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and CO2, and has reduced pH. Storfjorden is unique because it contains well-preserved agglutinated
foraminifera dating back to the beginning of the last deglaciation. We have investigated the distribution of
calcareous and agglutinated benthic foraminifera, benthic oxygen and carbon isotopes, calcium carbonate,
total organic carbon, and ice-rafted debris in ﬁve cores from Storfjorden comprising the Holocene and the
deglaciation. The purpose of the study is to reconstruct brine formation in the past under different climate
scenarios. The data indicate that in Storfjorden the ratio of agglutinated to calcareous benthic foraminifera
can be taken as a measure of the strength of brine formation. The foraminiferal data, which are supported by
stable isotopes, degree of fragmentation, and geochemical parameters, signify that brine formation intensiﬁed
during cold periods and weakened during warm periods. During the deglaciation, increased brine ﬂow
coincides with the Older Dryas, the Intra-Allerød Cold Period, and the Younger Dryas. Brine formation increased
from circa 8200 years B.P. reaching periodic maxima during the last 4000 years B.P. in response to the unstable
climate. Maximum brine production correlates with the Dark Ages Cold Period circa 1500–1100 years B.P.
and the Little Ice Age circa 600–100 years B.P. Lower production correlates with the Roman Warm Period circa
2500–2000 years B.P. and the Medieval Warm Period circa 1000–700 years B.P.

1. Introduction
Shelf brines provide about 10% of the deep water formed in the Arctic Ocean and Barents Sea today [Smethie
et al., 1986; Quadfazel et al., 1988; Rudels and Quadfasel, 1991]. The major source of deep water is open ocean
convection. Storfjorden, Svalbard, contributes about 5–10% of the brines [Quadfazel et al., 1988; Skogseth
et al., 2004]. Brine formation is likely to have been equally important, or even more so, during the last glacial
period, when the climate was much colder and the sea ice cover more extensive than at present. Conversely,
during warm phases reduced sea ice probably led to a reduction in the ventilation by brines.
The present investigation focuses on the intense brine formation in Storfjorden, Svalbard [Midttun, 1985;
Quadfazel et al., 1988; Schauer, 1995; Skogseth et al., 2004]. The brines are dense and have the potential to sink
to at least 2 km water depth [Quadfazel et al., 1988; Schauer, 1995]. Recent investigations indicate that brine
production in Storfjorden varies with the North Atlantic Oscillation (NAO) index [Skogseth et al., 2004].
The production is strongest in NAO winters, when the fjord is dominated by northeasterly winds and low
temperatures, and weakest in NAO + winters, when southwesterly winds and higher temperatures take over.
However, very little is known about brine formation in the Arctic in relation to climate changes on a longer
time scale.
Brines carry CO2-rich water into the deeper ocean, increasing the acidity of the deeper water masses [Kelley,
1968; Anderson et al., 2004, 2010; Omar et al., 2005; Rysgaard et al., 2007; Fransson et al., 2011]. The brine in
Storfjorden has a high concentration of dissolved inorganic carbon and a lower pH than the surrounding
water masses. Storfjorden is also very productive, and the content of organic matter in the sediments and
suspended in the brine is high [Anderson et al., 2004; Winkelmann and Knies, 2005; Damm et al., 2007]. Some of
the organic material is remineralized, thereby further increasing acidity of the brine [Anderson et al., 1988;
Papadimitriou et al., 2003; Delille et al., 2007; Fransson et al., 2011; Søgaard et al., 2013]. The brine may
therefore affect the preservation of calcareous material and have an effect on the concentration of calcareous
foraminifera [Steinsund and Hald, 1994].
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The purpose of this study is to
investigate variations in brine formation
in Storfjorden from the late glacial to
recent in relation to climate changes.
The study is based on ﬁve cores from
the innermost brine basin to the shelf
following the path of the brines from
the inner fjord to the outer shelf
(Figures 1a and 1b). Changes in
brine formation are estimated on the
basis of variations in the ratio of
calcareous versus agglutinated benthic
foraminiferal faunas, supplemented
by the degree of fragmentation of
benthic foraminifera, oxygen, and
carbon isotopes measured on benthic
foraminifera, the distribution of organic
and inorganic carbon, and the
occurrence of ice-rafted debris (IRD).

b

2. Oceanographic Setting
The archipelago of Svalbard stretches
from ~ 76 to 80°N (Figure 1a).
Storfjorden is a sound situated in the
southeastern part of the archipelago
between Spitsbergen to the west and
Edgeøya and Barentsøya to the east.
Figure 1. (a) Map of Storfjorden, Svalbard, showing position of cores (red The West Spitsbergen Current carries
circles) and CTD-stations (yellow circles). (b) North–south proﬁle sketch
warm Atlantic surface water northward
of Storfjorden from the inner basin to shelf showing brine overﬂow. Core
along the western slope of Svalbard
locations are indicated. Proﬁle sketch is based on Skogseth et al. [2005b].
into the Arctic Ocean. Polar and Arctic
surface water ﬂow out of the Arctic
Ocean east of Svalbard as the East Spitsbergen Current. The Arctic surface water enters Storfjorden via two
sounds to the northeast and continues as a coastal current along the inner shelf of Svalbard (Figure 1a). A
small branch of Atlantic surface water can enter Storfjorden from the south. In some years it can penetrate to
the inner basin and mix with Arctic water [Lydersen et al., 2002].
Storfjorden consists of an inner deep basin (maximum water depth ~190 m) ﬂanked by a shallow shelf
(<40 m water depth) to the north and northeast (Figures 1a and 1b). To the south, a 120 m deep sill
separates the basin from Storfjorden Trough. During winter and spring, brines are formed on the shelf
east of the deep basin [Haarpainter et al., 2001; Skogseth et al., 2008] (Figure 1b). The heavy water sinks
and ﬁlls the basin, allowing the brine to overﬂow the sill. The overﬂow occurs from early spring
(March–April) to summer (Figure 1b).
The intensity and property of the brines depend on strong winds from the northeast and the salinity
of the surface water. The feed water is mainly the saline Arctic surface water from the Barents Sea,
which enters via the two northeasterly sounds. The source water may have a contribution from highsalinity Atlantic water entering from the southwest during wintertime [Schauer, 1995; Skogseth et al.,
2005a, 2008]. The estimated outﬂow from the brine basin during the brine season amounts to
0.13 sverdrup (Sv) giving a year average of 0.06 Sv [Rudels and Quadfasel, 1991; Schauer, 1995; Fer et al.,
2003; Skogseth et al., 2004].
Strong and cold winds from the northeast blow ice away from the eastern shelf and generate large polynya,
where continuous freezing produces cold and salty brines (temperature < 1.9°C, salinity 34.8–35.8)
[Schauer, 1995; Haarpainter et al., 2001; Anderson et al., 2004; Skogseth et al., 2004, 2005a]. The largest brine
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production occurs during NAO winters, when winds from northeast predominate. Less brine is formed during
NAO + winters dominated by southwesterly winds. In years with low surface salinity (<34.4) the brine are
often too light to sink to deep water [Schauer, 1995; Skogseth et al., 2008].
The deepest part of the inner basin contains cold brine trapped year-round behind the sill. The temperatures are
constantly below 1.0 to 1.5°C [Fer et al., 2003]. The brines have a lower pH than the surrounding water.
Anderson et al. [2004], in the spring of 2002, measured a pH of ~7.83 at the bottom of the brine basin. This
should be compared to a normal pH of >8.2 in the Atlantic water of the Nordic seas [e.g., Feely et al., 2009;
Chierici and Fransson, 2009]. Polynyas are generally areas of high organic productivity [e.g., Arrigo et al., 2008],
and Storfjorden is very productive compared to other areas of the Barents Sea. In Storfjorden the production of
marine organic carbon may exceed 300 mgC cm 2 kyr 1, while the production of total organic carbon (TOC)
may exceed 500 mgC cm 2 kyr 1 [Pathirana et al., 2013].

3. Material and Methods
The investigation is based on four cores from Storfjorden. Three of the cores are from the inner brine basin,
while one core is from the southern ﬂank of the sill separating the brine basin from Storfjorden Trough
(Figures 1a and 1b). In addition, we include published and unpublished data from a core from Storfjorden
Trough on the outer shelf. The cores from the brine basin consist of NP05-86GC (350 cm long) taken at 142 m
water depth [Rasmussen and Thomsen, 2009], JM10-10GC (402 cm long) taken at 123 m water depth in a
subbasin below the western shelf of Edgeøya, and JM10-12GC (320 cm long) taken at 146 m water depth on
the northern ﬂank of the sill (Figures 1a and 1b). Core HH12-1209GC (267 cm long) from south of the sill was
taken at 151 m water depth. The core from Storfjorden Trough JM02-460GC (387 cm long) was retrieved from a
water depth of 389 m [Rasmussen et al., 2007]. The core sites outside the brine basin and core JM10-10GC
from the eastern part of the basin are occasionally directly inﬂuenced by Atlantic water (Figures 1a and 2).
In addition to these cores from Storfjorden we also present data from core JM98-845PC taken in Isfjorden at a
water depth of 257 m [Rasmussen et al., 2012] (Figures 1a and 1b). Water property, temperature, salinity,
and density were measured at or near all sites using a Seabird 911 Plus conductivity-temperature-depth (CTD).
Data collection was performed during downcasts at a speed of approximately 1.0 m/s (Figure 2).
Magnetic susceptibility was measured in four cores. In JM10-10GC and JM10-12GC, the core was split and the
magnetic susceptibility was measured on one core half using a handheld Bartington MS-2 point sensor at
2 cm intervals. In cores NP05-86GC and JM02-460GC, the susceptibility was measured before opening using a
loop sensor mounted on a GEOTEK multisensor core logger.
Core NP05-86GC has previously been analyzed for the content of stable isotopes in benthic foraminifera
[Rasmussen and Thomsen, 2009]. The same sample set, collected at 6 cm and 3 cm intervals, was used in this
study. Cores JM10-10GC, JM10-12GC, and HH12-1209GC were split in two halves and one half of each core
was cut up in 1 cm thick sample slices. The samples were wet weighed, freeze dried, and weighed again.
Samples at 5 cm (core JM10-10GC) and 4 cm (cores JM10-12GC and HH12-1209GC) intervals were wet sieved
over mesh sizes 63, 100, and 1000 μm and residues dried and weighed. The dry weight varies from ~ 25–35 g
for samples of hemipelagic mud to 40–50 g for samples of glacimarine sediments. The size fraction >100 μm
was analyzed for the content of benthic foraminifera. The same methods as in Rasmussen et al. [2007]
were employed for the counts. The foraminifera were subdivided into agglutinated and calcareous forms,
and the concentration of each group was calculated as the number of specimens per gram dry weight
sediment. The percentages of agglutinated specimens were calculated relative to the total sum of calcareous
and agglutinated specimens.
As a measure of preservation of the calcareous benthic foraminifera we calculated the percentage of
fragmentation [e.g., Berger et al., 1982; Conan et al., 2002] in cores JM10-10GC and HH12-1209GC. The
percentage was calculated as the number of fragments per gram dry weight sediment relative to the total
number of whole specimens and fragments per gram dry weight sediment. For core HH12-1209GC, we
used the >100 μm size fraction, while for core JM10-10GC we used the >150 μm size fraction. In core
HH12-1209GC, the samples from the interval 93–155 cm (7500–11,700 years B.P.) are totally dominated by
whole specimens and numerous fragments of Nonionellina labradorica and only 1–3% fragments of other
species. N. labradorica is a fragile species, which easily breaks into many fragments. Because of the potential
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Figure 2. Conductivity, temperature, depth (CTD) plots from near or at core locations taken during years of strong brine formation (for exact location, see Figure 1a). The brine is generated by salt expulsion from continuous freezing of sea ice in
polynya kept open by strong northeasterly winds. The properties of the brine vary from year to year depending on prevailing
wind directions (see text for explanation). (a–c) CTD’s from near core NP05-86GC. (d) CTD from near core JM10-12GC,
(e) CTD from near core HH12-1209GC, (f ) CTD from near core JM10-10GC. (g–i) CTD’s taken at the position of core
JM02-460GC. Note the very low temperatures of the bottom water in May (Figure 2g) and August (Figure 2h), when the
brine was still cold and dense, as compared to the much higher bottom water temperatures in October (Figure 2i). Note
also the strong pycnocline above the remains of the brine in October.

bias induced by fragmentation of N. labradorica [see Le and Shackleton, 1992; Pfuhl and Shackleton, 2004], we
decided not to include counts from this interval.
In the three cores from the brine basin the residues were dry sieved over 500 μm sieves and the content of
IRD was calculated as the number of mineral grains in the >500 μm grain size fraction per gram dry weight
sediment. In core HH12-1209GC, IRD was counted in the size fraction >1 mm. In core JM02-460GC from
Storfjorden Trough, we dry sieved previously studied samples [Rasmussen et al., 2007] and used the >150 μm
size fraction for counts of IRD (Figure 3).
In core JM10-12GC, stable isotopes were measured on well-preserved specimens without signs of dissolution
of N. labradorica, Cibicides lobatulus, and Cassidulina reniforme. The former two species were corrected by
oxygen isotope values of 0.2 and +0.64‰, respectively, to adjust for offsets between the various species
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Figure 3. Magnetic susceptibility, concentration of ice rafted debris (IRD), and concentration of total (calcareous plus agglutinated) foraminifera (number per gram
dry weight sediment) for each core (except for magnetic susceptibility in HH12-1209GC). Calibrated ages are marked in the magnetic susceptibility panels. The
diamict or mixed diamitic/glacimarine deposits in the lower parts of the cores are indicated.

[see Rasmussen and Thomsen, 2009, and references therein]. The values of C. reniforme were not corrected
(no offset; see Hald et al. [2004]). Previously published benthic isotope records of JM02-460GC (C. lobatulus
and Melonis barleeanus) [Rasmussen et al., 2007] and NP05-86GC (N. labradorica and C. lobatulus} [Rasmussen
and Thomsen, 2009] are included for comparison. The isotopes in core JM10-12GC were measured at the
Bjerknes Centre, University of Bergen, while cores NP05-86GC and JM02-460GC were measured at Woods
Hole Oceanographic Institution [see Rasmussen and Thomsen, 2009]. The results of the two laboratories are
entirely compatible [Jessen et al., 2010; Rasmussen et al., 2014a]. The oxygen isotope values were corrected for
ice volume changes [Fairbanks, 1989].
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Table 1. AMS14C Dates and Calibrated Dates for Cores JM10-10GC, JM10-12GC, NP05-86GC, HH12-1209GC, and JM02-460GC
Core
JM10-10GC:

JM10-12GC:

NP05-86GC:

HH12-1209GC

JM02-460GC:

a

a

Depth (cm)

14C Age

Calendar Age

Lab. Code

Species

44.5
102.5
136.5
210.5
250.5
324–326
325
345–346
385–386
31.5
75.5
175.5
212–214
305–306
28.5
110.5
140.5
224.5
257.5
269.5
15.5
75.5
99.5
127.5
171.5
219.5
243.5
20
90
160
210
280
340-345
375

832 ± 21
1491 ± 22
3008 ± 27
4182 ± 41
4573 ± 28
6065 ± 31
5990 ± 43
9778 ± 40
10,960 ± 44
1275 ± 23
3513 ± 27
No data
9970 ± 45
11,160 ± 81
1212 ± 32
3371 ± 39
4593 ± 46
8305 ± 50
9685 ± 55
10,395 ± 60
>modern
2034 ± 25
6894 ± 37
9750 ± 48
10,568 ± 43
12,953 ± 53
13,105 ± 66
880 ± 55
2570 ± 60
4645 ± 50
7780 ± 65
10,655 ± 140
12,890 ± 110
13,180 ± 140

473 ± 20
1029 ± 43
2770 ± 32
4278 ± 73
4805 ± 34
6482 ± 49
6398 ± 57
10,678 ± 64
12,532 ± 55
825 ± 43
3398 ± 36
No data
10,802 ± 90
12,660 ± 65
744 ± 42
3242 ± 61
4818 ± 48
8875 ± 88
10,582 ± 69
11,459 ± 156
<1950 A.D
1592 ± 45
7750 ± 50
10,644 ± 65
11,866 ± 106
14,038 ± 76
14,248 ± 157
497 ± 41
2239 ± 74
4871 ± 57
8248 ± 69
12,035 ± 299
14,677 ± 287
15,254 ± 254

UB-17204
UB-17205
UB-17206
UB-18845
UB-18946
UB-17207
UB-21198
UB-18947
UB-18948
UB-17208
UB-21669
UB-21670
UB-17209
UB-21671
AAR-10854
AAR-10918
AAR-10739
AAR-10919
AAR-10740
AAR-10920
UB-24643
UB-24644
UB-25883
UB-24645
UB-24646
UB-24647
UB-25612
AAR-8915
AAR-8916
Tua-3975
AAR-8917
Tua-3976
AAR-8918
Tua-3977

Nucula sp.
Nuculana sp.
Astarte sp.
N. labradorica
N. labradorica
Bivalve
N. labradorica
Bivalve
Bivalve
Portlandia arctica
Molluscs
N. labradorica
Nuculana
Foraminifera, molluscs
Cylichna spp.
Gastropod
Ophiura ossicles
Nucula sp.
N. labradorica
Nuculana sp.
Thyasira sp.
Portlandia arctica
Nucula sp.
Nucula sp.
Nuculana sp.
Thyasira sp.
Foraminifera, molluscs
Bivalve
Foraminifera
Bivalves
Benthic foraminifera
Foraminifera, molluscs
Bivalve, gastropod
Bivalve

Conventional ages.

In cores NP05-86GC and JM02-460GC, bulk samples taken at 4 cm and 2 cm intervals, respectively, were
analyzed for the content of total carbon (%TC), total organic carbon (%TOC), and calcium carbonate (%CaCO3)
using a Leco CS-200 induction furnace. The weight percentage of CaCO3 (wt %) was calculated as
follows: %CaCO3 = (TC TOC) × 100/12.
A total of 26 AMS 14C dates have been obtained from cores NP05-86GC (six dates including three previously
published dates), JM10-10GC (nine dates), JM10-12GC (ﬁve dates), and HH12-1209GC (seven dates). The
datings of NP05-86GC were performed at the AMS-Dating Centre, University of Aarhus, Denmark. The other
samples were dated at the 14CHRONO Centre at Queen’s University Belfast (Table 1). The seven dates from
core JM02-460GC are published in Rasmussen et al. [2007]. All AMS 14C dates were calibrated to calendar
age applying the Calib7.01 and the Marine13 program [Stuiver and Reimer, 1993; Reimer et al., 2013] (Table 1).
The midpoint of the calibrated ages (±1σ) was chosen. The ages mentioned below are in calendar years
unless otherwise indicated.

4. Results
4.1. Lithology, Sedimentation Rates, and Construction of the Age Models
Lithologically, cores JM10-10GC, JM10-12GC, and HH12-1209GC are similar. They consist of a thick unit of black
and brownish homogeneous, marine mud overlying a unit of coarse sediment (Figure 3). Core JM05-86GC consists
of black homogenous mud on top of unsorted gravel in a matrix of dark, sandy mud devoid of foraminifera and
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Figure 4. Age-depth plot for the ﬁve investigated cores.
relatively uniform averaging 23.5 and
24 cm/ka, respectively. In both cores,
the rate increases upward to a maximum of 38 cm/ka in the upper part (Figure 4). However, we were only
able to obtain a few dates in core JM10-12GC and the age model for the upper part of this core is probably
slightly misleading. The sedimentation rates of cores JM10-10GC and HH12-1209GC are more variable.
In JM10-10GC, the rate ranges from 104 cm/ka in the upper part to 19–20 cm/ka in the middle part
(Figure 4). The sedimentation rate calculated for the interval between 324.5 cm and 345.5 cm is extremely
low, indicating the presence of a hiatus. A bivalve sampled at 324.5 cm was dated to circa 6000 years
(Table 1 and Figure 3), while a foraminiferal sample from 345.5 cm gave an age of 10,680 years. The bivalve
could have been misplaced downward due to burrowing or during the coring procedure, but the dating
was conﬁrmed by a new dating based on a monospeciﬁc sample of the benthic foraminiferal species N.
labradorica (Table 1 and Figure 3). The time span of the hiatus is estimated to 6500–9500 years B.P. by
accepting the sedimentation rates calculated for the intervals immediately above and below the hiatus
(Table 1 and Figure 4). In core HH12-1209GC, a low sedimentation rate in combination with a lithological
shift and an abrupt change in the foraminiferal faunas indicate the presence of a hiatus at 95.5 cm
downcore. The time span of the hiatus is calculated to circa 7500–2000 years B.P. following the principles
described above for core JM10-10GC.
100

Hiatus

HH12-1209GC

100

A sample taken about 10 cm above the diamict in core NP05-86GC is dated to 11,460 years (Figures 3 and 4,
and Table 1). By extending the sedimentation rate calculated for the interval between the lowermost two
dates we obtain an age of circa 11,600 years B.P. for the base of the marine mud. This age is close to the age of
the start of the Holocene as deﬁned in the Greenland ice cores [Rasmussen et al., 2006]. Using the same
methods, the bottom of core HH12-1209GC is dated to circa 14,500 years B.P. (Figures 3 and 4, and Table 1).
In cores JM10-12GC, JM10-10GC, and HH12-1209GC, the lower parts interpreted to be a diamict or a mixture
of diamict and glacimarine sediments contain foraminifera and in some levels in sufﬁcient amounts for 14C
datings (Table 1). Thus, a sample from near the bottom of core JM10-10GC is dated to 12,532 years B.P., while
a sample from the lowermost part of JM10-12GC is dated to 12,660 years B.P.
4.2. Distribution of Benthic Foraminifera, IRD, TOC, CaCO3, and Stable Isotopes
In the records from the brine basin we are mainly concerned only with the well-dated marine deposits
younger than circa 11,700 years B.P. (Figures 3, 4, and 5a). Core HH12-1209GC from the southern ﬂank of the
sill and core JM02-460GC from Storfjorden Trough reach farthest back in time comprising the last circa
15,000 years and including the Bølling and Allerød interstadials, the Younger Dryas stadial, and the Holocene
interglacial [Rasmussen et al., 2007] (Figures 3, 4, and 5b). Since we are using independent age models, ages of
apparently matching events can be expected to deviate slightly from core to core due to uncertainties in
reservoir age corrections, various dating errors, and changes in sedimentation rates (see discussion in
Rasmussen et al. [2014b]) (Figure 3 and Table 1).
The distribution patterns of calcareous and agglutinated benthic foraminifera from the Holocene intervals of
the ﬁve records have many characteristic features in common and have fairly similar timing (Figures 5a, 5b,
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Figure 5. (continued)

and 6). In all cores, agglutinated forms are absent or very rare in Holocene deposits older than circa
9000–10,000 years B.P. (Figures 5a and 5b). They are nearly constant in absolute abundance from circa
9000 years B.P. until the last circa 1000 years, when they increase. In cores NP05-86GC and JM10-12GC from
the brine basin the relative abundance of agglutinated specimens increases from circa 8500, and they are
dominating from about 8200–5000 years B.P., when they often make up 60–80% of the benthic faunas
(Figures 5a and 6). The increase is much smaller in core JM02-460GC, where the relative abundance of
agglutinated foraminifera remains low until circa 4000 years B.P. The upper part of the records younger
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Figure 6. Plot of relative abundances of calcareous and agglutinated specimens for the ﬁve cores and JM98-845PC (data from Rasmussen et al. [2012]) along the δ O
values of GISP2 ice core (data from Cuffey and Clow [1997] and Alley [2000]) and a sea surface temperature record from core 23258 (data from Sarnthein et al. [2003]).
Blue bars mark cold events with high relative abundance of agglutinated specimens and increased percentage of fragmentation.

than circa 4–3000 years are in all ﬁve cores, characterized by strongly ﬂuctuating proportions of calcareous
and agglutinated specimens.
The deglaciation, as represented in JM02-460GC from Storfjorden Trough and in HH12-1209GC from south of
the sill, is distinguished by three distinct maxima of agglutinated forms correlating in age with the Older
Dryas (OD; centered at 14,600 years B.P. [Stanford et al., 2006]), the Intra-Allerød Cold Period (IACP; centered
at 13,300 years B..P [Björck et al., 1996]), and the Younger Dryas events (YD; 12,900–11,700 years B.P.
[Rasmussen et al., 2006]) as these periods are dated in marine and terrestrial records (Figures 5b and 6).
The agglutinated foraminifera are generally of bright red coloration, indicating that their cement
contains iron in an oxygenated state [Hedley, 1963; Commeau et al., 1985; Loeblich and Tappan, 1989;
Gooday and Claugher, 1989]. For all cores, we ﬁnd that the preservation of calcareous foraminifera
ranges from good to excellent in the deposits older than circa 8200 years. This is also reﬂected in the
percentage of fragmentation, which is relatively low in deposits older than 10,000 years B.P., although
with distinct increases in the intervals referred to the Younger Dryas, the Intra-Allerød Cold Period.
and the Older Dryas (Figures 5a and 5b). Due to the presence of hiatuses in cores HH12-1209GC and
JM10-10GC, we have no data for the mid-Holocene interval (Figures 5a and 5b). After 6000 years B.P., the
percentage of fragmentation increases and becomes more ﬂuctuating. From circa 3500 years B.P., during

Figure 5. (a) Data from the ﬁve cores plotted versus calendar years B.P. (top row) Core NP05-86GC showing percentage of CaCO3, percentage of TOC, number of
calcareous benthic foraminifera per gram dry weight sediment (dwt sed), number of agglutinated benthic foraminifera per dwt sed, relative abundance of calcareous and
agglutinated specimens, and oxygen isotopes and carbon isotopes measured in N. labradorica (black) and Cibicides lobatulus (blue). (middle row) Core JM10-12GC
showing number of calcareous benthic foraminifera per dwt sed, number of agglutinated benthic foraminifera per dwt sed, relative abundance of calcareous and
agglutinated specimens, and oxygen and carbon isotopes measured in N. labradorica (black), Cibicides lobatulus (blue), and Cassidulina reniforme (red). (bottom row) Core
JM10-10GC showing number of calcareous benthic foraminifera per dwt sed, number of agglutinated benthic foraminifera per dwt sed, relative abundance of calcareous
and agglutinated specimens, and percentage fragmentation in the size fraction >150 μm. (b) (top row) Core HH12-1209GC showing number of calcareous benthic
foraminifera per dwt sed, number of agglutinated benthic foraminifera per dwt sed, relative abundance of calcareous and agglutinated specimens, and percentage of
fragmentation in the size fraction >100 μm. (bottom row) Core JM-460GC showing percentage CaCO3, percentage TOC, number of calcareous benthic foraminifera per
dwt sed, number of agglutinated benthic foraminifera per dwt sed, relative abundance of calcareous and agglutinated specimens, and oxygen isotopes and carbon
13
isotopes measured in Melonis barleeanus (dark blue), Cibicides lobatulus (blue), and planktic foraminifera Neogloboquadrina pachyderma s (green, C only). Stable isotope
data for cores NP05-86GC and JM02-460GC are from Rasmussen et al. [2007] and Rasmussen and Thomsen [2009]. Blue bars mark events with high relative abundance of
agglutinated specimens and increased percentage of fragmentation.
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Figure 7. (a) Scatterplot of percentage of fragmentation against percentage of agglutinated foraminifera for cores HH-1209GC. The late Holocene and deglaciation periods are analyzed separately as they represent distinctly different ecological and preservational conditions. (b) Scatterplot of percentage of
fragmentation against percentage of agglutinated foraminifera for the last 3500 years of core JM10-10GC. (c) Scatterplot of percentage of total organic
carbon (TOC) against percentage of agglutinated foraminifera for the last 3500 years of core JM02-460GC. (d) Scatterplot of percentage of calcium carbonate
against percentage of agglutinated foraminifera for the last 3500 years of core JM02-460GC. (e) Scatterplot of percentage of total organic carbon (TOC)
against percentage of calcium carbonate for the last 3500 years of core JM02-460GC. Raw data for each panel are plotted in Figures 5a and 5b. Regression
2
line and statistical data (R values and P values) are indicated for each panel. The P values indicate that all correlations are signiﬁcant, except for the
correlation of percentage of calcium carbonate against percentage of agglutinated foraminifera (Figure 7c).

the deglaciation, there is a clear positive correlation between maxima in percentage of fragmentation
and peaks in the relative abundance of agglutinated foraminifera (Figures 5a, 5b. and 7).
TOC was only measured in NP05-86GC from the brine basin and in JM02-460GC from Storfjorden Trough
(Figures 5a and 5b). In NP05-86GC, the content of TOC is low in the diamict, increasing to >2% in the
marine deposits (Figure 5a). The percentage of CaCO3 shows the opposite trend. In core JM02-460GC,
the percentage of TOC is high in the interval from circa 11,700 to circa 10,000 years B.P. and low from
10,000 to 8200 years B.P., after which the values gradually increase to a maximum >2% in the upper
part. In the section younger than circa 3500 years B.P. the values are highly variable with high
percentages of TOC correlating with high percentages of agglutinated foraminifera (Figures 5b and 7).
The percentages of CaCO3 show the opposite trend of the TOC percentages during the early Holocene.
From 8000 years B.P. to recent, the values have been relatively stable although with increasing
ﬂuctuations during the late Holocene after circa 3500 years B.P. In the late Holocene interval of core
JM02-460GC, we notice a weak, not statistically signiﬁcant, negative correlation between the
percentages of CaCO3 and the relative abundances of agglutinated specimens (Figures 5b and 7). In the
deglacial deposits, the content of TOC and CaCO3 is low with three distinct minima in the TOC
percentages correlating with the cold OD, IACP, and YD events and with higher relative abundance of
agglutinated specimens (Figure 5b).
The oxygen isotope values are highest in core NP05-86GC from the deepest part of the brine basin
(Figure 5a). The values are slightly lower in core JM10-12GC and lowest in core JM02-460GC from the
trough. In core NP05-86GC, the values are nearly constant throughout the record, whereas in core
JM02-460GC they are gradually increasing (Figures 5a and 5b). The δ13C values measured in C. lobatulus
in cores NP05-86GC and JM10-12GC from the brine basin shows little variability, although there
seems to be a slight minimum from circa 8000 to 6000 years B.P. This minimum can also be seen in the
general trends recorded on the endobenthic species N. labradorica (Figure 5a). In core JM02-460GC, the
values have been slightly increasing throughout the last 15,000 years.
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5. Discussion
The concentration of agglutinated and calcareous foraminifera and the percentage ratio of the two groups
vary signiﬁcantly both geographically and through time (Figures 5a, 5b, and 6). However, the ratio shows
basically the same trend in all ﬁve cores. In the ﬁrst part of this discussion we will examine possible
explanations for the shifting ratio of agglutinated to calcareous benthic foraminifera.
5.1. Environmental Factors Affecting the Ratio of Agglutinated to Calcareous Benthic Foraminifera
5.1.1. The Distribution of Agglutinated Foraminifera on the Shelf Around Svalbard
Predominance of agglutinated foraminifera is normally associated with difﬁcult environmental conditions,
where the more adaptable agglutinated species can gain an advantage over the calcareous species,
and with acidic environments, where calcareous tests may be dissolved [Steinsund and Hald, 1994; Murray
and Alve, 1999, 2011; Alve et al., 2011]. However, agglutinated foraminifera generally have a poor
preservation potential and most species disintegrate soon after death. A few species may survive a little
longer, but agglutinated specimens are usually rare or absent in Quaternary sediments below the
uppermost ~30 cm of the sea bottom [e.g., Sidner and McKee, 1975; Schröder, 1988; Denne and Sen Gupta,
1989; Wollenburg and Kuhnt, 2000; Kuhnt et al., 2000].
Most sediment cores from the western and northwestern margin of Svalbard follow this typical pattern
[see Cadman, 1996; Ślubowska et al., 2005; Ślubowska-Woldengen et al., 2007; Skirbekk et al., 2010;
Kubischta et al., 2011]. The cores from Storfjorden are exceptional by preserving a high, although
ﬂuctuating, percentage of agglutinated specimens from top to bottom. In addition to the cores from
Storfjorden, agglutinated foraminifera are only common in core JM98-845GC from Isfjorden [Rasmussen
et al., 2012] and in a core from northeast of Svalbard, where they occur in low abundance [Klitgaard
Kristensen et al., 2013]. In both of these areas the bottom water is affected by brines [Nilsen et al., 2008;
Lubinski et al., 2001].
In recent faunas from the shelf of Svalbard and the Barents Sea, the percentage of agglutinated foraminifera
varies from <25% to >75% [Steinsund, 1994; Korsun and Hald, 1998]. The lowest percentages are typically
found west and south of Svalbard in areas inﬂuenced by Atlantic water, while the highest percentages are
found to the east and north in areas dominated by Arctic water. The main factors responsible for the low
proportion of calcareous specimens east and north of Svalbard is carbonate dissolution due to the presence
of CO2-rich brine at the bottom and/or a high content of organic carbon in the sediments and bottom
water [Hald and Steinsund, 1992, 1996; Steinsund, 1994; Steinsund and Hald, 1994]. Fossil faunas dominated
by agglutinated foraminifera are often the remnants after the calcareous faunas have been dissolved
[Alve and Murray, 1995]. This indicates that the absence of agglutinated specimens in most cores and their
presence inthe cores from Storfjorden and Isfjorden are primarily controlled by preservational factors.
This is supported by the high degree of fragmentation in periods dominated by agglutinated foraminifera
(Figures 5a, 5b, and 7).
The correlation between water masses and the ratio of agglutinated to calcareous foraminifera seen on the
western slope of Svalbard is in good agreement with numerous observations of the preservation of the two
groups in Arctic and sub-Arctic Oceans. Areas under the inﬂuence of Atlantic water tends to have a good
preservation of calcium carbonate [e.g., Hebbeln and Berner, 1993; Hebbeln et al., 1998; Scott et al., 2008;
Schröder-Adams and van Rooyen, 2011], whereas areas inﬂuenced by cold Polar/Arctic/Antarctic water or
by brines tend to have poor preservation [Steinsund and Hald, 1994; Hald and Steinsund, 1996; Ishman and
Foley, 1996; Li et al., 2000; Belyaeva and Burmistrova, 2003]. Furthermore, areas with poor preservation of
calcareous specimens show often good preservation and predominance of agglutinated specimens
[Anderson, 1975a, 1975b; Mackensen et al., 1990; Murray and Alve, 1999; Li et al., 2000; Murray, 2003;
Wollenburg and Kuhnt, 2000; Wollenburg et al., 2007; Schell et al., 2008; Alve et al., 2011].
5.1.2. Factors Affecting the Distribution of Agglutinated and Calcareous Foraminifera Around
Svalbard and in the Arctic Ocean
There are several factors that can inﬂuence the differential preservation of calcareous and agglutinated
foraminifera in cold Arctic environments. The most important are the following: CO2 content (pH),
temperature, salinity, oxygenation, content and productivity of organic material and remineralization of
same, and sedimentation rate.
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The well-preserved agglutinated specimens in Storfjorden and Isfjorden are generally tinted red, indicating that
their cement contains ferruginous material in an oxygenated state (see above). Agglutinated foraminifera with
cement containing iron preserve best in oxidized environments and tend to disintegrate under reducing
conditions [Sidner and McKee, 1975; Schröder, 1986, 1988; Gooday, 1994]. The longer these types of agglutinated
tests are exposed to oxygenated conditions the better the chance is for preservation (see discussion in Korsun
and Hald [1998, and references therein]). The situation for calcareous foraminifera is the opposite. Long-time
exposure to oxidized conditions at the sediment surface (together with burrowing activities) increases the
degree of dissolution of calcium carbonate [Loubere and Gary, 1990; Korsun and Hald, 1998]. The faster a
calcareous test is buried and transferred to reducing conditions the better the chance is for preservation.
Furthermore, lower temperature, higher CO2 content, lower pH, and higher salinity increase the corrosiveness of
water to calcium carbonate [e.g., Mackensen and Douglas, 1989; Mackensen et al., 1990; Hald and Steinsund, 1996;
Majewski and Zajączkowski, 2007]. With their high content of oxygen and CO2, low pH, and very low
temperatures, the brines in Storfjorden are very corrosive to calcareous foraminifera, but at the same time they
act to better preserve the agglutinated forms (with a ferruginous type of cement).
There are, however, a number of other factors that may affect the preservation of foraminifera in the Arctic. High
organic productivity and a high content of organic material in the sediments and in the bottom water can
increase the acidity of the bottom environment and cause dissolution in calcareous tests [e.g., Walter and
Burton, 1990]. In the Nordic seas and in the Arctic Ocean, high productivity occurs characteristically at the sea ice
edge and near the Arctic Front [Johannessen, 1987; Smith et al., 1985; van Aken et al., 1991; Wollenburg and
Kuhnt, 2000; Wassmann et al., 2006; Wollenburg et al., 2007; Reigstad et al., 2011]. In Storfjorden the production of
marine organic carbon is very high and correlated with the duration of the seasonal sea cover [Winkelmann and
Knies, 2005; Pathirana et al., 2013]. Polynyal activity may further increase the primary productivity [e.g., Arrigo
et al., 2008] accentuating the acidity of the bottom water. In warmer periods the sea ice season is shorter and
the organic productivity is reduced. The marine organic production is supplemented by organic material of
terrestrial origin, and the content of TOC in the Holocene sediments of the brine basin is high [Winkelmann and
Knies, 2005] (see also Figure 5a).
The sedimentation rate may also exert an inﬂuence on the preservation of benthic foraminifera. High
sedimentation rates generally promote the preservation of calcium carbonate and demote the preservation
of ferrigenous agglutinated tests, and vice versa for low sedimentation rates (see above). Other types of
agglutinated foraminifera may preserve better if they are buried rapidly below the redox boundary [Murray
and Alve, 2011, and references therein]. However, in Storfjorden, the sedimentation rate is different from
record to record (Figure 4), and the degree of variability between the records also differs. Yet the distribution
patterns of agglutinated versus calcareous species are similar (Figures 5a, 5b, and 6). The timing of changes is
also fairly similar. The sedimentation rate has therefore probably played only a minor role for the observed
preservational patterns as compared to brine formation and organic productivity.
Based on these modern observations we conclude that the intensity of brine formation most likely was the
main factor responsible for the changes in the ratio of agglutinated to calcareous benthic foraminifera in
Storfjorden during the last 15,000 years, possibly supplemented by changes in organic productivity, which
often operates in concert with brine formation. Brines have a high content of CO2 and organic substances
and a low pH; factors that act to dissolve CaCO3 [Anderson et al., 2004]. Brines are also rich in oxygen, which
can promote the preservation of ferrigenous agglutinated specimens. This indicates that the ratios of
agglutinated to calcareous foraminifera in Storfjorden can be taken as an indication of changes in brine
formation in the past.
5.2. Brine Formation in Storfjorden in Relation to Climate Changes and Ice Retreat
The Svalbard ice sheet retreated from the site of core JM02-460GC on outer shelf of Storfjorden before
19,700 years B.P. [Rasmussen et al., 2007] (Figure 8a). The oldest marine sediments in core HH12-1209GC from
the southern ﬂank of the sill dates from the Bølling interstadial 14,500 years B.P. (Figure 3). In core NP05-86GC
from the inner brine basin, the oldest marine sediments above the diamict are assigned to shortly after
the start of the Holocene [Rasmussen and Thomsen, 2009] (Figure 3 and Table 1). In cores JM10-10GC and
JM10-12GC, two samples from the diamict/glacimarine deposit dated to mid Younger Dryas 12,532 years B.P.
and 12,660 years B.P., respectively (Figure 3 and Table 1). However, the reservoir age for this time period was
higher than today [Bondevik et al., 2006] and the sediments were most likely deposited during the Younger
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Figure 8. Schematic reconstruction of ice retreat and sea ice distribution, water mass movements, brine production,
and brine distribution along a longitudinal section of Storfjorden for selected time intervals (see Figure 1b). (a) Late
glacial period. (b) Bølling/Allerød warm interstadials. (c) Older Dryas/Intra-Allerød cold Phase/Younger Dryas cold events.
(d) Younger Dryas-Holocene transition. (e) Early Holocene (until circa 8200). (f) Mid Holocene and late Holocene warm
periods. (g) Late Holocene cold Periods.

Dryas-Holocene transition and represent the initial Holocene warming. Altogether, we conclude that most of
the inner brine basin was ﬁlled with continental ice during the entire deglaciation, while the outer shelf and
Storfjorden south of the sill were ice free (Figures 8b and 8c).
In the deglaciation records from core JM02-460GC from the outer shelf and core HH12-1209GC from
Storfjorden, maxima in the percentage of agglutinated foraminifera coincide with the Older Dryas, the IntraAllerød Cold Period, and the Younger Dryas stadial (Figures 5 and 6). These events are recognized as cold
in the Greenland ice cores [Cuffey and Clow, 1997; Alley, 2000] (Figure 6) and in numerous other climate
proxies from the Northern Hemisphere [e.g., Lehman and Keigwin, 1992; Koç et al., 1993; Björck et al., 1996]. On
the western shelf of Svalbard the events are marked by a decreasing inﬂuence of Atlantic water and overall
colder conditions [e.g., Ślubowska et al., 2005; Klitgaard Kristensen et al., 2013]. Storfjorden experienced a
more extensive sea ice cover and increased brine production (Figure 8c) as indicated by the higher ratio of
agglutinated to calcareous foraminifera and the lower percentage of CaCO3 (Figures 5a, 5b, and 6 ). A similar
correlation between the ratio of agglutinated to calcareous specimens and rapid climate shifts apparently
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occurred during the late Holocene circa 4000 years B.P. to the present. This time period is characterized
by strongly ﬂuctuating ratios (Figure 6), which in four of the ﬁve investigated cores (NP05-86GC,
JM10-10GC, HH12-1209GC. and JM02-460GC) seem synchronous with climate shifts as indicated in the
oxygen isotope record of the Greenland Ice Sheet Project (GISP) ice core and in sea surface temperature
estimated on the basis of marine core 23258 from the slope southwest of Svalbard (Figure 6). This
core contains the most detailed late Holocene sea surface temperature record from the Svalbard area
[Sarnthein et al., 2003]. In cores NP05-86GC, JM10-10GC, HH12-1209GC, and JM02-460GC, high
percentages of agglutinated foraminifera occur within the time intervals of circa 3200–2600, 2000–1600,
1500–1100, and 600–100 years B.P. coinciding, approximately, with cold periods in the ice core and in
marine core 23258 (Figure 6). Some of the periods correlate with well-known cold intervals in the
climate of northern Europe, for example, the Little Ice Age circa 600–100 years B.P. and the Dark
Ages Cold Period circa 1500–1100 years B.P. [Lamb, 1965]. The intervening periods dominated by
calcareous foraminifera correlate with the Roman Warm Period circa 2500–2000 years B.P. and the
Medieval Warm Period circa 1000–700 years B.P. [Lamb, 1965]. In core JM10-12GC, taken close to the sill
between the inner brine basin and the shelf, the ﬂuctuations are partially offset from the pattern
described above (Figure 6). This deviation may be due to discrepancies in the age models. JM10-12GC
has fewer dating points than the other investigated cores (Figures 3 and 4).
In the late Holocene part of core JM02-460GC, the intervals dominated by agglutinating species are
marked by higher percentages of TOC and apparently also by lower percentages of CaCO3. The intervals
dominated by agglutinating species are further characterized by higher percentages of fragmentation as
demonstrated in cores HH12-1209GC and JM10-10GC (Figures 5a, 5b, and 7). The low percentages of
CaCO3 probably reﬂect the low proportion of calcareous foraminifera and therefore are in all probability
mainly due to dissolution. The higher content of TOC probably reﬂects increasing organic productivity.
In the Barents Sea, high productivity characteristically occurs along the Arctic Front (e.g., between
Atlantic and Arctic water), in polynya, and at the sea ice edge (see above). It seems likely that the zone
of seasonal sea ice was expanded during the Little Ice Age and other cold periods allowing for more
polynyal activity and an enhanced brine production (Figures 8f and 8g). We note that the correlation
between the percentage of TOC and climate varied oppositely during the deglaciation (Figure 5b).
Here the content of TOC is highest in the warm intervals. The reason for this difference is not fully
understood, but the environmental conditions during the two periods were very different. The overall
conditions were colder with more extensive ice cover during the deglaciation, especially in the cold
periods [see Birgel and Hass, 2004; Müller et al., 2009]. In general, the productivity was much lower
during the deglaciation than at present.
The earliest Holocene period 11,700–circa 8200 years B.P. are in all the investigated cores distinguished by
a strong dominance of calcareous foraminifera pointing to low brine production (Figures 5a and 5b). There
are several possible explanations of this development. During the early Holocene the subsurface water
along the western margin of Svalbard was dominated by the Atlantic water, which reached a Holocene
temperature maximum between circa 11,300 and 8200 years B.P. [see Rasmussen et al., 2014b, and
references therein]. The warm Atlantic water caused a massive melting of the Svalbard ice sheet. The result
was a freshening of the coastal surface water and perennial stratiﬁcation in Storfjorden and over the
shelf (Figure 8e). We suggest that the low-saline surface water and a stratiﬁed water column was the
cause for the apparently low brine production and low organic production during the early Holocene.
The constantly high δ18O values in NP05-86GC indicate that the deepest part of the inner basin
throughout the Holocene has been ﬁlled with cold, salty bottom water probably originating from brines
[Rasmussen and Thomsen, 2009] (Figures 5a and 8e–8g).
The high ratio of agglutinated to calcareous foraminifera in the early to mid-Holocene sediments is more
difﬁcult to interpret. In the brine basin, the percentage of agglutinated foraminifera increases from about
8200 years BP reaching a maximum around 5000 years BP (Figures 5a, 5b and 6). The concentration of
agglutinated specimens remains almost constant throughout this period signifying that the increase in the
percentage of agglutinated specimens is almost entirely caused by a decrease in the relative abundance and
concentration of calcareous forms (Figure 5) The higher percentages of agglutinated foraminifera in the brine
basin from circa 8200 years B.P. point to an increase in brine production. The reason for this could be a
decrease in meltwater production bringing an end to the stratiﬁcation (Figures 8f and 8g).
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The difference in brine intensity between the inner brine basin and outer trough is also reﬂected
in the oxygen isotope values, which for the last 8000 years ranges from an average of 4.45‰ in
NP05-86GC in the central brine basin to 4.25‰ in core JM10-12GC at the sill and to 4.10‰ in
JM02-460GC on the shelf (Figures 5a and 5b). The gradually increasing isotope values in core
JM02-460GC probably reﬂect a continuous cooling of the bottom water and increased brine activity
[see Duplessy et al., 2005; Rasmussen et al., 2007; Rasmussen and Thomsen, 2009]. Core JM10-12GC
shows increasing values until circa 8200 years B.P. and thereafter constant values as in NP05-86GC
indicating minimal environmental change during most of the Holocene. Due to poor preservation of
calcareous specimens in intervals dominated by agglutinated forms, the late Holocene isotope records
from the brine basin are of low resolution and unable to resolve the rapid late Holocene ﬂuctuations
reﬂected in the foraminiferal faunas. Preservation is better in core JM02-460GC from the shelf, and
here we observe a slight tendency for higher δ13C values during cold periods dominated by
agglutinated forms (Figures 5b and 7). However, the correlation is tentative and needs conﬁrmation by
studies of higher resolution.
The overall trend shown by the δ13C records of JM02-460GC is similar to the trend shown by other δ13C
records of subsurface Atlantic Water from the western shelf of Svalbard with increasing values during
the early and mid-Holocene and decreasing values during the late Holocene [see Rasmussen and
Thomsen, 2009; Jessen et al., 2010; Werner et al., 2013; Rasmussen et al., 2014b] (Figure 5b). The δ13C
records from inside the brine basin differ from the shelf records by showing a continuing increase
throughout the mid and late Holocene indicating a small but constant increase in ventilation (Figure 5a).
We suggest that the improved ventilation in the brine basin is related to the increased production of
well-oxygenated brines. Decrease in brine formation and ventilation occurred after the Little Ice Age
(Figures 5a, 5b, and 8).

6. Conclusions
We have reconstructed brine formation in Storfjorden, Svalbard, in relation to climate changes and retreat
of continental ice over the last circa 15,000 years B,P. Today, Storfjorden constitutes a unique marine
environment with intense brine formation. The brines are cold, O2 and CO2 rich and often dense enough to
reach the deep slope.
The study is based on ﬁve cores following the path of brines from their origin in the brine basin in the inner
fjord to the time they leave the shelf and disappear into deep water. We have analyzed the relative
abundance of calcareous versus agglutinated benthic foraminifera, degree of fragmentation of calcareous
benthic foraminifera, the content of calcium carbonate and total organic carbon in the sediments, and
oxygen and carbon isotopes.
The results indicate that in Storfjorden the ratio of agglutinated to calcareous foraminifera can be taken
as an indication of the inﬂuence of brines in the area. Modern observations show that brines are
very corrosive to calcareous tests, while at the same time they may act to preserve many agglutinated
forms. These studies are supported by the fragmentation records from Storfjorden, which show a
positive correlation between the percentage of fragmentation of calcareous specimens and the relative
abundance of agglutinating forms.
Peaks in the relative abundance of agglutinated foraminifera indicate that brine production increased
during the Older Dryas, the Intra-Allerød Cold Period, and the Younger Dryas cold interval and
decreased during the Bølling and Allerød interstadials. Between 11,700 and circa 8200 years B.P., the
faunas were totally dominated by calcareous species suggesting low brine production. After 8200 years
B.P. the proportion of agglutinated specimens rose and from circa 4000–3000 years B.P. to recent the
faunal composition shifted repeatedly between faunas dominated by agglutinated forms and faunas
dominated by calcareous forms. Periods dominated by calcareous species, signifying low brine
production, correlate with the Roman Warm Period circa 2500–2000 years B.P. and the Medieval Warm
Period circa 1000–700 years B.P. Dominance of agglutinated species, signifying high brine production,
occurred from 4000–2500 to 2000–1600 years B.P. and during the Dark Ages Cold Period 1500–1100 years B.P.
and the Little Ice Age 600–100 years B.P.
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