat flux (W/m2), which
contains a sensible heat and a latent heat component.

Regional climate models were developed to get more insight into the response of
the Greenland ice sheet to increasing temperatures. One of these models is the Re-
gional Atmospheric Climate Model version 2.1 for Greenland (RACMO2/GR). This
model has a high spatial resolution of approximately 11 km. A detailed description
of this model can be found in Ettema et al. (2010). The albedo is determined as
a linear relation with snow density and cloud cover, as formulated by Greuell and
Konzelmann (1994). This parameterization reflects the effect of snow grain sizes and
cloudiness on the surface albedo. An albedo of 0.825 is used for fresh snow, and an
albedo of 0.5 for glacier ice. The albedo has a minimum value of 0.7 for refrozen
water in the snow or firn pack (Ettema et al., 2010). At present, ice albedo variations
like the dark region are not incorporated in this model. We use the output of a run
with this model, which simulated the weather above Greenland from 1 September
1957 to January 2009, to obtain a simple estimate of the potential effect of the dark
region on the energy balance of the Greenland ice sheet, according to equation (2.1).
For the different variables, we used daily averaged values. We define a reference
case, in which we use the albedo field determined by this run, which we compare to
a new case with a low albedo for the dark region. We assume that the surface is snow
free if the albedo is lower than 0.6. Only in this case, we change the value of the
albedo. For the new albedo in the dark region, we choose the value 0.4. This is based
on the averaged value of 0.412, which was found for a site inside the dark region
(Site 6) in the summer seasons of 1990 and 1991 (Oerlemans and Vugts, 1993) and
on the surface albedo of the dark region during the summer season of 1995, a year
with extensive melt (Figure 2 in Greuell, 2000).
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2.3 Results

Figure 2.2a shows the albedo determined by RACMO2/GR and the new albedo used
for estimating the influence of the dark region at location 67.0◦N and 49.3◦W (close
to Site 6), for 2008. The resulting net shortwave radiation for the reference case and
for the case with low albedo are presented in Fig. 2.2b. During the summer season,
when all the snow has melted and the dark region is visible, more light is absorbed,
causing increased net shortwave radiation during this period. The total amount of
energy available for melt is calculated with equation (2.1) for each day. In case of a
negative energy balance, there is no melt. The total surface energy that is effectively
available for surface melt is shown in Fig. 2.2c. Figure 2.3 presents the cumulative
curves for the amount of melted ice in meters water equivalent (m w.e.) for the
period 1999 to 2008. The total amount of melt for this period of 10 years is 14.8
m w.e. for the reference case and 20.7 m w.e. for the case with an albedo of 0.4
for the ice. This means that a lower albedo on this location causes an extra melt of
5.8 m w.e. for a period of 10 years, which is an increase of almost 40%. The same
calculation was performed for 4 other locations in the dark region (see Fig. 2.1), of
which the results are shown in Table 2.1. The amount of extra melt due to the albedo
lowering varies between 30 and 40 %. If we average these values, the extra melt in
the dark region is around 34% or about 0.47 m w.e. per year. The whole dark region
is approximately 30 kilometres wide and 350 kilometres long, a surface of around
10500 km2. In case of an averaged melt of 0.47 m w.e., the total extra melt for the
whole dark region will be 4935 million m3 w.e. year−1, which is equivalent to 4.9 Gt
year−1. Van den Broeke et al. (2009) determined a total mass loss of 166 Gt year−1

for the whole Greenland ice sheet from 2000 to 2008. This value was calculated with
the RACMO2/GR model and validated with satellite gravity observations from the
GRACE satellite. Based on this value, the estimated extra melt induced by the dark
region can cause almost 3% more melt for the entire Greenland ice sheet.

2.4 Conclusions and discussion

A simple estimation of the influence of the albedo lowering in dark region on the melt
rates in this region shows that a low albedo of 0.4 over an area of about 10500 km2 can
cause around 34% more melt. Compared to the total mass balance of the Greenland
ice sheet this is almost 3%. However, one should keep in mind that the value of 0.4 is
only based on measurements at Site 6, whereas the low albedo in the dark region does
not have exactly the same value everywhere. In addition, we based the calculation
of the averaged extra melt caused by the dark region only on 5 locations. Although
the results for these locations show little variations for the different latitudes, there

24



2.4. Conclusions and discussion

a

b

c

Figure 2.2: Albedo and energy fluxes in 2008 for the location 67◦ 22′ N and 49◦ 27′W for the
reference case and for the case with low albedo. Panel (a) shows the albedo, panel (b) the net
shortwave radiation and panel (c) shows the total melt energy.
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Figure 2.3: Cumulative curves for the amount of melt for the location 67◦ 22′ N and 49◦ 27′W
for 1-1-1999 until 31-12-2008, for the reference case and for the case with low albedo.

Table 2.1: The total melt values for the reference case and for the case with low albedo,
calculated for the period 1-1-1999 until 31-12-2008.

Coordinates 67.0◦N 67.0◦N 67.5◦N 68◦N 68.5◦N
49.3◦W 48.9◦W 49◦W 49◦W 49◦W
(Site 6) (Site 8)

Melt (m w.e.) 14.9 15.2 13.7 13.0 13.1
(Reference case)
Melt (m w.e.) 20.7 20.3 18.1 17.1 17.4
(Low albedo case)
Extra melt (m w.e.) 5.8 5.1 4.4 4.1 4.3
Percentage 38.9% 33.6% 32.1% 31.5% 32.8%

is much more variation for the different longitudes (Table 2.1). The locations closer
to the equilibrium line are covered with snow for a longer period, which reduces the
effect of the dark ice. A more extensive calculation, in which the energy balance is
coupled to the albedo pattern in the ablation zone of the Greenland ice sheet derived
from satellite images, will provide a better estimation of the effect of the dark region
on the melt rates.

The value for the new albedo was determined from years in which relatively large
amounts of meltwater were produced. We assume an equal albedo lowering for each
year to calculate the potential effect of the dark region. Greuell (2000) observed that
in some years, like 1992, (Figure 3 in Greuell, 2000) the albedo lowering was less
intensive. Greuell (2000) proposed a relation between albedo lowering and meltwater
production in this area. However, there are strong indications that the dark region is
a property of the ice and not only related to meltwater accumulation. For a better

26



2.4. Conclusions and discussion

understanding of the intensity of the dark region for different years, it is important to
know what causes the albedo lowering.

Albedo variations like the dark region have a significant effect of several per cent
on the melt rates of the Greenland ice sheet. Therefore it seems important to account
for this kind of albedo variations in mass balance models. The present day albedo
in the dark region can be measured and used for model calculations. To predict the
future influence of the dark region on the mass balance of the Greenland ice sheet,
it is important to gain insight into how the dark region will develop. Unravelling the
underlying processes that force the low albedo is necessary to include this kind of
albedo variations in climate models like RACMO2/GR. In the next chapters, we will
analyse and discuss which processes lead to the albedo lowering in the dark region.
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3
An explanation for the dark region

The western part of the Greenland ice sheet contains a region that is darker than the surround-
ing ice. This feature has been analysed with the help of MODIS images. The dark region
appears every year during the summer season and can always be found at the same location,
which makes meltwater unlikely as the only source for the low albedos. Spectral information
indicates that the ice in this region contains more debris than the ice closer to the margin.
ASTER images reveal a wavy pattern in the darker ice. Based on these findings we conclude
that ice, containing dust from older periods, is presently outcropping near the margin, leading
to albedos lower than observed for the remaining ablation area. Therefore it can be concluded
that the accumulation of meltwater is a result rather than a cause of the darkening.

This chapter has been published as: Wientjes, I. G. M. and J. Oerlemans (2010). An explanation for
the dark region in the western melt zone of the Greenland ice sheet. The Cryosphere, 4, doi:10.5194/tc-
4-261-2010.
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3. A dark region in Greenland’s melt zone

3.1 Introduction

When temperatures rise, the Greenland ice sheet will experience enhanced melting
in the ablation zone. Especially in the western part of the Greenland ice sheet, the
ablation zone is very wide, about 100 km at 67◦N. Different studies have been car-
ried out to get more insight into the melting behaviour of this area (e.g. Ambach,
1972; Braithwaite and Olesen, 1993). An extensive meteorological field campaign
along the K-transect, 67◦N, showed that in this part of the ice sheet solar radiation
makes a large contribution to the total melt energy, and that albedo variations play
an important role (Oerlemans and Vugts, 1993; Van de Wal, 1992; Van de Wal and
Oerlemans, 1994). More recently, Van den Broeke et al. (2008a) investigated the
high spatial variability of the surface radiation of this area with the help of automatic
weather stations.

Already in the early nineties it was realized that there is a dark region in the
ablation zone, being potentially important for the melt rates in the area (Van de Wal,
1992). This dark region stretches from 65◦N to 70◦N, at a longitude of around 49◦W
(Fig. 3.1). It is some tens of km wide, see Table 3.1. A dark appearance implies low
radiance. This means that much light is absorbed, involving low spectral albedos and
thus enhanced melting.

The first explanation of the dark region suggests accumulating of meltwater at the
surface. The hypothesis is that the water does not drain subglacially due to the cold
ice, and that it runs off slowly because of relatively small surface slopes (Knap and
Oerlemans, 1996). Greuell (2000) developed this idea further and found a relation-
ship between increased melt and decreasing albedo, confirming this hypothesis. Zuo
and Oerlemans (1996) showed that a model with meltwater-albedo coupling predicts
the albedo pattern and mass-balance profile along the K-transect better than models
without this coupling.

Even though meltwater accumulation could be an explanation for the dark region,
new investigations of recent satellite images indicate that there might be another rea-
son for the darkening, which probably induces the accumulation of meltwater. In this
paper, we examined the dark region with the help of MODIS (Moderate Resolution
Imaging Spectroradiometer) and ASTER (Advanced Spaceborne Thermal Emission
and Reflection Radiometer) satellite images. On the basis of these images we will
show that outcropping of ice containing old dust is a plausible cause of the dark re-
gion. First, we describe the satellite products that we used. From the MODIS images,
time series of the position of the dark region were made and the spectral information
of the images was analyzed. Finally, we discuss the results and look at the region in
more detail with the help of a few ASTER images.
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J

S

Figure 3.1: MODIS image from 9 August 2007, band 2 (841–876 nm), with the appearance of
the dark region indicated with a blue contour. S is Sukkertoppen Iskappe and J is Jakobshavn
Isbrae. The red contour indicates the reference area as described in Sect. 4. (Latitudes and
longitudes along the axes).
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Table 3.1: Characteristics of dark region along different transects.

distance width of
to margin dark region

66◦N ± 10 km ± 20 km
67◦N ± 30 km ± 30 km
68◦N ± 30 km ± 40 km
69◦N ± 30 km ± 35 km

3.2 Satellite images and techniques

The MODIS instrument provides satellite images with a spatial resolution of 250 m
to 1 km and a temporal resolution of 1–2 days. We used Level 1B products, from the
Level 1 and Atmosphere Archive and Distribution System (LAADS). These products
contain sensor- and geometry-corrected data in 36 spectral bands, of which 20 in the
solar spectrum (405–2155 nm). From these products, we studied geolocated radi-
ances. The (almost) cloud-free scenes were selected manually. It became apparent
that for some of the reflective solar bands the ice and snow parts are saturated. The
remaining 11 bands are used for further analysis. Figure 3.1 shows an image of ra-
diances measured in Band 2 (841–876 nm) on 9 August 2007. The dark region is
clearly visible in this satellite image.

To get more insight into the character of the dark region, we used RGB (Red
Green Blue) colour composites. The composites consist of a combination of three
different wavelength bands, where each single band is plotted in another colour
scheme. For example, a true colour composite is obtained, if wavelength Band 1
(620 to 670 nm, partly covering the red light) is assigned to a red colour scheme,
Band 4 (545 to 565 nm, partly covering the green light) to a green colour scheme and
Band 3 (459 to 479 nm, partly covering the blue light) to a blue colour scheme. In
Fig. 3.2a, such a composite is shown for the satellite image of 9 August 2007. For
image enhancement, a linear contrast stretch is applied to each colour plane of this
image. This means that a transformation is performed, whereby the range of inten-
sity values of each colour plane is linearly expanded to make full use of the complete
range of available intensity values. Also, to make the dark region stand out even more
clearly, a decorrelation stretch is made. This is a method that maximizes the differ-
ence between the colour planes by decorrelating their colour values. The result of this
stretch is shown in Fig. 3.2b. Note that these colour composites have no quantitative
meaning, but are only designed for qualitative visual interpretation.

In addition to the Level 1B product, we used a daily surface reflectance
product, MOD09GA, from the Land Processes Distributed Active Archive Center
(LP DAAC), which had been computed from the MODIS Level 1B product. A cor-

32
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Figure 3.2: True colour composites of the MODIS image from 9 August 2007: (a) with linear
stretch; (b) with decorrelation stretch.

rection had been made for the effects of atmospheric gases and aerosols. Again,
images with little or no clouds were chosen visually. This MODIS product contains
only reflectance values for 7 different wavelength bands; therefore we used it only
for the comparison with values from literature.

Finally, we used ASTER images to obtain more information about spatial de-
tails. One image from 2 August 2004 is from the LPDAAC, the others are from the
ASTER Ground Data System (GDS) from the Earth Remote Sensing Data Analy-
sis Center (ERSDAC). ASTER delivers sensor-registered radiances in 14 different
spectral wavelength bands with a resolution varying between 15 to 90 m. The instru-
ment operated only on request, and ASTER images cover a much smaller spatial area
than the MODIS images, so there are only a few images that contain a part of the
dark region and are (almost) cloud free. After projection to the Geographic Coordi-
nate System, the latitudes and longitudes of the ASTER image from 2 August 2004
clearly differs from the MODIS image. Therefore, we chose recognizable points vis-
ible in both images, and used their MODIS coordinates to define the latitudes and
longitudes of the ASTER image ourselves. As a result, the latitudes and longitudes
from the MODIS and ASTER images from 2 August 2004 used in this paper coincide
with each other. The other ASTER images are projected on the UTM system.
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3. A dark region in Greenland’s melt zone

3.3 Time series

For a better understanding of the temporal behaviour of the dark region, we con-
structed time series from the MODIS data. For this purpose, the radiances between
67.75◦N to 68◦N were averaged, along a transect from 50◦W to 48◦W. For different
days during the summer season of 2007, the profiles of Band 2 (841–876 nm) that
were generated in this way, are presented in Fig. 3.3. The dark region developed
between 49.5◦W to 49◦W. Note that due to the averaging the transition between the
bright and the dark ice looks less sharp. On 25 June the snow was still melting, cre-
ating a zone with dark water patches surrounded by brighter snow, which makes the
whole profile more irregular. On 27 August the radiance profile was a bit lower along
most parts of the transect, both along the tundra as well as along the ice. As the
images are taken about the same time and the satellite positions varied between all
these images in the same order, it is not quite clear what caused this lowering. There
was possibly a high aerosol content of atmosphere on that day. However, the overall
feature remains the same, with a darkening between 49.5◦W to 49◦W.

Figure 3.4 shows the same kind of profiles (again from Band 2) for different years.
For each year, a day in the summer season has been chosen in late July/early August.
Note that varying cloud conditions made it impossible to use the same dates for every
year. Again, the dark region showed up between 49.5◦W to 49◦W for the different
years, although the lowering of the radiance varied from year to year, especially for
the years 2001 and 2004, where no clear minimum can be observed. This is most
probably due to different amounts of melt in different years. In 2001 and 2004 the
melt rate on the Greenland ice sheet was much lower than in 2002 and 2003 (Box
et al., 2006), confirming our findings.

3.4 Spectral information

To get more insight into the spectral signature of the dark region, radiances for dif-
ferent bands were calculated. These radiances were averaged for the area of the dark
region, marked with a blue contour in Fig. 3.1. These averaged values were calcu-
lated for each possible wavelength band. We chose a reference area of brighter ice,
closer to the margin, namely between 67.5◦ to 67.75◦N and 49.5◦ to 49.75◦W, indi-
cated in Fig. 3.1 with a red contour. For this reference area the radiances were also
averaged. In Fig. 3.5, the results for the reference and the dark region are plotted
against the median wavelength of each band for 9 August 2007. For other days the
results were quite similar. In the visible part of the spectrum, the dark region clearly
has much lower radiances than the reference area, which results in a darker appear-
ance. At wavelengths larger than 800 nm, however, the difference between the values
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3.4. Spectral information

Figure 3.3: Radiance profiles for different days in 2007, averaged between 67.75◦ N to 68◦ N,
from MODIS images.

Figure 3.4: Radiance profiles for different years, averaged between 67.75◦ N to 68◦ N, from
MODIS images.
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of the dark region and the reference area become much smaller and for wavelengths
larger than 900 nm the values for both areas are the same.

In the literature, reflectance curves for different types of ice are often shown
instead of radiance curves; therefore, the surface reflectance product of MODIS was
also considered. Although this product contains only useful information for a smaller
number of bands, it still provides a good indication of the spectral signature. For the
reflectance data, we made the same kind of figure as for the radiances. This time, we
averaged over an area inside the dark region, from 67.5◦ to 68.25◦N and 48.75◦ to
49.25◦W, because the reflectance images do not cover the whole dark region as out-
lined in Fig. 3.1. We averaged the reflectance values for the same reference area and
presented these values together with the values from the dark region against the me-
dian wavelength of each band. In Fig. 3.6 this is shown for 9 August 2007. Again, the
major difference is observed in the visible part of the spectrum and becomes smaller
with increasing wavelength.

3.5 Discussion of MODIS images

From Sect. 3.3 we can conclude that the appearance of the dark region follows the
same cycle every year. It becomes visible in the early summer season when snow
begins to melt, but it remains at the same position during the whole summer and
does not become wider even when melting proceeds. Greuell and Knap (2000) de-
termined positions of the slush line, defined as the boundary between the uniformly
snow covered area and the area covered with patches of snow, slush and ice. How-
ever, they found the positions for the slush line migrating to the east when summer
passes, whereas we found that the dark region remains on the same location during
the whole summer season. For at least one year with much melt, 1995, the slush line
migrates to the east, outside of the dark region. This behaviour implies that the dark
region can not simply be coupled to a slush or meltwater zone, but that it reflects a
property of the ice. In addition, the slope and elevation seem to change only grad-
ually in this area (Fig. 3.7), whereas the western transition between the dark region
and the brighter ice is quite abrupt, as can be seen from Fig. 3.1. Therefore meltwater
seems to be a result of the darkening, rather than the only cause.

The spectral signature of the dark region (Sect. 3.4) shows a pattern of lower re-
flectance (radiance) in the visible part of the spectrum and less or no difference in the
infrared part, when it is compared to the reflectance (radiance) of the reference ice.
Zeng et al. (1984) found the same kind of pattern for the reflectance of dirty ice com-
pared to that of clean ice. These measurements are also shown in Fig. 3.6. Takeuchi
et al. (2001) reported a lowering of the spectral albedo of ice with cryoconite com-
pared to clean bare ice for wavelengths up to 950 nm, where the lowering already
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Figure 3.5: Radiances for the dark region and for reference ice, as a function of wavelength,
for 9 August 2007.

Figure 3.6: Reflectances for a part of the dark region and for reference ice, as a function
of wavelength, for 9 August 2007. Lines are measured reflectances for glacier ice and dirty
honeycomb glacier ice by Zeng et al. (1984).
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3. A dark region in Greenland’s melt zone

Figure 3.7: Elevation profile along 67◦ N. The vertical black lines and arrow indicate the
position of the dark region. The margin of the ice is at 50◦W. The elevation data is from
Bamber et al. (2001).

becomes smaller around 700 nm. Both these reflectance curves have more or less the
same shape as our reflectance pattern, suggesting that debris in the ice is a possible
cause for the darkening. The true colour plot in Fig. 3.2a confirms this hypothesis.
The brownish black appearance of the dark region is typical for debris.

Although a part of this material could be organic that formed in situ, there are in
principle two possibilities how the debris could have reached the dark region. First,
it could come from outside the ice sheet, by precipitation or more probably as wind-
blown material from the tundra area. However, this seems unlikely, because wind
and weather conditions vary from year to year, in contrast to the dark region. More-
over, the dark region becomes visible at some distance from the margin (Table 3.1),
whereas wind-blown dust would also settle closer to the margin. Although a coun-
terargument is that due to lower elevations and steeper slopes, dust is washed away
more efficiently nearer to the margin by meltwater runoff, this does not explain why
the eastern edge of the dark region is at the same position every year and why there is
a sharp transition towards the brighter ice on the west side. Therefore, it is unlikely
that dry or wet deposition causes the dark region.

The second possible cause for the debris in the dark region is old dust which
settles on the higher parts of the ice sheet, travels through the ice sheet and crops
out again in the ablation zone. During colder periods, more dust is deposited on the
Greenland ice sheet (e.g. Ruth et al., 2003), because of dryer and windier circum-
stances. Also after a volcanic eruption dust could settle on the ice sheet. Due to the
typical flow pattern in an ice sheet, this dust will be transported to the melting zone.
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Figure 3.8: ASTER and MODIS images of 2 August 2004. Panel (a) shows a part of the
MODIS image of 2 August 2004 with the black contour indicating the area of the ASTER
image. Panel (b) shows the complete ASTER image and panel (c) the inset of panel (b),
showing the transition from the brighter ice to the darker ice. The scale bar in the lower right
corner of panel (c) is approximately 1 km.

The ice surface in the ablation zone can be seen as a horizontal representation of a
vertical ice core (Reeh et al., 1987). The closer to the margin, the older the ice is.
The ice in the dark region may thus originate from a time period when more dust was
deposited on the ice sheet. This would explain the appearance of an abrupt transition
and the discontinuity in dust content, which then represents an isochrone. Bøggild
et al. (1996) found that in Kronprins Christian Land in north-eastern Greenland, ice
of Wisconsin origin is significantly darker than ice of Holocene origin, due to the
increased dust content of the ice. Reeh et al. (2002) and Petrenko et al. (2005) also
found bands of darker and dustier ice near the western margin of the Greenland ice
sheet, which originates from a colder glacial period. However, they found the transi-
tion between ice from Pleistocene and younger ice at some hundreds of metres from
the margin (about 400 m at Isunguata Sermia, Reeh et al., 2002 and about 600 m at
Pakitsoq, Petrenko et al., 2005), whereas our dark region is much wider and lies in
the order of tens of kilometres away from the margin at these sites. Hence, our dark
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3. A dark region in Greenland’s melt zone

region probably originates from a dustier period within the Holocene.
South of 66◦ and north of 69◦N the dark region almost reaches the margin, fol-

lowing the isochrone. Especially near Jakobshavn Isbrae this is striking. Because
Jakobshavn Isbrae is a fast moving outlet glacier, the flow of the darker ice close to
this glacier will accelerate towards it. The fact that the dark region is influenced by
the increased flow rates near Jakobshavn Isbrae is another argument that the dark re-
gion is a property of the ice and not caused by meltwater or by dust from outside the
ice sheet.

3.6 Discussion of ASTER images

For a more detailed look on the dark region, we have also investigated ASTER satel-
lite images, because they have a much higher spatial resolution. Figure 3.8 shows
a part of the dark region in wavelength Band 2 (630–690 nm) from an ASTER im-
age acquired on 2 August 2004. A part of the MODIS image (Band 1, 620–670 nm)
taken on the same day is also shown. The ASTER image clearly shows that the dark
region contains a wavy pattern. Such patterns are typical for the outcropping of tilted
stratified ice layers. In ice cores from the accumulation zone of the Greenland ice
sheet, layers containing higher dust concentrations have been found (Fuhrer et al.,
1999). This dust has settled on the ice sheet during colder periods, because of dryer
and windier circumstances. Also dust from volcanic eruptions can be found in lay-
ers in the deep ice cores from central Greenland (Mortensen et al., 2005; Clausen
et al., 1997). Due to the flow pattern in an ice sheet, the ice, including the layers with
higher dust concentrations, will flow through the ice sheet towards the margin and
after some time melt out in the ablation zone. Because of the flow and because the
ablation rate is not constant in space, these layers will outcrop in a wavy pattern, just
as the pattern observed on the ASTER image. However, this pattern is less clear in
the ice close to the dark region and most of the brighter ice shows no waves at all.
Therefore, the surface morphology of the dark region supports the assumption that
ice containing more material from dustier periods surfaces in this region, causing the
dark appearance.

We compared the ASTER images of 2 August 2004 with three ASTER images
containing other parts of the dark region and one image of almost the same location,
but in a year when the dark region was more developed. The wavy pattern can be seen
everywhere on the dark region above 68◦N, around 67,5◦N (Fig. 3.8) and beneath
67◦N. The brighter ice on these images has less clear and less abundant waves and
on most sides no waves at all. An exception of several parallel waves on the dark ice
can be found on the area near Jakobshavn Isbrae, where only one single wave can be
seen, which forms the border between the darker and brighter ice, see Fig. 3.9. Near
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Figure 3.9: ASTER image of 11 August 2008. The outlet glacier in the bottom of the image
is Jakobshavn Isbrae.

Figure 3.10: ASTER image of 21 July 2002. In the left corner is a part of the glacier Inugpait
Qûat, around 67.5◦ N.
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Jakobshavn Isbrae, the ice accelerates towards this outlet glacier. Therefore the waves
should be more closely spaced, given this area an appearance of evenly distributed
dark ice, with only a sharp transition towards the brighter ice.

The dark region in Fig. 3.9 seems to be much darker than in Fig. 3.8. This is due
to the fact that the ASTER image near Jakobshavn Isbrae is taken on 11 August 2008,
a year where the dark region was better developed than in 2004. These differences
become also apparent when we compare two ASTER images of the same area for
two different years. Figure 3.10 shows an ASTER image from 21 July 2002, a year
with extensive melt, on almost the same locations as the ASTER image from 2 Au-
gust 2004. The wavy patterns in this figure are much darker, compared to Fig. 3.8.
From the MODIS time series (Fig. 3.4) we know that the dark region was better de-
veloped in this year than in 2004, a year with less melt. Therefore, our findings from
the ASTER images are in good agreement with the MODIS time series. They con-
firm that there is a dark region, even when it is not clearly seen on a MODIS image
and that this dark region is caused by outcropping dust layers.

3.7 Conclusions and discussion

Time series reveal that the dark region in the western ablation zone of the Green-
land ice sheet appears every year during the summer season and can always be found
on the same location. For this reason, accumulation of meltwater seems unlikely to
be the only cause for the darkening. Spectral information shows that the darken-
ing of the surface is strongest in the visible part of the solar spectrum, when it is
compared to the surrounding brighter ice. The differences become smaller with in-
creasing wavelength, till no differences remain in the infrared zone. We conclude that
the dark region has a spectral characteristic that is significantly different from that of
the brighter ice closer to the ice sheet margin, and that is typical for ice containing
dust.

It is unlikely that dry or wet deposition is the origin of this dust, because the dark
region appears on the same location every year, at some distance from the margin.
The assumption that the dust is washed away closer to the margin due to more melt
seems also unlikely, because of the sharp transition between the bright ice and the
western edge of the dark region and also because the dark region seems to be fixed
in the east as well. Detailed ASTER images show a wavy pattern on the ice of the
dark region, with more abundant waves compared to the brighter ice. These patterns
are typical for outcropping tilted layers of ice. Therefore, we conclude that the dark-
ening is caused by outcropping ice layers that contain a relatively large amount of
dust. Varying amounts of dust adds to the memory of the ice sheet, implying that
outcropping of this dust can enhance the melting of the Greenland ice sheet without
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external forcing. For this reason, it is important to understand more about the origin
of the dust. This can be achieved by determining the composition of the dust or by
dating the dust. Also the modelling of dust trajectories in an ice sheet will add to
the understanding how dust could reach the ablation zone. When we know where the
dust originates from, we may predict how it will behave in the future and how it will
affect the mass balance of this part of the Greenland ice sheet.

When dust is released during the melting process it accumulates at the surface.
This will increase the melt rate of the ice and subsequently the amount of meltwater.
Due to more meltwater, the albedo will become even lower. This positive feedback
mechanism increases the effect of dust layers on the mass balance. However, when
more dust becomes available through melting, it will accumulate at the surface and
then melt into the ice, forming cryoconite holes. When the dust is distributed in
single holes, the effect on the albedo may become less than when it is evenly spread
out on the ice surface. This was concluded by Bøggild et al. (2010), who investigated
dust and cryoconite holes and measured the spectral albedo of different ice types
in northeast Greenland. This area shows also a dark zone, caused by wind blown
sediment from the tundra area as well as old dust that melts out in this ablation zone.
The formation of cryoconite holes effect the ablation rates in this area (Bøggild et al.,
2010). However, the processes of meltwater accumulation and dust distribution are
not yet completely understood. Therefore, investigation of the influence of dust on
the albedo in the western melt zone of the Greenland ice sheet is required.
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4
Dust from the dark region

A dark region tens of kilometres wide is located in the western ablation zone of the Greenland
ice sheet. The dark appearance is caused by higher amounts of dust relative to the brighter
surroundings. This dust has either been deposited recently or was brought to the surface by
melting of outcropping ice. Because the resulting lower albedos may have a significant ef-
fect on melt rates, we analysed surface dust on the ice, also called cryoconite, from locations
in the dark region as well as locations from the brighter surrounding reference ice with mi-
croscopic and geochemical techniques to unravel its composition and origin. We find that
(part of) the material is derived from the outcropping ice, and that there is little difference
between dust from the dark region and from the reference ice. The dust from the dark region
seems enriched in trace and minor elements that are mainly present in the current atmosphere
because of anthropogenic activity. This enrichment is probably caused by higher precipi-
tation and lower melt rates in the dark region relative to the ice marginal zone. The rare
earth elemental ratios of the investigated material are approximately the same for all sites
and resemble Earth’s average crust composition. Therefore, the cryoconite probably does not
contain volcanic material. The mineralogical composition of the dust excludes Asian deserts,
which are often found as provenance for glacial dust in ice cores, as source regions. Conse-
quently, the outcropping dust likely has a more local origin. Finally, we find cyanobacteria
and algae in the cryoconite. Total Organic Carbon accounts for up to 5 weight per cent of
the cryoconite from the dark region, whereas dust samples from the reference ice contain
only 1 % or less. This organic material is likely formed in situ. Because of their high light
absorbency, cyanobacteria and the organic material they produce contribute significantly to
the low albedo of the dark region.

This chapter has been published as: Wientjes, I.G.M., R.S.W. van de Wal, G.J. Reichart, A.Sluijs
and J. Oerlemans (2011). Dust from the dark region in the western ablation zone of the Greenland ice
sheet. The Cryosphere, 5, doi:10.5194/tc-5-589-2011.
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4.1 Introduction

The western ablation zone of the Greenland ice sheet contains a region that appears
darker (in visible band satellite imagery) than the surrounding ice (Fig. 4.1). This
dark region is situated tens of kilometres from the margin and stretches from 65◦N to
70◦N. The dark appearance implies a lower albedo and therefore an enhanced melt
rate. Oerlemans and Vugts (1993) show that for the summer seasons of 1990 and
1991, the averaged albedo for a site in the dark region (S6) was around 0.41, whereas
the averaged albedo for a site in the brighter ice region (S5) was around 0.53. For
recent years, the averaged summer albedo at S6 was mostly around 10 % lower than
at S5 (unpublished data). Unravelling the underlying processes that account for the
low albedo is critical to determine the existence of this region. More knowledge about
these causes will help to predict how this region will develop in the future, and how
it will affect the mass balance of the Greenland ice sheet.

Accumulation of meltwater at the surface could cause the observed dark region,
since water might drain slowly due to the cold ice and the small surface slope (Van
de Wal and Oerlemans, 1994; Knap and Oerlemans, 1996; Greuell, 2000). However,
Wientjes and Oerlemans (2010) investigated the spectral signature of the dark region,
showing a pattern of lower reflectance in the visible light part of the spectrum typ-
ical for ice containing more dust, than the surrounding brighter ice. This dust can
have two main sources; recent enhanced deposition of dust or accumulation through
melting of outcropping ice that contains old dust layers (see Fig. 4.2). Because the
dark region appears every year during the summer season, fixed at the same position
at some distance from the margin, the dust is unlikely to be derived only from re-
cent dry or wet deposition. In addition, satellite images reveal a wavy pattern in the
dark ice, which is typical for the outcropping of tilted, stratified ice layers (Fig. 4.3).
Therefore, the dust was probably initially deposited higher on the ice sheet, trans-
ported through the ice sheet towards the margin and released in the ablation zone
(Wientjes and Oerlemans, 2010).

In case of an undisturbed stratigraphy, a horizontal surface ice profile in the ab-
lation zone, perpendicular to the margin of the ice sheet, represents a time line; the
closer to the margin, the older the ice (e.g. Reeh et al., 1987). Dust causing the dark
region may thus originate from a period when more dust settled in the accumulation
zone of the ice sheet. It might have been deposited during cold periods, due to dry
and windy conditions (e.g. Fuhrer et al., 1999; Ruth et al., 2003). Alternatively, the
dust could be volcanic material that was deposited on the ice (e.g. Clausen et al.,
1997; Mortensen et al., 2005). Because the dark region is situated several kilome-
ters to tens of kilometers from the margin, we assume that it will contain Holocene
ice. This is in agreement with observations near Jakobshavn in the Pakitsoq area
(Reeh et al., 2002; Petrenko et al., 2005), showing the transition between Holocene
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Figure 4.1: MODIS image form 9 August 2007, band 2 (841–876 nm), showing the dark
region in the ablation zone of West Greenland, adapted from Wientjes and Oerlemans (2010).
S is Sukkertoppen Iskappe, J is Jakobshavn Isbrae, I is Inugpait Qûat, and R is Russell glacier,
the starting point of the K-transect (dashed line). Latitudes and longitudes are shown along
the axes.
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Figure 4.2: Schematic overview of possible mechanisms for dust to reach the dark region.
Both red lines indicate recent wind-blown material from the tundra and dry or wet deposi-
tion, whereas blue lines indicate the outcropping of the dust after settling higher on the ice
sheet in the accumulation zone and travelling through the ice sheet. Dust following the blue
trajectories has a certain age depending on the flow characteristics of the ice. ELA indicates
the position of the Equilibrium Line Altitude, and the black line indicates the position of the
dark region.

and Pleistocene ice at some hundreds of meters from the margin. In this area bands
of dark ice, containing dust from colder glacial periods, were observed (Reeh et al.,
2002; Petrenko et al., 2005). In north east Greenland, a brown band close to the mar-
gin was found to contain outcropping dust from intercontinental transport during the
Pleistocene (Bøggild et al., 1996, 2010). Another dark zone in this ablation area is
caused by local dust from outcropping ice, that originally was deposited high on the
ice sheet (Bøggild et al., 2010).

Dust on the ice is often called cryoconite, as suggested by Nordenskiöld (1872).
When this dust accumulates on the ice surface, it absorbs sunlight and often melts in
the ice forming cryoconite holes. These holes deepen until the melt rate at the bottom
of these holes equals the ablation rate at the ice surface (Gribbon, 1979). They are
typically a few centimetres in diameter, and several centimetres to decimetres deep,
water filled and with the cryoconite lying on the bottom (e.g. Gajda, 1958). Because
the cryoconite holes contain sunlight and water, which in turn contains nutrients re-
leased from the dust minerals, they form an ideal habitat for microorganisms (Whar-
ton et al., 1985). Cryoconite can significantly lower the albedo of the ice surface in
the visible part of the spectrum (Takeuchi et al., 2001; Takeuchi, 2009; Bøggild et al.,
2010). The locally formed organic matter of the cryoconite is one of the main factors
for this albedo lowering. Takeuchi (2002) found that the amount of dark coloured or-
ganic substances, possibly the residue of bacterial decomposition of organic matter,
determines the optical characteristics of the cryoconite. In addition, the aggregation
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Figure 4.3: (a) Aster image from 21 July 2002, adapted from Wientjes and Oerlemans (2010)
(©METI and NASA, 2002). The glacier in the left corner is Inugpait Qûat (see Fig. 4.1).
(b) Inset of panel (a). The scale bar is approximately 3 km. Panel (b) clearly shows a wavy
pattern indicating outcropping stratified ice layers.

of dark particles and organic debris by extracellular polymeric substances affects the
light absorbency of the cryoconite (Hodson et al., 2010a). Uetake et al. (2010) found
that a higher biovolume and differences in species composition account for the darker
surface of Russell glacier compared to the Qaanaaq Glacier, both in West Greenland.
They found higher amounts of inorganic matter as one of the reasons for the higher
biovolume.

To elucidate the origin and characteristics of the surface dust in the dark region,
cryoconite from the dark ice as well as from the brighter ice was collected and anal-
ysed. We sampled at various locations along the K-transect, a series of surface mass
balance and weather station sites in western Greenland (Van de Wal et al., 2005). The
sites are situated on a line perpendicular to the ice sheet margin around 67◦N, and
cover both the dark region (S6, S7 and S8), and the bright ice closer to the margin (S4,
SHR and S5), see Fig. 4.4. In this study, we analysed the shapes and the mineralog-
ical composition of the collected grains and their elemental composition (Sect. 4.3),
and the morphology and amount of microorganisms in the cryoconite (Sect. 4.4).
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Figure 4.4: The K-transect in West Greenland at 67◦ N, adapted from Van de Wal et al. (2008).
The background is a true colour composition of NASAModis/Terra from 26 August 2003. K
is Kangerlussuaq and 4, 5, SHR, 6, 7 and 8 are surface mass balance sites. The dashed line
indicates the western border of the dark region. ELA is the Equilibrium Line Altitude. Sites
4, 5 and SHR are in the brighter reference ice whereas Site 6, 7 and 8 are located in the dark
region.

4.2 Material and methods

4.2.1 Samples

Cryoconite was collected from six sites along the K-transect (Table 4.1) on 2 and
3 September 2009. The number of samples was restricted by logistical constraints
and surface conditions like snow or frozen holes. Table 4.1 shows the number of
samples collected. At S7 and S8 we only managed to take small sized samples and
samples from S8 did not yield enough material for the full suite of analyses. All the
samples were kept under cool and completely dark circumstances, but where not kept
frozen. To check whether preservation significantly affects our results, we analysed
the cyanobacteria and algae from a small ice core that was taken at S7 during the
same field campaign and which has been kept in a frozen state since drilling. Opti-
cally, no significant differences were observed between the ice core organic matter
and the samples described in this paper (see Fig. 4.5c and 4.5d). At some locations
the cryoconite holes were deeper than expected; at S6 they were even about 50 cm
deep. Although the holes were variable in depth among the locations, they had simi-
lar depths at individual sites, consistent with previous findings (e.g. Gribbon, 1979).
Beside the cryoconite holes, part of the ice surface was covered with a uniform dis-
tributed dust layer. At S4, S5 and S6 large patches or streams of dust were present on
the surface (Fig. 4.6). Part of these patches consist of clods of debris on the surface.
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Table 4.1: Characteristics of sample locations (distances and heights are from Van de Wal
et al., 2005, Table 1).

Site 4 Site 5 SHR Site 6 Site 7 Site 8
Latitude (N) 67◦05′45′′ 67◦05′59′′ 67◦05′44′′ 67◦04′39′′ 66◦59′31′′ 67◦00′16′′

Longitude (W) 50◦11′08′′ 50◦07′12′′ 49◦56′07′′ 49◦23′17′′ 49◦08′19′′ 48◦52′02′′

Height (m a.s.l.) 390 490 710 1020 1110 1260
Distance from
margin (km) 3 6 14 37 52 63
Distance from
equilibrium line (km) 88 85 77 54 39 28
Number of samples 6 7 1 6 4 –

Reasons why this accumulated dust did not melt in the ice could only be speculative.
Probably the time of its presence on the ice surface was too short to form cryoconite
holes and the locations on the foot of small hummocks prevent solar radiation to reach
it. We collected dust from the holes as well as from these dust patches and streams.
In between sampling, tools were rinsed with distilled water to prevent cross contami-
nation among the samples. Analyses revealed no significant differences between dust
from surface patches and streams, or dust from cryoconite holes.

4.2.2 Geochemical analyses and microscopy

The cryoconite was studied using both an optical microscope and a scanning electron
microscope (SEM, XL30FEG, FEI). Together with SEM, Energy-Dispersive X-ray
spectroscopy (EDX) was performed to qualitatively determine the bulk mineralogical
composition of individual grains. For these measurements, material was mounted
on a stub, dried and coated with carbon. The bulk mineralogical composition of
the whole samples was qualitatively analysed by X-Ray Diffraction (XRD), using
a powder diffractometer (AXS D8 Advance, Bruker) with Co-Kα radiation. The
samples were powdered in advance. The different minerals were identified based on
their spectral characteristics.

Total Organic Carbon (TOC) and Nitrogen (N) concentrations were measured
using an Elemental Analyser (NA 1500 NCS, Fisons). The material was decalcified
prior to analyses by repeated rinsing with 1 M HCl (4 h, 12 h) followed by washing
with demineralized water. Concentrations measured on the decalcified residue were
back corrected to their original values using the determined weight loss during de-
calcification. Because samples from S7 were too small for this procedure, they were
decalcified by acidification with 25 % HCl in situ within silver sample cups as de-
scribed in Nieuwenhuize et al. (1994). Only 3 out of 4 samples from S7 could be
analysed. Based on duplicate analyses and including in-house standards the relative
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4. Dust from the dark region

Figure 4.5: Microorganisms in the cryoconite. (a) Small Cryoconite granule from S5. (b) Fil-
amentous cyanobacteria from S7. (c) Cryoconite granule with brown cyanobacteria from S7.
(d) Cryoconite with cyanobacteria from small ice core from S7. (e) Cryoconite granule with
large black cyanobacteria from S6. (f) Green alga.
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4.3. Grain shape and composition

standard deviations for TOC and N were both better than 2 % of the recorded weight
percentage of TOC.

Total dust samples were dissolved in an acid mixture of 2.5 ml mix acid
(HClO4:HNO3 = 3:2) and 2.5 ml HF, and subsequently evaporated until gel was
formed before being taken up again in 25 ml 4.5 % HNO3 suprapur acid. Major
elements were quantified using Inductively Coupled Plasma Atomic Emission Spec-
troscopy (ICP-AES, Spectro CIROS), minor and trace elements using Inductively
Coupled Plasma Mass Spectroscopy (ICP-MS, X-Series II, Thermo Scientific). The
elemental concentrations were calibrated against standard solutions. Duplicates were
used to calculate relative standard deviations. The precision for all elements shown
in this paper is better than 2.5 % relatively, with the exception of Antimony, Arsenic
and Mercury, which have a precision of 7.8 %, 8.7 % and 12.7 %, respectively.

The samples from S6 and S7 contain less inorganic material, because they were
diluted by higher amounts of organic matter, as we will explain in Sect. 4.4. To over-
come misinterpretation of the elemental composition, we corrected for the amount
of organic matter in the samples. We have measured the TOC and N concentrations
of the samples and we assume that the total organic matter can be described by the
mass of CH2O and N. We multiplied the relative TOC concentrations for each site
by 2.5, based on the relative molecular weights ratio of C:CH2O which is 12:30, and
add the relative concentration of N. The percentage of organic matter obtained in this
way was used to correct all the element concentrations shown in this paper (Table 4.2
and 4.3).

4.3 Grain shape and composition

4.3.1 Results

Visual inspection using a light microscope and SEM revealed that the overall grain
shapes at the various sites are similar. Most grains have rather angular shapes and are
characterized by sharp edges (Fig. 4.7a). Some of the grains have abrasion features
(see Fig. 4.7b). The cryoconite at S4 seems coarser than that at the other sites. Visual
inspection with SEM revealed that material from this site contains larger grains than
observed in the other samples.

The chemical composition of individual grains was assessed by EDX, whereas
the bulk dust mineralogy was determined using XRD. Although the relative abun-
dance of the various minerals might differ between the sites, all the samples analysed
contained largely the same minerals. The EDX showed grains, each consisting of a
single mineralogy, mainly quartz, feldspars and plagioclases and some micas. There
are slight differences between dust from S4, consisting of quartz particles with some
feldspars and plagioclases, and the other locations, where the abundance of plagio-
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4. Dust from the dark region

Figure 4.6: Photos of the dust in the field. (a) Cryoconite holes at S5; the big hole has a
diameter of ∼12 cm. (b) Dust on the ice surface at S5; the white ruler to the right is ∼15 cm
long. Part of this dust seems to form a stream along a small hummock.

a b

Figure 4.7: (a) Sharp-edged and angular grain from S5. (b) Grain with abrasion features from
S8.
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4.3. Grain shape and composition

Figure 4.8: XRD curves, showing little differences between cryoconite from the different
Sites. For comparison, the XRD curve of pure quartz is plotted in the lower panel. The
higher levels for small angles for S7 and SHR are due to a smaller sample holder.

clase seems higher relative to that of quartz. A dominant contribution of these 3
minerals to the bulk dust composition is in line with the results of the XRD analyses.
Figure 4.8 shows little variation between XRD curves for samples from each site.
The samples mainly consist of quartz and albite with some anorthite. Minor amounts
of phyllosilicate were also detected.

The samples from different locations contain similar concentrations of most el-
ements (see Table 4.2 and 4.3). When plotting element concentrations against each
other, samples seem to cluster into two groups with S4 and S5 in one cluster, and
S6 and S7 in the other cluster. For example, Fig. 4.9 shows this clustering when Tin
(Sn) is plotted against Aluminium (Al). Al is a major element associated with input
of terrigenous, non-biogenic material, whereas Sn is a typical example of one of the
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4. Dust from the dark region

Table 4.2: Averaged values ICP-AES in g kg−1 for each site, corrected for organic material
as explained in Sect. 4.2.

Site 4 Site 5 SHR Site 6 Site 7
Al 78.04 ± 1.60 80.36 ± 2.44 82.84 ± 0.32 86.20 ± 0.66 86.54 ± 0.62
Ba 0.610 ± 0.025 0.589 ± 0.031 0.556 ± 0.004 0.569 ± 0.003 0.580 ± 0.008
Ca 37.98 ± 3.12 38.26 ± 0.74 41.86 ± 0.38 35.99 ± 0.68 33.47 ± 0.76
Fe 47.82 ± 8.87 45.90 ± 3.88 56.56 ± 0.47 49.53 ± 1.49 45.53 ± 2.76
K 14.13 ± 0.34 13.92 ± 0.55 14.82 ± 0.12 17.07 ± 0.13 17.07 ± 0.37
Mg 15.53 ± 2.88 16.16 ± 1.28 21.00 ± 0.13 18.80 ± 0.46 16.99 ± 0.99
Mn 0.81 ± 0.14 0.78 ± 0.05 0.92 ± 0.01 0.72 ± 0.02 0.65 ± 0.03
Na 27.84 ± 1.07 28.71 ± 1.39 27.45 ± 0.14 26.93 ± 0.22 27.10 ± 0.72
P 0.60 ± 0.11 0.29 ± 0.06 0.30 ± 0.01 0.42 ± 0.02 0.38 ± 0.06
Sr 0.353 ± 0.013 0.365 ± 0.018 0.345 ± 0.003 0.336 ± 0.003 0.340 ± 0.009
Ti 4.43 ± 0.89 4.02 ± 0.40 5.01 ± 0.03 4.63 ± 0.17 4.27 ± 0.31

minor elements that is more abundant in the dark region relative to the reference ice.
SHR shows a different pattern, and seems to belong sometimes to one of the clusters
and sometimes to form a group on its own. However, as there is only one single sam-
ple from this site, it is hard to assign a third cluster and draw firm conclusions. For
this reason data from SHR are not presented in Fig. 4.9. The clustering is observed
for most of the elements. Only Phosphorus (P) is quite different, with much higher
concentrations at S4 than at the other sites. To observe the relative enrichment for
each element, we divided the average concentration for samples from the dark region
by the average concentration for samples from the reference ice. Figure 4.10 shows
the results for part of the elements measured with either ICP-AES or ICP-MS. Values
above 1 indicate that these elements are relatively enriched in the dark region with re-
spect to the reference ice. Note that although some elements are much more abundant
in the dark region than in the reference ice, the absolute concentrations still could be
small. Although the element concentrations were corrected for dilution from organic
matter content as explained in Sect. 4.2, we normalized the element concentrations
in Fig. 4.10 to Al, to overcome misinterpretation due to dilution by other unknown
phases. Figure 4.11 shows the rare earth elements (REE) normalized to the averaged
upper continental crust (Taylor and McLennan, 1995). The results for each location
are averaged.

4.3.2 Discussion

The fragile, acute angles are typical for volcanic material, but have also been ob-
served in glacial grains (Mahaney, 2002). However, large amounts of these angular-
faceted, sharp-edged grains are found in both the dark region and the reference ice
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Table 4.3: Averaged values ICP-MS in ppm for each site, corrected for organic material as
explained in Sect. 4.2.

Site 4 Site 5 SHR Site 6 Site 7
Li 9.60 ± 0.75 9.63 ± 0.35 12.43 ± 0.08 16.79 ± 0.36 17.91 ± 1.15
Be 0.98 ± 0.04 1.00 ± 0.03 1.12 ± 0.04 1.22 ± 0.02 1.31 ± 0.02
V 109.83 ± 19.30 107.16 ± 9.94 132.39 ± 3.30 120.16 ± 3.62 118.59 ± 7.51
Cr 100.38 ± 20.52 112.28 ± 10.66 156.20 ± 4.30 144.79 ± 6.62 129.47 ± 5.48
Co 15.06 ± 2.69 14.80 ± 1.22 18.11 ± 0.54 15.46 ± 0.43 14.39 ± 0.81
Ni 33.02 ± 6.90 35.78 ± 2.89 48.00 ± 1.20 46.37 ± 2.34 57.48 ± 12.55
Zn 58.11 ± 10.91 53.80 ± 4.49 69.13 ± 1.46 68.94 ± 2.90 81.54 ± 10.92
Ga 12.00 ± 0.30 11.67 ± 0.36 11.60 ± 0.44 11.98 ± 0.21 12.46 ± 0.09
As 4.50 ± 0.60 4.93 ± 0.40 5.76 ± 0.94 7.08 ± 0.62 13.77 ± 5.05
Rb 29.58 ± 1.15 27.80 ± 1.12 33.40 ± 0.69 47.47 ± 0.99 49.75 ± 2.26
Y 18.57 ± 3.33 16.15 ± 1.26 18.78 ± 0.40 16.12 ± 0.47 15.51 ± 0.85
Nb 7.51 ± 1.39 6.48 ± 0.62 8.41 ± 0.24 9.58 ± 0.26 9.25 ± 0.75
Cd 0.166 ± 0.027 0.166 ± 0.012 0.228 ± 0.001 0.269 ± 0.011 0.421 ± 0.086
Sn 1.10 ± 0.21 1.12 ± 0.09 1.64 ± 0.01 2.35 ± 0.09 2.83 ± 0.32
Sb 0.09 ± 0.05 0.08 ± 0.05 0.19 ± 0.01 0.46 ± 0.05 0.61 ± 0.03
Cs 0.200 ± 0.049 0.257 ± 0.031 0.822 ± 0.004 2.360 ± 0.125 2.589 ± 0.256
La 34.19 ± 6.57 31.02 ± 2.17 34.16 ± 0.44 29.09 ± 1.01 29.34 ± 2.14
Ce 71.49 ± 14.57 64.76 ± 4.82 72.19 ± 0.96 61.97 ± 1.91 59.70 ± 4.69
Pr 8.39 ± 1.68 7.49 ± 0.58 8.48 ± 0.06 7.15 ± 0.23 6.88 ± 0.49
Nd 31.34 ± 6.30 27.84 ± 2.10 31.74 ± 0.14 26.81 ± 0.81 26.09 ± 1.81
Sm 5.47 ± 1.09 4.76 ± 0.35 5.46 ± 0.03 4.71 ± 0.12 4.50 ± 0.28
Eu 1.44 ± 0.21 1.29 ± 0.06 1.42 ± 0.01 1.23 ± 0.02 1.17 ± 0.07
Gd 5.25 ± 1.05 4.50 ± 0.35 5.20 ± 0.03 4.46 ± 0.10 4.31 ± 0.27
Tb 0.69 ± 0.14 0.59 ± 0.04 0.68 ± 0.02 0.59 ± 0.02 0.56 ± 0.04
Dy 3.76 ± 0.72 3.26 ± 0.25 3.84 ± 0.13 3.34 ± 0.08 3.16 ± 0.20
Ho 0.75 ± 0.15 0.65 ± 0.05 0.76 ± 0.02 0.66 ± 0.01 0.63 ± 0.04
Er 2.09 ± 0.41 1.85 ± 0.11 2.15 ± 0.06 1.93 ± 0.05 1.82 ± 0.11
Tm 0.30 ± 0.06 0.26 ± 0.02 0.32 ± 0.01 0.28 ± 0.01 0.26 ± 0.02
Yb 1.98 ± 0.40 1.76 ± 0.12 2.11 ± 0.07 1.85 ± 0.05 1.74 ± 0.10
Lu 0.30 ± 0.06 0.27 ± 0.02 0.32 ± 0.01 0.28 ± 0.01 0.27 ± 0.02
Hg 0.025 ± 0.005 0.024 ± 0.007 0.044 ± 0.017 0.068 ± 0.017 0.076 ± 0.031
Tl 0.18 ± 0.02 0.17 ± 0.01 0.22 ± 0.01 0.34 ± 0.01 0.36 ± 0.03
Pb 11.07 ± 0.77 11.88 ± 0.69 15.23 ± 0.88 25.9 ± 0.85 29.32 ± 0.81
U 0.74 ± 0.18 0.71 ± 0.05 0.92 ± 0.03 1.12 ± 0.04 1.15 ± 0.10
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4. Dust from the dark region

Figure 4.9: Tin (Sn) versus Aluminium (Al) for the samples from four different locations.

c

a b

Figure 4.10: Enrichment of elements for the dark region, calculated as the average concen-
tration for samples from the dark region devided by Al devided by the average concentration
for samples from the reference ice devided by Al. Panel (a) shows elements measured with
ICP-AES and panel (b) and (c) show elements measured with ICP-MS. Error bars represent
one standard deviation. Note the different scale in panel (b).
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4.3. Grain shape and composition

Figure 4.11: Rare earth element pattern of the averaged concentration for each location nor-
malized to the upper continental crust. Tephra from the 2000 Hekla eruption is shown for
comparison.

where precipitation rates are low and snow is eroded by wind (Van den Broeke et al.,
2008b). This excludes a single recent volcanic source. The other possibility for vol-
canic material to reach the ablation zone is by settling in the accumulation zone of the
ice sheet during periods of volcanic activity, followed by transport through the ice,
and subsequent accumulation through prolonged melting in the ablation zone. This
outcropping volcanic material would, hence, be enriched in volcanic grains. How-
ever, grains transported together with the volcanic dust, but originating from differ-
ent sources should also accumulate there. The overwhelming presence of acute edged
particles, and the lack of rounded grains suggests that these grains became angular
and sharp-edged due to glacial transport itself, independent of their origin. Due to the
grain-to-grain contact in the ice, the grains may suffer abrasion. The abrasion features
on some of the grains confirm that the grains indeed have been transported through
the ice. In theory, the material could also be entrained from the underlying bedrock.
This seems unlikely, however, as the higher sites (S7 and S8) are located close to the
equilibrium line, and particle trajectories through the ice towards these sites do not
get close to the bottom. We therefore conclude that at least part of the dust originates
from higher parts of the ice sheet, travelled through the ice and accumulates in the
ablation zone at present due to the melting of outcropping ice.

The mineralogical composition of our samples is similar to cryoconite from the
same area, investigated by Langford et al. (2010), although small differences were
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recorded. This can be due to the fact that their samples were taken closer to the
margin, where basally-entrained material may also be present (Hodson et al., 2010b).
Langford et al. (2010) found contributions of apatite in their samples. Although we
did not detect any apatite, some small contributions of these minerals may account
for the high amounts of P at S4 (which is located closest to their sampling sites).
At S4 we found also coarser grains and slightly higher amounts of quartz. As this
site is located close to the margin, a possible higher influx of wind-blown material
from the nearby tundra or some material entrained from the bedrock might have been
added to the other grains at this site. However, Yde et al. (2010) investigated basally
derived debris at the margin of Russell glacier, near our sampling sites, and found it
mainly consisting of plagioclases and amphibole. Although the mineral composition
of their samples seems comparable with our samples for other mineral groups, we
did not detect high amounts of amphibole in our samples. This might by due to the
slightly different locations or because only small or no amounts of bedrock material
are added at S4.

Maggi (1997) investigated changes in the mineralogy of atmospheric dust in the
GRIP ice core spanning the time interval between the Eemian and the last glacial
maximum, and noted two distinct assemblages with different characteristics dur-
ing cold and warm episodes. One consists mainly of quartz, illite, chlorite, micas
and feldspars, related to cold mid-high-latitude source areas; and the other consists
mainly of kaolinite and Fe (hydr)oxides, related to warm and humid low-latitude
source areas. As our samples do not contain kaolinite and as we did not detect any
Fe (hydr)oxides-coated grains using EDX, our samples are most similar to the first
assemblage of Maggi (1997), excluding low-latitude areas as source for the dust.
Svensson et al. (2000) investigated twelve glacial dust samples from the GRIP ice
core, and indicated eastern Asia being the main source for these samples originat-
ing from the Younger Dryas, the Bølling, the Last Glacial Maximum and cold and
mild glacial periods back to 44 kyr BP. They found higher kaolinite/chlorite ratios
and lower feldspar content in the dust from cold glacial periods relative to warmer
periods. This is in contrast with the findings by Maggi (1997). However, as the
mineralogical composition of our samples differs from the mineralogical composi-
tion of all samples from Svensson et al. (2000), eastern Asia does not qualify as the
main source for the dust in the dark region. This is probably due to the fact that our
samples originate from a period within the Holocene, when circumstances were less
dry and windy than during glacial conditions. Besides, the high relative abundance
of feldspars and plagioclases relative to the quartz in our samples is likely due to a
lesser degree of chemical weathering, or a more felsic nature of the source rock for
the dust. For this reason, sources that have undergone significant weathering, such
as old deserts, can be excluded as the origin of the cryoconite, because the dust from
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such sources consists mainly of quartz.
The clustering between samples from S4 and S5 and from S6 and S7 suggests

compositional differences between samples from the dark region and from the ref-
erence ice, as S6 and S7 are both located in the dark region, whereas S4 and S5 are
located in the brighter ice close to the margin. Especially Caesium (Cs) is much more
abundant in the dark region, but heavy metals such as Lead (Pb), Antimony (Sb) and
Mercury (Hg) also have larger concentrations in the dark region (Fig. 4.10). These
are all elements associated with anthropogenic pollution (Nriagu and Pacyna, 1988).
It is therefore tempting to argue that the dark region is caused by outcropping modern
dust. However, this is not the case, as the distance from S6 and S7 to the equilibrium
line is too large for dust transport through the ice sheet since the industrial revolu-
tion. Consequently, the enrichment of these elements in the dark region seemed to be
caused by direct deposition at the surface. This net deposition is smaller at S4 and
S5, possibly because most snow is blown away immediately at these sites (Van den
Broeke et al., 2008b), and melt rates are higher with respect to the dark region due
to the lower elevations (see Table 4.1). In addition, these elements might accumulate
due to uptake by microorganisms, which are much more abundant in the dark region
(Sect. 4.4). We observed a good correlation between TOC and the concentrations
of these metals, which suggest that absorption to organic metal bonds might also
influence their concentrations.

The rare earth element (REE) values are close to 1, when they were normalized
to the averaged upper continental crust (Fig. 4.11). This means that the average com-
position of the collected surface dust resembles the average composition of the upper
earth crust, as well as the average composition of volcanic material, as most of the
upper earth crust originates from volcanic material. In addition, the REE patterns for
the different sampling sites resemble each other closely. REE patterns of dust sam-
ples often show more variation, for example glacial dust from ice cores in Antarctica
(Basile et al., 1997). The outcropping dust at the 5 sampling locations originate from
5 different periods, because a horizontal transect can be seen as a time line, as ex-
plained in the introduction. If dust from a single event, like a large volcanic eruption,
settled in the accumulation zone of the Greenland ice sheet and is now outcropping
at one of these sites, it should alter the REE pattern for that specific site. As this is
not the case, we exclude a single volcanic eruption as a possible source for the dust.
Icelandic volcanoes are close enough and erupt often enough to possibly contribute to
the outcropping material at all 5 sites. However, Icelandic volcanoes show a different
REE pattern and can therefore be excluded as possible origin of this dust. For com-
parison, the REE pattern from tephra of the February 2000 eruption of Hekla (Moune
et al., 2006) is added in Fig. 4.11. For these two reasons, a volcanic cause for the dark
region seems unlikely. As the REE patterns for the different sites reveal a source with
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a chemical composition similar to the upper continental crust, the material does not
seem to contain micrometeorites, which have been found on the Greenland ice sheet
(Maurette et al., 1987). This is confirmed by our microscopic analyses.

Summarizing, part of the dust consists of outcropping material that initially set-
tled higher on the ice sheet during dustier periods, although common source areas for
glacial dust, like Asian desserts, can be excluded as provenance for this dust. Also
volcanic eruptions or micrometeorites were unlikely to cause the dark region. As both
the mineralogical composition (XRD-curves, Fig. 4.8) and the REE patterns do not
show large variations, we conclude that the dust from the 5 different sites has mainly
the same origin; although dust from the dark region seems enriched with elements
from the current atmosphere due to anthropogenic pollution or by binding to organic
matter. As the outcropping dust at these 5 different sites originates from 5 different
periods, the same origin for the dust during these different periods indicates a local
source, probably the nearby tundra. Material from S4 seems partly derived by wind
blown material from the tundra or by basally entrained material, but the composition
is mainly the same as the material from the other sites, strengthening the argument
of local dust for all sites. The only consistent explanation for all measurements is a
local origin for the dust in the dark region.

4.4 Microorganisms

4.4.1 Results

Visual inspection with a light microscope using normal light revealed that the
cryoconite also contains microorganisms (Fig. 4.5). No organisms could be detected
at S4 and only small granules containing organic matter were visible in samples
from S5 (Fig. 4.5a). However, samples from all other sites contain long yellow-
brownish filamentous strings that represent cyanobacteria (Takeuchi, personal com-
munication). These bacteria are present, not only as loose strings in the samples
(Fig. 4.5b), but are also aggregated in granules, together with mineral particles and
organic matter. At S6 these cryoconite granules appeared very dark-coloured using
the transmitted light microscope, and are therefore large and thick-walled (Fig. 4.5e),
whereas the cryoconite granules from SHR, S7 and S8 were covered with yellow or
brown strings of cyanobacteria (Fig. 4.5c and d). In addition, we noted abundant
occurrence of green algae at the higher altitude sites (Fig. 4.5f).

The TOC measurements on dry cryoconite confirmed our microscope observa-
tions that organic matter was abundantly present at sites from the dark region (Ta-
ble 4.4). All the samples from S4 have a TOC content <0.2 weight percent (%) and
all the samples from S5 have a TOC content <0.8 % (the lowest value is 0.36 %). In
contrast, the samples from S6 and S7 contain between 4.5 % and 5.5 % TOC. From
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Figure 4.12: The averaged concentrations of total organic carbon (TOC) and nitrogen (N) for
each location; error bars represent one standard deviation.

SHR we have only one measurement, indicating a TOC content of 2.6 %. Figure 4.12
shows the averaged percentage of total organic carbon (TOC) and nitrogen (N) for the
different sites. The ratio C/N ranges between 11.3 and 13.5 dry weight (13.18–15.75
molar) for all the samples from SHR, S6 and S7. Because the TOC and N values
are low for the samples from S4 and S5, their C/N ratio is determined by the slope
of the trend line through the plotted values of C against N. This is done to overcome
misinterpretation as result of small nitrogen leakage during the measurements. The
C/N ratio is around 12.2 dry weight (14.2 molar) for the samples from these sites.

4.4.2 Discussion

The microscopic observations provide a good qualitative indication of microorgan-
isms that influenced the light absorbency of the material. Although the cryoconite
might contain small microorganisms (Yallop and Anesio, 2010), large dark organic
granules are likely to be more important for albedo lowering than small microbes.
These granules seem larger and more abundant in the dark region than in the brighter
reference ice. Concentrations of TOC and N agree well with these findings and in-
crease with elevation. This is also in agreement with Stibal et al. (2010), who mea-
sured the concentration of organic carbon on almost the same transect as where we
collected our samples. TOC values in the dark region (S6 and S7) are rather high
in comparison with other Arctic sites (Table 4.4 and 4.5). Reported values ranges
between 2.03 % and 4.37 %. Bøggild et al. (2010) found cryoconite from northeast
Greenland containing 5 % organic matter (OM), based on loss on ignition (LOI), and
Takeuchi (2009) measured 2.9 % to 8.8 % organic matter in the surface dust from ice
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Table 4.4: Averaged TOC, N and C/N mass ratios for the different sites.

Location C/N (−) TOC (%) N (%)
Site 4 12.2 0.14 ± 0.04 0.03 ± 0.02
Site 5 12.2 0.55 ± 0.15 0.08 ± 0.01
SHR 11.3 2.57 0.23
Site 6 13.0 5.06 ± 0.35 0.39 ± 0.02
Site 7 12.0 5.27 ± 0.22 0.44 ± 0.01

Table 4.5: TOC, N, C/N mass ratios and OM for cryoconite from other Arctic regions.

Location C/N (−) TOC (%) N (%) OM (%) Reference
Transect
along 67◦N 8–9 (molar) 0−> 6 0−> 0.6 Stibal et al. (2010)

(increasing (increasing
with distance) with distance)

Austre
Brøggerbreen 10.8 (mass) 4.37 0.4 9.7 Takeuchi (2002)
Penny Ice Cap 10.7 (mass) 2.22 0.21 11.6 Takeuchi (2002)
Devon Ice Cap 9.0 (mass) 2.06 0.23 11.4 Takeuchi (2002)
Longyearbreen 12.98 (mass) 2.03 0.16 8.0 Hodson et al. (2010a)
Gulkana glacier 2.9–8.8 Takeuchi (2009)
North east
Greenland 5 Bøggild et al. (2010)
Kangerlussuaq
blue ice 7.1 Hodson et al. (2010b)
Kangerlussuaq
marginal ice 1.9 Hodson et al. (2010b)

from the Gulkana Glacier, Alaska Range, USA. Because organic matter consists not
only of TOC, but also of H and O, organic matter concentrations must be higher than
TOC concentrations (see Table 4.5). Hence the value of 5 % TOC for the cryoconite
from the dark region indicates that the organic matter content of these samples is
higher than for cryoconite from north east Greenland and probably higher than the
values found by Takeuchi (2009). Hodson et al. (2010b) investigated basally derived
debris and cryoconite from blue ice in the same area, but closer to the ice margin than
our sampling locations, and found organic matter contents based on LOI of 1.9 % and
7.1 %, respectively.

The C/N values of our samples are higher than the C/N molar rations of 8–9
observed by Stibal et al. (2010), but seem to compare reasonably well with other
values found for cryoconite on Artic glaciers (Table 4.5). Takeuchi (2002) found C/N
mass ratios between 9 and 14 (mostly around 11) for different cryoconites of nine
glaciers from the Himalaya, Tibet, and the Arctic. In addition, Hodson et al. (2010a)
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found a C/N mass ratio of 13± 1 for cryoconite from Longyearbreen, a valley glacier
in Svalbard.

It is not obvious why the TOC and N increase with altitude. However, we assume
that most of the cryoconite is formed in situ. This is confirmed by Hodson et al.
(2010b) who found significant biological activity (based on respiration and photo-
synthesis rates) within the cryoconite from blue ice where organic matter content was
high, but almost no activity within the debris from the marginal zone where organic
matter content was low. In addition, the measurements done by Stibal et al. (2010)
on cryoconite from almost the same transect, reveal autochthonous organic matter
content together with some allochthonous plant material. They found the highest
contents of microbial produced matter compared to allochthonous organic matter at
10 km distance from the margin and onwards, confirming our assumption of in situ
formation of the cryoconite. Stibal et al. (2010) speculate that water drainage from
and wind transport towards the ice sheet affect the TOC content of the cryoconite,
whereas microbial abundance seems controlled by microbial productivity and water
drainage.

As we explained in the introduction, we assume that the dark region is caused
by higher amounts of dust (based upon findings by Wientjes and Oerlemans, 2010).
Therefore, the larger TOC content relative to the cryoconite at high altitudes seems
either caused by higher biological productivity or by higher outwash of organic matter
at the lower altitudes.

Possibly higher biological productivity at the higher altitudes can not be ex-
plained by a higher nutrient supply due to more mineral dust, as relative amounts
of useful elements are similar in the dark region with respect to the reference ice.
Phosphorus, which is an essential nutrient for the cyanobacteria, is even higher at S4
compared to the other sites. Also the pH of the ice and water, that might affect the
biological activity, is similar at all sites, with values ranging from 4.6 to 5.2, both
for water in the cryoconite holes as well as in the surrounding supraglacial streams.
These values are slightly lower than values for surface ice from the Gulkana Glacier
in Alaska, which are between 4.9 and 5.7 (Takeuchi, 2001). Stibal et al. (2006) sug-
gest that microorganisms prefer fine sediment in the cryoconite. As the cryoconite at
S4 contains coarser material than the other sites, this might also contribute to the ab-
sence of cyanobacteria at S4. At the higher elevations, the ice is covered by snow for
a greater proportion of the year, which is more likely to reduce algal growth. How-
ever, global radiation strongly increases with altitude on the Greenland ice sheet,
because of decreasing cloudiness and a more transparent atmosphere (Konzelmann
et al., 1994). This effect might be an important factor for the biological activity. An-
other explanation for the increased TOC with elevation, although speculative, is that
part of the organic material was blown on the accumulation zone of the ice sheet in
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conjunction with the high amounts of dust, in a period when much more dust from
local sources was transported to the ice sheet. This organic matter consequently trav-
elled through the ice together with the dust, and algae start multiplying once they are
at the surface again.

Takeuchi (2001) found that the abundance of algae increase with altitude at
Gulkana Glacier, Alaska, caused by the outwash of the algae at lower sites where
more melt occurred, as the microorganisms on this glacier mainly consist of unicel-
lular green algae that do not form cryoconite granules. If aggregations form between
cyanobacteria, organic matter and mineral particles, these granules are more resis-
tant against flushing by meltwater (Takeuchi, 2001). In our case these aggregations
formed, and it is very unlikely that they completely washed out at S4, where we ob-
served no microorganisms but considerable amounts of dust. Green algae are only
present in abundance at the higher elevations, suggesting that they could have been
flushed away from the ice sheet at the lower sites due to the higher melt rates and
runoff.

Despite the fact that it is uncertain what causes the occurrence of cryoconite
granules at higher altitudes, it is well known that they have a high light absorbency
(e.g. Takeuchi et al., 2001). As these granules are abundant in the dark region, we can
conclude that relative higher amounts of dark organic matter is likely to contribute to
the surface darkening process.

4.5 Conclusions

In order to find out more about the characteristics of cryoconite from the dark region,
surface material was collected and analysed from locations inside the dark region,
and from locations of brighter ice closer to the ice margin. Using both transmitted
light microscopy and electron microscopy, we observed triangular-faceted, sharp-
edged grains, which are either volcanic or glacial grains. The high amounts of these
grains can not originate from recent deposition only, especially at the lower sites were
precipitation rates are low and wind erosion large. Therefore both type of grains
indicate glacial transport. This implies that at least part of the dust is derived from
the outcropping ice, in both the dark region and the reference area. Geochemical
analyses revealed that the mineralogical and elemental composition of the material
is mostly the same for both areas. Enrichment of some elements in the dark region
is explained by higher supply from recent anthropogenic material by precipitation or
binding of these elements to the higher amounts of organic matter.

The REE patterns for the different sites resemble the averaged upper continental
crust. Based on these patterns and on the SEM images, the material does not seem
to contain micrometeorites. The outcropping dust can be volcanic material, but as
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the dark region is several tens of kilometres wide, it represents a period longer than
the time of a single big eruption, making a series of several eruptions a more likely
cause for the dark region. However, nearby Icelandic volcanoes provide a different
REE pattern and are therefore excluded as a possible source. Comparison of the
mineralogical composition of the dust with literature values shows that the samples
do not contain material from Asian deserts, which is often observed in ice deposited
during glacial periods. For these reasons, it is most likely that this dust has a local
origin. Coarser grains found at S4 suggest that some recent local wind-blown or
basally-entrained material is added at this site. However, as the material from the
samples from this site shows the same geochemical composition as the other samples,
it confirms the idea that all the investigated dust has a local source. Therefore, the
dark region is probably caused by outcropping ice that contain high amounts of local
dust, from periods when more dust settled in the accumulation zone of the ice sheet.
The amount of dust transport in the tundra of west Greenland is influenced by a lot
of complex processes (e.g. Bullard and Austin, 2011) and can change over time. For
example, during periods of glacial retreat or during stormy conditions, eolian activity
is high. It is likely that during such periods more dust settled on the accumulation
zone of the ice sheet, travels through the ice and reaches the ablation zone with the
outcropping ice, causing a dark appearance.

In addition, abundant green algae and cyanobacteria, forming cryoconite gran-
ules, were observed in the dark region. The relative amount of TOC and therefore
organic matter content in this region is much higher than in the area where the ref-
erence ice outcrops. This organic matter is likely formed in situ. It is not clear what
causes these differences, although global radiation, sediment texture and meltwater
supply might play roles. The TOC values found for sediment from the dark region are
high compared to literature values. As the organic matter in the cryoconite is known
to have a high light absorbency, the dark region is not only caused by dust from the
outcropping ice, but biological related processes also contribute to the darkening of
the surface.

To find out more about dust from the outcropping ice, large ice cores from sev-
eral meters below the surface need to be analysed to avoid influence from recent
dry or wet deposition. Such cores will also provide quantitative information about
the amounts of outcropping dust. Also grain size analyses might reveal information
about the origin of the dust. For example, Bøggild et al. (2010) found clay size grains
in cryoconite from northeast Greenland, revealing dust from Pleistocene origin. De-
termining the isotopic composition will contribute to unravel the origin of the dust.
Analyses revealing the age of the outcropping ice containing the dust will provide
information about the period in which the dust settled on the ice sheet. More investi-
gation on the development of microorganisms in the ice could be useful as well. It is
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likely that higher amounts of dust in the dark region positively influence the absolute
amounts of organic matter. Because of their high light absorbency, cyanobacteria and
the organic material they produce contribute to the dark colour of the region provid-
ing a potentially important positive feedback on the ice melt by enhancing the albedo
lowering of the dark region.
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5
Carbonaceous particles reveal that Holocene

dust causes the dark region

A dark region in the western ablation zone of the Greenland ice sheet is caused by outcropping
ice layers that contain more dust than the surrounding brighter ice. These higher amounts of
dust were deposited in the accumulation zone of the ice sheet and travelled with the ice
to the ablation zone. To deduce the period and the causes of this higher dust deposition,
carbonaceous particles in ice samples from the dark region and from brighter reference ice
were analysed and used for dating. Samples including ice from directly below the surface
contain high amounts of modern organic carbon, probably from microorganisms on the ice
surface. Deeper samples reveal low amounts of carbonaceous particles, which are originally
deposited in the accumulation zone. The amount of outcropping carbonaceous particles in the
dark region seems significantly higher than in the brighter reference ice. One of the samples
that contain material initially deposited in the accumulation zone was dated and revealed
Holocene ages, coinciding with a period of enhanced eolian activity in the nearby tundra.
Therefore, variable eolian activity during the Holocene effected dust fluxes towards the ice,
and hence leads to albedo variations in the present ablation zone of the ice sheet.

This chapter has been submitted to Journal of glaciology as: Wientjes, I.G.M., R.S.W. van de Wal,
M. Schwikowski, A. Zapf, S. Fahrni and L. Wacker. Carbonaceous particles reveal that Holocene dust
causes the dark region in the western ablation zone of the Greenland ice sheet
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5.1 Introduction

Satellite images reveal a region in the western part of the Greenland ice sheet that is
darker than the surrounding ice (e.g. Van de Wal and Oerlemans, 1994; Oerlemans
and Vugts, 1993), see Fig. 5.1. Previous studies suggested that accumulation of melt-
water at the ice surface caused this darkening, as a result of slow internal drainage of
water due to cold ice and low supraglacially drainage caused by a small surface slope
(e.g. Knap and Oerlemans, 1996; Greuell, 2000). However, as the dark region com-
pared to the brighter reference ice shows a spectral pattern typical of ice containing
more debris, higher concentrations of dust in the ice are a more plausible cause for
the surface darkening (Wientjes and Oerlemans, 2010). As the dark region is found
every year during the summer season on the same position at some distance from
the margin, it seems not only to be caused by recent wind blown material from the
tundra or by recent dry and wet deposition. Another possibility for the dust to reach
the dark region is by glacial transport, after settling higher on the ice sheet in the
accumulation zone, see Fig. 5.2. Wavy patterns in the dark region observed on Aster
images confirm the outcropping of stratified ice layers in the dark region (Wientjes
and Oerlemans, 2010). Wientjes et al. (2011) investigated surface dust from the dark
region as well as from the reference ice and observed that it has mainly the same
composition, mostly mineral dust and microbes. They also found strong indications
that this dust has a local origin, probably the west Greenland tundra.

In the melt zone of an ice sheet, a horizontal surface ice profile perpendicular to
the margin corresponds with a vertical ice core in the accumulation zone, involving
that the closer to the margin, the older the ice is (e.g. Reeh et al., 1987). For this
reason we assume that the sharp transition between the dark region and the brighter
ice represents an isochronal and that higher amounts of dust originate from a period
when more material settled on the ice. For example, this can be colder periods when
more dust reached the ice sheet due to dryer and windier conditions. However, it
is not very likely that the dark region originates from a glacial, because the dark
region is situated several kilometres to tens of kilometres from the margin. This is
supported by the observations near Pakitsoq, where Pleistocene ice was observed
only very close to the margin (Reeh et al., 2002; Petrenko et al., 2005).

In order to find out in which period the dust was deposited on the ice sheet, 14C
dating of water-insoluble carbonaceous particles in the ice seems a qualified method
(e.g. Jenk et al., 2006, 2007). Even for low carbon concentrations (5-100 µg C)
promising results have been obtained (Jenk et al., 2009), although Sigl et al. (2009)
claim that the application of this method is of limited use for polar ice due to the very
low concentrations of carbonaceous particles. However, as the dark region contains
high amounts of dust, we expected that high enough amounts of carbonaceous par-
ticles to apply for the 14C dating technique have been deposited as well. Part of the
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methodology consists of separating the total carbonaceous matter in organic carbon
(OC) and elemental carbon (EC). The OC fraction contains low to medium molec-
ular weight compounds, which are directly emitted to the atmosphere or generated
from gaseous precursors as secondary organic aerosol (SOA). Since the combustion
of fossils fuels was low in pre-industrial times, OC was predominantly emitted from
vegetation (Jenk et al., 2006), implying that this biogenic carbon has a 14C/12C ratio
of the living biosphere at the time of photosynthesis. The EC fraction consists of
highly polymerized hydrocarbons, and is separated from OC by its thermal proper-
ties. In principle it represents the same fractions as black carbon (BC). It is formed
through incomplete combustion processes from natural biomass burning or more re-
cently from anthropogenic sources. Because the source material for elemental carbon
could be formed some time before burning, it can lead to radiocarbon ages that are
older than their time of emission into the atmosphere, (referred to as the inbuilt age).
Elemental carbon could therefore have a different 14C/12C ratio than the 14C/12C ratio
of organic carbon at the time of combustion.

In this paper we describe the OC and EC concentrations from ice collected in the
dark region as well as from reference ice outside the dark region. In contrast to our
expectation in forehand, most samples have low carbon concentrations. We present
their radiocarbon ages as far as they could be determined given these low carbon
concentrations.

5.2 Ice samples

The ice cores from the dark region were sampled during two different field cam-
paigns, with a simple PICO drill. For the exact locations and sample characteristics
see Fig. 5.1 and Table 5.1. In April 2008 three ice cores were drilled, consisting of
different pieces. The longest ice core of about 2 m was retrieved at Site 7. This core
was divided into two samples, samples S7-1 and S7-2. Two smaller ice cores of about
0.8 m were drilled at Site 8. They were treated as separate samples S8-1 and S8-2.
Because the upper part of sample S8-2, a piece of about 15 cm, contained cracks and
holes (Fig. 5.3) it was not used for further analyses, as such holes were in contact
with the present atmosphere, potentially leading to a 14C age not representative for
the ice sample. In September 2009 we drilled three small cores of about 0.2 to 0.3 m
at Site 8, which were treated as one sample (S8-3). In addition we drilled six cores
between approximately 0.25 to 0.35 m and one of about 0.6 m at Site 7. The cores
were drilled several meters apart from each other. Although these cores appeared
normal in the field, we discovered very small melt holes in the ice during sample
preparation, containing dark material at the bottom (Fig. 5.3). These holes were most
likely formed by surface material that was melted into the ice, a phenomenon known
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Figure 5.1: MODIS image from 9 August 2007, band 2 (841-876 nm), showing the dark
region in the melt zone of the Greenland ice sheet (adapted from Wientjes and Oerlemans,
2010). S is Sukkertoppen Iskappe, K is Kangerlussuaq, P is Pakitsoq area. S1 and S3 rep-
resent sampling locations from the reference ice and S7 and S8 sampling locations from the
dark region. Geographical coordinates are shown along the axes.
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Figure 5.2: Schematic overview of possible mechanisms for dust to reach the ablation zone
of an ice sheet, (modified after Wientjes et al., 2011). The red arrows indicate recent dry or
wet deposition from the atmosphere, and recent wind blown material from the nearby tundra,
whereas the blue arrows represent particle trajectories in the ice. In both cases, the material
can originally have the same source, but the age will be different. ELA is the equilibrium line
altitude and the black line at the surface indicates the dark region.

as cryoconite holes. They have diameters of a few millimetres and depths between 5
and more than 20 centimetres for the different cores. The holes have the same depth
(within a centimetre) for each single core. This indicates that the surface debris melts
in the ice until a certain depth is reached. Such an equilibrium depth for cryoconite
holes has been observed earlier (e.g. Gribbon, 1979). Because the holes seemed to
be in contact with the present atmosphere, and because the material at the bottom
was likely to be modern, they possibly influence the radiocarbon dating of the dust.
We therefore decided not to use the pieces effected by the cryoconite holes and cut
these pieces off directly below the melt holes. The remaining parts were treated as
one large sample, S7-3. Hence, the samples S8-1, S8-3 and S7-1 contained ice from
directly below the surface, in contrast to the other three samples (S7-2, S7-3 and
S8-2).

Four reference samples were taken from several pieces of two deeper ice cores
(S1 and S3) that were drilled in 1995 in brighter ice located closer to the ice sheet
margin than the dark region. Sample S1-1 and S1-2 were obtained from one core at
Site 1 and sample S3-1 and S3-2 from one core at Site 3. These samples contained
ice from a depth of several meters.
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Table 5.1: Overview of the sample characteristics. Given are the numbers of cores and final
pieces as well as the net weight forming a sample that was used for the analyses.

Sample Coordinates Height # # Average Length Net Weight Depth
(m a.s.l) Cores Pieces Pieces (g) below

(cm) ±5 surface
S8 - 1 67◦00′16′′ N 1260 1 5 16.8 ± 6.8 1732 0
S8 - 2 48◦52′02′′ W 1 4 16.9 ± 5.1 1590 ∼15 cm
S8 - 3 3 4 17.3 ± 8.4 1045 0
S7 - 1 66◦59′31′′ N 1110 1/2 4 18.0 ± 9.3 1512 0
S7 - 2 49◦08′19′′ W 1/2 9 9.9 ± 1.7 1638 ∼90 cm
S7 - 3 7 13 10.7 ± 3.7 2812 5 to 20 cm
S1 - 1 (ref) 67◦05′15′′ N 250 part 6 24.2 ± 5.0 2046 Several
S1 - 2 (ref) 50◦14′09′′ W 1940 meters
S3 - 1 (ref) 67◦09′16′′ N 650 part 9 19.3 ± 7.8 1913 Several
S3 - 2 (ref) 49◦58′41′′ W 2241 meters

5.3 Method

The ice cores were prepared following the method described by Jenk et al. (2007).
During the preparation the outer parts of the ice cores (including the upper centime-
tres of the surface) were removed and several cracks in the cores were cut out, to
avoid possible contamination. In a next step they were rinsed with ultra-pure water
(MilliQ, 18 MΩ cm). After melting the samples were filtered, using freshly preheated
quartz fibre filters (Pallflex Tissuquartz, 2500QAO-UP). Afterwards, the filters were
acidified with 50 µL of 0.2 M HCl to remove carbonates. These preparations were
carried out in laminar flow-boxes and the used materials were made of quartz, glass,
stainless steel or Teflon.

For the separation of OC and EC, the THEODORE system was used, as described
in Szidat et al. (2004). Hereby, the samples were combusted under a stream of oxygen
at 340◦C for 10 minutes (for OC) and at 650◦C for 12 minutes (for EC). The CO2
formed during combustion was cryogenically trapped and sealed in glass ampoules.
The OC and EC concentrations were determined by manometry.

The final 14C analyses were performed on a 200 kV compact radiocarbon accel-
erator mass spectrometry system (AMS) (Synal et al., 2007) with a gas ion source
(Ruff et al., 2007), at the ETH Zürich, Switzerland. This system, the Mini Carbon
Dating System (MICADAS), allows for a direct measurement of the gaseous sam-
ples. The results were expressed as fM (fraction of modern carbon), which is 1 for
modern carbon and 0 for fossil carbon. To determine possible contamination during
the different steps of the sample processing, procedural blanks were analysed. There-
fore, artificial ice blocks of frozen ultra-pure water were treated and measured in the
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Figure 5.3: (Top) The uppermost piece of sample S8-2, with holes and cracks in the ice.
(Bottom) One of the cores at S7-3, with melt holes and debris at ∼10 centimetre depth.

same way as real ice samples. For details of the procedural blank used in this study
see Sigl et al. (2009). The correction finally applied to the AMS results due to this
procedural blank is:

fM correct =
mc ∗ fM initial−mproc blk ∗ fM proc blk

(mc−mproc blk)
(5.1)

where fM denotes the 14C/12C ratio observed relative to the ratio of the year 1950,
fM initial the value before correction for the procedural blank and mc the carbon mass
separated for AMS analysis.

The obtained 14C ages are calibrated using the OxCalv4.1.7 software (Bronk
Ramsey, 2010, which is an update of Bronk Ramsey (2001)) with the IntCal09 cal-
ibration curve (Reimer et al., 2009), with exception of over-modern values (fM > 1)
that were calibrated using the Bomb04NH1curve (Hua and Barbetti, 2004).

5.4 Carbon concentrations

5.4.1 OC and EC measurements

The OC and EC concentrations of the different samples are shown in Table 5.2. The
samples, S8-1, S8-3, S7-1, S1-1 and S1-2, have high OC concentrations relative to the
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Table 5.2: Particulate OC and EC concentrations in the ice samples.

Sample OC (µg/kg) EC (µg/kg)
S8-1∗ 75.94 ± 1.69 4.21 ± 0.12
S8-2 3.94 ± 0.13 3.05 ± 0.13
S8-3∗ 98.18 ± 2.25 7.85 ± 0.20
S7-1∗ 76.53 ± 1.74 2.92 ± 0.07
S7-2 1.28 ± 0.06 1.77 ± 0.06
S7-3 1.53 ± 0.07 1.32 ± 0.07
S1-1 (ref) 15.76 ± 0.34 1.99 ± 0.05
S1-2 (ref) 19.44 ± 0.42 0.65 ± 0.05
S3-1 (ref) 0.56 ± 0.05 0.46 ± 0.05
S3-2 (ref) 1.01 ± 0.04 0.58 ± 0.04
∗Samples containing ice from direct below the surface

other samples. The samples from the dark region with high OC concentrations, S8-1,
S8-3 and S7-1, contain ice from directly below the surface. The other samples from
the dark region, S8-2, S7-2 and S7-3, have much lower OC concentrations, indicating
that the high OC concentrations are not part of the outcropping ice but originate
from the surface. Microorganisms that live on the ice have likely formed the high
amounts of organic carbon (e.g. Stibal et al., 2010). This organic debris must have
penetrated into the ice by melting from the surface, although the parts of the samples
with visible melt holes were removed. The two samples from Site 7 without high OC
concentration, S7-2 and S7-3, show similar OC concentrations among themselves,
although S7-3 consists of different smaller ice cores cut off directly below the visible
melt holes, whereas sample S7-2 is the lowermost part of one ice core, at a depth
of about 90 cm. This indicates that below the melt holes, the concentration of OC
is the same, independent of depth. The same applies for the concentrations of EC.
Therefore, the carbonaceous particles below the melt holes seem to be all outcropping
and hence transported through the ice sheet.

The two reference samples that contain high OC concentrations are both from
Site 1. The filtering of these two samples indicated fine mud-like material in the
meltwater. In addition, these samples were taken from several meters below the sur-
face but contain small stone-like particles. This indicates that the samples probably
contain moraine or bedrock entrained debris, which is plausible as Site 1 is located
very near the ice margin on an outlet glacier. Because the ice sheet was smaller in
the past (e.g. Van Tatenhove et al., 1996), it is reasonable to assume that the bedrock
close to the present margin was covered with vegetation, and therefore still contains
organic material. Basally entrained material in these samples explains why the OC
concentration is significantly higher than the other samples taken at some depth be-
low the surface.
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Figure 5.4: Averaged OC and EC concentrations from two samples from the dark region (S7)
and from two samples of the reference ice (S3). Error bars represent one standard deviation.

The EC concentrations of the samples containing surface material are slightly
higher relative to the other samples, probably due to the fact that together with the
organic debris, EC particles from the surface melted into the ice. If we compare
the different samples from the dark region without surface material, we observe that
Sample S8-2 has slightly higher OC and EC concentrations than S7-2 and S7-3. A
possible explanation is that the outcropping ice at Site 8 has higher impurity concen-
trations, but with only one sample from Site 8 at some depth, it is hard to draw firm
conclusions.

In order to compare the amounts of carbonaceous particles in the outcropping ice
between the dark region and the reference ice, we use the reference samples from Site
3 and the samples S7-2, S7-3 and S8-2 from the dark region. The other samples seem
to contain either material melted from the surface or basally entrained material. Fig-
ure 5.4 shows OC and EC concentrations averaged for the samples from Site 7 (S7-2
and S7-3) and for Site 3 (S3-1 and S3-2). Although clearly based on a limited number
of values, the figure shows that the concentrations of glacial transported particles are
higher in the dark region relative to the reference ice. We excluded S8-2 from this
figure, as it was taken from another location and has different carbon concentrations.
However, a figure including S8-2 shows quantitatively the same results.

Summarizing, we conclude that samples from directly below the surface contain
high amounts of mostly organic carbon, which seems to melt down from the surface.
For the samples taken at some depth below the surface, the carbonaceous particles
are transported through the ice sheet. Samples from Site 1 probably contain basally
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entrained material. If we compare the samples from different locations, we observe
that the concentration of glacial transported carbonaceous particles is larger in the
dark region than in the reference ice.

5.4.2 Comparing OC and EC concentrations with ice core and snow
samples

It should be noted that if we compare the OC concentrations of our samples with
literature values from the Greenland ice sheet, they seem to be generally low, with
exception of the samples from directly below the surface (S8-1, S8-3, S7-1). Hagler
et al. (2007) presented water-insoluble particulate OC concentrations of 11.9 µg/kg
in fresh snow and 3.1 to 8.4 µg/kg in snow from previous years at Summit. Differ-
ences in the analytical method and more likely a modern and anthropogenic charac-
ter of this organic carbon might contribute to the differences of these values with the
concentration of our samples. Another possibility for these different concentrations
could be post-depositional processes (Hagler et al., 2007). Jenk (2006) observed OC
concentrations in the Pakitsoq area of 3.5 µg/kg for ice from 11.5 ky B.P. (Younger
Dryas Transition); 3.9 µg/kg for ice from 12.6 ky B.P. (Younger Dryas) and 4.7 µg/kg
for ice from 14.7 ky B.P. (Older Dryas). These samples are all from glacial periods
in which dryer and windier conditions accounted for high amounts of particles de-
posited on the ice sheet. This is confirmed by the fact that part of the samples was
taken from visible dirt bands in the ice. Sigl et al. (2009) presented OC concentrations
from eight GRIP ice-core samples, from different time intervals which together cover
most of the Holocene. Two of these samples have very high concentrations of 20 and
43 µg/kg, whereas the other six samples are between 2.1 and 7.1 µg/kg (averaged 3.5
µg/kg). The OC concentration of our sample S8-2 has a comparable concentration
of 3.9 µg/kg. However, the OC concentrations of the other samples that were taken
at some depth (S7-2, S7-3, S3-1 and S3-2) are clearly lower. Both our samples and
the samples from Sigl et al. (2009) are from Holocene age and were analysed with
the same method. Therefore we assume that the differences are due to the differ-
ent locations on the ice sheet where the respective ice originated from, as GRIP is
located at Summit (see Fig. 5.1). As the exact processes leading to organic carbon
deposition on the Greenland ice sheet are not fully understood, explanations for these
differences can only be speculative. Different sources (terrestrial vegetated areas as
well as oceans), atmospheric transport routes and precipitation patterns and amounts
possibly contributed to different deposition rates. Because particulate organic carbon
can be either emitted directly to the atmosphere or formed from gaseous precursors,
varying chemical processes induced by different conditions might also play a role.

Elemental carbon is assumed to be chemically inert, allowing for a better com-
parison. The EC concentrations in our samples are generally in the same range as
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other values observed for the Greenland ice sheet (Table 5.3). In the Pakitsoq area
EC concentrations of 4.1 µg/kg and 5.2 µg/kg were reported for the Younger and
Older Dryas respectively, using the same method as used here (Jenk, 2006). These
concentrations are slightly higher than in our samples, which is again probably due to
the fact that samples from Jenk (2006) are from glacial periods with well-known high
dust deposition on the Greenland ice sheet in contrast to our samples. Chýlek et al.
(1987) presented concentrations of 1.1 and 2.5 µg/L for two ice samples with ages
around 6000 and 4000 years respectively, and 2.1 and 2.6 µg/L for recent snow from
Camp Century. GISP2 ice core samples (near summit) were investigated by Chýlek
et al. (1995), who reported a concentration of 2.1 µg/kg in samples from 320 to 330
A.D., a period with frequent extensive forest fires. This value reduces to 1.7 µg/kg
when two large forest fires are left out of the analyses. The same authors presented
a value of 2.0 µg/kg for recent snow, also at GISP2. Chýlek et al. (1992) reported
an average of 1.53 µg/kg from 22 ice core samples from Dye-3, varying from 0.1
to 3.2 µg/kg, covering the period 3380 to 100 B.P. Two slightly higher values of 4.3
and 8.5 µg/kg were observed near Dye-3 for samples from a snowpit, collected by
Clarke and Noone (1985), but investigation of seven other samples from this loca-
tion revealed maximum EC concentrations between 1.2 and 6.2 µg/kg. The averaged
maximum value for all nine samples is 4.2 µg/kg, but real EC concentrations are
probably lower. Recent snow from Summit revealed concentrations of 0.16 to 1.21
µg/kg (Hagler et al., 2007). Higher concentrations of 4.2 to 30.1 µg/kg were ob-
served for the same location by Slater et al. (2002), but they explained that these
higher values might be a result from the used measurement method. As the EC con-
centrations in our samples are not specifically high, the dark region seems not to be
caused by periods with high deposition of EC particles, like extreme forest fires.

Anthropogenic sources could also account for higher amounts of EC deposition
on the ice sheet, although the literature values discussed above show little differences
between concentrations from pre-industrial ice or from modern snow. McConnell
et al. (2007) presented a continuous record of BC concentrations from 1788 through
2002 at D4, a location in the accumulation zone of the Greenland ice sheet (71.4◦N,
44.0◦W). This record shows that BC concentrations, although highly variable in time,
strongly increased after 1850 as a result of industrial emissions, followed by lower
values after about 1950. McConnell et al. (2007) reported an average pre-industrial
BC concentration of 1.7 µg/kg, an average concentration of 4.0 µg/kg for 1851 to
1951, and an average concentration of 2.3 µg/kg for 1952 to 2002 (Table 5.3). These
findings are in general agreement with the literature values discussed above. Inves-
tigations by McConnell et al. (2007) from D5 (68.5◦N, 42.9◦W; a location in the
accumulation zone eastward from the dark region) show similar changes in BC. As
the concentrations of the glacial transported carbonaceous particles in our samples
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Table 5.3: Elemental carbon concentrations from the Greenland ice sheet.

EC (µg/kg) Period Location Reference
4.1 12600 B.P. Pakitsoq Jenk (2006)
5.2 14700 B.P.
1.1 6000 B.P. Camp Century Chýlek et al. (1987)
2.5 4000 B.P.
2.1 and 2.6 Recent snow
1.7 320 to 330 A.D. GISP2 Chýlek et al. (1995)
2.0 Recent snow
0.1 to 3.2 100 to 3380 B.P. Dye-3 Chýlek et al. (1992)
< 4.2 Recent snow Dye-3 Clarke and Noone (1985)
0.16 to 1.21 Recent snow Summit Hagler et al. (2007)
4.2 to 30.1 Recent snow Summit Slater et al. (2002)
1.7 1788-1850 A.D. D4 site McConnell et al. (2007)
4.0 1851-1951 A.D.
2.3 1952-2002 A.D.

agree most favourable with the pre-industrial values observed by McConnell et al.
(2007), we conclude that our samples are not anthropogenic. This is in agreement
with the distance of tens of kilometres from Site 7 and Site 8 to the equilibrium line,
as material in the outcropping ice from these sites can not have travelled such long
distances through the ice sheet from the industrial revolution until now.

Based on these comparisons we conclude that the concentrations of outcropping
OC in our samples are relatively low compared to literature values for different rea-
sons, whereas the outcropping EC concentrations agree well with other values from
the Greenland ice sheet. However, the dark region seems not to be caused by ex-
tensive deposition of carbonaceous particles on the accumulation zone due to, for
example, forest fires or anthropogenic emissions.

5.5 Radiocarbon dating

Because the amount of carbonaceous particles in most of the ice samples is very
low, radiocarbon dates have to be interpreted with great care. Table 5.4 presents an
overview of the results. The OC from the samples containing ice directly below the
surface is modern. This is in agreement with the presence of microorganisms near
the ice surface, as discussed in the previous paragraph. The EC from S8-1 seems to
be slightly older than the modern ages of the OC fraction. Because it is likely that
this material also originated from the surface, this might be due to the inbuilt age
of the radiocarbon age of the elemental carbon (Gavin, 2001) or partly because the
measurement error is larger. The age of the OC and EC of S8-2, a sample at some
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Table 5.4: Radiocarbon ages of carbonaceous particles from west Greenland. fM and
fM corrected as explained in Sect. 5.3. Absolute uncertainties indicate the 1-sigma range. Cali-
brated ages are given within the 2-sigma range.

Sample AMS label Mass (µg) fM fM corrected
14C age Calibrated age
(yrs BP)

S8-1 OC∗ EG0901 131.5 1.084 1.089 -690 > 1948 A.D.
± 2.9 ± 0.015 ± 0.016 ± 120

S8-1 EC∗ EG0905 7.3 0.964 0.993 60 > 1280 A.D.
± 0.2 ± 0.037 ± 0.042 ± 340

S8-2 OC EG0906 6.3 0.767 0.808 1720 1120 B.C. to 1290 A.D.
± 0.2 ± 0.028 ± 0.056 ± 560

S8-2 EC EG0908 4.9 0.850 0.886 970 50 B.C. to 1960 A.D.
± 0.2 ± 0.050 ± 0.058 ± 530

S8-3 OC∗ 40426 102.6 1.071 1.078 -600 1950 A.D. to 2000 A.D.
± 2.3 ± 0.008 ± 0.009 ± 70

S7-1 OC∗ EG0902 115.7 1.065 1.070 -540 > 1950 A.D.
± 2.6 ± 0.014 ± 0.016 ± 120

S1-1 OC EG0903 32.3 0.676 0.678 3120 2130 B.C. to 790 B.C.
± 0.7 ± 0.021 ± 0.023 ± 270

∗Samples containing ice from direct below the surface

depth below the surface, indicate that this sample is not modern. This confirms our
hypothesis that old material is outcropping in this area. The EC appears to be younger
than the OC for S8-2, which is in contrast with the common idea that EC has either the
same age as OC or is older due to the inbuilt age (e.g. Sigl et al., 2009). Although the
presence of peaty particles might influence the age of the organic carbon, this effect
should be limited, because their amounts will be small and wind blown material will
originate from upper soil layers. As the calibrated periods for each fraction in this
sample partly overlap each other, it is likely that both EC and OC have the same age
within their uncertainties. This results in a period of 2000 to 660 years B.P. (or 50
B.C. to 1290 A.D.).

During the Holocene, eolian activity in the ice-free areas of West Greenland has
been variable. Willemse et al. (2003) reported that in the Kangerlussuaq tundra re-
gional silts were deposited continuously since 4750 year B.P. and the bulk of eolian
sands before 3400 year B.P. and after 550 year B.P., but they also found indications
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for extreme phases of eolian activity prior to 3500 year B.P., around 3250 and 2800
year B.P. and between 1600 and 520 year B.P. This last period of increased eolian
activity coincides with the age we reconstructed for the glacially transported material
in sample S8-2, (2000 to 660 years B.P.). Eisner et al. (1995) investigated a sediment
record from a lake in the Kangerlussuaq region and reported of continuous eolian
sand and silt depositions since 5000 B.P., with a significant increase since ca. 1000
14C years B.P. (provided without error). This increase is likely due to a higher sedi-
ment supply caused by a larger ice-free area. Note that the 14C ages of the OC and EC
in our sample S8-2 are 1720± 560 and 970± 530 B.P. respectively, which coincides
with the period presented by Eisner et al. (1995). Although not proven, we assume
that in periods when the regional situation and climate conditions allow high eolian
activity in the tundra, higher fluxes of eolian dust reach the ice sheet.

The OC from the reference sample S1-1 is older than the outcropping material
from Site 8. This is to be expected, as Site 1 is located closer to the margin and the ice
at this site is therefore older. However, in the previous paragraph we concluded that
organic material in this sample was likely picked up from the bedrock. In that case,
not only glacial transported material from the accumulation zone, but also basally
entrained organic debris has been dated. The age observed for this sample agrees
well with the period when the bedrock was exposed and vegetation could have grown
there. For example, Van Tatenhove et al. (1996) reported circumstantial evidence that
the ice sheet margin retreated tens of kilometres behind its present position during the
Holocene climatic optimum in this area. Weidick et al. (1990) state that the tundra
near Jakobshavn Isbrae was more ice free than at present, at least in the period 2700-
4700 years B.P. As our samples are from an area close to this region, it is likely that
these conclusions also hold for our sampling sites. The age for our sample from Site
1, 2741-4080 years B.P., agrees well with these findings.

Summarizing, we can distinguish between modern carbon introduced by melting
from the surface ice in the upper parts of our cores and older glacially transported
material in samples taken at some depth. The observed radiocarbon age for probably
vegetated bed rock material agrees well with the period of exposed tundra for this
site. In addition, the radiocarbon ages for the outcropping material agree well with
literature findings for high eolian activity. Therefore, we may conclude that the ra-
diocarbon ages confirm our assumption of a Holocene age for the original deposition
of the outcropping material in the dark region, during periods when higher amounts
of local dust were available.
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5.6 Conclusions

Although we have a limited number of samples, and carbon concentrations in the
outcropping ice are lower than expected, we can draw some important conclusions.
Samples of ice from directly below the surface show high concentrations of modern
organic carbon. This is probably caused by the presence of microbes on the ice
surface. Modern material melted into the ice to an equilibrium depth, even though
melt holes are not always visible. Ice beneath this equilibrium depth contains low
concentrations of carbonaceous particles. These concentrations are independent of
depth, indicating that the material is transported through the ice. This is confirmed
by the only sample taken at some depth that could be dated, which revealed that the
carbon in this sample is not modern and settled on the ice sheet during the Holocene.

The dust from our reference ice at Site 1, a site close to the margin, seems to
contain basally entrained material. Therefore, the age of the OC (4080 to 2741 year
B.P.) does not represent the date of uptake by the ice, but the time of growth of
vegetation on the bedrock. The bedrock was ice-free at least during the period 4700-
2700 years B.P. (Weidick et al., 1990). The radiocarbon age of this sample coincides
with this period when the bedrock was likely exposed and biological activity was
possible.

The concentrations of glacial transported OC in our samples seem to be lower
than for other Holocene samples from GRIP. It is not clear why this is the case,
but different locations and therefore other sources, transport routes and deposition
processes might be an explanation. Both OC and EC concentrations of the glacially
transported material in our samples are slightly lower than concentrations for the
Younger and Older Dryas, in the nearby Pakitsoq area. This indicates that less organic
material settled in the accumulation zone relative to glacial periods. The outcropping
material in our samples reveals EC concentrations in the same order of magnitude
as generally observed in ice cores from Holocene age in Greenland. Hence, the
dark region seems not to be caused by periods of high EC deposition on the ice
sheet, like extensive forest fires or anthropogenic emissions, but rather by periods
with high mineral dust fluxes. During periods in which higher amounts of eolian
mineral dust from the tundra settled on the ice sheet, EC and OC fluxes, even if they
are small, can be increased as well. This is confirmed by higher concentrations of
carbonaceous particles in ice samples from the dark region relative to reference ice
samples. In addition, the age for the outcropping carbon coincides with independent
literature values (Willemse et al., 2003; Eisner et al., 1995) for a likely increased
eolian activity in the nearby tundra. This completes the findings of Wientjes et al.
(2011), who revealed that surface dust in the dark region consist mainly of minerals
and microbes and who presented strong indications that the dust causing the dark
region has a local source, based on geochemical analyses.
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Measurements of absolute concentrations of outcropping mineral dust in the ice
could confirm their higher amounts in the dark region. As we only succeeded in dat-
ing one single sample with outcropping material, more radiocarbon measurements
with larger samples to obtain higher amounts of carbon seems to be useful to find out
more about the exact period when the dust has settled on the ice sheet. Differences
in dust fluxes during the Holocene induced by variable local conditions seem to con-
tribute to outcropping dust layers and therefore to albedo variations observed in the
ablation zone at present which effect present-day melt rates.
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In the western ablation zone of the Greenland ice sheet, melt rates significantly con-
tribute to the surface mass balance. The albedo is an important factor for the melt
energy in this area. Parallel to the margin of the ice sheet, a large dark region of
more than 350 kilometres long and several tens of kilometres wide occurs at the ice
surface, determined from satellite observations. This region has a lower albedo than
the surrounding ice, therefore enhancing the melt rates in this area. Comprehensive
climate models used to simulate the Greenland mass balance do not include this kind
of albedo variations. However, an estimation of the influence of this dark region with
a simple model shows that it significantly affects the ablation of this area (Chapter 2).
Therefore it is important to quantify the influence of this region on the mass balance
of the Greenland ice sheet. Although the present extent of the dark region can be de-
termined from satellite images, it is important to unravel the mechanisms that lead to
the low albedo, to predict its development and therefore its future influence on melt
rates. This thesis discusses the underlying processes that cause the dark region.

The spectral signature of the dark region determined from satellite images reveals
that the ice in the dark region contains high dust concentrations. The dark region is
only visible if the bare ice becomes exposed, indicating that the low albedo is a
property of the ice itself. As the dark region remains fixed at the same position at
some distance from the margin, wind blown material from the tundra and deposition
of dust by precipitation can be excluded as only source for the albedo lowering, as
they would cause a higher spatial variability and operate also closer to the margin.
In addition, high-resolution satellite images show patterns in the dark region that are
typical for outcropping tilted stratified layers of dirty ice (see Chapter 3). During
times of high aeolian activity, large amounts of dust settle in the accumulation zone
of the Greenland ice sheet. Due to gravitational forces, ice including these high
dust concentrations flows towards the margin. In the ablation zone, the dust reaches
the surface by melting of ice. The closely spaced layers of outcropping dust-loaded
ice are the main cause for the presence of the dark region. Due to the ice flow a
longitudinal profile of the surface ice in the melt zone perpendicular to the margin
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represents a time line with the oldest ice closest to the margin. The ice in the dark
region thus originates from a period during which large amounts of dust settled on
the ice sheet. The outcropping dust layers therefore contribute to the long memory
of the ice sheet. The subsequent albedo lowering will enhance the melt rates of the
Greenland ice sheet even without external climate forcing and only vanishes if these
dirty layers have reached the margin and melt away.

Analysing dust samples from the Greenland ice sheet provides information about
the origin of the dust. Already in 1870, the explorer Nordenskiöld and his group
investigated the cryoconite they found at the bottom of the melt holes in the western
ablation zone of the Greenland ice sheet. Nordenskiöld (1872) described this dust
as grey powder, which under the microscope appears to consist mostly of white an-
gular transparent grains, together with a few, less transparent yellow particles, green
crystals and black opaque grains. In addition they found that the cryoconite contains
considerable amounts of organic matter. Based on its composition, they speculated
that it might be volcanic or extraterrestrial dust (Nordenskiöld, 1872; Flight, 1875).
To reveal the origin of the dust in the dark region, we also sampled and analysed cry-
oconite from the dark region and from the brighter reference ice close to the margin
in the western melt zone of the Greenland ice sheet (Chapter 4). This material has in
principle the same appearance as the cryoconite observed by Nordenskiöld (1872).
The abundant angular grains are most likely caused by glacial transport. The min-
eralogical and elemental composition of the mineral dust from the dark region and
from the brighter reference ice is almost identical, with only small differences caused
by recent deposition and accumulation of dust in the dark region. Based on this com-
position and on the sharp-edged and angular grain shapes, we conclude that the dust
does not have an extraterrestrial or volcanic origin, nor does it seem to originate from
long-range transport from different continents. We therefore assume that the dust
has a local origin from the nearby tundra. However, more detailed analyses would
provide more certain information on the exact origin of the dust. This can be done
by analysing dust from ice cores taken at some depth, to overcome the influence of
recent precipitated or wind blown material. In addition, this dust should be compared
with the different sediment types occurring in the nearby tundra, to ensure that the
dust has a local origin. Also other kind of analyses, like grain size distribution, might
be helpful for this purpose.

To reveal the period in which the dust originally settled on the ice, we performed
14C measurements on carbonaceous particles in the ice. These measurements re-
veal that the dust that derived from the outcropping ice settled on the ice during
the Holocene, during periods of high aeolian activity (see Chapter 5). This aeolian
activity was probably enhanced by higher dust supply due to glacial retreat and by
more stormy circumstances. To determine the age of the outcropping ice in the dark
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region more precisely, more and larger samples need to be analysed. Our measure-
ments also reveal that the ice from the dark region contains higher concentrations of
carbonaceous particles than the reference ice, although these concentrations are not
unusually high compared to other locations on the Greenland ice sheet. Therefore,
mineral dust seems to be the main component of the dust in the outcropping ice. To
make sure that the dark region contains more dust than the brighter ice, dust con-
centrations from large ice cores taken at some depth should be measured. For this
purpose many samples from different locations are needed, because of the inhomo-
geneous distribution of dust.

The presence of dust on the ice will lead to other processes that influence the
albedo. Dust that appears at the ice surface by direct deposition or by outcropping
from the ice, will aggregate into small depressions and melt into the ice, creating
cryoconite holes. These holes are often narrow and deep. Therefore only part of the
sunlight will reach the bottom of these holes, depending on their form and position. In
addition, the accumulation of dust in these holes increases the albedo with respect to
a uniform distribution of the dust on the ice surface (Bøggild et al., 2010). Increasing
mass in the cryoconite holes leads to hole widening, reducing the self-shading effect
of the dust at the bottom and thus reducing the albedo (Cook et al., 2010). More
investigation on the formation and characteristics of the cryoconite holes in the dark
region is needed to quantify their influence on the albedo.

Both in the material from the cryoconite holes in the dark region and in the mate-
rial on the surface ice in the dark region, we observed large amounts of cyanobacteria.
These microorganisms form, together with mineral particles and other organic mat-
ter, cryoconite granules. Due to this aggregation the cryoconite can reside for years
on the ice, possibly keeping the dust particles on the ice (Hodson et al., 2010a). The
cryoconite granules are well known to have a high light absorbance (e.g. Takeuchi,
2001). Minerals in the outcropping dust serve as nutrients for these microorganisms.
Therefore, the presence of dust will stimulate the growth of the cyanobacteria, caus-
ing a feedback mechanism that enforces the albedo lowering. More detailed analyses
on the microorganisms in the ice will enhance our understanding of the contribution
of biological processes to the albedo lowering.

The low albedo in the dark region will increase melt rates and subsequently create
slush and meltwater in this area. Meltwater in the dark region can hardly discharge,
due to the small surface slope and due to the cold ice making penetration of melt-
water to the englacial and subglacial system more difficult (Knap and Oerlemans,
1996). Meltwater accumulation at the ice surface reduces the albedo (Greuell, 2000).
Therefore, this positive feedback mechanism also contributes to the albedo lowering
in the dark region.

The modelling of dust transport through the ice can be useful to get more insight
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into where and when the outcropping dust from the dark region originally settled
on the accumulation zone. For this purpose, an ice-flow model for the Greenland
ice sheet including an accurate method to calculate dust-particle trajectories must be
developed. Models that simulate tracer transport in an ice sheet already exist (e.g.
Lhomme et al., 2005). Such models produce the age and origin of the ice inside
an ice sheet, and can be adapted to simulate the dust-particle pathways through the
ice. This kind of modelling may also help to predict the future evolution of the dark
region, as more dust, now hidden inside the ice, might reach the surface.

To determine the influence of outcropping dust-loaded ice layers on the mass bal-
ance of the Greenland ice sheet, it is necessary to study the entire surface area of the
ablation zone that contains such dust layers. In addition to the large dark region in the
western ablation zone of the Greenland ice sheet, other areas with outcropping dust
layers exist. Bøggild et al. (2010) observed a dark region in northeast Greenland that
is caused by local dust that originally settled on the accumulation zone and reaches
the ablation zone with the outcropping ice. In addition, satellite images reveal that
the western ablation zone north of the large dark region also contain areas with low
albedo. These areas have the same spectral signature as the large dark region, typi-
cal for ice containing high dust concentrations. For example, Fig. 6.1 shows colour
compositions of a part of the west Greenland ice sheet, revealing other dark areas
probably caused by outcropping dust. Based on its spectral characteristics, ice con-
taining high amounts of dust can be distinguished from ice that appears dark for other
reasons. Although both the area in northeast Greenland and the areas in northwest
Greenland are smaller than the large dark region in west Greenland discussed in this
thesis, together these areas might have a significant influence on the mass balance of
the ice sheet. For this reason, more extensive study of the influence of outcropping
dust layers in the entire ablation zone of the Greenland ice sheet is needed.

Summarizing, the large dark region in the western ablation zone is caused by
melting of old ice that contains high amounts of dust. This dust was most likely
originally blown on the accumulation zone of the ice sheet from the nearby tundra in
a period of high aeolian activity. When the dust reaches the surface it can enhance
biological growth, leading to a further decrease of albedo. Also meltwater, caused by
this low albedo, will enforce the darkening process. Because the dark region increases
the ablation rates in this area, it has a significant influence on the mass balance of the
Greenland ice sheet.
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a b c

Figure 6.1: Colour composites of a MODIS image from 5 august 2007, showing part of the
west Greenland ice sheet with possible regions with low albedo caused by higher amounts of
dust in the ice. In the lower part some clouds are visible. Panel (a) shows band 143 for RGB
with a linear colour stretch, panel (b) shows band 143 for RGB with a decorrelation stretch
and panel (c) shows band 631 for RGB with a decorrelation stretch. The reddish colours in
the green ice in panel (b) and the dark blue in panel (c) indicate the position of the lower
albedo band.
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