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Highlights 

 Natural variability and Atlantic water inflow into the Barents Sea was investigated 

 Metal concentrations correspond to no effect levels 

 Foraminifera show presence of Atlantic water around termination of Little Ice age 

 Atlantic water inflow was reduced between 1900 and 1980 CE 

 Benthic foraminiferal assemblages show enhanced Atlantic water inflow after 1980 CE 
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Abstract 13 

Metal concentrations, sediment properties and benthic foraminiferal assemblages were investigated in 14 

sediment cores in the SW Barents Sea, to reconstruct environmental baselines and natural variability of 15 

Atlantic Water inflow since 1800 CE. Metal concentrations correspond to no effect levels and do not 16 

influence the foraminifera. Increased Hg and Pb was linked to inflow of Atlantic Water. The data set is 17 

considered to reflect the pre-impacted environmental baseline and range in natural variability of the 18 

study area. The foraminiferal assemblages in the SW part of the study area showed warming and 19 

presence of Atlantic Water towards 1900 CE. The NE part of the region indicate presence of cold Artic 20 

Water influenced conditions. Between 1900 and 1980 CE, the SW region indicates reduced inflow of 21 

Atlantic Water. From 1980 CE towards the present the assemblages of the entire study area show 22 

warming of Atlantic Water and northward retreat of the Arctic Front.  23 

 24 

Keywords: benthic foraminifera, heavy metals, natural variability, sediments, Atlantic Water, Arctic 25 

Water, Anthropocene, Barents Sea, biomonitoring, cores  26 

 27 

1. Introduction 28 

The Barents Sea is a unique and highly sensitive shallow water polar ecosystem, highly susceptible to 29 

changes in converging ocean currents (Sakshaug, 1997). The Barents Sea is one of the world’s most 30 

productive seas, in particular around the oscillating ice edge (Sakshaug, 1997). In recent decades, the 31 

Barents Sea has experienced a fast growth in human activities, which is expected to continue and further 32 

diversify in the coming years. Of particular concern are activities related to the petroleum industry, 33 

including release of drill cuttings to the seafloor. Drill cuttings are by-products of both oil- and gas 34 

drilling and contain fine-grained slurry of rock and heavy metals. It is of importance that such deposits 35 

are accurately monitored and managed. One way of monitoring environmental impact is by assessing 36 

changes in the seafloor fauna (bio-monitoring) (WFD, 2000). Following the EU legislation, the impact 37 

of enhanced environmental pressure is assessed by the extent of deviation of the benthic community 38 

from reference conditions (WFD, 2000). Reference conditions correspond to “biological, chemical and 39 

morphological conditions associated with no or very low human pressure” (WFD, 2000). It is therefore 40 

of great relevance to not only understand the local impact of petroleum activity, but also to establish 41 

reliable reference conditions reflecting the pre-impacted environmental baseline, especially in areas not 42 

yet opened for petroleum production. This will serve as future reference to monitor the environmental 43 

impact of anthropogenic activity. Although monitoring changes in these reference conditions can 44 

indicate the environmental impact of increased anthropogenic activity in the Barents Sea, effects of 45 

natural environmental changes will be superimposed on these anthropogenic induced changes. The 46 

applicability of an environmental baseline must therefore always take the natural variability of the 47 

processes and organisms involved into account, which therefore must be adequately investigated during 48 

the relevant time interval (Wassmann et al., 2011).  49 
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 50 

Definition of environmental baselines is challenging, as the marine environment often has been impacted 51 

by human activities or climate change for many years (Hinz et al., 2011). Benthic foraminifera can be a 52 

helpful tool to reconstruct in-situ reference conditions. Benthic foraminifera are unicellular organisms 53 

(meiofauna, 45-1000 µm) living on top of and within the first centimeters of the seafloor sediment. 54 

Foraminifera are widely used as indicators for climatic and environmental changes and have a shell that 55 

fossilizes in the sediment, providing an archive of past changes. By studying live and fossilized 56 

foraminiferal assemblages in sediment cores, the method enables reconstruction of pre-impacted 57 

reference conditions in already impacted areas, present-day ecosystem impact, and monitoring of 58 

ecosystem recovery after environmental pressure has diminished (Dolven et al., 2013; Polovodova 59 

Asteman et al., 2015). Additionally, studying foraminifera in sediment cores will provide multiannual 60 

to decadal-scale records of natural environmental change, providing a record of the area’s natural 61 

variability. Recent development and standardization of new bio-monitoring methods based on 62 

foraminifera (Aagaard-Sørensen et al., 2017; Alve et al., 2016; Barras et al., 2014; Bouchet et al., 2012; 63 

Schönfeld et al., 2012), has led to consideration to include the foraminiferal method in the EU 64 

legislation. Additionally, the Norwegian authorities now recommend using foraminifera to reconstruct 65 

in situ environmental baseline conditions (Veileder02:2013, 2015). 66 

The main objective of this study is to determine the pre-impacted environmental baseline and natural 67 

variability of foraminiferal assemblages and sediment properties for the SW Barents Sea since 1800 CE. 68 

Variability in Atlantic Water inflow has a strong influence on the seafloor environment of the SW 69 

Barents Sea, as it transports both heat (Loeng and Drinkwater, 2007), nutrients (Knies and Martinez, 70 

2009) and metals (e,g, AMAP, 1998; Junttila et al., 2014) toward the region. To establish reliable 71 

baselines for the area, it is therefore of importance to additionally improve our understanding of the 72 

variability in Atlantic Water inflow toward the Barents Sea. Five sediment cores were investigated 73 

following the pathway of Atlantic Water to the northeast through the Bjørnøyrenna trough (Fig. 1). 74 

Benthic foraminiferal assemblages, grain size distribution, total organic carbon and heavy metal 75 

concentrations were analyzed. An age model was obtained by the 210Pb dating method. Our findings will 76 

serve as a robust dataset of baseline conditions and natural variability that can be used for future 77 

reference to monitor environmental impact of anthropogenic activities in the Barents Sea. This will be 78 

of great importance with the opening of new blocks for petroleum exploration in more northern and 79 

eastern parts of the Barents Sea (NorwegianPetroleumDirectorate, 2017). In addition, it will serve as 80 

baseline to monitor impact of other environmental change, including climate change and Atlantification 81 

of the Barents Sea (Wassmann et al., 2011). 82 

 83 

2. Oceanography 84 

Cores were collected in the glacially eroded Bjørnøyrenna trough (Andreassen et al., 2008) located in 85 

the Barents Sea (Fig. 1). The present day sedimentary environment is dominated by undisturbed silty 86 
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clay deposits (Wilson et al., 2011). Three main water masses prevail in the Barents Sea: Atlantic Water 87 

(AW), Arctic Water (ArW) and Coastal Water (CW) (Fig. 1). Additionally, a mixture of AW and ArW 88 

can form the local Barents Sea Water (BSW) (Hopkins, 1991), with temperatures around 0 °C and 89 

salinities of 34.4–35. CW (> 2oC, < 34.7 ) (Loeng, 1991) is transported northwards along the Norwegian 90 

coast and is confined to the south western part of the Barents Sea. AW is characterized by higher 91 

salinities and temperatures (>35; >3 oC) (Loeng, 1991). ArW enters the Barents Sea from the north and 92 

has low salinities (34.3 and 34.8) and temperatures (-1.5oC ), resulting in seasonal formation of sea ice 93 

(Loeng, 1991). In the Barents Sea, dense AW descends under the colder ArW, resulting in the formation 94 

of the oceanic Arctic Front (AF). At the AF, high nutrient availability results in increased primary 95 

production, especially just south of the front (Sakshaug and Slagstad, 1992). The maximum sea ice 96 

extent occurs between February and March, while the Barents Sea might be completely ice free from 97 

late summer to autumn (Vinje and Kvambekk, 2001). The inflow of AW, and hence salinity and heat, 98 

as well as variations in sea ice extent and location of the AF, have large effects on the Barents Sea 99 

ecosystem (Loeng and Drinkwater, 2007).  100 

 101 

3. Material and Methods 102 

3.1 Samples 103 

Cores were collected at 5 locations in the SW Barents Sea following the pathway of AW up north. Core 104 

locations were chosen in basins at deeper water depths where sediment accumulation rates are expected 105 

to be highest, improving chances of undisturbed cores with a high temporal resolution (Fig. 1, Table 1). 106 

Cores were collected during different years, i.e. July 2012 (893, 897, 902 and 903) and June 2015 (core 107 

993) (Table 1). Sediment cores were retrieved by a multi-corer. Six sediment cores maximum half a 108 

meter apart from one another, were retrieved simultaneously with one multi-corer cast. Three sediment 109 

cores per station were used in this study (Table 1). The cores were sliced in sub-samples at 1 cm intervals 110 

down to 20 cm (Table 1) directly after recovery. A rose Bengal ethanol mixture (1 g/1 L ethanol 95%) 111 

was added to the top 5 cm of the cores intended for foraminiferal analyses to stain living cytoplasm to 112 

distinguish between live (stained) and fossil fauna (Walton, 1952). Staining of the samples was allowed 113 

for a minimum of two weeks (Lutze and Altenbach, 1991). All samples were stored cool (<5°C) and 114 

were freeze-dried before further analyses, apart from those stained with rose Bengal.  115 

 116 

3.2 Sediment properties 117 

The grain size measurements were carried out with a Laser Diffraction Particle Size analyser (Beckman 118 

Coulter LS 13320). Just before analyses, a drop of Calgon solution was added to the samples which 119 

were then placed in an ultrasound bath to remove flocculated grains. Each sample was analyzed three 120 

times and the average grain-size distribution was calculated.  121 

Total organic carbon (TOC) content was determined using a Leco CS-744 induction furnace. Inorganic 122 

carbon was removed from the bulk sediment sample with 10% HCl prior to measurement.  123 
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Metal concentrations were analyzed by UniLab AS, Fram Centre in Tromsø, Norway. Samples were 124 

homogenized and sieved through a 2µm mesh size before being decomposed with nitric acid. 125 

Concentrations of barium (Ba), cadmium (Cd), copper (Cu), chromium (Cr), lead (Pb), titanium (Ti) 126 

and zinc (Zn) were analyzed using inductively coupled plasma atomic emission spectroscopy (ICP-127 

AES) or inductively coupled plasma sector field spectroscopy (ICP-SFMS), depending on the 128 

concentrations of the metals in the samples following Mannvik et al., (2011). Concentrations of Mercury 129 

(Hg) were measured with atomfluorescence (AFS) following Mannvik et al., (2011). 130 

 131 

3.3 Foraminiferal counts 132 

Fossil and live faunas were studied in the 100 µm to 1 mm fraction, to enable comparison to previous 133 

studies from the area (Dijkstra et al., 2015; Hald and Steinsund, 1992; Saher et al., 2012; Wilson et al., 134 

2011). For the live fauna, only specimens with a bright stain inside more than half of the chambers were 135 

considered to be living at the time of sampling (de Stigter et al., 1998; de Stigter et al., 1999). We aimed 136 

to identify a minimum of 300 specimens per sample (Schönfeld et al., 2012). However, due to low 137 

foraminiferal density in some samples this number was not always reached, especially not for the live 138 

assemblages. Statistical studies based on a large number of paleo-ecological datasets, demonstrated that 139 

a sample size ranging between 25 and 60 specimens effectively produced the same multivariate result 140 

as samples based on a larger amount of specimens (Forcino, 2012; Forcino et al., 2015). Therefore, in 141 

case of samples with low amounts of specimens, we considered identification of 60 specimens as a 142 

minimum to consider the identified specimens as representative of the assemblage.   143 

Foraminifera were identified following the generic classification of Loeblich and Tappan (1987) and the 144 

holotype descriptions in the Ellis and Messina catalogues (Ellis and Messina, 1940–1978). 145 

Nomenclature follows largely the accepted species names published in the WoRMS database (Mees et 146 

al., 2015). Some species were grouped during identification, see Supplementary data B for taxonomic 147 

notes.  148 

Flux was calculated following the method of Ehrmann and Thiede (1985): 149 

flux (#/cm2*yr) = absolute abundance (#/g) x bulk density (g/cm3) x SAR (cm/yr) 150 

where SAR is the sediment accumulation rate. Bulk density was calculated from the sediment water 151 

content and porosity, with assumption of an average mineral density of 2.45 g/cm3. Sediment 152 

accumulation rates were calculated at 1 cm resolution via 210Pb datings (see below).  153 

 154 

4. 210Pb dating and age model 155 

The sediments were 210Pb dated on a 1 cm interval resolution at GEL Laboratories in Charleston, USA. 156 

Ages in this paper are based on the Constant Rate of Supply (CRS) (Appleby and Oldfield, 1992) model 157 

following the approach of Junttila et al., (2014). All ages were calculated for mid-layer depths (Fig. 2).  158 

In all cores, the excess 210Pb fell to zero before 20 cm core depth (Fig 2; Table 2). Below these core 159 

depths, ages were determined by extrapolation, using the sediment accumulation rates (SAR) of the last 160 
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datable core interval. As the main objective of the study is to reconstruct natural variability in the Barents 161 

Sea since 1800 CE, we discard samples older than ca.1800 CE (Fig. 2). The excess 210Pb depth profile 162 

of core 902 shows an increase in excess 210Pb between 5-9 cm core depths, compared to the interval 163 

above, indicating a possible disturbance of the core. Therefore care should be taken interpreting the ages 164 

and sedimentation rates assigned to this core interval, i.e. 1967-1995 CE.  165 

The average sediment accumulation rates per core, based on the Constant Initial Concentrations model, 166 

are: 0.94 mm/year (core 993), 0.67 mm/year (core 893), 1.2 mm/year (core 897), 1.8 mm/year (core 167 

902) and 2.0 mm/year (core 903). Hence sediment accumulation rates increase towards the north of the 168 

transect.  169 

 170 

5. Results 171 

5.1 Grain size analyses and TOC 172 

The cores are dominated by the fine fraction, i.e. silt (2-63 µm) and clay (< 2 µm) (Table 3; Fig. 3). The 173 

fine fraction has average values between 78 to 90 % of the bulk sample material in all cores. In core 174 

993, 897 and 903, the sand content increases towards the core top, while in the other cores the opposite 175 

trend is observed (Fig. 3).  176 

TOC values are highest in core 903 (average value 2.1%) and lowest in core 993 (0.6 %) (Fig. 3). Core 177 

893 (average 1.0 %) and 897 (1.1%) show increased TOC contents towards the present. Core 993 shows 178 

a decreasing trend until 7.5 cm core depth, hereafter the TOC content increases towards the present. 179 

Core 902 (2.0%) and 903 (2.1%) have a relatively high but stable TOC content. 180 

 181 

5.2 Heavy metal concentrations 182 

Metal concentration ranges and average values are summarized in Table 3 (Supplementary data A). The 183 

average concentration of Ba, Cr, Pb, Zn and Ti are highest in core 893, while average concentrations of 184 

Cd and Cu are highest in core 903. The average concentration of Hg was highest in core 902. Core 897 185 

overall exhibits lowest metal concentrations, apart from Ba, Hg and Pb, which show lowest average 186 

concentrations in core 993.  187 

 188 

5.3 Live fauna 189 

Rose Bengal stained specimens were observed in the top 5 cm of cores 893, 897, 902 and 903, indicating 190 

that these specimens were alive during core taking. In core 993, stained specimens were only observed 191 

in the top cm (Fig. 4; Supplementary data B). Counts from the individual top 5 cm samples were summed 192 

per core, as they are thought to present the entire live fauna during core retrieval at the core location 193 

(Fig. 4).  194 

The amount of live specimens per ml is high in core 993, i.e. 9 specimens per ml sediment. In the other 195 

cores, the amount of live specimens per ml fluctuates between 1.2 and 2.1 #/ml (Fig.4). The number of 196 

observed live taxa is highest in core 902, 26 species, and lowest in core 993, 14 species (Fig. 4).  197 
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Amongst the live agglutinants Adercotryma glomerata, Cribrostomoides spp., Reophax spp., and 198 

Trochammina spp. were most abundant (Supplementary data B). Amongst the calcareous taxa, Melonis 199 

barleeanus and Epistominella nipponica are most abundant. Other species that reach relative 200 

abundances of > 10 % in at least one sample include Buccella spp., Cassidulina neoteretis, Cibicides 201 

lobatulus, Pullenia bulloides and Trifarina angulosa (Supplementary data B).  202 

 203 

5.4 Fossil fauna 204 

In total, 58 different taxa were identified; 50 calcareous and 8 agglutinated taxa (Supplementary data 205 

B). As most of the taxa were calcareous species, the number of species of the total fossil assemblage 206 

(agglutinated + calcareous taxa) and calcareous assemblage show similar trends. The number of 207 

agglutinated taxa is relatively stable throughout the cores (Fig. 5). Total fossil fluxes, representing the 208 

fossil fauna including both agglutinated and calcareous species, (Fig. 5) show maximum core values 209 

between 1.05 (core 897) and 23 #/cm2/year (core 993); minimum fluxes vary between 0.004 (core 902) 210 

and 0.9 #/cm2/year (core 993) (Figure 5). The average total fossil flux is highest in core 993 (mean = 211 

7.4 #/cm2/year) and lowest in core 893 (mean = 0.2 #/cm2/year). Core 897, 902 and 903 have average 212 

total fossil fluxes of 0.3, 0.9, and 0.7 #/cm2/year respectively. In all cores the flux increases towards 213 

present day, albeit that in core 903, fluxes decrease until 1951 CE (10.5 cm core depth), where after the 214 

flux increases towards the present. Additionally, core 993, 893 and 897 show low and stable fluxes 215 

before ca. 1900 CE, where after the flux doubles and starts to increase towards the present. A similar 216 

trend is observed in core 902, albeit that fluxes increase after 1940 CE. As calcareous taxa make up the 217 

majority of the assemblage, the calcareous flux is close to the total fossil flux both in quantity and trend. 218 

Agglutinated fluxes decreases rapidly down-core. 219 

Downcore loss of fossil agglutinants is a well-known phenomenon (Murray, 2006 and references 220 

therein). Due to the poor downcore preservation of agglutinated taxa, the fluxes and relative abundances 221 

below are calculated with exclusion of all agglutinated taxa (Harloff and Mackensen, 1997; Mackensen 222 

et al., 1990). The down core trends of agglutinants will not be discussed in further detail. However, 223 

Trochammina spp., Reophax spp., and Cribrostomoides spp., are the most frequently observed 224 

agglutinated taxa (Supplementary data B).  225 

 226 

Taxa with relative abundances of >5% in at least one sample in each core are shown in Fig. 4 and 6. 227 

Changes in individual species fluxes (Fig. 6) largely correspond to changes in either total calcareous 228 

flux or the relative abundance of the corresponding species. Further mention of individual species flux 229 

will therefore be limited to where they show differences and/or are relevant to the discussion.  230 

Core 993 is dominated by C.neoteretis (mean relative abundance = 24%) with sub-dominance of 231 

C.lobatulus (17%) (Fig. 6). Other common species include E.nipponica and C.laevigata, both increasing 232 

in abundance towards the present. C.lobatulus, Buccella spp., Islandiella spp., Nonionella auricula and 233 

Elphidium clavatum (previously referred to in literature as E. excavatum forma clavata, see taxonomic 234 
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notes) decreases in abundance towards the present, albeit that their fluxes increases (Fig. 6). 235 

M.barleeanus decreases in abundance until ~1990 CE, while Nonionellina labradorica disappears after 236 

1850 CE and appears again after 1950 CE (Fig. 6). 237 

M.barleeanus dominates in core 893 (33%) with a sub-dominance of E.nipponica (11%) and 238 

C.neoteretis (12%). From 1800 to 1880 CE total calcareous flux and species fluxes are low, and 239 

abundances of C.lobatulus, E.nipponica, C.neoteretis, C.reniforme and Islandiella spp. are relatively 240 

high. Between 1800-1980 CE, C.lobatulus, Buccella spp., C.neoteretis and C.reniforme show high 241 

relative abundances and fluxes. After 1980 CE an overall increase in total calcareous flux and species 242 

fluxes is observed, and M.barleeanus, E.nipponica, C.laevigata and Islandiella spp. show high relative 243 

abundances (Fig. 6).  244 

M.barleeanus dominates in core 897 (29%) with a sub-dominance of E.nipponica (11%) and 245 

C.reniforme (13%). From 1800 to 1920 CE, fluxes are low, while relative abundances of C.lobatulus, 246 

M.barleeanus, Buccella spp., C.laevigata, Islandiella spp. and E.clavatum are relatively high. Between 247 

1920-1980 CE fluxes increase. The relative abundance of Buccella spp. remain high, while C.reniforme, 248 

Islandiella spp., and E.clavatum peak in this interval. After 1980 CE, M.barleeanus, C.laevigata, 249 

C.neoteretis, N.labradorica and N.auricula become more abundant (Fig. 6). 250 

In core 902 (29%) and 903 (28 %) Buccella spp. is the dominating taxon. Other sub-dominant species 251 

in these cores are M.barleeanus (15% and 12% respectively) and Islandiella spp. (15% and 16% 252 

respectively). Before 1920 CE core 902 contains a low amount of foraminifera, and the assemblage is 253 

dominated by Buccella spp. (29%) (Fig. 6; Appendix B). Other sub-dominant species in this interval are 254 

M.barleeanus (15%) and Islandiella spp. (15%). The relative abundance of Buccella spp. drops after 255 

1920 CE when total calcareous flux and species fluxes increase and other species start to occur in the 256 

assemblage, i.e.  M.barleeanus, E.nipponica, C.neoteretis, C.reniforme, E.clavatum and both 257 

Nonionella species increase. After 1980 CE, these species continue to be more abundant, apart from 258 

E.clavatum which abundance decreases towards the present (Fig. 6). C.laevigata is more or less absent 259 

apart from one sample in the top of the core. For core 903, Buccella spp., E.nipponica and M.barleeanus, 260 

have high abundances between 1880 and 1970 CE while the flux is low. C.lobatulus, Islandiella spp., 261 

E.clavatum and N.labradorica show the same trend, with high relative abundances before 1880 CE, a 262 

low in abundances between 1880-1970 CE and high or a peak in relative abundance from 1970 towards 263 

the present. C.laevigata is not observed in the assemblage of core 903, C.neoteretis only appears in the 264 

very top of the core, while E.nipponica has a low abundance compared to what is observed in the other 265 

cores, with increased abundance after 1970 CE (Fig. 6). 266 

 267 

6. Discussion  268 

6.1. Metal concentrations and anthropogenic influence 269 

Most metal concentrations measured in the cores correspond to background levels (level I) according to 270 

Norwegian sediment quality classification (Bakke et al., 2010). Some intervals are classified as level II, 271 
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corresponding to concentrations with no toxic effects, i.e.  Cr concentrations in core 893, Hg 272 

concentrations in core 902, Cd concentrations in all cores but 897 (Fig.3; Supplementary data A). Similar 273 

concentrations were measured in surface sediments and sediment cores from Ingøydjupet and the 274 

adjacent Tromsøflaket (Dijkstra et al., 2013; Dijkstra et al., 2015). These environmental classes are not 275 

developed for Ba and Ti. However, Ba concentrations fall within the same range as observed in the 276 

nearby Ingøydjupet trough (< 200 mg/kg) (Dijkstra et al., 2015), and concentrations in the top of the 277 

cores do not significantly exceed concentrations measured at 1800 CE. Titanium concentration do not 278 

exceed values observed in nearby baseline studies, i.e. <1410 mg/kg (Dijkstra et al., 2015). It should be 279 

noted that the down core distribution of Cd in all cores show a remarkable pattern compared to the other 280 

metals, showing different trends than the other metals or peaks of elevated concentrations (Fig. 3). 281 

Previous studies from the area reported similar patterns in Cd concentrations (Dijkstra et al., 2015; 282 

Jensen et al., 2009), which was attributed to post depositional processes (Kjeldsen and Christensen, 283 

1996). Therefore, we do not consider its down core distribution pattern as reliable indicator of past metal 284 

concentrations and input.  285 

As all metal concentrations are classified to levels of no effect, impact of the metal concentrations on 286 

foraminifera is not expected. Non-impacted baseline faunas have been reported in a Norwegian Fjord 287 

(Polovodova Asteman et al., 2015) and the nearby Ingøydjupet trough (Dijkstra et al., 2013; Dijkstra et 288 

al., 2015) where metal concentrations were of levels reported in the Bjørnøyrenna cores (Fig. 3).  289 

 290 

We observed visual similarities (Fig. 3) in down core distribution patterns between the metal 291 

concentrations and TOC and/or clay. In cores 993, 893 and 897, concentrations of Ba, Cr, Cu, Zn and 292 

Ti show a similar down core pattern to one another, and to either TOC or clay (Fig. 3). Clay and TOC 293 

particles generate a larger metal binding potential of the sediments (Horowitz, 1991; Kennedy et al., 294 

2002). The similarity between the profiles of Ba, Cr, Cu, Zn and Ti and either TOC or clay (Fig. 3) 295 

therefore suggests that variability in the metal concentrations at sites 993, 893 and 897 can be 296 

contributed to the natural variability in local sediment properties and thus capability of metal uptake, 297 

rather than variability in input. The down core distribution of Pb and Hg on the other hand, often show 298 

a similar pattern, but a different temporal trend than the other metals (Fig. 3). Additionally, they often 299 

show similarity to the down core profile of TOC concentrations, especially after ca. 1900 CE. As 300 

increased TOC values are associated with enhanced inflow of AW (Knies and Martinez, 2009), we 301 

attribute the variability in the concentration of Hg and Pb to the variability in AW inflow, with AW 302 

serving as transporting agent of the metals. A similar pattern has been observed in previous studies 303 

(AMAP, 1998; Jensen et al., 2009; Junttila et al., 2014). Hence, the down core variability in Hg and Pb 304 

concentrations can be considered as indicator of (natural) variability in AW inflow. 305 

In both core 902 and 903, Ba, Cr, Cu, Zn and Ti, show similar trends, as do Hg and Pb. However, the 306 

down core distribution in element concentration shows less similarity to either TOC or clay (Fig. 3). It 307 

should be noted that the TOC content in cores 902 and 903 is almost twice as high as in the more 308 
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southern cores (993, 893, 897). Similar trends in TOC have been observed in surface samples by Knies 309 

and Martinez (2009), attributable to the differences in oceanography along the transect. The northern 310 

core sites, are located close to the AF (Fig. 1). The TOC content of these southern sites (993, 893 and 311 

897) will therefore be mainly composed of marine organic material originating from the nutrient rich 312 

AW (Knies and Martinez, 2009), while the TOC at core sites 902 and 903 additionally will experience 313 

TOC input from the high productivity at the AF (e.g. Sakshaug and Slagstad, 1992). This explains the 314 

higher TOC concentrations at core location 902 and 903 (Table 3). These high TOC concentrations will 315 

‘overwrite’ any potential signal between TOC originating from AW and metals transported by AW. This 316 

is supported by the fact that concentrations of metals are not significantly higher than at the southern 317 

sites, despite the potentially higher metal binding capacity of the sediments.  318 

Sediment cores from nearby locations in Ingøydjupet (Dijkstra et al., 2015; Jensen et al., 2009), show 319 

an increase in concentrations of Hg and Pb after ~1960 CE, which coincides with the onset of emission 320 

of leaded gasoline into the atmosphere (AMAP, 2005). In our study, increased Pb concentrations are 321 

observed from ca. 1960 CE (Fig. 3), albeit that an increase in concentrations started earlier on in most 322 

cores, for natural reasons discussed above. Hg concentrations (further) increase in core 897 around 1960 323 

CE, while in cores 993 and 902 the increase is initiated slightly later. Although Hg and Pb concentrations 324 

could be correlated with increased TOC or clay content in core 993, 893 and 897 (see discussion above), 325 

it could very well imply an anthropogenic signal from an atmospheric source as well.  326 

Overall, it can be concluded that the down core distribution of metal concentrations can be attributed to 327 

(natural) variability of the sediment properties (clay and TOC) and natural changes in AW inflow 328 

serving as transport agent for Hg and Pb. Hence, the reconstructed range in down core metal 329 

concentrations (Table 3), corresponding to background values (Bakke et al., 2010), can be considered 330 

to  reflect the areas environmental baseline and natural variability.  331 

 332 

6.2. Regional trends in foraminiferal assemblages  333 

The most abundant species and their environmental interpretations are summarized in Table 4 (see 334 

references therein).  335 

The average relative abundances of the most abundant species of the live and fossil assemblages show 336 

a clear geographic trend along the Bjørnøyrenna transect (Fig. 4). Overall, C.neoteretis, E.nipponica, 337 

C.laevigata and N.auricula, associated with relatively warmer temperatures and/or AW influenced 338 

bottom waters,  diminish along the transect up north. Buccella spp., Islandiella spp., E.clavatum and N. 339 

auricula, associated with lower bottom water temperatures and proximity to the AF, become more 340 

abundant northeast along the transect. This can be explained by the decreasing seawater temperatures 341 

toward the northern and central part of the Barents Sea corresponding to the known distribution of water 342 

masses, with warm AW in the south and central part, and cool ArW in the north  of Bjørnøyrenna (Fig. 343 

1; Loeng, 1991). The abundance of live and fossil C.reniforme is highest in the middle part of the 344 

transect. The species thrives in colder (~2°C), yet relative saline conditions, indicating that the middle 345 
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part of the transect  experiences influence of both AW and ArW. The higher abundance of both live and 346 

fossil epifaunal species C.lobatulus in station 993 is attributed to coarse grain sizes at this station,. More 347 

preferable conditions for epifaunal species in station 993 is also suggested by absence of live specimens 348 

below 1 cm sediment depth. The high abundance of live and fossil M.barleeanus and N.auricula in 349 

station 893 and 897 might indicate high amounts of degraded organic matter in this part of the 350 

Bjørnøyrenna trough. The slightly lower abundance of M.barleeanus, towards the north of the transect 351 

i.e. 902 and 903 (Fig. 4), suggests that nutrient availability at these sites might predominantly originate 352 

from fresh phytodetritus produced at the high productive AF.  353 

Based on these trends along the studied transect, we divided the dominating foraminiferal species into 354 

two groups (Table 4): (a) warm (Atlantic) associated species including C.laevigata, E.nipponica, 355 

C.neoteretis, M.barleeanus and N.auricula; (b) cool (Arctic) associated species including Buccella spp., 356 

E.clavatum, Islandiella spp., N.labradorica and C.reniforme (Fig.6B).  357 

 358 

6.3 Temporal trends  359 

Effects of natural environmental changes will be superimposed on anthropogenic induced changes. The 360 

applicability of an environmental baseline must therefore always take the natural variability of the 361 

processes or organisms involved into account during the relevant time interval (Wassmann et al., 2011). 362 

This natural variability might include changes in oceanography, food availability, and decadal scale 363 

climatic variability. As the low metal concentrations in the studied cores, are not expected to influence 364 

the foraminiferal assemblages, the down core foraminiferal assemblages will provide a high resolution 365 

record of such natural variability. The down core foraminiferal distribution, together with the live 366 

assemblages discussed in 6.2, are therefore considered to reflect the areas’ environmental baseline and 367 

its natural variability.   368 

Below we discuss temporal trends in benthic foraminiferal assemblages in relation to variability of AW 369 

inflow into the area, as its variability is one of the main drivers of natural environmental change in the 370 

Barents Sea on a (multi-)decadal time scale. Atlantic Water is an important distributor of heat into the 371 

Barents Sea (Loeng and Drinkwater, 2007). Additionally, the nutrient rich AW intensifies primary 372 

productivity and increases the vertical flux of marine organic material, resulting in elevated total organic 373 

carbon content (TOC) of the seafloor sediment (Knies and Martinez, 2009) providing an important food 374 

source for foraminifera (Loubere and Fariduddin, 1999). At the same time, Atlantic Water transports 375 

metals from the south into the Barents Sea (AMAP, 1998; Dijkstra et al., 2015; Junttila et al., 2014). 376 

Elevated sediment TOC generates a larger metal binding potential of the sediments resulting in larger 377 

sediment uptake of metals (Horowitz, 1991; Kennedy et al., 2002). The variability of inflow of AW into 378 

the Barents Sea thus has both a direct (inflow of metals) and indirect effect (binding of metals to organic 379 

matter) on sediment metal concentrations, and simultaneously influences the foraminiferal assemblages 380 

(food source). This results in a complex interplay, and can cause false positive correlations between 381 

foraminiferal abundance (flux) and metal concentrations (Dijkstra et al., 2015).  382 
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Accordingly, four parameters are considered as (indirect) indicators of AW presence and/or variability 383 

in AW inflow: 384 

 (1) Presence of the warm associated foraminiferal species, as AW is the main distributor of heat (Loeng 385 

and Drinkwater, 2007).  386 

(2) Increased total calcareous fluxes, as AW indirectly provides a food source for the benthic 387 

environment (Loubere and Fariduddin, 1999).  388 

(3) Elevated TOC content, as a result of the increased vertical flux of marine organic matter (Knies and 389 

Martinez, 2009).  390 

(4) Elevated Hg and Pb concentrations, as AW is a transport agent of Hg and Pb (see discussion in 6.1).  391 

 392 

Based on the assemblages (Table 4) and physical parameters, the cores have been divided into three 393 

intervals: ~1800-1900 CE, ~1900-1980 CE, ~1980-present (Fig. 6D). The boundary between the 394 

different time intervals differs from core to core with an offset of 10-30 years, attributable to 395 

uncertainties in the age model or a delayed effect of oceanographic changes between the sites due to 396 

their different geographical location (see below). The study area is divided into two regions: (a) SW 397 

cores 993, 893 and 897, mainly influenced by variability in AW inflow; (b) NE cores 902 and 903, 398 

influenced by both variability in AW inflow and proximity to the AF (Fig. 6).  399 

Environmental interpretation of the main foraminiferal species and corresponding references are 400 

summarized in Table 4. 401 

 402 

Interval I: ~1800 to ~1900 CE 403 

In the SW cores, 993, 893 and 897 fluxes are initially low indicating unfavorable conditions for 404 

foraminifera (Fig. 6). Higher abundances and species flux of the cold associated species indicate initially 405 

cold bottom waters (Table 4). However, presence of C.neoteretis, E.nipponica and C.laevigata 406 

additionally indicates influence of AW. The relatively high abundance of C.lobatulus in core 993 407 

compared to its abundance in the other two SW cores, can be explained by the relatively high sand 408 

content of the core (Fig. 3). This indicates higher bottom current speeds at core location 993 than at the 409 

other SW sites. The same is observed for the other time intervals. The decline of E.clavatum and 410 

N.labradorica and overall increased total fluxes since ~1860 CE, reflect a shift from initially cool 411 

conditions with low food availability to warmer conditions (Fig. 6).  Wilson et al., (2011) reported a 412 

similar shift at a closeby location in Bjørnøyrenna, which was correlated to the termination of the Little 413 

Ice Age (LIA). The cold conditions of the LIA (1500–1900 CE) are thought to be the result of a weak 414 

Atlantic Meridional Overturning Circulation, and reduced flow of AW towards the north (Trouet et al., 415 

2011). Enhanced inflow of AW in our study area towards the termination of LIA is additionally 416 

supported by the gradual increase of both TOC and Pb towards ~1900 CE (Fig. 3).  417 

Total calcareous fluxes are low in the NE cores 902 and 903. In these cores the relative abundance of 418 

Buccella spp. (mainly consisting of B.frigida) is high, (Fig. 6), and abundance and fluxes of the other 419 
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cold associated species (Table 4, Fig. 6) gradually increase, indicating Arctic conditions and proximity 420 

of the AF and/or sea ice edge. High TOC values (Fig. 3 and 6) support the proximity of the AF/sea ice 421 

edge, associated with high biological activity and fresh phytodetritus. Despite the high food availability, 422 

conditions were unfavorable for the foraminifera, as indicated by the overall low total calcareous fluxes. 423 

This might indicate (seasonal) presence of sea ice, which is supported by the relative high abundance of 424 

Buccella spp.. Historical records on the location of the sea ice edge, report its southernmost position 425 

between 1800-1900 CE (Vinje, 2001). Hald and Steinsund (1996) observed highest amounts of Buccella 426 

spp. when dissolution is common and calcareous foraminifera are rare. Hence the high abundance of 427 

this species, in combination with the low fluxes, might additionally indicate presence of corrosive ArW, 428 

creating unfavorable conditions for calcareous foraminifera and postmortem dissolution.  429 

To summarize, during the 1800-1900 CE interval (Fig. 6 D), the assemblages in the SW part of the study 430 

area indicate AW influenced yet chilled conditions corresponding to the termination of the LIA. The 431 

assemblage in the NE part of the study area indicate colder Arctic conditions and proximity to the AF 432 

with potentially corrosive bottom waters. 433 

 434 

Interval II: ~1900 to ~1980 CE 435 

In the SW cores a further increase in total calcareous fluxes is observed during interval II, indicating 436 

increased delivery of nutrients towards the core site, which is supported by the increasing TOC content 437 

(Fig. 6). In core 993, the higher abundance of E.nipponica indicates further warming of the water mass. 438 

For core 893, the higher TOC and fluxes (Fig. 6) indicate influence of AW, albeit with relatively low 439 

temperatures as indicated by the increased abundance of C.neoteretis and C.reniforme (Fig. 6). The 440 

increase of Hg and Pb at site 993 and 893 since ~1900 CE (Fig. 3) supports increased inflow of AW. 441 

This is additionally supported by increased relative abundances of M.barleeanus in core 893. In core 442 

993, the abundance of the species follows the overall decline of clay (Fig. 6) and high abundance of 443 

C.lobatulus, all attributable to higher bottom current speeds. We therefore hypothesize that the 444 

intensified inflow of AW around 1900 CE was accompanied by increased bottom current speeds at core 445 

location 993. In core 897, the relatively high abundance of cold associated species, in combination with 446 

presence of warm associated species, indicates  a mixture of AW and ArW, i.e. BSW. The latter indicates 447 

less influence of AW at site 897, compared to the previous time interval (Fig. 7D).   448 

For core 902, the increased total calcareous flux and relative abundance of both E.nipponica and 449 

C.neoteretis around 1900 CE suggest presence of chilled AW. The overall increase of fluxes suggests 450 

enhanced food availability, and hence inflow of AW. Simultaneously cool (and fresh) conditions are 451 

supported by higher relative abundances of the cold associated species (Fig. 6) and near absence of 452 

C.laevigata. The presence of both cold species and increased Atlantic species are therefore interpreted 453 

to reflect presence of BSW. The observed signal of enhanced Hg and Pb concentration with increased 454 

AW inflow, as observed in the SW cores, is not visible for core 902 in interval II (Fig. 3). This might be 455 

due to the high productivity at the proximal AF masking the correlation as discussed in chapter 6.1.  456 
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The low fluxes and high abundance of Buccella spp. in core 903 (Fig. 6) indicate similar cold Arctic 457 

conditions, and potentially corrosive bottom waters as in interval I, i.e. dominance of ArW, proximity 458 

of the AF and potentially presence of (seasonal) sea ice. The (time) offset between core 902 and 903 can 459 

be related to a delayed inflow of AW to core site 903. However, as the cores are relatively close (~60 460 

km) the offset might also be caused by uncertainties in the age model. 461 

The presence of warm associated species E.nipponica, albeit <4%, during the cold Interval II and I in 462 

core 903 is remarkable. Epistominella nipponica is morphologically identical to the temperature 463 

indifferent deep water species Alabaminella weddellensis (Saher et al., 2012), albeit that it has been 464 

observed at water depths corresponding to those found along the Bjørnøyrenna transect (Culver and 465 

Buzas, 1980; Saher et al., 2012). The species thrives on pulsed phytodetritus (Smart and Gooday, 1997; 466 

Sun et al., 2006). Presence of Buccella spp. and N.labradorica during this time interval also indicates 467 

pulsed phytodetritus (Fig. 6) originating from the AF. We therefore argue that E.nipponica either has 468 

similar environmental preferences as A.weddelensis, or E.nipponica was been misidentified in these 469 

intervals and actually represents the morphological similar A.weddelensis (i.e. pulsed phytodetritus). 470 

 471 

Sea surface temperature records from the Kola peninsula (PINRO, 2013; Smedsrud et al., 2013) and 472 

Fugleøy-Bjørnøya transect (Ingvaldsen et al., 2002), as well as atmospheric temperature records from 473 

the Northern Hemisphere  and Barents Sea (Ikeda, 1990; Rayner et al., 2003) report decadal scale climate 474 

variability between 1900-1980 CE. This natural variability is linked to the North Atlantic Oscillation, 475 

causing variable inflow of AW into the Barents Sea (Dickson et al., 2000; Goosse and Holland, 2005; 476 

Trouet et al., 2011). Decadal variability includes a cool period in the 1920s, warming from the mid 477 

1920s to 1950s and cooling between the 1960s and 1970s (Ikeda, 1990; Rayner et al., 2003). A study 478 

from the nearby Ingøydjupet trough observed decadal variability in the total foraminiferal flux (Dijkstra 479 

et al., 2015). Assemblages of the SW cores register the two cooling periods as discussed above. The 480 

1920s-1950s warming trend is however not clearly reflected by the assemblages. This might be due to 481 

the time resolution of cores, with no or only one sample within the time period. Decadal climatic 482 

variability is not observed in the NE cores. We attribute this to the northern location and influence from 483 

the ArW overruling the Atlantic signal.  484 

 485 

Interval III: ~1980 to present 486 

After ~1980 CE the increased abundance of warm associated species, and increasing total calcareous 487 

flux and TOC (Fig. 6), indicate enhanced inflow of AW and warming of the water mass in the SW cores, 488 

albeit with a delay of ~10 years for core 897. The increased abundances and species fluxes of 489 

C.reniforme and Islandiella spp. (Fig. 6), despite more warm AW influenced conditions, might therefore 490 

be due to increased salinity and nutrient availability, respectively. Increasing fluxes of M.barleeanus 491 

throughout the SW cores follow the increasing TOC content (Fig. 6) reflecting this increased food 492 

availability.  493 
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For the top part of NE core 902, the increase in total calcareous flux and abundances of  E.nipponica 494 

and C.neoteretis suggest a further warming of the water mass and enhanced inflow of AW. The warming 495 

is supported by a decline in Buccella spp., E.excavatum, and N.labradorica (Fig. 6). Despite presence 496 

of AW, the abundance of C.laevigata is close to zero/absent, suggesting that conditions are too cold or 497 

fresh for the species. A similar trend is observed in core 903. Presence of both cold species and increased 498 

abumdance of Atlantic species suggest dominance of BSW. The observed signal of higher Hg and Pb 499 

concentration, with increased inflow of AW occurred, as observed in the SW cores, is to some extent 500 

visible in core 902 (Fig. 3). The Hg and Pb content of core 903 does not show a clear increase in 501 

concentrations after 1980 CE (Fig. 3), as a result of the high productivity of the front, diluting the 502 

Atlantic signal (see 6.1). 503 

Overall, from ca.1980 CE towards present, all cores registered enhanced inflow of AW, transporting 504 

heat and nutrients into Bjørnøyrenna, resulting in both warming of the water mass and enhanced food 505 

availability for foraminifera. Warming of bottom waters and enhanced inflow of AW since 1980 CE is 506 

a well-documented phenomena in the Barents Sea (Bengtsson et al., 2004; Ingvaldsen et al., 2002). 507 

Atmospheric and sea surface temperature records show an overall increasing temperature and salinity 508 

in the Barents Sea region during the last 30-40 years (Carton et al., 2011; Furevik, 2001; Holliday et al., 509 

2008; Rigor et al., 2000), as does a proxy record study from the Fram Strait (Spielhagen et al., 2011). 510 

Other foraminiferal studies from the area (Dijkstra et al., 2015; Risebrobakken et al., 2010; Wilson et 511 

al., 2011) indicated a similar warming. A study comparing live assemblages collected between 1962-512 

1992 and 2005-2006 in the Barents Sea, reported an overall decrease of cold associated species and 513 

increase of AW associated species (Saher et al., 2012) as observed within the top of our records. 514 

 515 

7. Summary and conclusion 516 

Metal concentrations, sediment properties and benthic foraminiferal assemblages were investigated in 517 

five sediment cores along a SW-NE transect in the Bjørnøyrenna trough, to gain insight into the temporal 518 

natural variability of these parameters in addition to Atlantic Water inflow since 1800 CE. Additionally, 519 

the data set serves as an environmental baseline for monitoring potential future environmental impacts 520 

associated with petroleum industry activities and other anthropogenic activities in the area. With the 521 

expected increase in industrial activities, this will be of importance.  522 

Overall, metal concentrations are considered  to be of background/no effect levels (class I and II; Bakke 523 

et al., 2010), and are not expected to effect the foraminiferal assemblage. Down core changes in metal 524 

concentrations could be attributed to (natural) variability of the sediment properties (clay and TOC) and 525 

natural changes of Atlantic Water inflow serving as transport agent of Hg and Pb. An increase in Pb and 526 

Hg concentrations after 1960 CE in the SW part of the study area is potentially the only indication of an 527 

anthropogenic signal, associated to emission of leaded gasoline. Hence, the reconstructed range in down 528 

core metal concentrations and foraminiferal assemblage reflect the (non-impacted) environmental 529 

baseline and natural variability of the area. 530 
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 531 

The most common foraminiferal species could be divided into two groups. Warm associated species 532 

E.nipponica, M.barleeanus, C.laevigata, C.neoteretis and N.auricula, dominated the assemblages in the 533 

SW part (993, 893 and 897) of the transect and the upper part of all cores, and reflect the relatively warm 534 

conditions and high food flux associated to Atlantic Water inflow in Bjørnøyrenna. Cold, Arctic 535 

associated species E.clavatum, N.labradorica, Buccella spp., C.reniforme and Islandiella spp., 536 

dominated the assemblages in the NE part (902 and 903) of the transect, the lower parts of the cores 537 

from the SW part of the study area, and the entire time span of the two NE cores. 538 

Four indicators of variability in Atlantic Water inflow were defined: (a) Presence of warm, Atlantic 539 

foraminiferal species; (b) Total calcareous fluxes; (c) Total organic carbon concentrations; (d) Elevated 540 

Hg and Pb concentrations. The cores could be divided into three time intervals accordingly, reflecting 541 

the natural variability in Atlantic Water inflow into Bjørnøyrenna since 1800 CE.  542 

 1800-1900 CE. The SW cores indicate increased inflow of cool Atlantic Water, in addition to 543 

warming of the water mass, corresponding to the termination of the Little Ice Age. The NE cores 544 

reflect presence of Arctic Water.  545 

 1900-1980 CE. The southernmost core 993 shows a further warming of the Atlantic Water mass, 546 

while core 893 and 897 show cooler conditions, indicating the presence of chilled Atlantic Water 547 

and Barents Sea Water, respectively. These cooler conditions towards the south indicate reduced 548 

inflow of Atlantic Water. Core 902 indicates presence of Barents Sea Water, while core 903 549 

indicates Arctic Water.  550 

 1980 CE-present. All cores show enhanced inflow of Atlantic Water and warming of the water 551 

column. The SW sites are dominated by Atlantic Water, the NE sites by Barents Sea Water, 552 

indicating a northward retreat of the Arctic Front. 553 

 554 
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Figure 1 – Study area  

(a) Ocean surface currents of the Norwegian Sea and western Barents Sea. Dashed line indicates an estimation of 

the present-day position of the Arctic front (after Loeng, 1991). (B) Close up of the western Barents Sea showing 

core locations along transect in the Bjørnøyrenna trough. Red triangles indicate locations of oil industry 

exploration wells. Color scale reflects water depth; the contour interval is 50 m. Coordinates of the coring locations 

are given in Table 1. 

  

Figure 2 – Age model 

Upper x-axis: Age models of the cores down to 20 cm, based on the Constant Rate of Supply (CRS) model 

(Appleby and Oldfield, 1992). Black dots represent dated interval, while open dots with dashed line represent 

extrapolated ages. Lower x-axis: Excess 210Pb profiles (open dots with error bars). The year 1800 CE, serving as 

cut off age for samples investigated in the study, is indicated by vertical dashed line.  

 

Figure 3 – Metal concentrations down core 

Grain size, TOC and metal concentrations plotted against calendar years (CE): (A) Cumulative sand (black), silt 

(dark gray) and clay (light gray) content of the cores expressed in volume percentages and total organic carbon 

(TOC) content (%) (B) Clay content of the cores expressed in volume percentages. To enable comparison between 

the cores, grey shading (upper x-axis) indicates metal concentrations plotted on the same horizontal scale for each 

of the cores. (C) Metal concentrations (black plots; lower x-axis) throughout the cores expressed in mg/kg. Note 

differences in horizontal scale per metal between the cores. To enable comparison between the cores, grey shading 

(upper x-axis) indicates metal concentrations plotted on the same horizontal scale for each of the cores. Vertical 

grey lines (plotted on the lower x-axis) indicate boundary between Level I (background) and Level II  (no toxic 

effect; see Supplementary Data A) metal concentrations for the respective metals according to Norwegian sediment 

quality classification (Bakke et al., 2010).  

 

Figure 4 – Foraminiferal abundance 

Range (grey envelope; fossil fauna) in (A) absolute abundance (#/ml) and flux (#/cm2*yr), (B) number of species 

and (C) relative abundance (%), for each of the cores. Average core value for the fossil fauna is indicated by thin 

black line. The value for the live fauna present in the top 5 cm of the sediment is indicated by thick black line.  

 

Figure 5- Density and diversity down core  

(A) Foraminiferal flux. (B) Number of species, for calcareous, agglutinated and total fossil fauna (including both 

calcareous and agglutinated taxa). All data are plotted against calendar years CE based on ages determined by 
210Pb dating.  

 

Figure 6 – Foraminiferal abundance down core 

Foraminiferal abundances and grain size properties of the sediment cores. (A) Clay (black) and TOC (red) and 

sand content of the cores; (B) Total calcareous flux (#/cm2*yr). (C) Relative abundance of most common taxa 

(black line) and species flux (grey shading). Black dots indicate relative abundance based on > 100 counted 

specimens; open dots indicate relative abundance based on 60-100 counted specimens; crosses indicate relative 

abundance based on <60 counted specimens, following Forcino (2012) and Forcino et al., (2015) as elaborated in 

the text. All data are plotted against calendar years CE based on ages determined by 210Pb dating. (D) Interpreted 

time intervals as described in Discussion. Color codes illustrate the interpreted environmental conditions reflected 

by the foraminiferal species (Table 4; see color legend in figure) dominating the representing time interval.  
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 Table 1: Sample material 

Geographical location, date of collection and water depth of the analysed sediment cores. Three 

sediment cores (A, B, C) per station were used in our study, retrieved simultaneously with one multi-

corer cast (see description in the text). Below it is clarified which core was used for each of the used 

methods, i.e. grain size (GS), total organic carbon (TOC), heavy metal concentrations (HM), age 

model (210Pb) and live and dead foraminiferal assemblage.  
 Location  Collected Water 

depth 
GS TOC HM 210Pb Forams 

live 
Forams 
dead 

993 72°20.144125 N 

18°09.412879 E 

April 2015 380 C B B B A C 

893 72°51.441129 N 
24°18.658116 E 

July 2012 435 B B B C A B 

897 73°18.983 N 

030°15.714 E 

July 2012 362 A A A A B C 

902 73°57.844 N 
033°48.926 E 

July 2012 333 A A A A B C 

903 74°04.961 N 

034°30.091 E 

July 2012 323 A A A A B C 

 

  



Table 2: Age model 

 Ages (calendar years CE) and sedimentation rates (SR) based on the 210Pb datings. See text for a 

detailed description of the age model.  
 993 893 897 

Core 

depth 

Year 

(CE) 

SR 

(mm/yr) 

Year 

(CE) 

SR 

(mm/yr) 

Year 

(CE) 

SR 

(mm/yr) 

0,5 2011 0,14 2007 0,10 2009 0,16 

1,5 2002 0,11 1995 0,08 2000 0,12 

2,5 1990 0,08 1977 0,06 1988 0,08 

3,5 1975 0,07 1962 0,07 1975 0,08 

4,5 1952 0,04 1911 0,02 1955 0,05 

5,5 1937 0,07 1890 0,05 1925 0,03 

6,5 1925 0,08 1883 0,16 1883 0,02 

7,5 1910 0,07 1851 0,03 (1841) 

(0,02) 

8,5 1898 0,08 (1818) 

(0,03) 

(1799) 

9,5 1887 0,10 (1785) (1757) 

10,5 1873 0,07 (1753) (1715) 

11,5 (1858) 

(0,07) 

(1720) (1673) 

12,5 (1844) (1687) (1630) 

13,5 (1830) (1655) (1588) 

14,5 (1815) (1622) (1546) 

15,5 (1801) (1589) (1504) 

16,5 (1787) (1557) (1462) 

17,5 (1773) (1524) (1420) 

18,5 (1758) (1491) (1378) 

19,5 (1744) (1459) (1336) 

 902 903 

Core 

depth 

Year 

(CE) 

SR 

(mm/yr) 

Year 

(CE) 

SR 

(mm/yr) 

0,5 2011 0,69 2010 0,28 

1,5 2010 0,69 2007 0,18 

2,5 2006 0,26 2004 0,14 

3,5 2002 0,27 2001 0,18 

4,5 1999 0,30 1997 0,13 

5,5 1995 0,25 1992 0,09 

6,5 1987 0,13 1986 0,08 

7,5 1977 0,10 1978 0,07 

8,5 1967 0,10 1973 0,09 

9,5 1958 0,12 1966 0,07 

10,5 1948 0,10 1952 0,04 

11,5 1931 0,06 1939 0,04 

12,5 1916 0,07 1923 0,03 

13,5 1896 0,05 1911 0,04 

14,5 1824 0,01 1884 0,02 

15,5 (1752) 

(0,01) 

1864 0,02 

16,5 (1680) 1834 0,02 

17,5 (1608) (1773) 

(0,02) 18,5 (1536) (1712) 

19,5 (1463) (1651) 

 



Table 3: Sediment properties 

Range and average values for TOC, clay, silt and sand content, and heavy metal concentrations. 
  

TOC clay silt sand Ba Cd Cr Cu Hg Pb Zn Ti 
 

(%) (%) (%) (%) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) 

993 0,4-1 12-27 49-64 15-29 89-144 0,03-0,6 24-63 10-29 0,02-0,03 10-18 46-92 342-540 

average 0,7 21 57 22 109 0,1 37 17 0,03 13 66 433 

893 0,9-1,1 16-25 54-76 8-17 190-268 0,06-0,4 56-76 16-21 0,03-0,06 13-28 74-92 657-1000 

average 1,0 21 69 10 234 0,2 69 19 0,04 20 85 918 

897 1,1-1,2 8-13 77-83 8-12 105-117 0,06-0,2 30-33 13-14 0,06-0,10 12-19 55-60 200-461 

average 1,1 11 79 11 113 0,1 32 14 0,07 17 58 239 

902 1,9-2,0 8-12 55-77 11-37 115-139 0,08-0,7 43-53 18-22 0,06-0,16 13-22 69-83 261-362 

average 2,0 10 72 18 128 0,3 48 20 0,08 19 75 339 

903 2,0-2,2 8-15 67-85 3-25 101-146 0,1-0,5 42-66 18-25 0,04-0,08 12-24 65-103 247-632 

average 2,1 12 78 11 119 0,3 49 21 0,06 18 78 311 

 

  



Table 4 Foraminifera 

Summary of the most common benthic foraminifera species with associated water mass and 

environmental interpretation 

 

 Fauna Environmental preferences Reference 

A
tl

a
n

ti
c 

w
a

te
r 

w
ar

m
 a

ss
o

ci
at

ed
  

sp
ec

ie
s 

C. laevigata warm, saline (e.g. Altenbach et al., 1999; Hald and 

Steinsund, 1992; Jennings et al., 2004; 

Mackensen and Hald, 1988; Qvale, 

1985; Saher et al., 2012; Sejrup et al., 

2004; Steinsund, 1994) 

E. nipponica warm 

C. neoteretis chilled Atlantic 

(e.g. Gooday and Lambshead, 1989; 

Jennings et al., 2004; Mackensen and 

Hald, 1988) 

M. barleeanus 
degraded organic matter 

fine grained sediments 

(e.g. Dijkstra et al., 2013; Linke and 

Lutze, 1993; Mackensen et al., 1985) 

N. auricula 
warm 

degraded organic matter 

(e.g. Dijkstra et al., 2013; Korsun and 

Hald, 1998) 

 C. lobatulus 
epifaunal in sandy sediments 

high energy environment 

(e.g. Hald and Steinsund, 1996; 

Mackensen et al., 1985; Nyholm, 1961; 

Steinsund, 1994) 

A
rc

ti
c 

w
a

te
r 

co
ld

 a
ss

o
ci

at
ed

 s
p

ec
ie

s Buccella spp. 
cool, seasonal sea ice 

pulsed phytodetritus 
(e.g. Hald and Korsun, 1997; Hald and 

Steinsund, 1992; Korsun and Hald, 

2000; Polyak et al., 2002; Polyak and 

Solheim, 1994; Sejrup et al., 2004; 

Wilson et al., 2011) 

E. clavatum low salinity and temperature  

Islandiella spp. cool 

N. labradorica 
cool, Arctic Front 

pulsed phytodetritus 

 C. reniforme cooled saline water 

(e.g. Bartels et al., 2017; Mackensen et 

al., 1985; Sejrup et al., 2004; Slubowska 

et al., 2005) 

 

 

 


	Dijkstra_Fig1.pdf
	1: Fig1

	Dijkstra_Fig2.pdf
	2: Fig2

	Dijkstra_Fig3.pdf
	3: Fig3

	Dijkstra_Fig4.pdf
	Page 4

	Dijkstra_Fig5.pdf
	5: Fig5

	Dijkstra_Fig6.pdf
	6: Fig6_1
	7: Fig6_2


