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Abstract

The water masses in Kangerlussuaq (Søndre Strømfjord) in West Greenland
were studied during both a summer and a winter field survey. In order
to obtain an improved understanding of the relationship between the
physical oceanography and modern foraminiferal assemblage distributions,
conductivity–temperature–density measurements were carried out in connec-
tion with sediment surface sampling along a transect through the 180 km
long fjord. The exchange between the inner part of Kangerlussuaq (275 m
deep) and the ocean is restricted by an almost 100 km long outer, shallow
part. Our study shows that the water mass in this inner part is almost
decoupled from the open ocean, and that in winter the inner part of the
fjord is ice covered and convection occurs as a result of brine release. These
processes are reflected in the foraminiferal assemblage, which consists of a
sparse agglutinated fauna, indicative of carbonate dissolution. A monospe-
cific, calcareous assemblage (Elphidium excavatum forma clavata) occurs in the
innermost, shallow part, which is strongly influenced by sediment-loaded
meltwater during the summer. The outer, shallow part of the fjord is domi-
nated by strong tidal mixing, and in summer the density of the incoming
water does not exceed the bottom water density in the inner fjord. The
foraminiferal assemblage here reflects high bottom water current velocity
and an influence of water with relatively high salinity. Kangerlussuaq can be
regarded as a modern analogue for ice-proximal environments in the
Quaternary, with a strong seasonal forcing caused by freshwater run-off and
sea-ice formation.
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Generally, there is a close relationship between the water-
mass characteristics at the sea floor and the distribution of
different species and species groups of benthic foramin-
ifera (e.g., Murray 1991, 2006). As foraminiferal tests are
usually well preserved in fossil sedimentary records, they
are extremely useful in palaeoenvironmental studies.

The aim of this paper is to present for the first time new
data coupling water-mass characteristics, measured with
a conductivity–temperature–density (CTD) probe in
Kangerlussuaq (Søndre Strømfjord), West Greenland
(Fig. 1), with the distribution of recent foraminifera in
the area. This is the basis for an improved understanding
of the dynamics of a large fjord, which is strongly influ-

enced by both meltwater and tide water, in relation to the
characteristics of the modern foraminiferal community.
In addition, the results from Kangerlussuaq will contrib-
ute to future palaeoceanographic and climatic studies in
the same area, as well as to Quaternary palaeoenviron-
mental studies in general.

A number of investigations of modern foraminiferal
distributions in the Arctic have been carried out in shelf
and fjord areas, for instance, in the eastern Canadian
Arctic (e.g., Vilks 1969, 1989; Scott et al. 1980; Mudie
et al. 1983) and in the northern North Atlantic, as well as
in the Russian Arctic (e.g., Hansen & Knudsen 1992,
1995; Hald et al. 1994; Hald & Steinsund 1996). Mostly,
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Fig. 1 Maps of Kangerlussuaq showing sampling locations and rough bathymetry. (a) The regional surface currents: West Greenland Current (WGC); East

Greenland Current (EGC); Irminger Current (IC). (b) Location of Kangerlussuaq between the inland ice and the ocean. (c1–c3) Detailed sections of
Kangerlussuaq: locations of conductivity–temperature–density (CTD) profiles and HAPS samples from August 2005 ( ); CTD profiles from August 2005

(�); Van Veen samples from August 2005 (�); CTD profiles from February 2006 (�). The depth contours are 50 m (solid line), 100 m (long-dashed line) and

200 m (short-dashed line). The locations of the three major rivers, including the Watson River, are shown.
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these studies refer to previously published oceanographic
data, which may, as also stated by Polyak et al. (2002),
lead to inaccurate results, particularly near strong hori-
zontal or vertical gradients in the properties of the water
masses.

A few studies of modern foraminiferal distributions
have been carried out in direct connection with measure-
ments of water-mass properties in Spitsbergen and
northern Norway (e.g., Hald & Korsun 1997; Korsun &
Hald 1998, 2000; Husum & Hald 2004) or even with CTD
measurements, as in Greenland fjord and shelf areas
(Jennings & Helgadóttir 1994; Madsen & Knudsen 1994;
Lloyd 2006a). There is a need for an expansion of this
kind of study in Greenland in order to establish an
improved basis for the understanding of palaeoclimatic
changes in the area. Greenland has potentially a number
of modern analogue areas for the specific marine envi-
ronments that prevailed in larger parts of the Northern
Hemisphere during the Quaternary glacial periods. Par-
ticularly important are the many fjords with direct
contact to calving glaciers and estuaries with large quan-
tities of meltwater entering from the inland ice.

Examples of palaeoenvironmental studies based on
fossil benthic foraminiferal assemblages from West and
East Greenland shelf and fjord areas are described by
Jennings & Weiner (1996), Dowdeswell et al. (2000),
Lassen et al. (2004), Lloyd et al. (2005), Lloyd (2006b)
and Møller et al. (2006). Palaeoclimatic interpretations of
glacial and interglacial records from onshore sites in
North, West and East Greenland have been presented by,
e.g., Feyling-Hanssen (1990), Feyling-Hanssen & Funder
(1990), Bennike et al. (1994), Vosgerau et al. (1994) and
Kelly et al. (1999).

Physical and hydrographical setting

Kangerlussuaq is a large fjord in West Greenland,
located some 100 km to the south-east of Sisimiut (see
Fig. 1). It is 180 km long and consists roughly of two
parts: an inner part, which is relatively wide (about
4 km) and deep (up to about 275 m), and an outer part,
which is relatively narrow (about 1 km) and shallow
(25–100 m). The outer, narrow and shallow part occu-
pies approximately half of the fjord (ca. 100 km), and
because of its length, does not resemble a typical sill as
found in many other Arctic fjords (e.g., Hald & Korsun
1997; Korsun & Hald 2000; Møller et al. 2006). The
sediment cover is thin, if present, in the outer shallow
part because of strong currents (see below).

The transition between the inner and outer part of the
fjord is characterized by a steep slope, rising 230 m over a
distance of 20 km. This morphology presumably results
from the hard Archadian bedrock complex, which is

unaffected by later folding phases, occupying the outer
part of the fjord (Henriksen et al. 2000). The inner part,
however, was created during the Nagssugtoqidian folding
phase, during which it was metamorphosed and folded
into the older bedrock, which softened the bedrock some-
what, and made it less resistant to erosion (Henriksen
et al. 2000). The inner fjord resembles a U-shaped basin:
a gorge cut into the bedrock and filled with fine-grained
sediments (observed on the echo sounder).

The oceanographic setting along the West Greenland
coast (Fig. 1) is governed by the West Greenland
Current (WGC), which is a mixture of the East Green-
land Current (EGC) and the Irminger Current (IC) (e.g.,
Buch 2002). The EGC originates in the Arctic Ocean: it
is cold and of relatively low salinity. The IC is a branch
of the North Atlantic Current, which is relatively warm
and of relatively high salinity. They join at Kap Farvel
and continue towards north as the WGC (Andersen
1981). The EGC component of the WGC dominates the
coastal and upper part of the water column along the
West Greenland coast, until it turns westward around
65–66°N, whereas the IC component dominates below
the EGC component of the WGC and further westwards
(Andersen 1981; Buch 2000, 2002). Mixing between
the two components (EGC and IC) takes place, and, as
the WGC continues northwards from 65 to 66°N, it
consists mainly of Atlantic Water, which is further trans-
formed by mixing with meltwater run-off and iceberg
calving along the West Greenland coast.

The fjord is subject to tides with a range of 2–4 m.
The tides generate flow speeds of up to several metres
per second through the narrow, shallow outer part of
the fjord. In the summertime, the fjord receives large
quantities of freshwater from mainly three rivers that
drain meltwater from the inland ice and the smaller
Sukkertoppen Ice Cap, located to the south of the fjord
(Fig. 1). Watson River, the larger of these rivers, flows
into Kangerlussuaq at the innermost point of the fjord
(Fig. 1). The freshwater input to the fjord is much influ-
enced by the meteorological conditions, and it usually
peaks in late July or early August. In 2005, the peak
flow in Watson River exceeded 1000 m3 s-1 (Hasholt,
pers. comm.). From late October to early May the flow
in Watson River is close to zero (Tinghuus, pers.
comm.).

Additionally, the rivers carry large quantities of fine-
grained sediment, which leads to high sedimentation
rates in the fjord (data not shown). At the beginning of
November, sea ice starts to form in the inner part of the
fjord, eventually reaching a thickness of about 1 m. In the
outer, shallow part the tidal currents are too strong for ice
to form. In the middle of June the ice cover breaks up
(Tinghuus, pers. comm.).
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Materials and methods

Two surveys were carried out on Kangerlussuaq, on 3–5
August 2005 and 26–27 February 2006. The first was
carried out from a small ship, whereas the second took
place using a snowmobile on the ice-covered, inner part
of the fjord.

A total of 16 stations were visited on the August cruise
(Fig. 1). At each station, we made vertical profiles of in
situ conductivity and temperature using a 19plus SEACAT
Profiler (Sea-Bird Electronics, Bellevue, WA, USA). Data
were recorded at 4 Hz, the instrument was lowered at a
speed of up to 0.5 m s-1 and the profiles were continued
until the instrument touched the bottom. From the obser-
vations of conductivity, temperature and pressure,
standard software was used to calculate salinity, potential
temperature and potential density (all dimensionless;
UNESCO 1981) (Figs. 2–5). Only data from the down-
casts were used.

On this cruise, we also attempted to obtain bottom
sediment samples using a HAPS corer (KC Denmark
Research Equipment, Silkeborg, Denmark), with a total
weight of about 140 kg, and a core length and diameter of
30 and 14 cm, respectively. This procedure was only suc-
cessful at 12 out of the 16 stations because of the presence

Fig. 2 Along-fjord distribution of (a) potential

temperature and (b) salinity, measured on 3

and 4 August 2005 (1 db = ca. 1 m). The values

at the isolines are as indicated. The locations of

the sampling sites are shown and marked as in

Fig. 1. Note the direction of the plot (from

north-east to south-west).
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Fig. 3 Salinity–temperature plot of the data shown in Fig. 2. The thin lines

are isolines (values as indicated) of the potential density minus

1000 kg m-3. The thick line indicates the freezing point.
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of coarse bottom sediments at some of the sites. Because
of the difficulty in handling the HAPS corer in strong
currents, the stations in the outer, narrow part of the fjord
were visited around slack tide. Additionally, bottom sedi-
ment samples were obtained at a few shallow stations in
the innermost part of the fjord using a small Van Veen
grab (KC Denmark Research Equipment). In order to be
able to study the quantity of living foraminifera compared
with the number of empty tests, only the top layer (down
to a maximum of 5 cm) of the sediment was sampled and
used for foraminiferal analysis. Most of the living fora-
minifera would occur in the top few centimetres of the
sediment.

All the samples for foraminiferal analysis were imme-
diately preserved in 60% ethanol (no buffer was added),
and were subsequently stained with Rose Bengal on
arrival at the Department of Earth Sciences, University of
Aarhus, Denmark. The samples were processed a few
weeks after collection. The reliability of the Rose Bengal
staining technique to distinguish live from dead foramin-
ifera has been reviewed by Murray & Bowser (2000). As
the majority of foraminifera die from predation or repro-
duction, most of the tests are left empty. Such shells
would not occur as false “positives” in stained samples. In

Fig. 4 Along-fjord distributions of (a) potential

temperature and (b) salinity, measured on 26

and 27 February 2006 (1 db = ca. 1 m). The

values at the isolines are as indicated. The loca-

tions of the sampling sites are shown and

marked as in Fig. 1. Note the direction of the

plot (from north-east to south-west).
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Fig. 5 Salinity–temperature plot of the data shown in Fig. 4. The thin lines

are isolines (values as indicated) of the potential density minus

1000 kg m-3. The thick line indicates the freezing point.
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anoxic or hypoxic environments, dead individuals are
more likely to be found containing protoplasm because of
less, or maybe even absent, predation, and a relatively
slow decay rate. As the sediments in Kangerlussuaq do
not show any sign of anoxia or hypoxia, we regard the
Rose Bengal technique as reliable for our study.

The samples for foraminiferal analysis were processed
in accordance with the standard method described by
Feyling-Hanssen et al. (1971) and Knudsen (1998). The
volume of each sediment sample preserved in alcohol was
measured before it was washed through sieves with mesh
diameters of 0.063, 0.1 and 1.0 mm. The different size
fractions were subsequently dried at ca. 50°C, and the
foraminifera in the 0.1–1.0-mm fraction were concen-
trated using tetrachlorethylen (C2Cl4) with a specific
gravity of 1.62 g cm-3.

The foraminiferal assemblages were analysed in the
0.1–1.0-mm fraction by counting at least 300 specimens
of each of the four following benthic groups, where
possible: calcareous stained, calcareous unstained, agglu-
tinated stained and agglutinated unstained tests. This,
however, was only possible for two samples. All the avail-
able sediment material has been processed and analysed
for each of the remaining samples (Tables 1, 2). A speci-
men was defined as living when at least one chamber was
evenly stained.

Our preparation method differs from that of, e.g., Lloyd
(2006a, b), who counted the 63-mm fraction of his fora-
miniferal assemblages from wet samples in order to avoid
destroying the fragile agglutinated tests. Our samples
were not dried before washing either, whereas the frac-
tion 0.1–1.0 mm was dried before counting. There is,
however, no indication of any disintegration or loss of
agglutinated tests in our samples. The differences in
preparation methods could cause minor dissimilarities in
the abundance of particularly the small and/or fragile
agglutinated taxa, but we assume these to be insignificant
for our qualitative comparisons.

A brief overview of the foraminiferal distribution was
obtained, even though the counted number of foramin-
ifera was generally low, and the uncertainty was
accordingly high. A total of 53 taxa were identified: 29
calcareous and 21 agglutinated (Tables 1, 2). Because of
the low numbers of foraminifera in most of the samples,
only a limited statistical treatment of the data has been
applied. For the specimen-rich samples, the percentage of
each species (stained + unstained) is calculated in relation
to the total assemblage (TA: calcareous stained and
unstained as well as agglutinated stained and unstained
tests), and is presented as histograms for selected species
in Fig. 6, together with the percentage of stained (living)
tests of each species (stained + unstained). For the per-
centage calculations, a minimum of 30 specimens

(stained + unstained) were used. The number of speci-
mens per 100 ml of sediment is also indicated (Fig. 6,
Table 2). The total counts of all the observed taxa
are shown in Tables 1 and 2. The samples have been
divided into four assemblage zones based on species
compositions.

The February survey took place on the ice-covered part
of the fjord, which includes only the inner, deep part. At
six stations, distributed almost evenly throughout this
area, holes were cut in the ice cover (up to 80 cm thick),
and CTD profiles were made using the same instrument
as described above. As a result of the cold air, part of the
pump and hose system of the CTD froze between deploy-
ments, and was thawed using hot water. No bottom
samples were obtained during the February survey.

Results

Physical oceanography

The temperature and salinity data from the August cruise
are shown in Fig. 2, presented as contour plots based on
the 16 vertical CTD profiles. The contour lines were
drawn by hand to avoid problems with large differences
between the horizontal and vertical resolution. The inner
part of the fjord appears to be strongly stratified, with the
salinity increasing from close to zero at the surface to
about 24 at the bottom, and with the temperature
decreasing from above 7°C at the surface to -0.9°C at
intermediate depths. Through the outer part of the fjord,
the salinity and temperature change gradually toward the
values found in the coastal water masses, i.e., a salinity of
about 32 and a temperature of about 5°C. As one
approaches the wide and deep inner part of the fjord, the
tidal currents decrease and stratification develops.

Data from the August cruise are also illustrated in a
salinity–temperature diagram (Fig. 3), together with lines
of constant density and the freezing point. The density of
the profile data used in Fig. 3 is roughly one observation
per metre. In the present case, the water masses include
primarily the coastal water (high salinity, intermediate
temperature), the brackish surface layer (low salinity,
intermediate to high temperature) and the deep layer in
the inner part of the fjord (salinity around 24.5, low
temperature). Notably, the large number of data points
associated with the deep layer are located in a small area
of the plot, with the salinity ranging from 24.2 to 24.7
and the temperature ranging from -0.9 to -0.5°C. This
corresponds to an extremely narrow range of density,
indicating that the deep layer is almost homogeneous
below 80 m.

Temperature and salinity observations from the Febru-
ary survey are shown in Fig. 4 (also see description for
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Table 1 List of calcareous foraminiferal species with original references and total counts. The dead/

unstained and living/stained (bold italics) counts of specimens for each calcareous taxon are given

separately.

Foraminiferal counts

Stations 02-04 18 17 15 13 12 11 5 4 2

Depth (m) — 159 218 254 275 276 200 32 50 34

Astrononion gallowayi 65 8 180

Loeblich & Tappan, 1953 10 8 184
Astrononion sp. 2

Bolivina pseudopunctata 1

Höglund, 1947 5
Buccella frigida s.l. 36 6 25

(Cushman, 1922) 34 1 2 5
Buccella sp. 1 1

Cassidulina reniforme 5 1 27

Nørvang, 1945 1 13
Cibicides lobatulus 1 23 52 59

(Walker & Jacob, 1798) 4 6 23
Cornuspira planorbis

Scultze, 1854 1 1
Elphidiella arctica 1

(Parker & Jones, 1864)

Elphidium albiumbilicatum 39 9 18

(Weiss, 1954) 34 4 6
Elphidium excavatum

(Terquem) f. clavata

1 24 2 5 167 1 2

Cushman, 1930 1 14 2 2 222 1 3
Elphidium hallandense 1

Brotzen, 1943 1
Elphidium sp. 1

Eoeponidella pulchella 1

(Parker, 1952) 1
Haynesina nivea 1

(Lafrenz, 1963)

Miliolinella subrotunda 1

(Montagu, 1803) 1
Nonionellina labradorica 1

(Dawson, 1860)

Nonionellina sp. 1

Patellina corrugata 6

Williamson, 1858 4
Quinqueloculina seminulum 2 10 2

(Linné, 1758) 10 4 1
Rosalina praegeri 1

(Heron-Allen & Earland, 1913) 2
Rosalina cf. wrightii 1

(Brady, 1881) 1
Scutoloris tegminis

(Loeblich & Tappan, 1953) 6
Stainforthia loeblichi

(Feyling-Hanssen, 1954) 11
Trifarina fluens 1

(Todd, 1947) 1
Unilocular 3 2 16

2 24
Indeterminate 2 1 1
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Table 2 List of agglutinated foraminiferal species with original references and total counts. The dead/unstained and living/stained (bold italics) counts of

specimens for each agglutinated taxon are given separately. The total count per sample (stained and unstained calcareous tests plus stained and

unstained agglutinated tests) and the total number of specimens per 100 ml of sediment is indicated at the bottom.

Foraminiferal counts

Stations 02-04 18 17 15 13 12 11 5 4 2

Depth (m) — 159 218 254 275 276 200 32 50 34

Adercotryma glomeratum 4 6

(Brady, 1878) 2 9
Ammodiscus sp. 1

Cribrostomoides crassimargo

(Norman, 1892) 4
Cribrostomoides jeffreysi 5 3

(Williamson, 1858) 3 1
Deuterammina montagui 3 10 5

Brönnimann & Whittaker, 1988 12
Deuterammina ochracea 2 10 9

(Williamson, 1858) 5 3 4
Eggerella advena 1 285 1 5 273

Cushman, 1922 238 1 23 264
Glaphyrammina americana 1

(Cushman, 1910)

Glomospira gordialis 24 2

(Jones & Parker, 1860)

Glomospira sp. 1

Paratrochammina bowlesensis 8 2 3

Brönnimann & Whittaker, 1988 1
Portatrocammina bipolaris 1

Brönnimann & Whittaker, 1980 1
Psammoshaera fusca 2

Schulze, 1875

Recurvoides turbinatus 4 5

(Brady, 1881) 3 4
Rhabdammina sp. 1

Reophax arctica 1 5

Brady, 1881

Reophax fusiformis 24

(Williamson, 1878) 8
Reophax sp. 3

Saccammina difflugiformis 19

(Brady, 1879) 2
Spiroplectammina biformis 11 10

(Parker & Jones, 1865) 2 10
Textularia sp. 1

Textularina torquata

Parker, 1952 6
Trochammina sp. 2

Turritellella shoneana 1

(Siddall, 1878)

Indeterminate 1 15

1
Total count (stained and un-stained,

agglutinated plus calcareous)
3 38 8 83 7 2 1287 6 160 1261

Total per 100 ml (stained and un-stained,
agglutinated plus calcareous)

3 12 2 26 2 1 5400 60 100 1.5 ¥ 107
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Fig. 2). The contour plots are based on vertical CTD pro-
files obtained at six locations on the ice-covered part of
the fjord. At that time, the ice cover reached roughly the
location of station KL11, from where the tidal currents
apparently became too strong for ice to form. Contrary to
the summer situation, the temperature and salinity show
much smaller vertical gradients, with the temperature
being low and the salinity being relatively high through-
out the inner, deep part of the fjord. When plotted in a
salinity–temperature diagram (Fig. 5; also see description
for Fig. 3), the subtle differences between the water
masses become apparent. Below a depth of roughly
125 m, the fjord is occupied by a water mass of relatively
high salinity (24.0–24.4) and relatively high temperature
(from -0.3 to -0.6°C). This is the densest water in the
fjord (Fig. 5). Above this, reaching up to a depth of about
30 m, is a water mass that is extremely cold, with the
temperature ranging from -1.0 to -1.25°C, and with a
salinity from about 23.4 to 24.0, which is close to the
freezing point. More structure in the water masses is seen
in the uppermost part of the water column. Between
roughly 10 and 20 m, there is a thin layer with a tem-
perature from -0.5 to -0.7°C and a salinity of 23.0–23.3,
which is well above the freezing point. Just below the ice,
the conditions are close to freezing, with the temperature
being about -1.2°C and the salinity ranging from
22.3 to 23.0. This water is only slightly lighter than the
underlying layer.

Foraminifera

The samples from Kangerlussuaq have been divided into
four assemblage zones (zones A–D) based on the foramin-
iferal contents (Fig. 6).

Zone A (samples KL02–04 and KL18) from the inner
part of the fjord (Fig. 6) is largely affected by the meltwa-
ter from the inland ice. The samples are characterized by
sparse foraminiferal contents. A monospecific calcareous
assemblage of Elphidium excavatum forma clavata, with a
high percentage of living specimens, occurs close to the
Watson River outlet.

Most of the samples from zone B (KL17–12; Fig. 6)
contain sparse assemblages, with only one being rich in
foraminifera. Agglutinated species are totally dominant in
this deepest part of the fjord (275 m depth). The most
common species are Reophax fusiformis together with Glo-
mospira gordialis and Saccammina difflugiformis, but only R.
fusiformis and S. difflugiformis were observed to be living
(Table 2). Among the few calcareous foraminifera found,
a relatively large number were observed to be alive.

Sample KL11 (zone C; Fig. 6) differs from the other
inner fjord samples in that it has a much higher abun-
dance of foraminifera. The sample derived from the

transitional slope between the inner, deep part and the
outer, shallow part of the fjord, at a water depth of 204 m.
The fauna has a slight dominance of calcareous species. In
the calcareous portion of the fauna, the dominant taxon
is E. excavatum f. clavata, followed by Astrononion gallowayi,
Bucella frigida s.l. (mainly B. frigida forma calida Cushman
& Cole, 1930), Elphidium albiumbilicatum and Cibicides
lobatulus. A high proportion of living specimens of E.
excavatum f. clavata, B. frigida s.l. and E. albiumbilicatum
was observed. The agglutinated part of the fauna is domi-
nated by Eggerella advena, with Deuterammina ochracea,
Deuterammina montagui and Spiroplectammina biformis as
associated species. Few living specimens were found in
the agglutinated fauna (Fig. 6).

Samples KL5, KL4 and KL2 are grouped in zone D,
which is here extended to the edge of the slope (Fig. 6).
Only a few samples were retrieved from this outer,
shallow part of the fjord because of difficulties with sam-
pling in coarse sediment and strong currents. The fauna is
dominated by calcareous foraminifera with C. lobatulus, A.
gallowayi and Quinqueloculina seminulum (Miliolida; Fig. 6)
as the most abundant species. Three agglutinated species
are observed, with E. advena being dominant. A total of
82% of E. advena were found to be alive at the time of
sampling.

In order to obtain an indication of the faunal compo-
sition in an area dominated by coastal water, one of the
samples was retrieved just outside the fjord outlet (KL2).
This sample contains a mixed fauna with an equal domi-
nance of the agglutinated and calcareous species groups,
and with high species diversity and density. In the calcar-
eous part of the fauna, A. gallowayi is dominant, followed
by C. lobatulus, E. albiumbilicatum and B. frigida s.l. Among
agglutinated species, E. advena is dominant, followed by
S. biformis, D. montagui/ochracea and several others. The
percentage of living specimens is low in this sample, at
only 1% (Fig. 6).

Environmental interpretation

Physical oceanography

In the inner, deep part of Kangerlussuaq, two water
masses clearly stand out in the summer observations.
These are the freshwater-influenced layer, occupying the
upper 50–75 m of the water column, and the cold and
relatively saline layer, occurring at depths below about
75 m (Fig. 2). The former is closely connected with the
seasonal input of meltwater from the ice caps. On the
other hand, the properties of the deep-lying water mass,
i.e., a temperature from -0.9 to -0.5°C and a salinity of
about 24.5, which is close to the freezing point at surface
pressure, suggest that this was formed in the wintertime,
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in connection with strong cooling and the formation of
ice. The latter process is associated with brine release and
free convection, which may explain why the deep-lying
water mass is almost homogeneous. We therefore assume
that cooling and ice formation play a prominent role in
shaping the physical oceanographic conditions in the
fjord.

The gradual change of the density throughout the
upper 50–75 m indicates that this layer is not subject to
particularly strong wind mixing, and that the large, deep-
lying volume of cold, saline water is effectively sheltered
from mixing from above. Additionally, in the present
situation, the water masses that enter from the outer part
of the fjord are actually less dense than the deep-lying
water mass in the fjord, because of a strong, tidally driven
mixing in the outer, shallow part. Large horizontal gra-
dients and small vertical gradients, as found in the outer
part of the fjord, are typical features of an estuary that is
subject to intense mixing, in this case because of tidal
flows (Fischer et al. 1979). The water mass along the
coast of West Greenland, which has a summer tempera-
ture of about 5°C and a salinity of 33, and is therefore
relatively dense, is thus being considerably modified
before it reaches the inner part of the fjord (see Fig. 3).
From the situation shown in Fig. 2, we speculate that the
deep-lying layer in the inner part of the fjord is hardly
subject to any renewal during the summer, and that new
water masses can only be added during the period of
cooling and ice formation in the wintertime. We further
note that in the depth range from about 20 to 75 m, there
is a large body of water with salinity ranging from 15 to
24, with a temperature ranging from 4 to 0°C, which is
less dense than the deep-lying water, but which is much
denser than the surface water. It may be that this inter-
mediate water was created earlier in the summer, when
the outflow of freshwater was smaller.

The winter survey was carried out in order to investi-
gate whether the deep-lying water mass in the inner part
of the fjord was created during the wintertime, and,
if so, to study the resulting environmental conditions.
Throughout the entire water column, we found water
masses of properties close to the surface freezing point
(Figs. 4, 5). This observation shows that cooling and ice
formation are indeed the primary physical processes in
wintertime. Furthermore, the subtle differences that are

apparent from Fig. 5 shed some light on the conditions
under the ice, suggesting that the different water masses
have been created by different processes. The two
extremely cold water masses, located just below the ice
and at depths between 125 and 30 m, seem to be a direct
result of ice formation. On the other hand, the two water
masses with temperatures somewhat above the freezing
point, one of which is occupying the large volume below
a depth of 125 m, could have been formed by convective
mixing as a result of brine release.

It is notable that the vertical gradients seem to be
smaller at either end of the inner, deep part of the fjord
(Figs. 2, 4). In Fig. 5 these observations appear as a cloud
of data points of temperatures from -0.6 to -0.8°C, and
salinities between 23.4 and 23.8. A possible explanation
is mixing caused by the propagation and breaking of
internal waves, which could be created by the strong tidal
currents in the outer, narrow part of the fjord (e.g.,
Arneborg & Liljebladh 2001; Allen & Simpson 2002). The
undulations of the isolines seen in Fig. 2 at the transition
between the two parts of the fjord support this
hypothesis.

Foraminifera

The innermost part of the fjord, zone A, is characterized
by a monospecific assemblage of E. excavaum f. clavata,
which is indicative of ice-proximal environments. This
taxon is, according to Hald et al. (1994), related to cold
waters (<1°C), variable or slightly reduced salinity, high
sediment accumulation rates and soft substrata, and is
common in Arctic fjords and shelf areas in association
with these parameters (e.g., Elverhøi et al. 1980; Hansen
& Knudsen 1992; Hald et al. 1994; Korsun & Hald 2000).
The high percentage of living E. excavatum f. clavata in
sample KL18 (37%) may be indicative of a high sedimen-
tation rate, resulting in fast burial of the dead tests, or it
could be a result of carbonate dissolution (see Murray
1973). A high sedimentation rate is likely for the area
because the meltwater entering the fjord close to the
innermost sampling sites carries large quantities of sedi-
ment, as observed during the cruise and recorded by the
CTD probe (data not shown). The calcareous foramin-
iferal tests in zone A do not show any sign of dissolution.

Fig. 6 Along-fjord percentage distribution of selected species (living plus dead) in relation to the total assemblage (living plus dead, calcareous as well

as agglutinated) in Kangerlussuaq, shown as histograms, together with the percentage of living specimens in relation to the total species count (living plus

dead). The total number of specimens per 100 ml of sediment is also indicated. Symbols in the top part of the figure represent sampling locations ( ),

three shallow sampling sites (�) and conductivity–temperature–density stations from the August cruise without sediment sampling (�); see also Fig. 1.

At the bottom of the diagram, the percentages of each of three foraminiferal groups (living, total agglutinated and total Miliolida) are shown. They are

calculated in relation to total assemblages. Note the direction of the plot (from north-east to south-west).

�
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The sparse agglutinated assemblages in the deepest part
of the fjord, zone B, indicate an unfavourable environ-
ment for foraminifera, particularly for a calcareous fauna.
The dominant species, R. fusiformis, is typical for relatively
shallow areas in Arctic environments (Vilks 1969, 1989)
as well as Atlantic-sourced environments (Vilks 1969,
1989; Lloyd 2006a). Vilks & Deonarine (1988) found R.
fusiformis within a wide range of salinity and tempera-
tures (30–35 and 0–4°C) on the Labrador Shelf, whereas
Lloyd (2006a) regards R. fusiformis as an indicator of
Atlantic Water. Jennings & Helgadóttir (1994) recorded
this species (as R. subfusiformis Earland, 1933) together
with S. difflugiformis in three fjords and adjoining shelf
areas in East Greenland, related to both Atlantic Inter-
mediate Water (warm, high salinity) and Polar Water
(cold, low salinity). The other common species, G. gordialis,
was found together with S. difflugiformis in agglutinated
assemblages dominated by the genus Reophax in Scoresby
Sund Fjord (Madsen & Knudsen 1994). In that area, these
taxa were found at a much shallower water depth than in
Kangerlussuaq, and were associated with Polar Water.
Thus, it seems that R. fusiformis and S. difflugiformis are not
only associated with Atlantic waters, as suggested by
Lloyd (2006a), but they also occur in cold, low-salinity
waters.

The assemblage characteristics in the deep part of
Kangerlussuaq (zone B) indicate a hostile environment,
possibly with carbonate dissolution. Agglutinated assem-
blages are often associated with Polar Water, and are
related to permanent/semi-permanent ice cover (e.g.,
Wollenburg & Mackensen 1998; Wollenburg et al. 2004)
or to strong brine formation in enclosed basins (Seiden-
krantz et al. 2007), where CO2 is brought to the sea floor
as a result of freezing processes (Steinsund & Hald 1994;
Hald & Steinsund 1996). Schröder-Adams et al. (1990)
also reported that assemblages characterized by aggluti-
nated foraminifera reflected increased sea-ice cover
during periods of intensified atmospheric and surface-
water cooling.

The water mass in Kangerlussuaq has characteristics
similar to Polar Water, i.e., low temperature and reduced
salinity, and the CTD measurements indicate that the
bottom waters in the inner, deep part of the fjord are
almost decoupled from the ocean, and that renewal of the
bottom water occurs as a consequence of brine release
during winter, when the fjord is ice covered. Steinsund &
Hald (1994) found that the mixing of Arctic and Atlantic
waters, combined with seasonal ice cover, produces dense
bottom water that is very cold and saline, and highly
oxygenated. In Kangerlussuaq, however, the bottom
water salinity is only 24.5, which is relatively high com-
pared with the rest of the fjord, but is low compared with
the open ocean. The oxygen level has not been measured,

but the sediment consists of grey clay/silt without any
indications of low oxygen content. Steinsund & Hald
(1994) found that dissolution of calcareous tests occurs at
the sediment–water interface, when the decay of organic
matter produces high concentrations of CO2. Thus, the
calcareous component of the assemblages in the inner,
deep part of Kangerlussuaq has possibly been exposed to
carbonate dissolution, and assemblage zone B represents
a residual assemblage of agglutinated foraminifera.

The calcareous part of the fauna in zone C, from the
transitional slope between the inner, deep and the outer,
shallow parts, is typical for relatively stable salinity areas
in Arctic marine environments. This is particularly indi-
cated by the presence of A. gallowayi and B. frigida s.l. (cf.
Haynes 1973; Hald & Korsun 1997). The dominance of E.
excavatum f. clavata, however, would indicate some influ-
ence of low-salinity waters in the area. The dominant
agglutinated species, E. advena, is typical in Arctic waters,
and is often associated with shallow water depth (Lloyd
2006a). This species is also tolerant to high contents of
organic material and/or low oxygen concentrations, for
example, in eutrophic areas (Barmawidjaja et al. 1995;
Alve 1999; Tsujimoto et al. 2008). The agglutinated
species D. montagui, D. ochracea and S. biformis are cold-
water species (Brönnimann & Whittaker 1988; Hald &
Korsun 1997), whereas Recurvoides turbinatus and Adercot-
ryma glomeratum have been found to be associated with
transformed Atlantic Water (Hald & Korsun 1997; Lloyd
2006a).

The shift from an extremely sparse agglutinated assem-
blage in zone B to a specimen-rich and diverse fauna,
slightly dominated by calcareous taxa, in zone C, suggests
that the environmental conditions are different. The CTD
measurements (Fig. 2), however, do not show any impor-
tant difference between these sampling areas. The
temperature and the salinity are similar in the two areas.
This would indicate that other environmental param-
eters, e.g., the nutrient supply, are determining the faunal
differences. As KL11 is a shallower site with lower pres-
sure, the water might be less corrosive to carbonate than
in the deepest part of the fjord, even though the domi-
nance of living calcareous foraminifera in KL11 may
indicate an under-representation of carbonate in the total
assemblage at that site.

Additionally, station KL11 is located where the fjord
widens significantly, which causes the current speed of
the incoming water to be reduced, as indicated by the
change from coarse sediments in the outer, shallow part
to clay sedimentation on the slope (zone C) and in the
inner, deep part of the fjord (zone B). It is also indicated
by the change in the isolines, from diagonal to horizontal,
as the incoming water becomes the surface layer in the
inner, deep part of the fjord (Fig. 2). The abrupt reduction
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in current speed at the transition to the inner, deep part of
the fjord would allow organic material to settle on the
slope and create the basis for a rich foraminiferal com-
munity of species related to high organic contents, as
evidenced by the dominance of E. advena, and by the
increased density of foraminifera (5400 individuals per
100 ml). Large quantities of organic material, such as
remnants of seaweed, as well as diatoms, ostracods and
other crustaceans, were observed in the sample, but no
measurements of organic contents are available. The fora-
miniferal faunal composition in zone C is typical for an
Arctic environment influenced by meltwater (e.g., Vilks &
Deonarine 1988; Jennings & Helgadóttir 1994; Hald &
Korsun 1997; Lloyd 2006a).

The assemblage found in the outer, shallow part of the
fjord, zone D, is typical for areas with relatively strong
bottom water currents. The dominant species, C. lobatulus,
is related to areas with high current velocities and coarse
substrata, where it lives as an attached form on sand,
pebbles or seaweed in normal marine or slightly reduced
salinity (Haynes 1973; Jennings & Helgadóttir 1994; Hald
& Korsun 1997). The low percentage of living C. lobatulus
is probably a result of the habitat of this species, rather
than an actual measure of the number of living specimens
at the locality. Hald & Korsun (1997) found a positive
correlation between a low number of living C. lobatulus
and a low sedimentation rate, which allows the accumu-
lation of dead tests on the surface over several years. This
interpretation is in accordance with the fact that the sea
floor of the outer, shallow part of Kangerlussuaq is
exposed to strong tidal currents, and that the sediment
samples consist of sand and pebbles.

The high percentage of living E. advena in sample KL4
does not, however, fit with the indication of a low sedi-
mentation rate, as interpreted from the low number of
living C. lobatulus. A high post-mortem disintegration of
the agglutinated tests because of the strong energy envi-
ronment might explain this relatively high percentage of
living specimens of E. advena. Sample KL4 is the only
sample in the data set that contains a notable percentage
of Miliolida, mainly Q. seminulum (12%). Q. seminulum is
a cosmopolitan species, which is most common in
shallow waters with salinities around 33 (Murray 1991).
Its presence in KL11 indicates an influence from the open
ocean into the outer, shallow part of the fjord, which is
well supported by the hydrological data.

The general composition of the fauna outside of the
fjord (KL2) is close to that found in zone C. However, E.
excavatum f. clavata is not present in KL2, the percentage
of A. gallowayi is significantly higher, and the species
diversity is higher than in zone C. This indicates that the
environment is more like the normal marine environ-
ment, and less influenced by meltwater, outside the fjord

than on the slope, as is also supported by the CTD data.
The salinity at the mouth of the fjord is around 32, but is
only 24.5 at the slope. The fauna at station KL2 also
shows some similarity to faunal assemblage zone 6
(FAZ6) in Disko Bugt (Lloyd 2006a), which is character-
ized by shallow, relatively low-salinity waters
(temperature 4.0°C, salinity 33.27). The Disko Bugt
assemblage has almost the same species distribution as
sample KL2, but with the latter containing a relatively
higher percentage of calcareous species.

The dominance of A. gallowayi and C. lobatulus, together
with high numbers of Cassidulina reniforme, B. frigida s.l.,
Stainforthia loeblichi and unilocular species, in the calcar-
eous fauna at KL2 (Table 1) indicates a relatively stable
arctic marine environment (Hald & Korsun 1997), and
the influence of an oceanic component. The EGC
component of WGC has a salinity around 32–33, corre-
sponding to the measured salinity at station KL2. The
temperature at KL2 is, however, significantly higher than
“normal” EGC water (see Buch 2002). This might be a
result of either mixing of the EGC component with the
relatively warmer IC component of WGC water, or maybe
seasonal surface water heating of the EGC component of
the WGC.

Discussion and future prospects

Kangerlussuaq appears to be subjected to the typical
external forcing of polar regions, which are characterized
by large seasonal variations, i.e., strong cooling in the
wintertime and large freshwater run-off in the summer-
time. For both winter and summer, this creates water
masses in the fjord that are much different from those
found along the coast, resulting in an exchange flow
between the fjord and the ocean. In typical Arctic (or
Antarctic) fjords, the connection to the ocean is con-
stricted by a short, shallow sill, which allows for a
relatively easy and fast exchange between the deep fjord
basins and the ocean. Thus, cold and saline water masses
created in a fjord in the wintertime, as a result of cooling
and ice formation, may be replaced on a seasonal time
scale, or often faster, as the coastal waters become denser
and overflow the sill. Examples are given by Matthews
(1981), Jennings & Helgadóttir (1994), Niebauer et al.
(1994), Madsen & Knudsen (1994) and Skogseth et al.
(2005).

However, in Kangerlussuaq the shallow and narrow
outer part of the fjord is long (ca. 100 km) compared with
the tidal excursion (ca. 20 km), and the tidal currents are
strong, resulting in well-mixed conditions and weak gra-
dients of the water-mass properties in both time and
space. These circumstances cause a strongly dampened
exchange between the water masses in the fjord and
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those along the coast. This condition is approaching the
solution that Hogg et al. (2001) called the viscous advec-
tive diffusive, in which the transport of the water masses
in opposite directions is determined by friction and the
degree of vertical mixing. Given the magnitude of the
seasonal forcing, we speculate that the large, deep-lying
layer in the inner part of the fjord is subject to no or
extremely slow renewal by coastal waters. Furthermore,
the presence of the ice cover in the wintertime and the
thick freshwater-influenced upper layer in the summer-
time effectively shelters the deep layer from upwards-
directed entrainment caused by turbulence created by
wind stress, which would normally enhance estuarine
exchange (e.g., Nielsen et al. 2005).

Our findings in Kangerlussuaq show a strong connec-
tion between the physical oceanographic conditions and
the distribution of foraminifera. For instance, the deep
part of the fjord (below about 200 m) is typically inhab-
ited by sparse agglutinated assemblages. On the other
hand, the innermost, shallow part of the fjord is char-
acterized by the high dominance of only one species,
i.e., E. excavatum f. clavata, and a high proportion of
living specimens. This fjord head is an area where fine-
grained sediment settles quickly, and according to local
sources, sedimentation rates are up to several centime-
tres per year slightly north of sample KL18, possibly
accounting for most of the sediment carried by Watson
River.

The diversity of the foraminiferal assemblage on the
transitional slope between the inner, deep part and the
outer, shallow part of the fjord, reflects an influence of
cold, low-salinity waters from the deep, homogeneous
layer in the fjord, and the diversity and concentration of
the foraminifera indicate that living conditions are gen-
erally favourable in this area, presumably because of the
deposition of organic matter advected from the outer,
shallow part and settling as the depth increases.

The foraminiferal assemblage in the outer, shallow part
of the fjord is characterized by the dominance of the
indicator species for strong bottom currents, C. lobatulus,
as well as the relatively high-salinity species Q. seminulum.
This is in accordance with the observation of pronounced
tidal mixing and strong currents in this part of the
fjord.

Off the mouth of Kangerlussuaq, we find a diverse
foraminiferal assemblage related to the relatively stable
Arctic conditions in the EGC component of the WGC. The
water is, however, slightly warmer than the typical EGC,
either because of mixing with the IC component of WGC
waters or because of seasonal surface water heating. This
area is also subject to moderate currents, as the tidal
waves propagate northwards along the coast. The envi-
ronment is typically inhabited by both calcareous and

agglutinated species associated with Polar and Atlantic
Water components of the WGC.

The present investigation leaves a number of questions
open for future research. One question concerns the
problem of the chemical conditions in the deep-lying
water masses in the inner part of the fjord. Ice formation
and brine release are associated with the downwards
transport of oxygen and carbon dioxide (e.g., Steinsund &
Hald 1994; Rysgaard et al. 2007), and at increasing depth
and decreasing temperature this may lead to carbonate
dissolution and poor preservation of calcareous foramin-
ifera. One way of assessing the impact of this process
would be dense sampling of the surface sediments, com-
bined with measurements of physical properties on the
slope between the inner and the outer part of the fjord,
and along the shoaling sides of the inner part of the fjord.
At best, the chemical properties should also be measured
directly.

Another question concerns the biological production in
the fjord and the timing of the productivity. Sustained
water-column stratification normally has a strong effect
on the primary productivity, as would be expected to be
the case here, by confining the upper part of the water
masses to the photic zone, and by limiting the access to
inorganic nutrients. However, the meltwater also carries
large quantities of fine-grained sediment, and in suspen-
sion this may significantly constrict the availability of
light. According to the physical forcing, we expect to find
a strong seasonal variation in the fjord, and it may be that
the primary production is limited to ice-free periods (see
Rysgaard et al. 2003).

Finally, it is interesting that, because of the strong
tidal mixing in the outer, shallow part of the fjord, the
inner, deep part is largely decoupled from the oceanic
conditions. Furthermore, the cooling and ice formation
in the wintertime and the meltwater run-off in the
summertime, which determine the conditions in the
deep-lying water masses, are both direct results of the
local meteorological conditions. We therefore expect
that both the sediments and the foraminiferal contents
in sedimentary records from the inner, deep part of
Kangerlussuaq would hold unique information on the
climate of West Greenland and its variations, at least
through the Holocene. In addition, the well-defined
water-mass properties in the fjord suggest that model-
ling of the physical oceanographic conditions may be
straightforward, by employing the methods of, for
example, Hogg et al. (2001) and Haarpaintner et al.
(2001). For the study of climatic changes, modelling of
variations in cooling and ice production in the winter-
time and meltwater run-off in the summertime could
become a valuable supplement to data from sediment
cores.
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Conclusions

The study of a series of CTD profiles combined with
analysis of the modern foraminiferal distribution in
Kangerlussuaq (Søndre Strømfjord) shows that the
occurrence of different foraminiferal species and species
groups are related to physical water-mass characteristics
at the sea floor as well as the availability of nutrients.

The physical oceanographic conditions in the fjord are
much influenced by the strong seasonal forcing pertinent
to the polar regions. For instance, in the summertime
large quantities of meltwater run-off cause strong strati-
fication, and in the wintertime cooling and ice formation
lead to brine release and dense water formation. Impor-
tantly, because of the strong tidal mixing in the outer,
shallow part of the fjord, the water mass of the inner,
deep part of the fjord is almost decoupled from the
oceanic conditions of the coastal waters. This implies that
the conditions in the inner, deep part are determined
primarily by cooling and ice formation in the wintertime,
and by the meltwater run-off in the summertime, both
direct results of local meteorological conditions.

Foraminiferal assemblages in the deep part of the inner
basin are characterized by the sparse contents of aggluti-
nated species, presumably determined by carbonate
dissolution combined with the availability of nutrients.
The innermost, shallow part, however, is inhabited by a
glaciomarine assemblage dominated by the opportunistic
form E. excavatum f. clavata, which tolerates sediment-
loaded waters close to meltwater run-off from glaciers.

The foraminiferal assemblage found on the transitional
slope between the outer, shallow part of the fjord and the
inner, deep part indicates an Arctic environment with
reduced salinity, as also recorded by the CTD measure-
ments, and the relatively high foraminiferal density and
species diversity may be a result of a steady supply of
organic matter from the incoming waters to the slope.

The conditions in the outer, shallow part of the fjord are
characterized by strong tidal mixing. The indicator species
of strong bottom currents, C. lobatulus, and the relatively
high-salinity group, Miliolida, are connected to this envi-
ronment, which is under the influence of water with
increased salinity from the more oceanic coastal area.

The association between the foraminiferal distribution
in Kangerlussuaq and the water-mass characteristics,
which are again coupled with the meteorological condi-
tions, is promising for our future study of climate change
in the area.
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