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ABSTRACT 20 

Changes in intensity and composition of bioturbation and trace fossils in deep-21 

sea settings are directly related to changes in environmental parameters such as food 22 

availability, bottom water oxygenation, or substrate consistency. Because trace fossils 23 
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are practically always preserved in situ, and are often present in environments where 24 

other environmental indicators are scarce or may have been compromised or removed 25 

by diagenetic processes, the trace fossils provide an important source of 26 

paleoenvironmental information in regions such as the deep Arctic Ocean. Detailed 27 

analysis of X-ray radiographs from 12 piston and gravity cores from a transect 28 

spanning from the Makarov Basin to the Yermak Plateau via the Lomonosov Ridge, 29 

the Morris Jesup Rise, and the Gakkel Ridge reveal both spatial and temporal 30 

variations in an ichnofauna consisting of Chondrites, Nereites, Phycosiphon, 31 

Planolites, Scolicia, Trichichnus, Zoophycos, as well as deformational biogenic 32 

structures. The spatial variability in abundance and diversity are in close 33 

correspondence to observed patterns in the distribution of modern benthos, suggesting 34 

that food availability and food flux to the sea floor are the most important parameters 35 

controlling variations in bioturbation in the Arctic Ocean. The most diverse 36 

ichnofaunas were observed at sites on the central Lomonosov Ridge that today have 37 

partially ice free conditions and relatively high summer productivity. In contrast, the 38 

most sparse ichnofauna was observed in the ice-infested region on the Lomonosov 39 

Ridge north of Greenland. Since primary productivity, and therefore also the food flux 40 

at a certain location, is ultimately controlled by the geographical position in relation to 41 

ice margin and the continental shelves, temporal variations in abundance and diversity 42 

of trace fossils have the potential to reveal changes in food flux, and consequently sea 43 

ice conditions on glacial-interglacial time scales. Down core analysis reveal clearly 44 

increased abundance and diversity during interglacial/interstadial intervals that were 45 

identified through strongly enhanced Mn levels and the presence of micro- and 46 

nannofossils. Warm stages are characterized by larger trace fossils such as Scolicia, 47 

Planolites or Nereites, while cold stages typically display an ichnofauna dominated by 48 
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small deep penetrating trace fossils such as Chondrites or Trichichnus. The presence 49 

of biogenic structures in glacial intervals clearly show that the Arctic deep waters 50 

must have remained fairly well ventilated also during glacials, thereby lending 51 

support to the hypothesis that the conspicuous brown layers rich in Mn which are 52 

found ubiquitously over the Arctic basins are related to input from rivers and coastal 53 

erosion during sea level high-stands rather than redox processes in the water column 54 

and on the sea floor. However, the X-ray radiograph study also revealed the presence 55 

of apparently post-sedimentary, diagenetically formed Mn-layers which are not 56 

directly related to Mn input from rivers and shelves. These observations thus bolster 57 

the hypothesis that the bioturbated, brownish Mn-rich layers can be used for 58 

stratigraphic correlation over large distances in the Arcitc Ocean, but only if post 59 

sedimentary diagenetic layers can be identified and accounted for in the Mn-cycle 60 

stratigraphy.  61 

 62 
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1 Introduction 64 

Variations in the type and intensity of bioturbation in Arctic sediments have 65 

been studied from sea-floor photographs (e.g., Kitchell, 1979; Kitchell et al., 1978; 66 

MacDonald et al., 2010), and down-core variations in trace fossils and lebensspuren 67 

have been noted in several previous studies, (e.g., Clark et al., 1980; Phillips and 68 

Grantz, 1997; Scott et al., 1989). However, despite the relatively large number of 69 

cores now available from the deep Arctic Ocean (Stein, 2008), no systematic studies 70 

on Arctic deep-sea ichnology have been published. Here we present the first detailed 71 

ichnological studies of spatial and temporal variation in the composition of the Arctic 72 
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Ocean ichnofauna, and focus on how observed changes may be related to past 73 

changes in circulation and sea-ice coverage. 74 

Because the composition and activities of the benthic fauna is determined by 75 

parameters such as food flux or availability, bottom water oxygenation, and substrate 76 

consistency, downcore variations in the traces left by the organisms can be used as 77 

proxies to reconstruct past variations in environmental conditions (e.g., Savrda, 2007; 78 

Wetzel, 1991). Trace fossils have certain advantages over other environmental proxies 79 

as they are preserved in situ and cannot be redistributed and therefore by necessity 80 

reflect the environment at the position where they are found. Furthermore, trace 81 

fossils are commonly preserved in settings where other proxies are missing or have 82 

been obliterated, in fact, they are quite resistant to diagenetic processes which often 83 

act to even enhance their visibility. However, in unlithified, homogeneously coloured 84 

sediment, trace fossils can sometimes be hard to make out. Here X-ray radiographs of 85 

the sediment offer a powerful tool to reveal both physical and biological structures in 86 

the sediment that would otherwise be invisible to the naked eye (cf. Bouma, 1964). 87 

These characteristics make trace fossils particularly promising in regions such as the 88 

Arctic Ocean where dating and paleoceanographic reconstructions are difficult due to 89 

the scarcity of nanno- and microfossils, a complex magnetostratigraphy (Backman et 90 

al., 2009; Spielhagen et al., 2004), and problematic absolute dating methods (e.g., 14C 91 

and 10Be, Sellén et al., 2009) 92 

In an effort to address the dating problem, it has been argued that the recurrent 93 

downhole occurrence of strongly bioturbated, brownish (enriched in Mn) intervals in 94 

many central Arctic Ocean sediments provides a possibility for age control, as these 95 

cycles could be correlated to the low-latitude stable oxygen isotope curve (Jakobsson 96 

et al., 2000). Following IODP Expedition 302 to the Lomonosov Ridge (the Arctic 97 
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Coring Expedition – ACEX), downhole variations in Mn content in Quaternary 98 

sediments were shown to be strongly correlated to cyclostratigraphic changes in the 99 

physical, chemical and magnetic properties of the sediments, and were found to 100 

coincide with occurrences of agglutinated benthic forams, supporting the assertion 101 

that Mn enrichment occurs during interglacial/interstadial periods throughout the 102 

middle and latter part of the Quaternary (O’Regan et al., 2008; O’Regan et al., 2010).  103 

Three main mechanisms have been proposed to explain the observed cyclicity 104 

in Mn enrichment: 1) variations in deep-water circulation causing precipitation or 105 

dissolution of Mn; 2) variations in the input of Mn to the Arctic Ocean; and 3) 106 

diagenetic processes redistributing the Mn within the sediment (e.g., Jakobsson et al., 107 

2000; Löwemark et al., 2008; Macdonald and Gobeil, 2011; März et al., 2011). Here 108 

detailed studies of variations in deep sea bioturbation in combination with sediment 109 

geochemical analysis may provide information on the relative importance of the 110 

different processes, a prerequisite for an improved understanding of the Arctic 111 

paleoclimate system. 112 

The aims of this study therefore are to: a) perform the first inventory of deep 113 

marine Arctic trace fossils and their spatial and temporal variability, b) study the 114 

genetic relationship between bioturbation and the Mn-rich layers, and c) elucidate the 115 

environmental implications from the observed patterns in trace fossil distribution. 116 

2 Background 117 

2.1 Arctic hydrography 118 

The Arctic Ocean is a semi-confined ocean with over half its area composed of 119 

shallow shelves (Fig. 1) (Jakobsson et al., 2003), and a narrow opening at the Fram 120 

Strait which provides the only deep-water connection to the World Ocean. These 121 

features make the Arctic Ocean especially sensitive to glaciations and associated sea-122 
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level changes. The Arctic Ocean is separated into the Amerasian Basin and the 123 

Eurasian Basin by the Lomonosov Ridge. The Lomonosov Ridge is a sliver of 124 

continental crust rifted from the Eurasian continent about 55 Ma (Jokat et al., 1992) 125 

and rises steeply from the abyssal plains with depths of 3-5 km up to about 1000 m 126 

below the sea surface. It therefore acts like a barrier between the two basins resulting 127 

in considerably longer residence times for the deep waters in the Amerasian Basin 128 

(Tomczak and Godfrey, 2002). In the central part of the ridge, a bathymetric 129 

depression forms an intra-ridge basin, the so-called intrabasin. This intrabasin is 130 

connected to the Makarov Basin on the Amerasian side and the Amundsen Basin on 131 

the Eurasian side through relatively narrow channels with sill depths of about 1800 m 132 

(Björk et al., 2010; Björk et al., 2007). These conduit allows an exchange between the 133 

otherwise isolated deep waters of the two basins. The Lomonosov Ridge also forces 134 

the intermediate waters of Atlantic origin to form a cyclonic gyre in the Eurasian 135 

basin. On its way through the Eurasian basin the Arctic intermediate water is mixed 136 

with extremely cold waters that form on the shelves during sea ice formation. This 137 

cold and dense water then leaves the Arctic Ocean through the Fram Strait to form an 138 

important part of the global thermohaline circulation (Meincke et al., 1997; Tomczak 139 

and Godfrey, 2002). Surface and halocline water properties in the Eurasian Basin are 140 

mainly controlled by the inflow of Atlantic waters through the Fram Strait and via the 141 

Barents Sea, and mixing processes on the shelf areas (Rudels et al., 2004).  142 

The surface circulation of the Arctic Ocean is dominated by the wind driven 143 

Beaufort Gyre over the Amerasian Basin and the Transpolar Drift that transports sea 144 

ice across the Eurasian Basin from the Siberian shelves to the Fram Strait. Sea ice is 145 

the main transporting agent for particles larger than clay and the position of the 146 

boundary between the Beaufort Gyre and the Transpolar Drift consequently has an 147 
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important role in controlling the composition of sediments deposited in the central 148 

Arctic region (e.g. Sellén et al., 2010). Today, primary productivity in the central 149 

Arctic Ocean is dominated by phytoplankton and ice-algae (Horner and Schrader, 150 

1982) and almost all primary productivity takes place during the spring/summer 151 

season in open leads or under the thinner first year ice (Arrigo et al., 2012; Arrigo et 152 

al., 2008). 153 

2.2 Arctic macrobenthos 154 

Although the Arctic basin is considerably understudied in comparison to other 155 

oceans, several larger studies were performed in recent years addressing variation and 156 

abundance of benthic fauna from the shelves to the deep basins (e.g. Clough et al., 157 

1997; Kröncke, 1994; MacDonald et al., 2010; Vanreusel et al., 2000). The results 158 

suggest that the fauna of the deep-sea floor is more diverse than previously believed. 159 

Biomass and macrofaunal diversity was found to be comparable to the lower end of 160 

the spectrum observed in other oligotrophic regions of the world (Piepenburg, 2005; 161 

Vanreusel et al., 2000). Although the organisms vary from site to site, significant 162 

regional differences exist (Renaud et al., 2006). Most studies found that the benthic 163 

fauna was dominated by polychaetes, crustaceans, echinodermata and bivalves 164 

(Bluhm et al., 2005; Deubel, 2000; MacDonald et al., 2010). Polychaetes being the 165 

most common in terms of abundance and taxon number (MacDonald et al., 2010). 166 

This dominance of polychaetes was especially apparent at deeper stations. Sea-floor 167 

photographs along a transect from the Chukchi Borderland to the Amerasian abyssal 168 

plain showed lebensspuren such as solitary holes, gastropod and crustacean tracks, as 169 

well as different trails at all stations (MacDonald et al., 2010).  170 

The macrofauna in the Arctic Ocean is mostly of Atlantic type, and only a few 171 

endemic species are found (Kröncke, 1994). However, true species diversity is still 172 
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poorly known due to the sparse sampling density - the first quantitative megafauna 173 

studies were published in 2010 (MacDonald et al., 2010). Most of the benthic 174 

organisms found were deposit feeders, but increased numbers of suspension feeders 175 

were reported from rises such as the flanks of the Lomonosov Ridge (Deubel, 2000; 176 

Iken et al., 2005; Kröncke, 1998; Piepenburg, 2005). Food web structure studies based 177 

on 
13

C and 
15

N also showed that many benthic organisms were deposit feeders and 178 

that they use refractory organic material to a large extent in their metabolism (Iken et 179 

al., 2005). 180 

These studies show a general pattern where biomass, abundance and diversity 181 

of the benthic fauna is inversely correlated with water depth and latitude, where 182 

latitude is a measure of the distance to the shelves and ice-margin (Bluhm et al., 2005; 183 

Clough et al., 1997; MacDonald et al., 2010; Piepenburg, 2005; Renaud et al., 2006; 184 

Van Averbeke et al., 1997). Similar results have been obtained from studies of benthic 185 

foraminifer (Wollenburg and Kuhnt, 2000) and ostracode (Cronin et al., 2010) 186 

distributions. Some studies noted an increase in biomass and abundances towards the 187 

Lomonosov Ridge (Clough et al., 1997; Kröncke, 1994), possibly related to a lateral 188 

input of organic material by ocean circulation along the slope of the ridge. 189 

2.3 Arctic sediments 190 

Arctic Ocean sediments differ from the general oceanic sediments in several 191 

ways. The sediments show extreme variations in grain size, varying from hemipelagic 192 

muds to coarse-grained ice rafted debris (IRD), with maximum IRD content 193 

characteristically occurring in intervals corresponding to late glacial and deglacial 194 

intervals (Phillips and Grantz, 2001). There are also larger spatial and temporal 195 

variations in sedimentation rates than typically found in the open oceans because of 196 

variations in the transport paths of sea ice and icebergs. The processes delivering 197 
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sediment to the Arctic Ocean are dominated by river discharge, coastal erosion, 198 

current transport, turbidites and slumping, while aeolian transport plays only a minor 199 

role (Stein, 2008). The bulk of the sediment deposited in the central Arctic Ocean is 200 

transported by sea ice or icebergs, whose trajectories are governed by the two major 201 

circulation patterns, the Beaufort Gyre and the Transpolar Drift. The mineralogical 202 

composition of the sediment that enters the Arctic is controlled by the geology of the 203 

surrounding land masses, with the Canadian Arctic and Greenland containing 204 

abundant carbonate rocks, while widespread basaltic rocks on the Eurasian side 205 

results in sediment with abundant heavy minerals (Stein, 2008). It has long been 206 

recognized that these differences in bedrocks results in clearly distinguishable mineral 207 

assemblages (Lapina, 1965; Levitan et al., 1999) or chemical composition (Rachold et 208 

al., 1999) in the IRD, reflecting the origin of the sediment. These differences also 209 

result in characteristic distributions of clay minerals in the Arctic region, providing a 210 

powerful tool to tie Arctic sediments to their source regions (Wahsner et al., 1999; 211 

Vogt, 1997).  212 

One of the most conspicuous features of late Quaternary Arctic sediments is 213 

the cyclical occurrence of brownish, Mn-rich layers observed in sediment cores from 214 

all over the deep Arctic Ocean (Clark et al., 1980; Jakobsson et al., 2000; Polyak, 215 

1986; Poore et al., 1993). Biostratigraphic dating and the cooccurrence with enhanced 216 

levels of benthic and planktonic foraminifera show that these layers formed during 217 

interglacial conditions (Jakobsson et al., 2000; Löwemark et al., 2008; Poore et al., 218 

1993) (O’Regan et al., 2008; O’Regan et al., 2010). However, the mechanism for the 219 

formation of these layers remains debated, and several different physical and chemical 220 

processes have been invoked (Macdonald and Gobeil, 2011; März et al., 2011). In 221 

most modern sediments, Mn-rich layers typically form close to the sediment surface 222 
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where Mn mobilized by the degradation of organic matter encounters downwards 223 

diffusing oxygen from the bottom waters, thereby marking the position of the redox 224 

boundary (e.g., Burdige, 2006; Froehlich et al., 1979). It has therefore been suggested 225 

that the Mn observed in Arctic sediments would largely represent diagenetic processes 226 

(Li et al., 1969). However, the recurrent down-core and near synchronous occurrence 227 

of Mn enrichment, bioturbation, and calcareous micro- and nannofossils strongly 228 

suggest that the Mn enrichment formed as a direct response to environmental 229 

conditions in the circum Arctic region. Changes in deep water ventilation and the 230 

related dissolution or precipitation of Mn, and variations in Mn input from the 231 

terrestrial realm are the two main mechanisms that have been discussed (e.g., 232 

Jakobsson et al., 2000; Löwemark et al., 2008; Macdonald and Gobeil, 2011; 233 

Mashiotta et al., 1999). That the dramatic changes in basin geometry and sea ice cover 234 

related to glacial-interglacial climatic swings also greatly affect Arctic deep water 235 

circulation is obvious (Haley et al., 2008; Jakobsson et al., 2010; Poirier et al., 2012). 236 

However, in order to remove Mn from the sediment the bottom waters must become 237 

depleted of oxygen, which would require a steady flux of labile organic matter to the 238 

sea floor. As primary productivity reaches absolute minima during glacial periods, a 239 

depletion of bottom water oxygen seems unlikely. Further arguments against oxygen 240 

depletion of Arctic bottom waters comes from the presence of benthic ostracodes 241 

which persist also in glacial intervals, evidencing at least minimal oxygen levels in the 242 

deep basins (Poirier et al., 2012). An active removal of Mn from the sediment during 243 

glacial intervals was also deemed unlikely when the ratios of Mn to Al were studied. 244 

März et al (2011) demonstrated that glacial Mn/Al ratios actually lie close to average 245 

shale values, strongly suggesting that no Mn was dissolved from the sediments. 246 
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Instead, Maconald and Gobeil (Macdonald and Gobeil, 2011) demonstrated 247 

through Mn budget calculations that changes in coastal erosion and riverine input can 248 

explain the large variability in Mn observed. During interglacials, the high sea level 249 

promoted intense coastal erosion and remobilization of Mn on the shelves at the same 250 

time as the Mn-rich circum-Arctic rivers flew unhindered into the Arctic Ocean. In 251 

contrast, during glacial periods, the low sea level hindered coastal erosion while the 252 

Arctic rivers were blocked by the Eurasian ice sheet, both processes limiting the 253 

supply of Mn to the Arctic Ocean. Maconald and Gobeil (Macdonald and Gobeil, 254 

2011) did not include hydrothermal input into their budget calculations as data is still 255 

exceedingly scarce, but several lines of evidence speak against a hydrothermal origin 256 

of the Mn enriched layers. First, modern Mn concentrations are highest in near surface 257 

waters and show a clear correlation with salinity minima (Middag et al., 2011), 258 

strongly indicating a riverine or shelf origin rather than a hydrothermal. Second, the 259 

Mn plume observed in the water column over the Gakkel Ridge shows a maximum 260 

between 2000 and 4000 m, and very low values above 2000 m (Middag et al., 2011). 261 

Since Mn enriched layers are ubiquitous in sediments retrieved at water depths even 262 

shallower than 1000 m (Jakobsson et al., 2000; Macdonald and Gobeil, 2011), 263 

hydrothermal sources are considered unlikely. Third, Mn concentrations in the water 264 

column show exponentially decreasing values with distance from the ridge (Middag et 265 

al., 2011), making a basin wide influence unlikely although locally the effect of 266 

hydrothermal input may be significant. Fourth, there is no reason to assume any 267 

significant glacial-interglacial variability in the  hydrothermal input of Mn. 268 

3 Material and methods 269 

The core material used in this study was obtained during four expeditions to 270 

the Arctic Ocean using the ice breakers Ymer (YMER 80) and Oden (Arctic Ocean 271 
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96, LOMROG-07, LOMROG-09) as research platforms. The 12 piston and gravity 272 

cores vary in length between 198 and 765 cm (Table 1) and consist primarily of ice 273 

rafted debris (IRD) and pelagic muds. The sampled area spans from the Makarov 274 

Basin to the Yermak Plateau via the central Lomonosov Ridge, the Lomonosov Ridge 275 

off Greenland, the Gakkel Ridge, and the Morris Jesup Rise (Fig. 1).  276 

Physical properties were analyzed onboard using a GEOTEK Multi Sensor 277 

Core Logger during LOMROG-07 and LOMROG-09, while AO96-12pc was 278 

measured at Stockholm University. Variations in Mn distribution were determined 279 

directly on split cores using the Itrax XRF-core scanner (cf. Croudace et al., 2006) at 280 

Stockholm University. The resolution used for XRF-scanning ranged from 0.2 to 5 281 

mm. Exposure times were adjusted to the individual cores and typically vary between 282 

5 and 20 seconds. X-ray radiographs were produced by cutting thin slabs of sediment 283 

from the cores using plastic boxes approximately 6 mm thick (cf. Löwemark and 284 

Werner, 2001; Werner, 1967). The slabs were then analyzed (55kV/3mA, 3 minutes) 285 

at the X-ray facility in the Faculty of Geosciences at the University of Bremen. 286 

On a limited number of the sediment slabs used for X-ray radiography from 287 

AO96-14GC, detailed studies were performed using microscope and scanning 288 

electron microscope. In intervals containing denser, horizontal layers in the 289 

radiographs, the corresponding sediment slabs were meticulously subsampled and 290 

the sediment studied under microscope to identify the aggregates causing this 291 

layering. A number of grains were selected and analyzed with SEM and electron 292 

microprobe (Philips Analytical XL-30- ESEM-FEG) to study the chemical 293 

composition of individual grains. 294 
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4 Results 295 

4.1 Trace fossils and spatial differences in their distribution 296 

The trace fossil fauna is generally sparse with only a few ichnospecies or 297 

ichnogenera present. In most sediment cores Planolites-like structures were observed 298 

and many cores contain small, mineralized burrows similar to Trichichnus. The trace 299 

fossils Chondrites, Phycosiphon, and Scolicia occur sporadically. In two of the cores 300 

isolated occurrences of Zoophycos were noted. Nereites-like traces were abundant in 301 

core LOMROG09-PC10, but occurred only sporadically in a few other cores. On 302 

several occasions, biodeformational structures (cf. Bromley, 1996) without any 303 

identifiable trace fossils were observed. Basic trace fossil morphology and ethology is 304 

described in Table 2. 305 

The abundance of trace fossils in the cores shows a clear spatial pattern. The 306 

cores from the central Lomonosov Ridge, the Makarov Basin and the Yermak Plateau 307 

display stronger bioturbation with more diverse ichnofauna than those from the 308 

Lomonosov Ridge off Greenland, Morris Jesup Rise and the Gakkel Ridge (Fig. 2). In 309 

cores from the Lomonosov Ridge off Greenland, a few Planolites-like traces were 310 

found in the top sections and a few mineralized tubes scattered in the lower parts of 311 

the cores. A common feature in the cores from the Lomonosov Ridge off Greenland, 312 

the Morris Jesup Rise, and the Gakkel Ridge is the high content of IRD seen in the 313 

radiographs. The core from the Gakkel Ridge is almost completely devoid of biogenic 314 

structures. This core was taken on the flank towards the Amundsen Basin, and the 315 

sediment fabric is almost totally dominated by primary sediment structures indicating 316 

that it could be a contourite body. With the exception of the Gakkel Ridge, areas with 317 

few trace fossils correspond to the regions experiencing the most severe ice-318 
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conditions, today characterized by nearly complete ice-coverage even during summer 319 

(Comiso et al., 2008). 320 

4.2  Chronostratigraphy and sedimentation rate variability 321 

To allow comparisons between down-core variations in trace fossil 322 

composition and paleoclimatic variations, we relied on published age models and 323 

stratigraphic correlations between relatively closely spaced cores. Abundances of 324 

calcareous nanno- and microfossils were previously used to locate marine isotope 325 

stages (MIS) 5, 3 and 1 on the Lomonosov Ridge (Backman et al., 2009; Spielhagen 326 

et al., 2004), Lomonosov Ridge off Greenland (Jakobsson et al., 2010), Morris Jessup 327 

Rise (Hanslik et al., in press; Jakobsson et al., 2010) and the Yermak Plateau 328 

(Dowdeswell et al, 2010).  329 

Only some of the cores from the central Lomonosov Ridge have tentative age 330 

models that extend beyond MIS 6. These are based on the cyclostratigraphic analysis 331 

of the ACEX record (O’Regan et al., 2008), and stratigraphic correlations to near-by 332 

sediments using bulk density and XRF-derived Mn profiles (Fig.3).  333 

A number of cores collected from the Lomonosov Ridge (LOMROG09-PC08, 334 

LOMROG09-PC05, LOMROG09-PC10, AO96-14GC, AO96-16-GC) and Gakkel 335 

Ridge (AO96-B13-1PC) either lack the required physical property data for 336 

establishing stratigraphic correlations, or display a more complex downhole bulk 337 

density profile that precludes straightforward alignment with the ACEX record (Fig. 338 

4). To provide tentative age control, we rely on a distinct dark-grey layer as a 339 

common tie point to other cores from the region. It is characterized by a sharp lower 340 

boundary, enhanced IRD content, prominent variations in elements such as Fe and Ti, 341 

and often bounded by a sharp shift in Mn content. The sharp lower boundary and the 342 

distinct sedimentary and geochemical features of this layer suggest synchronous 343 
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deposition over much of the Eurasian Basin. On the central Lomonosov Ridge, the 344 

grey-layer is found near the base of a coarse grained diamicton deposited around the 345 

MIS 3/4 boundary (Spielhagen et al., 2004). In some cores, a second grey layer is 346 

found near the base of a second prominent coarse-grained diamicton associated with 347 

MIS6 (Fig. 4). Below these grey layers and the associated Mn minima, MIS 5 can 348 

usually be identified through the correlation of a triplet of Mn peaks (Fig. 4). We do 349 

not attempt to extend the age model further back than MIS 5 in these records. 350 

Sedimentation rates in the studied cores range from 0.2 to 2.1 cm/ky with 351 

typical values around 0.5-1 cm/ky (Table 3), which is in agreement with what has 352 

been observed in earlier studies (Backman et al., 2004; Sellén et al., 2008; Spielhagen 353 

et al., 2004). The cores from the central Lomonosov Ridge have higher average 354 

sedimentation rates compared to the cores from the Makarov Basin, Morris Jesup 355 

Rise, and the Lomonosov Ridge off Greenland, where sedimentation rates are 356 

generally below 1 cm/ky. The Gakkel Ridge is somewhere intermediate with 1 cm/ky, 357 

but the age model lacks any firm age control points. The highest sedimentation rates 358 

were observed on the Yermak Plateau (2.0cm/ky) and in the top section of 359 

LOMROG09-PC08 from the crest of the Lomonosov Ridge (2.1cm/ky).  360 

A seemingly general difference in sedimentation rates was observed between 361 

gravity cores and piston cores, the later having higher sedimentation rates. It is 362 

uncertain whether this is due to sediment shortening, which is often observed in 363 

gravity cores (Emery and Hülsemann, 1964; Löwemark et al., 2006), or if it represents 364 

an actual difference in sedimentation rate between the sites. Sedimentation rates in the 365 

younger interval, MIS 1 to 7, are considerably higher than in the older intervals, 366 

where sedimentation rates are often half or less. Explanations for this observation 367 

include a) the expected downhole decrease in sediment porosity due to mechanical 368 
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compaction, which is especially pronounced in the upper few meters of sediments, 369 

and b) the occurrence of relatively thick sandy intervals previously described as 370 

diamictons (Svindland and Vorren, 2002) that occur during late Quaternary 371 

glacial/stadial stages (MIS 6, 5b, 5/4 and 3/4) in the central Lomonosov Ridge cores 372 

(Spielhagen et al., 2004). 373 

4.3  Temporal variations in trace fossils and bioturbation 374 

4.3.1  Lomonosov Ridge off Greenland, Morris Jesup Rise, and the Yermak Plateau 375 

In the cores from the Lomonosov Ridge off Greenland, the ichnofauna is 376 

sparse consisting primarily of Planolites-like burrows concentrated to the brown 377 

layers in MIS 1 and 5 (Fig. 5). In the lower part, below MIS 5, only occasional, 378 

mineralized Trichichnus and Chondrites were found. Both cores contain large 379 

amounts of IRD, and in the lower part conspicuous bands of closely spaced, 380 

horizontal, thin layers are visible in the X-ray radiographs. High-resolution XRF-381 

scanner measurements clearly show that these thin and dense layers are enriched in 382 

Mn. The core from the Morris Jesup Rise was taken in the centre of an iceberg-scour 383 

(Jakobsson et al., 2010) and the sediments below the erosional surface at about 128 384 

cm are likely pre-Quaternary. Some Planolites-like traces were observed in MIS 5 385 

while glacial intervals are free of trace fossils. The core contains abundant IRD, 386 

although not as much as the cores from the Lomonosov Ridge off Greenland. Just 387 

below MIS 1, which consists of homogenous, IRD-rich, non-bioturbated sediment, a 388 

number of horizontal, Mn-rich bands similar to the ones observed in the cores on the 389 

Lomonosov Ridge off Greenland are seen. 390 

The core from the Yermak Plateau differs markedly from the cores on the 391 

Lomonosov Ridge off Greenland and the Morris Jesup Rise (Fig. 5). Sedimentation 392 
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rates are almost an order of magnitude higher here and bioturbation is much more 393 

intense and diverse with Planolites, Phycosiphon, and possibly Trichichnus in the 394 

Holocene part, and biodeformational structures in the last glacial interval. MIS 3 is 395 

characterized by enhanced levels of IRD and an ichnofauna dominated by Planolites 396 

and Trichichnus. Interestingly, an interval in MIS 3 characterized by brownish colour 397 

and high Mn content is totally barren of trace fossils but contains extreme amounts of 398 

IRD. 399 

4.3.2  Central Lomonosov Ridge 400 

The cores from the central Lomonosov Ridge display a more intense 401 

bioturbation and diverse ichnofauna consisting of large numbers of Planolites-like 402 

burrows, occasional Phycosiphon, numerous mineralized small tubes belonging to 403 

Chondrites and Trichichnus, abundant Nereites in certain intervals, and a few 404 

occurrences of Zoophycos in the deeper cores. In all cores there is a clear overall 405 

correspondence between bioturbation intensity and intervals with brown, mottled 406 

sediments rich in Mn (Figs. 6 & 7). There is also a more diverse ichnofauna in the 407 

deeper cores from the slope and intrabasin as compared to the cores from the ridge 408 

crest (Table 3). The ichnofauna in the cores from deeper sites contain more complex 409 

traces such as Nereites and Zoophycos. 410 

4.3.3  Makarov Basin and the Gakkel Ridge 411 

The two cores from the basins, LOMROG09-GC03 (3814 m water depth) from the 412 

Makarov Basin and AO96-B13 (2079 m water depth) from the Gakkel Ridge, display 413 

diametrically opposed patterns although both are situated in relatively deep waters 414 

away from the Lomonosov Ridge. In the Makarov Basin the ichnofauna is fairly 415 

diverse with four different ichnospecies: Chondrites, Nereites, Phycosiphon, and 416 



 18 

Planolites. In contrast, on the Gakkel Ridge only uncertain Planolites-like traces were 417 

observed. In the Makarov Basin the trace fossils display the same pattern as on the 418 

ridge crest, closely following variations in Mn (Fig. 7).  419 

4.4  Individual trace fossils and their interpretation 420 

The sparse occurrence of trace fossils and the low diversity make it difficult to 421 

determine the ichnofacies of the studied cores. However, the presence of Zoophycos 422 

and Nereites together with the generally deep bathymetric position of the cores 423 

suggest either Zoophycos- or Nereites-ichnofacies (cf. Seilacher, 1964). The low 424 

ichnodiversity also makes it irrelevant to use terms such as ichnocoenosis or 425 

ichnoassemblages to describe the ichnofabric, which is almost always totally 426 

dominated by one or two ichnospecies. The low ichnodiversity also limits the 427 

development of tiering of different trace fossils into different vertical zones in the 428 

sediment. There is little evidence for any deep-reaching burrows apart from 429 

mineralized, thin tubes such as Trichichnus and Chondrites which are seen to cross-430 

cut the other trace fossils. A thorough look at the individual trace fossil species 431 

reveals additional information about the depositional settings and the variations in 432 

environmental parameters. 433 

4.4.1  Chondrites 434 

Chondrites occurs sporadically in 9 out of 12 cores and is usually found in or 435 

just below sediments with enhanced Mn levels. It often occurs together with 436 

Trichichnus or Planolites. Together with Trichichnus it is usually the trace fossil 437 

reaching deepest into the sediment, cross-cutting the other traces.  438 

Chondrites are believed to represent a chemosymbiotic behavior where the 439 

producing organism utilizes the redox gradient between anoxic pore waters and 440 
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oxic/dysoxic bottom waters to cultivate microbes for food or energy (Fu, 1991; 441 

McBride and Picard, 1991; Seilacher, 1990). The burrow producers consequently 442 

have a high tolerance for low-oxygen pore-water conditions. Massive occurrences of 443 

Chondrites have been interpreted to be indicative of poorly oxygenated bottom waters 444 

creating favourable conditions for an opportunistic colonization of a niche 445 

inaccessible to other burrowers (Ekdale, 1985; Ekdale and Mason, 1988). In contrast, 446 

where deep reaching Chondrites occupy the deepest tiers, it represents a equilibrium 447 

behaviour. For example, on the Iceland-Færø ridge, where bottom water conditions on 448 

the northern side are sluggish, the ichnofauna is dominated by dense occurrences of 449 

Chondrites, while the southern slope where bottom water circulation is more 450 

vigorous, the ichnofauna is characterized by a diverse set of trace fossils (Fu and 451 

Werner, 1994). Similarly, on the Portuguese continental slope massive occurrences of 452 

Chondrites are found in intervals characterized by sluggish bottom-water currents and 453 

the deposition of organic-rich sediments. Conversely, intervals where TOC content 454 

and grain size indicated well-oxygenated conditions were characterized by Chondrites 455 

at deep tiers below the other traces indicating equilibrium positions (Löwemark, 456 

2003). 457 

Accordingly, in the Arctic Ocean, the sparse occurrence of Chondrites rather 458 

suggest stable conditions with oxygenated bottom waters where Chondrites occupies 459 

the deepest tier and therefore avoids obliteration by larger burrowers (cf. Savrda and 460 

Bottjer, 1986). In most cores they are primarily found in the interglacial sections 461 

where they inhabit a deep tier cross-cutting the few other traces present. This suggests 462 

an equilibrium behavior where the producers colonize the deeper parts of the sediment 463 

whenever the food flux is rich enough.  464 
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4.4.2 Nereites 465 

Nereites, or Nereites-like traces, only occur in three cores. In LOMROG09-466 

GC03 from the Makarov Basin, it is found in the interstadial/glacial interval around 467 

MIS 3 and during an interglacial interval tentatively associated with MIS 11. In 468 

LOMROG09-PC05 from the intrabasin only one uncertain observation at the top of 469 

what is believed to be the interglacial MIS 5 was made. In contrast, the third core 470 

containing Nereites, LOMROG09-PC10 from the slope of the Lomonosov Ridge, 471 

shows massive occurrences of Nereites in all interglacials before MIS 5, but no 472 

Nereites in stage 5 or younger sediment. These three cores were taken at water depths 473 

exceeding 2 km. Nereites is generally cross-cut by other traces suggesting a shallow 474 

tier. 475 

The winding horizontal trace fossil Nereites is so common in fossil strata from 476 

turbiditic settings that Seilacher (1967) named one of his archetypical ichnofacies 477 

after it. Later the Nereites ichnofacies was expanded to encompass bathyal to abyssal 478 

settings with slow stable sedimentation and well oxygenated conditions (Frey and 479 

Pemberton, 1984). 480 

In fossil strata, Nereites is usually the uppermost tier and is almost exclusively 481 

preserved as horizontal, winding traces (Seilacher, 1962). The preservation is often 482 

linked to frequent turbidites preventing a subsequent obliteration by later, deeper 483 

burrowers. The shallow tier makes observations on Nereites in sediment cores rare as 484 

top sediments are usually too soupy to allow the preparation of X-ray radiographs, 485 

and in the part of the core under the mixed layer, deeper penetrating traces have 486 

destroyed Nereites. However, in a suite of 19 box cores taken in the South China Sea, 487 

detailed studies show that the trace fossil starts almost vertical and penetrates down to 488 

just above the redox boundary where it levels out and becomes almost horizontal, 489 
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keeping a constant distance of 1-2 cm to the redox boundary (Wetzel, 2002). Wetzel 490 

(2002) suggested that the producers fed on bacteria which thrived on organic matter 491 

available at the boundary between reducing and oxidizing conditions. In the Arctic 492 

Ocean material, Nereites only occurs in settings deeper than 2 km and it is only on the 493 

Amundsen basin slope of the Lomonosov Ridge (LOMROG09-PC10) that Nereites 494 

occurs abundantly. This abundant occurrence in presumably interglacial intervals 495 

indicates fairly high food fluxes, well-oxygenated bottom waters, and a redox 496 

boundary that is situated some 3 to 9 cm into the sediment (cf. Wetzel, 2002). The 497 

disappearance of Nereites in glacial intervals with low Mn content could suggest 498 

either decreased food flux or decreased bottom water oxygenation or a combination of 499 

both. 500 

Today the Eurasian flank of the Lomonosov Ridge experiences enhanced food 501 

flux because of lateral advection by the Arctic Intermediate Water. Deubel (2000) 502 

indeed found lateral sediment transport along the Lomonosov Ridge to be an 503 

important mechanism for the distribution of food and consequently for the distribution 504 

of benthos. In this context it is therefore interesting to note a distinct change in the 505 

ichnofauna from abundant Nereites below MIS 5 to no Nereites in MIS 5 and above, 506 

in core LOMROG09-PC10. This could be indicative of a major reorganization in the 507 

Arctic deep-water circulation around the boundary between MIS 6 and 5. The nature 508 

of this oceanographic change remains elusive, however. 509 

4.4.3  Phycosiphon 510 

Phycosiphon was only found in one short interval in the core from the Yermak 511 

Plateau where it is situated between a Planolites dominated interval below, and 512 

Trichichnus burrows above. Phycosiphon is the trace of a deposit feeder and is 513 

interpreted to be an indicator for oxic to dysoxic conditions (Ekdale and Mason, 514 
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1988). Studies of Phycosiphon from the Indian Ocean (Wetzel and Wijayananda, 515 

1990) and the Iceland-Faroe Ridge (Fu and Werner, 1994) both show a shallow tier 516 

position and a preference for well oxygenated conditions. The position above an 517 

interval with Planolites, which require high oxygen levels, but below an interval with 518 

Trichichnus, which tolerate low oxygen levels, therefore could indicate a trend of 519 

decreasing bottom water oxygenation in the upper part of the Holocene section of this 520 

core. 521 

4.4.4 Planolites 522 

Planolites, or rather Planolites-like traces were observed in all cores. The 523 

occurrences of Planolites show a close correspondence to brownish layers and 524 

increased Mn content.  525 

Planolites is a trace left by a wide range of deposit-feeding organisms that 526 

require rather well-oxygenated conditions. As larger organisms require more oxygen 527 

for their metabolism than small ones (Savrda and Bottjer, 1989), the size of Planolites 528 

has been used as an indicator for variations in bottom water oxygen levels  (Tyszka, 529 

1994; Wetzel, 1991). Studies of trace fossils from the continental slope off Portugal 530 

(Löwemark et al., 2004) and the Iceland-Faroe Ridge (Fu and Werner, 1994) show 531 

that in sediments deposited under sluggish, poorly oxygenated bottom waters, only 532 

few and small Planolites were observed and the ichnofauna was dominated by traces 533 

such as Chondrites. In contrast, where bottom water ventilation was vigorous the 534 

ichnofauna contained numerous, large Planolites and other traces such as Scolicia that 535 

are known to thrive under well-oxygenated conditions. 536 

The strong correspondence between Planolites and Mn-enrichment therefore 537 

suggest that bottom waters were fairly well oxygenated during the interglacial 538 

intervals when Mn was precipitated. 539 
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4.4.5  Scolicia 540 

Scolicia-like traces were observed in core LOMROG09-PC08 and AO9616-541 

2GC from the crest of the Lomonosov Ridge, and in LOMROG09-PC10 from the 542 

slope of the Lomonosov Ridge. Scolicia is a deposit feeding trace produced by 543 

irregular sea urchins, and the producers have a profound preference for well-544 

oxygenated, silty sediment (Fu and Werner, 2000). The occurrence together with 545 

numerous oxygen demanding traces such as Planolites or Nereites, in sediment with 546 

low IRD-content consequently agrees well with the stratigraphic positions in 547 

interstadial MIS 3 when more food, less IRD, and better oxygenated bottom waters 548 

would be expected. 549 

4.4.6 Trichichnus 550 

Trichichnus and similar trace fossils with cemented tubes occur in about half 551 

of the studied cores, often the burrows are mineralized, presumably by the formation 552 

of Rhodochrosite (cf. Eriksson et al., submitted; Taldenkova et al., 2010). In cores 553 

with weak bioturbation the Trichichnus tubes tend to be concentrated to Mn-rich 554 

intervals while in more strongly bioturbated cores with abundant trace fossils the 555 

Trichichnus tend to occupy the Mn-poor intervals between the interglacial intervals. 556 

This pattern is especially apparent in cores LOMROG09-PC08 and LOMROG09-557 

PC10 (Fig. 6). On the Vöring Plateau off Norway, sipunculid worms were shown to 558 

produce modern Trichichnus (Romero-Wetzel, 1987), and the trace has been 559 

interpreted to represent a chemosymbiotic behavior where the organism utilizes the 560 

redox gradient much in the same way as the producers of Chondrites (McBride and 561 

Picard, 1991). The occurrence of Trichichnus between strongly bioturbated intervals 562 

therefore may be the opportunistic response to a niche that cannot be accessed by 563 

other burrowers because of decreased food flux during glacials. The decrease in input 564 
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of organic carbon would result in a downwards shift in the redox boundary, forcing 565 

the trace makers to construct the long vertical burrows observed in the glacial 566 

sediment. Deep below the sediment surface they then utilize microbes to access the 567 

refractory carbon available in the sediment. 568 

The fact that the glacial intervals between the Nereites-dominated sections are 569 

characterized by numerous Trichichnus and Chondrites burrows, whose producers are 570 

believed to utilize the redox gradient between dysoxic pore waters and oxic bottom 571 

waters (Blanpied and Bellaiche, 1981; Löwemark, 2003; McBride and Picard, 1991), 572 

suggest that Arctic bottom water oxygenation levels remained oxic even during 573 

glacial intervals. This interpretation is further supported by the presence of ostracodes 574 

in glacial intervals (Poirier et al., 2012), which require oxygenated waters to survive. 575 

4.4.7  Zoophycos 576 

Zoophycos spreiten occur in conjunction with interglacial intervals in the core 577 

from the intrabasin, and in the core from the slope towards the Amundsen Basin. Both 578 

single horizontal spreiten and inclined spreiten diverging from a central axis were 579 

observed. However, neither the central shaft nor open marginal tubes were found in 580 

the studied material. None of the spreiten show the typical minor lamellae found in 581 

many types of Zoophycos, but are homogeneous.  582 

Zoophycos is actually a diverse group of complex spreiten structures for which a 583 

plethora of ethological explanations has been put forward (cf. Bromley, 1991; Fu and 584 

Werner, 1995; Gong et al., 2008; Kotake, 1997; Olivero, 1995). For the Zoophycos 585 

found in Quaternary deep marine settings, however, it has been shown that the trace 586 

likely is a cache where food is squirreled away for use when food becomes less 587 

plentiful (Löwemark, 2012; Löwemark and Schäfer, 2003).  588 
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Thus, although the presence of Zoophycos is sparse, it can be viewed as an 589 

adaptation by the benthos to the strong seasonality in food flux (Arrigo et al., 2008) 590 

observed in the Arctic Ocean today. It has been postulated that this kind of adaption 591 

would be expected in the Arctic Ocean because of the extreme difference in food flux 592 

between summer and winter seasons (Van Averbeke et al., 1997). During Arctic 593 

summers the primary productivity is extremely high due to the permanent sun-light 594 

and high nutrient concentrations. Conversely, during Arctic winters, the complete ice 595 

coverage and total darkness results in extremely low food fluxes to the sea floor. The 596 

Zoophycos producers would collect food during the rich summer months and store it 597 

deep in the sediment to be used during the poor winter months (Löwemark, 2012). In 598 

contrast, during glacial intervals the ice cover may have neared 100% also during in 599 

summers, with primary productivity limited all year round, resulting in unfavourable 600 

conditions even for Zoophycos. 601 

4.5. Horizontal bands of Mn 602 

In four of the studied cores, distinct thin, horizontal bands were observed in 603 

the radiographs, and are expressed as higher Mn values in the XRF-scanner data (Fig. 604 

8). These bands have the appearance of horizontal layers that are lighter, thus more 605 

dense, than surrounding sediment, or as layers of frost-like crystals that extend in a 606 

dendritic fashion downwards and therefore must have formed in situ. This kind of 607 

horizontal bands were found in two cores from the Lomonosov Ridge off Greenland, 608 

on the Morris Jesup Rise and in one core from the crest of the central Lomonosov 609 

Ridge. Only in core LOMROG07-GC10 on Morris Jesup Rise can the layers be dated 610 

with any certainty as they occur between MIS 1 and a dark grey layer likely deposited 611 

at the MIS 3-4 boundary. In the cores from the Lomonosov Ridge off Greenland they 612 

occur in what could be MIS 5 and MIS 7, but here age control is weak. In AO96-613 
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14GC from the central Lomonosov Ridge the horizontal bands are situated between 614 

MIS 5 and MIS 7. The bands occur in sediment that does not show any sign of 615 

bioturbation and in three of the intervals the sediment does not display the typical 616 

brownish colour associated with Mn-rich sediments despite the high Mn content. 617 

High-resolution XRF-scanning was performed on a selected number of sediment slabs 618 

used for X-ray radiography in core AO96-14GC. Subsamples taken in the interval 619 

containing the frost-like crystals show that the grains consist of small blackish 620 

aggregates of quartz grains cemented and draped by a Mn-rich matrix (Fig. 9). 621 

5 Discussion 622 

5.1  Spatial variability in bioturbation and trace fossils 623 

The difference in abundance and diversity between the individual regions, 624 

with sparse ichnofauna on the Lomonosov Ridge off Greenland and on the Morris 625 

Jesup Rise, and relatively abundant and diverse ichnofauna in the central Arctic, is in 626 

agreement with the spatial variability of several environmental parameters. For one, 627 

the cores from the sites north of Greenland contain considerably more IRD than the 628 

sites from the central Arctic. Although sediment composition and substrate 629 

consistency exert a major control on animal behavior and burrow construction 630 

(Bromley, 1996), studies from the Greenland Sea suggest that grain-size variations 631 

and IRD has only minor influence on benthic biomass and diversity (Schnack, 1998). 632 

In contrast, a recent review showed that grain size variation, bottom-water 633 

oxygenation, food flux and bottom-current intensity are the main factors controlling 634 

species abundance and diversity (Levin et al., 2001). These are also the factors 635 

identified as the most important ones controlling variations in trace fossils (Wetzel, 636 

1991). In the area north of Greenland food flux is low because of the tough sea-ice 637 
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conditions (Comiso and Nishio, 2008) and the sediment has been impacted by drifting 638 

icebergs at least during MIS 6 (Jakobsson et al., 2010). In sediments on the West 639 

Antarctic Peninsula increased iceberg scouring was shown to strongly increase the 640 

mortality of benthic organisms (Barnes and Souster, 2011). It remains unclear, 641 

however, if iceberg scouring during glacial periods would have any impact on the 642 

interglacial benthic fauna. Nevertheless, a combination of factors unfavourable for 643 

benthic organisms coincides and results in a sparse ichnofauna and weak bioturbation 644 

in this region. In the central Arctic, summer sea-ice conditions are less severe 645 

resulting in stronger food flux, and the sediment contain less IRD, creating more 646 

favourable conditions for benthic life. 647 

The most intense bioturbation was found in the core from the Yermak Plateau 648 

while the weakest bioturbation was found on the Gakkel Ridge, with the central 649 

Lomonosov Ridge taking a middle position. This agrees with observations on the 650 

modern distribution of benthos in the Eurasian Basin. The biomass on the Morris 651 

Jesup Rise and on Gakkel Ridge showed low values similar to the deep basins while 652 

the Lomonosov Ridge and the Yermak Plateau displayed higher biomass (Kröncke, 653 

1994; Kröncke, 1998). It is therefore reasonable to assume that the factors controlling 654 

the benthos today should also be reflected in the down-core variations in bioturbation 655 

intensity and trace fossil composition. 656 

5.2  Temporal variability in bioturbation and trace fossils 657 

That food is an important factor controlling bioturbation is corroborated by the 658 

temporal variability in trace fossil abundance and diversity. The cores from the central 659 

Arctic clearly show a strong increase in bioturbation during interglacial intervals 660 

when decreased sea-ice and more open-water conditions led to enhanced primary 661 

productivity. In the area north of Greenland this connection is not as distinct as there 662 
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is only a sparse ichnofauna to begin with, but the few trace fossils that do occur are 663 

concentrated to interglacial intervals. The hypothesis that brownish, Mn-rich intervals 664 

were deposited under interglacial conditions when biological activity at the sea-floor 665 

was stronger therefore seems to be validated. However, while the Mn cycles 666 

representing glacial-interglacial changes are ubiquitous in both the Eurasian and 667 

Amerasian Basins (Clark, 1970; März et al., 2011; Phillips and Grantz, 1997), the 668 

response in bioturbation appears more spatially limited and is likely a consequence of 669 

variations in perennial sea-ice cover.  670 

From the observations on trace fossil distribution and Mn cycles in 671 

combination with recent work on the Arctic Mn-budget (Macdonald and Gobeil, 672 

2011) and detailed studies on the geochemistry of the Mn-rich layers (März et al., 673 

2011), a conceptual model for the formation of the Mn layers may be drafted. 674 

During interglacial periods (Fig. 10), when ice sheet are restricted to 675 

Greenland and high sea levels flood the huge shelf areas, large amounts of Mn enters 676 

the Arctic Ocean from riverine input and coastal erosion. This Mn is initially 677 

deposited on the shelves where it undergoes a number of redox cycles before it enters 678 

the deep ocean where the low organic carbon levels allow preservation and 679 

incorporation into the geological archive (Macdonald and Gobeil, 2011). The 680 

enhanced primary productivity caused by increased open waters led to an increased 681 

food flux, resulting in a more intense bioturbation. As organic particles are known to 682 

effectively scavenge Mn from the water column (Johnson et al., 1996; Martin and 683 

Knauer, 1980), this process also most likely contributed substantially to the enhanced 684 

Mn levels observed in interglacial sediments. The bio-irrigation of the sediment 685 

caused by the mixing activities of the benthic organisms control the depth of the redox 686 

boundary, and therefore also ensure a close to synchronous position of increased Mn 687 
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levels and increased bioturbational structures in the sediment. Post sedimentary Mn 688 

diagensis, although locally of large importance, play an insignificant role in the 689 

formation of the interglacial Mn maxima 690 

During glacial periods, characterized by the enormous ice sheet and drastically 691 

lowered sea level, the input of Mn by rivers and coastal erosion was limited to a 692 

minimum (Macdonald and Gobeil, 2011), while the perennial ice pack that covered 693 

the remaining Arctic basin prohibited or at least strongly limited primary productivity 694 

even during the summer months, and as a consequence the food flux to the sea floor 695 

also decreased, resulting in a sparse benthic fauna. A decreased flux of organic 696 

particles through the water column would also drastically reduce scavenging of Mn. 697 

The remaining benthic organism resorted to the use of refractory carbon deep in the 698 

sediment which they accessed with the help of chemosymbiotic strategies involving 699 

microbes that took advantage of the redox gradient between pore waters and bottom 700 

waters. The resulting sediments are characterized by a sparse ichnofauna dominated 701 

by Chondrites and Trichichnus, Mn levels close to lithogenic background levels and 702 

few or no planktic foraminifera.  703 

5.3. The horizontal bands of Mn and diagenetic alteration of Mn-distributio 704 

The comparison of X-ray radiographs, XRF-scanner data of down-core Mn 705 

variations, and lithological appearance of the sediment reveal two deviations from the 706 

general pattern of strong bioturbation in the Mn-rich sediments, and weak 707 

bioturbation in sediments with low Mn content. First, some intervals display vigorous 708 

bioturbation although XRF-scan data show minima in Mn, and second, in other 709 

intervals strong maxima in Mn occur in sediments completely devoid of trace fossils. 710 

The first case is clearly related to an IRD-rich grey layer often found close to the 711 

boundary between MIS 3 and 4, but in some instances also near MIS 6. Below these 712 
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grey layers, the Mn content drops to levels close to zero, but the sediment still 713 

contains numerous trace fossils indicating interglacial/interstadial conditions. For 714 

example, in AO96-14GC from the central Lomonosov Ridge the sediment below the 715 

layer is vigorously bioturbated by Planolites-like structures but the Mn content is 716 

close to zero. Just below the boundary between the overlying IRD-rich layer and the 717 

bioturbated, fine grained sediment, a sub-vertical trace fossil with the characteristics 718 

of an escape trace can be seen (Fig. 11). The sharp boundary marking the shift from 719 

fine-grained sediments to IRD-rich sediments and the escape trace suggest that this 720 

layer was deposited extremely rapidly. This event-like layer would act as a lid 721 

shutting off downwards diffusion of oxygen into the sediment. As pore-water oxygen 722 

in the underlying sediment is consumed, pore water would become anoxic and the Mn 723 

originally present would dissolve and diffuse and re-precipitate in overlying regions. 724 

This is seen as a sharp Mn peaks just above the grey, Mn-poor intervals (Fig. 6). 725 

Thus, the Mn originally deposited during interglacial conditions has disappeared, but 726 

the trace fossils remain as witnesses. The extremely low levels of Mn underneath the 727 

grey layer also is a strong argument against the hypothesis that oxygen depletion of 728 

the bottom waters during glacial intervals would be the explanation for the low Mn 729 

content in these intervals. The XRF-scanner data clearly show that most glacial 730 

intervals still contain Mn, while the interval just below the grey layer is close to zero, 731 

evidently because of dissolution of Mn under anoxic conditions. 732 

The formation of the thin, horizontal Mn layers is more enigmatic. The 733 

horizontal closely spaced banding and the presence of repeated layers of frost-like 734 

crystals clearly show that these layers must have formed by repeated shifts in the 735 

position of the redox boundary, and that the redox boundary was situated well below 736 

any active bioturbation. However, why the redox boundary fluctuated strongly in 737 
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certain intervals is presently unclear. We can only speculate that intermittent inflow of 738 

well-oxygenated waters during glacial intervals resulted in the repeated diffusion of 739 

oxygen into dysoxic pore waters and controlled the formation of these layers. 740 

6 Conclusions 741 

The detailed observation of variations in type and intensity of bioturbation in 742 

combination with high-resolution XRF-scanner data on Mn variations in sediment 743 

cores from the Arctic Ocean allow a number of conclusions to be made: 744 

 The Arctic deep-sea ichnofauna is sparse consisting primarily of Planolites, 745 

Trichichnus, and Chondrites, locally abundant Nereites, and occasional 746 

Phycosiphon, Scolicia, and Zoophycos. The trace fossil fauna suggest an 747 

Nereites or Zoohycos ichnofacies. 748 

 The spatial variability in trace fossil abundance and diversity agree with modern 749 

patterns in the distribution of benthic organisms, indicating that the trace fossil 750 

variability is strongly controlled by food flux, which is controlled by the 751 

geographic positions in relation to continental shelf breaks and sea ice margin. 752 

 Trace fossil abundance and diversity show strong glacial-interglacial variability. 753 

 During interglacial periods the increased food flux rather than changes in deep 754 

water circulation are responsible for the enhanced abundance and diversity in 755 

the ichnofauna. 756 

 In the glacial intervals, the impoverished ichnofauna consisting almost 757 

exclusively of Trichichnus and Chondrites is a response to extremely low food 758 

flux causing the burrowing organisms to use microbes to convert refractory 759 

carbon in the sediment to a labile food source. The presence of trace fossil in the 760 
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glacial intervals also indicate that bottom water remained oxic even during peak 761 

glacial. 762 

 There is a close correlation between enhanced Mn content and increased trace 763 

fossil size, abundance, and diversity. Exceptions are found in areas with strong 764 

currents or extreme ice conditions even during interglacials. 765 

 Detailed comparison of X-ray radiographs and XRF-scanner data show that Mn 766 

deposited under interglacial conditions may be dissolved and precipitate on new 767 

positions. Where the Mn has been dissolved, trace fossils can still be used to 768 

positively identify the original position of the interglacial sediment. 769 

Diagenetically precipitated layers of Mn show a distinct banding not present in 770 

the interglacially deposited brown, Mn-rich layers. Thus, by using radiographs, 771 

dissolved and diagenetically formed layers can be identified and accounted for 772 

in stratigraphic correlations, allowing robust correlations over large distances in 773 

the Arctic Ocean. 774 
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Fig. 1 1100 

Bathymetric chart of the Arctic Ocean (Jakobsson et al., 2008) showing the 1101 

positions of the studied cores and sea-ice circulation. GR=Gakkel Ridge, 1102 

LR=Lomonosov Ridge, MB=Makarov Basin, MJR=Morris Jesup Rise, YP=Yermak 1103 

Plateau. Grey diamond=YMER80 core, Orange stars=AO96-cores, Red 1104 

circles=LOMROG I-cores, Yellow circles=LOMROG II-cores 1105 
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 1106 

Fig. 2 1107 

Digital elevation model showing the position of the cores relative to major 1108 

topographic features. Cores on the central Lomonosov Ridge show intense 1109 

bioturbation in interglacial intervals, while the cores on Morris Jesup Rise and the 1110 

Lomonosov Ridge off Greenland show sparse ichnofauna even during interglacial 1111 

periods. 1112 
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Fig. 3  1114 

Correlations between central Lomonosov Ridge cores migrated onto the 1115 

ACEX depth scale to highlight the fidelity of the correlation using both bulk density 1116 

and relative Mn abundances. A) Stacked coarse fraction content records from ACEX 1117 

(>125 um, black squares), AO-96-12pc (>63 um, grey circles) and PS-2185-6 (>63 1118 

um, open circles) showing the thick recurrent coarse grained diamictons found during 1119 

the last 2 glacial cycles  B) Correlation of cores based on bulk density records 1120 

(O’Regan, 2011). Positions of MIS boundaries based on O’Regan et al. (2008), 1121 

Jakobsson et al. (2000) and Spielhagen et al. (2004). C) Correlation of Mn 1122 

abundances. Grey boxes indicate thickness and position of characteristic grey layers, 1123 
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which all show a depletion in Mn and possible redistribution of Mn in sediments 1124 

overlying the grey layer(s). 1125 
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Fig.4  1127 

Chronostratigraphic frame work for the studied cores. Correlations are made to 1128 

core AO96-12pc through lithological marker horizons, variations in Mn content and 1129 

distinct shifts in bulk density that can be followed over large areas. Correlations 1130 

between LOMROG09-GC03, and LOMROG09-PC01, AO96-12pc, and other cores 1131 

from the LR were published by O’Regan (2011). LOMROG09-PC08, and 1132 

LOMROG09-PC10 display a more complex pattern in downhole physical property 1133 

changes and prevents a detailed correlation below the grey layer marking the 1134 

boundary around MIS3/4. AO96-14gc, AO96-16-2gc, and LOMROG09-PC08 are 1135 

correlated based on characteristic Mn patterns surrounding the MIS 3/4 grey layer. 1136 
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Fig. 5 1138 

Variations in trace fossil content, simplified lithology, and Mn variations in 1139 

the cores from the Lomonosov Ridge off Greenland, the Morris Jesup Rise, and the 1140 

Yermak Plateau. Numbers between lithology and Mn log indicate marine isotope 1141 

stages. The cores from the Lomonosov Ridge and Morris Jesup Rise contain 1142 

diagenetic Mn layers, high levels of IRD, and sparse bioturbation focused to MIS 1 1143 

and 5. 1144 
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Fig. 6 1146 

Variations in trace fossil content, simplified lithology, and Mn variations in 1147 

the cores from the central Arctic Ocean on the Lomonosov Ridge. Numbers between 1148 

lithology and Mn log indicate marine isotope stages. 1149 
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Fig. 7 1151 

Variations in trace fossil content, simplified lithology, and Mn variations in 1152 

the cores from the Makarov Basin, central Lomonosov Ridge, and the Gakkel Ridge. 1153 

Numbers between lithology and Mn log indicate marine isotope stages. 1154 
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Fig. 8 1156 

Layers of denser material appear as lighter as light bands in the X-ray 1157 

radiographs. XRF-scans demonstrate that these layers contain strongly enhanced 1158 

levels of Mn.  1159 
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Fig. 9 1161 

SEM-analysis of grains taken from the crystal-like layers shows that they are 1162 

aggregates of Si-grains held together by a matrix of Mn minerals. 1163 

 1164 
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Fig. 10 1166 

Conceptual model for the formation of Mn-rich layers during interglacials, and Mn-1167 

poor layers during glacial periods. During interglacial conditions, the Mn budget is 1168 

controlled by the input of Mn from Arctic rivers and coastal erosion on the shelves 1169 

(Macdonald and Gobeil, 2011). On the shelves, the Mn goes through a number of 1170 

redox cycles before entering the ocean basin where scavenging by organic particles 1171 

helps to effectively bring the Mn to the sea floor (Johnson et al., 1996; Martin and 1172 

Knauer, 1980). The increased primary productivity also supports abundant and 1173 

diverse benthic activities. Hydrothermal Mn is of local importance, but is today not 1174 

detected above 2km water depth, lending little support to the idea that the Mn on the 1175 

upper slopes should be of hydrothermal origin. 1176 
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During glacial periods, the Arctic rivers are blocked by continental ice sheets, and Mn 1177 

on the exposed shelves is stored in the permafrost, drastically reducing Mn input. The 1178 

sever pack ice decreases primary productivity, and thus reduces both scavenging of 1179 

Mn from the water column and the benthic activity on the sea floor. The trace fossils 1180 

left in glacial sediments therefore represent specialized behaviours to utilized 1181 

refractory carbon deep in the substrate. Hydrothermal Mn input likely was of minor 1182 

influence. 1183 
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Fig. 11 1185 

X-ray radiograph from AO96-14GC (162.3-176cm) showing the base of the grey 1186 

layer and the underlying intensely bioturbated sediment. A few cm under the sharp 1187 

boundary an escape trace can be seen. ET = escape trace, Pl = Planolites, IRD = ice 1188 

rafted debris 1189 


