Late Jurassic/Early Cretaceous phosphates of Nordvik, North
Siberian Basin
Henning Dypvik' & Victor Zakharov?

1 Department of Geosciences, University of Oslo, PO Box 1047, Blindern, NO-0316 Oslo, Norway
2 Geological Institute, Russian Academy of Sciences, Pyzhevskij 7, RU-109017 Moscow, Russia

9
O
Q
ﬁ
=
)
wn
D
Q
=
a
Sy

Keywords
Geochemistry; Jurassic/Cretaceous;
phosphates; sedimentology; Siberia.

Abstract

Late Jurassic and Early Cretaceous calcite-rich phosphate (fluor/hydroxy
apatite) concretions in the North Siberian basin (Nordvik) have been analysed.
Their mineralogical and geochemical (major, trace and rare earth element)
characteristics are presented in a sedimentological context. Low oxygen con-
ditions prevailed along large parts of the seafloor of this wide epicontinental
sea. In the Nordvik region this, in combination with slow and very fine-grained
clastic sedimentation, and high algal production, resulted in the formation of
phosphatic concretions. The concretions mainly consist of microcrystalline to
ultracrystalline apatite and calcite, with traces of sphalerite, pyrite, kaolinite,
quartz and albite. The clastic composition of the concretions is comparable with

Correspondence

Henning Dypvik, Department of Geosciences,
University of Oslo, PO Box 1047, Blindern,
NO-0316 Oslo, Norway. E-mail:
henning.dypvik@geo.uio.no

doi:10.1111/j.1751-8369.2010.00171.x

the surrounding Nordvik shales. Dysoxic-anoxic conditions in the last precipi-
tating pore-water phases (early diagenetic) are reflected in enrichments in, for
example, vanadium, uranium and the rare earth elements in the concretions.

An extensive Late Jurassic epicontinental basin covered
large parts of the present Arctic Basin (Fig. 1). In this
study mineralogical and geochemical analyses of calcite-
rich phosphate concretionary beds from field sections in
the Nordvik area (North Siberian Basin) are presented.
The aim was to describe and better explain the phosphate
formation, and to search for possible geochemical signals
of the Late Jurassic Mjolnir impact (Dypvik et al. 1996).
Zakharov et al. (1993) described large iridium anomalies
from one of these beds, and therefore this bed (NV18/
NV18a/NV18b) and the surrounding beds were
re-sampled and analysed in great detail.

Geological background information

In the Nordvik region of the North Siberian Basin,
Volgian and Lower Valanginian deposits constitute the
Paksa Formation (Figs. 1, 2), which is composed of alter-
nating dark-grey and brown mudstones and bluish-grey
massive claystones/shales, with numerous interbeds of
phosphate/carbonate concretions (Fig. 3). The Jurassic to
Cretaceous stratigraphical successions can be fairly well
correlated in the Arctic area, e.g., between North Green-
land, Svalbard and the Barents Sea (Fig. 2). The total
thickness of the Paksa Formation is 137.5 m.

The concretionary beds are exposed in tilted coastal
cliffs, and in the field can be followed for tens of metres.

The layers consist of elongated concretionary lenses,
10-25 cm long and 3-15 cm thick, appearing in well-
defined, more or less continuous layers (Figs.2-4).
Several concretionary units can be found within these
laminated, black shales, normally from 50-150 cm apart.
The concretions are light brown, orange to brown, or
almost black in colour. They may contain some dark
zones, occurring in parallel with and in a few cases across
the common, fine lamination (Fig. 4). The concretions
show a pristine appearance along the lamination, without
any signs of secondary reworking. The very fine, parallel
lamination shows faint undulations, without swelling or
pinching.

Samples and methods

Forty-two samples from seven concretions (calcite-rich
phosphate) (NV16, NV1740, NV18, NVal8, NVb18, NV19
and NV33/17) from the 18-m-thick section of the Paksa
Formation of Nordvik (Siberia) have been analysed, in
addition to four typical shales from the formation
(Figs. 2-4). The concretions were split (into between 3
and 10 slices), as indcated by the labelling within bed
NV18 (Fig. 4). Centimetre-thick slices of phosphatic con-
cretions were cut for detailed geochemical analysis in our
search for traces of the Mjelnir impact event (Zakharov
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Fig. 1 This representation of the simplified late Jurassic palaeogeography of the Arctic is based on the plate reconstructions of Lawver et al. (1990).

etal. 1993; Dypvik et al. 1996). The shales and phos-
phates were studied in thin section and using scanning
electron microscopy (SEM), before being crushed and
analysed using X-ray diffraction (XRD) and inductively
coupled plasma (ICP) mass spectroscopy (MS).

The XRD analyses were executed on rock powder
samples (randomly oriented, pressed pellets of crushed
rock powder) on an X'Pert system (Philips Analytical
[now Panalytical], Almelo, the Netherlands) at the Uni-
versity of Oslo, with detection limits of about 5%. The
values presented in Table 1 are semi-quantitative XRD %
values, calculated from the peak area of the main peaks in
the X-ray diffractograms. They should not be confused
with real concentrations; the relative compositional
variations, however, are well depicted in the data. The
clay mineralogical analyses were performed according to
the standard methods of Carroll (1970): untreated, eth-
ylene glycolation, heating to 550°C and slow scan across
the 3.55-A area.

The geochemical analyses were performed at Activa-
tion Laboratories (ActLab, Ancaster, Ontario, Canada)
using element fusion (ICP-MS, ActLab code 4LITHO),
major elements fusion ICP (ActLab code WRA) and trace
elements fusion ICP/MS (ActLab code WRA4B2)
(Tables 1-4). In these analyses the detection limits were
as given in Table 2.

In the rare earth element (REE) analysis the concen-
upper
continental crust values (Condie 1991). This was done for

trations have been normalized to general
comparison with the clastic claystones and shales, which
represent fairly well mixed continental weathering prod-
ucts from a wide area; consequently, a continental crust
composition forms a reasonable base for comparison.

The total organic carbon (TOC) concentrations were
determined by a standard combustion technique (CR-412
multi-carbon analyser, Leco, St. Joseph, MI, USA) at the
Department of Geosciences, University of Oslo (Table 1),
with a precision of *£1%.
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Fig. 3 Photograph of the studied section at Nordvik, showing the
common appearance of black shales and phosphatic/carbonate concre-
tionary beds.

Fig. 4 A calcite-rich phosphate concretion from Nordvik, sample NV18.
The sample split and numbering nomenclature are indicated in the photo-
graph. Fine lamination is well developed, and the central part displays
dark-grey staining.

In this study instrumental neutron activation analysis
of samples from Nordvik beds revealed that they display
only weak iridium concentrations—a maximum of about
200 ppt (ET. Kyte, pers. comm.)—and these results will
not be discussed any further.

Results and discussion

Mineralogy

The analysed Nordvik shales are very fine-grained, well-
laminated and contain pellets and a few dispersed grains
of glauconite. They are poor in coarser grains, for
example, of quartz and feldspar, compared with the shales
analysed from the western Arctic (North Greenland, Sval-
bard and the Barents Sea). In the black shale succession of
the Nordvik section, more or less continuous concretion-
ary beds, 5-12.cm in thickness, of phosphates and
carbonates are present (Figs.2, 3). In the concretions
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fine-grained, microcrystalline and ultracrystalline apatite
and calcite dominate, with numerous fossil fragments of
foraminiferas (e.g., Ammobaculites and Lenticulina), ostra-
codes (e.g., Bairdia), calcispheres, radiolarians, bryozoans,
possible algal filaments and even large pieces of bone. The
fossil fragments make up to 30% of the concretions,
whereas they only form 1-2% of the shales (Figs. 5, 6). In
the phosphate concretions sphalerite (ZnS), pyrite (FeS,)
and a very few grains of quartz and albite, as well as
possible illite, chlorite and kaolinite fragments, have been
detected in the dense, microcrystalline apatite and micritic
calcite cement. Generally the calcite is well distributed
throughout the concretionary phosphates, but faint
calcite enrichments may be present in various parts of the
concretions. The quantities of quartz, feldspar, mica and
albite increase towards their outer rims. This is seen in the
thin sections but is difficult to trace in hand-sized pieces.
The major parts of pyrite are found to be dispersed as
framboidal crystals of possible late diagenetic origin.
Organic matter, such as fragments of palynomorphs,
make up large parts of the TOC, giving the concretions an
overall brownish colour. The Paksa Formation shales have
TOC contents, in the Middle Volgian through Middle
Ryazanian/Berriasian interval, varying from 1.0-3.5%.
The TOC values drop to an average of about 0.5% in
the siltier Upper Ryazanian/Berriasian and Lower
Valanginian beds. Within the different concretions the
mineralogical variations are minor. The seven concretions
studied have related and comparable mineralogical and
geochemical compositions (Tables 1, 3-5). The X-ray dif-
fraction analyses (Table 1) show that apatite and calcite
dominate the phosphate concretions, with only sparse
quantities of silicates and pyrite present.

Geochemistry: correlations

The concretions display correlation coefficients related
mainly to three populations: a clastic/silicate, a carbonate
and a phosphate fraction. The silicate fraction (with the
total quantity of silicates estimated from XRD analysis) is
positively correlated with the SiO,, K,O, TiO,, V, Cr, Tb,
Cs, Hf, REEs, Th, U, Sc, Y, Nb and partly MgO and Fe,O5
concentrations. The calcite fraction (with calcite quanti-
ties based on XRD analysis) is negatively correlated with
most major (except MnO and CaO) and trace elements.
The apatite fraction (apatite quantities based on XRD
analysis) does not show positive correlations with any of
the elements, and is negatively correlated with calcite.
The large quantities of apatite and calcite have, conse-
quently, caused severe internal dilution effects on the
detrital, clastic mineral phases, which seem to carry most
trace element variations (Table 1). The generally very
poor geochemical correlations achieved may be the result
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Table 1 X-ray diffraction analyses (silicates, calcite, apatite and pyrite) and main element geochemistry of phosphate/carbonate concretions and four
typical shales from the Nordvik section.

Silicates Calcite Apatite Pyrite SiO,  ALOs Fe;03 MnO  MgO CaO Na0 KO TiO, P,0s LOI Total TOC

Nordvik % % % % % % % % % % % % % % % % %
NV19-1 4 5 90 1 7.13 274 3.03 0.138 0.76 4348 135 039 0.131 2879 10.87 98.81 1.77
NV19-2 5 9 85 1 6.57 2.19 6.67 0.166 1.11 4151 1.09 032 0.107 2720 1270 99.63 1.78
NV19-3 5 11 83 1 7.88 269 1791 0284 215 3049 0.76 034 0106 1848 1757 98.66 226
NV19-4 4 10 85 1 5.76 1.95 353 0.132 080 4416 1.14 034 0.104 29.76 10.97 9865 1.80
NV19-5 4 12 83 1 583 204 3.86 0.146 080 4392 124 032 0.102 29.69 11.02 9897 1.62
NV16-1 6 26 67 1 8.35 3.12 359 0.174 075 4267 120 0.40 0.152 23.69 1491 99.01 1.78
NV16-2 4 17 78 1 356 17.30 234 0.133 044 3967 1.04 021 0.081 24.68 951 98.96 1.19
NV16-3 2 18 79 1 331 129 238 0.187 040 47.82 1.12 020 0.075 2881 13.00 9859 1.62
NV16-4 4 25 70 1 3.53 1.34 246 0.178 041 4835 1.08 0.16 0.072 2897 13.19 99.74 1.67
NV16-5 4 39 56 1 7.53 2.77 3.61 0.194 0.74 4407 097 035 0.140 21.16 1753 99.06 1.49
NV1740-1 5 30 63 2 739 300 371 0.183 080 4374 1.04 031 0.164 2338 1541 99.13 2.16
NV1740-2 2 26 71 1 3.12 1.28 238 0.169 050 4898 1.10 0.08 0.086 2891 12.81 99.42 1.66
NV1740-3 2 33 64 1 3.23 1.36 249 0.211 056 4859 095 0.16 0.079 26.06 1530 98.99 1.36
NV1740-4 2 41 56 1 295 122 256 0230 055 4862 090 0.10 0.067 2478 16.64 9862 1.29
NV1740-5 3 22 74 1 3.96 1.64 259 0.178 057 47.05 1.10 0.23 0.099 2865 12.77 9884 202
NV33/17 8 17 74 1 10.10 3.80 337 0.138 080 41.18 1.13 053 0.190 2584 11.51 9859 151
Nva18-1 4 42 53 1 7.63 280 427 0.181 077 43.63 089 036 0.145 1922 19.13 99.03 1.58
NVa18-2 4 46 49 1 7.32 2.70 430 0.189 0.77 4394 083 0.33 0.139 1840 20.13 99.05 1.43
NVa18-3 3 22 74 1 4.48 1.67 262 0.132 043 4799 1.02 0.24 0.091 2879 11.98 99.44 135
Nva18-4 3 29 67 1 453  1.69 3.66 0.144 046 4774 1.01 024 0.095 2690 1328 99.75 1.27
NVa18-5 2 27 70 1 2.92 1.17 274 0.144 040 4922 1.00 0.19 0.059 2826 1283 9893 1.44
NVa18-6 2 27 70 1 293 115 273 0.145 040 49.85 1.01 0.14 0.058 2831 1320 99.92 1.41
Nva18-7 2 21 76 1 332 129 196 0.146 035 49.02 1.10 0.15 0.072 2897 1249 9887 1.50
NVa18-8 2 23 74 1 3.06 1.19 273 0.150 035 4890 1.09 0.20 0.068 2933 1191 9898 1.55
NVva18-9 8 22 69 1 798 295 3.83 0.141 060 4280 1.19 041 0.155 2535 1330 9871 1.92
NVva18-10 5 24 70 1 7.01 2.61 335 0.142 055 4454 121 035 0.139 2624 13.10 99.24 1.75
Nvb18-1 5 30 64 1 6.95 256 333 0.181 0.70 4472 1.16 033 0.140 23.97 1483 98.87 1.82
Nvb18-2 4 30 65 1 744 274 365 0.185 0.75 43.63 124 034 0.149 2386 1505 99.03 1.82
NVb18-3 3 29 67 1 4.61 1.69 2.64 0182 053 4695 1.11 0.22 0.108 2638 14.49 9891 1.67
NVb18-4 2 28 69 1 4.33 1.59 263 0.178 052 4713 1.18 0.21 0.103 2695 13.81 98.63 1.55
NVb18-5 6 48 45 1 10.00 3.60 458 0.217 099 40.79 095 0.44 0.185 1694 20.23 98.92 1.45
NVb18-6 6 47 46 1 9.82 3.51 469 0214 1.00 4117 101 042 0.180 16.98 20.07 99.06 1.45
NV18-1 7 28 64 1 8.77 455 3.89 0.155 0.69 41.71 1.15 039 0.169 2250 1523 99.2 1.85
NV18-2 8 34 56 2 11.64 427 489 0.164 0.88 3949 1.11 051 0212 1884 17.18 99.19 2.10
NV18-3 2 19 78 1 3.32 1.31 258 0.142 033 4897 1.17 0.21 0.075 30.12 11.23 9946 1.70
NV18-4 3 21 75 1 3.77 1.46 229 0.144 035 4826 1.21 0.21 0.088 29.71 1242 9991 1.65
NV18-5 3 21 75 1 4.25 1.86 2.84 0.138 041 4771 1.15 0.21 0.087 29.14 11.18 9898 1.42
NV18-6 6 68 24 2 3.84 1.51 298 0.145 038 4755 1.12 025 0.084 2938 11.51 9875 1.48
NV18-7 3 22 74 1 3.54 1.32 246 0.139 037 4865 1.02 0.18 0.082 29.07 1221 99.04 1.36
NV18-8 3 30 66 1 423 1.64 283 0.150 045 4836 098 024 0.092 26.83 1405 99.85 1.29
NV18-9 5 40 54 1 7.22 2.68 422 0175 071 4378 092 032 0.143 2062 18.02 9881 157
NV18-10 7 41 50 2 11.35 419 6.87 0.180 1.11 3852 093 053 0.219 1572 1943 099.05 1.91
Shales

NVO0.25 93 2 0 5 48.62 18.50 9.30 0.03 2.45 1.07 1.65 253 1.09 0.35 13.54 99.13 3.64
NV12.10 91 1 0 8 46.32 16.02 12.68 0.03 252 051 127 258 0.82 0.18 16.15 99.07 3.49
NV12.60 84 0 0 16 5436 18.81 7.32 0.03 2.96 033 1.41 3.03 1.07 0.1 9.94 9936 0.99
NV13.20 91 4 0 5 24.73 849 29.76 0.31 572 2.66 0.71 1.44 0.42 023 246 99.06 3.72

of the coarse semi-quantitative XRD methods used in Association 2 comprises Fe,O;, MgO and Pb. Association
establishing the mineral fractions. The established 3 comprises CaO, P,Os, Ba and Sr, and is negatively cor-
geochemical element associations (correlation coefficient related with K0, SiO,, TiO,, Y, V, Zr, Cr, Rb, Nb, Cs, Hf, U,
analysis) are as follows. Association 1 comprises SiO,, Th, REEs, Na,O and Be. Association 3 reflects the
MgO, K50, TiO,, Y, Zr, Cr, Rb, Nb, Cs, Hf, Th, U and REEs. carbonate/phosphate association, which was not fully
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Table 2 Detection limits for main and trace elements of phosphate and
shale analysis. Values from ActLab, Ancaster, Ontario.

Main elements Detection limit

SiO,, Al,0s, Fe,05, MgO, Ca0 0.01 %
Na.0, K>0, P>0s, LOI (loss of ignition) 0.01%
MnO, TiO, 0.001 %
Trace elements

Sc, Be, Co, Ga 1 ppm
Sr, Y, Rb 2 ppm
Ba 3 ppm
Zr 4 ppm
V, As 5 ppm
Cu 10 ppm
Cr, Ni 20 ppm
n 30 ppm
Rare earth elements

La, Ce, Nd, Sm, Gd, Tb, Dy, Ho, Er, Yb 0.1 ppm
Lu 0.04 ppm
Pr, Eu, Tm 0.05 ppm

discovered in the XRD-quantified mineral-trace element
correlations. Tables of correlation coefficients can be
obtained by contacting the first author.

Geochemistry: Siberia shale and phosphates

Nordvik shales and phosphate concretion compo-
sitional comparison. In thin section and by XRD
analyses the fine-grained and well-laminated Nordvik
shales are seen to be rich in clay minerals (smectites,
chlorite, mixed-layer illite smectite, kaolinite and illite),
mica, quartz and plagioclase, and to have minor quanti-
ties of calcite and pyrite. In contrast, the concretions
mainly consist of microcrystalline to ultracrystalline
apatite, but some calcite and traces of spalerite, pyrite,
organic material, kaolinite, quartz, mica and albite are
also found. Dolomite has not been detected. Subtle calcite
enrichments may be found in the central parts of the
concretions, whereas the quantities of quartz, feldspar,
mica and albite increase towards the rims. The XRD
analyses show the clastic components of the apatite con-
cretions to be comparable with the Nordvik shales in
composition, as reflected in their main and trace-element
compositions, e.g., comparable SiO,, MnO, MgO, K,O
and TiO, distributions related to Al,O; (element/ALLO;
ratios) in both shales and phosphates (Tables 1, 5).
However, there are major differences in geochemical
composition between shales and phosphates, with
enrichments of CaO, Fe,0s, Na,O, P,Os, Ba, Sr, U, V and
TOC in the phosphates compared with the shales, which
in turn are enriched in the main siliciclastic components
(e.g., SiO,, Al,Os;, TiO, and K,O) and associated trace

H. Dypvik & V. Zakharov

elements (Zr, Cr, Co, Ni, Zn, Ga, As, Rb, Nb, Sb, Cs, Hf, Pb
and Th). The yttrium, copper and molybdenum distribu-
tions vary, whereas scandium, beryllium, tantalum and
thallium are found in about equal quantities in the con-
cretions and shale samples analysed (Tables 1, 3, 4).

According to the XRD analyses the apatite is most likely
to be fluor or hydroxy apatite. Compared with the studies
of McClellan & Lehr (1969) and Guldbrandsen (1970), it
may carry the XRD characteristics of hydroxy apatite. The
comparable Triassic phosphate concretions of Svalbard
have similar concentrations of P,Os (3-26%) and TOC
(1-8%), and are generally composed of carbonate fluo-
rapatite (Krajewski 2000a, b, c).

The analysed Nordvik shales (containing 213 ppm
REEs on average) normally have higher REE concentra-
tions than the central parts of the phosphates (Table 4).
In the phosphate concretions, however, internal
variations are detected in the REE distributions. The
outer rims have the highest total REE quantities, much
higher than the surrounding shales. The shales display
somewhat higher thorium/uranium ratios and zinc con-
centrations than the phosphates. The shales also have
different REE distribution patterns than, for example, the
heavy rare earth element (HREE)-enriched outer rims of
the concretions (Fig. 7). (HREEs are Dy, Ho, Er, Tm, Yb
and Lu.)

Trace element variations within phosphates and
shales. The trace element composition in the different
concretions studied is rather similar and independent of
the stratigraphical level. Most trace element concentra-
tions are comparable in the different concretions
(Table 3). The arsenic, nickel, chromium and cobalt dis-
tributions vary, whereas the rims of the concretions are
enriched in zinc, vanadium, uranium and REEs, and
sometimes ytrium and molybdenum. The concretionary
REE variations commonly show low total REE concen-
trations in their central parts, compared with the rim,
where large total REE enrichments may occur. The light
rare earth element (LREE: La, Ce, Pr and Nd)/HREE
ratios, however, are constant throughout the concretions
(Table 4).

Within the phosphates a few key ratios (Sc/AlLO;, K;0/
Al,O0s5, Ba/Al;05, Cu/Al,Os, Zn/Al,0;, V/Cr and TOC/
Al,0s) have been picked out in order to illustrate possible
changes in the clastic components. The variations are
small, reflecting only moderate compositional differences
in their clastic content (Table 5). The Cu/ALO; and
Zn/Al,O; ratios are without any zonation in most concre-
tions. They are, however, low in the central parts of a few
concretions (Table 5).

The elemental ratios of V/Cr, V/Cu, Cr/Cu, Mo/Cu,
Mo/Zn, Cu/Zn and Th/U in the concretions display values
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Table 3 Results of trace element analyses of phosphates and four typical shales from the Nordvik section.

Sc Be V Ba Sr Y Zr Cr Co Ni Cu Zn Ga As Rb Nb Mo Sb Cs Hf Ta Tl Pb Th U

ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm
Nordvik
NV19-1 19 5 145 3340 4470 200 50 40 0 0 24 91 5 9 16 2 0 0 1.2 1 01 01 0 1.6 122
NV19-2 12 4 141 3140 4490 37 45 30 0 0 19 38 3 11 13 2 0 0 09 07 02 01 O 13 4
NV19-3 9 3 231 1680 2260 31 35 34 0 0 14 0o 4 12 14 2 0 07 1 06 01 01 8 12 2
NV19-4 11 5 120 3810 5650 37 45 32 0 0 17 62 3 6 13 2 0O 08 09 07 01 O 0 13 43
NV19-5 6 5 115 3220 4890 26 37 30 0 0 21 87 3 7 13 2 2 0 09 07 02 01 O 1.3 638
NV16-1 37 5 190 2290 3260 354 59 34 0 22 16 93 5 5 15 2 15 0 09 09 0 03 0 1.6 243
NV16-2 6 4 84 2600 3540 27 37 23 0 23 12 31 17 1 8 1 8 08 06 06 01 02 O 09 74
NV16-3 4 4 81 2850 3830 8 34 0 0 0 11 46 2 10 8 1 9 06 06 05 01 03 O 0.8 42
NV16-4 9 4 88 2740 3870 36 38 0 0 30 12 67 2 0 8 1 9 0 07 05 01 03 0 0.8 33
NV16-5 26 4 187 2030 3110 193 75 36 0 26 15 122 3 6 15 2 14 05 1 1.1 0 03 0 1.4 15.6
NV1740-1 62 5 243 2070 3170 489 79 42 2 30 24 561 5 9 12 2 12 09 09 14 0 05 0 1.3 40.1
NV1740-2 20 4 145 2760 3810 127 42 22 0 0 13 155 2 8 6 2 9 07 0 06 0 02 0 2.1 103
NV1740-3 7 4 138 2270 3470 14 34 0 0 23 13 52 3 0 7 1 6 0 0 05 01 02 O 0.7 33
NV1740-4 5 3 136 2130 3400 9 34 0 0 0 15 80 2 0 4 1 7 0 0 05 01 02 0 0.6 25
NV1740-5 33 5 158 2590 3630 251 48 27 0 21 14 376 3 0 6 2 8 0 05 09 0 03 0 0.8 14.1
NV33/17 35 4 217 2360 3490 300 74 51 0 0 21 127 6 16 23 3 4 0 1.6 14 01 02 0 23 162
Nval181 28 3 181 1740 3120 208 72 45 0 32 15 77 4 7 14 2 20 O 09 13 0 03 0 1.5 20.7
Nva18-2 29 3 184 1880 3170 226 75 44 0 35 16 18 5 8 15 2 19 06 1 1.2 0 04 0 1.4 203
Nval83 7 3 87 2520 3800 18 34 24 0 0 12 46 3 5 13 1 9 0 08 06 01 03 0 1.1 23
Nval184 12 4 98 2250 3620 42 40 26 0 24 0 94 3 0 1M 1 12 0 07 06 01 03 0 1 2.7
Nva185 3 3 79 1700 3990 5 21 0 0 0 0 0o 2 15 7 1 10 06 0 04 01 02 O 0.7 29
Nval86 3 3 75 2590 3730 4 22 0 0 21 10 59 2 13 8 1 10 06 05 04 01 04 O 07 2
NVa18-7 4 95 2870 4170 14 32 23 0 22 10 0o 2 0 10 1 8 0 06 04 01 02 O 07 74
Nval188 3 4 98 3130 4520 6 29 22 0 23 25 32 2 29 8 1 11 09 05 04 01 02 O 0.7 59
Nval189 34 4 176 2430 4180 308 72 39 0 34 20 317 5 14 17 2 22 06 11 13 0 04 0 1.6 24.9
NVa18-10 28 4 167 2620 4280 248 68 39 0 39 19 90 4 10 15 2 19 0 09 11 0 03 0 1.5 20.5
Nvb18-1 29 4 180 2390 3510 277 75 42 0 28 14 159 5 0 13 2 14 0 08 1 0 02 0 1.2 183
Nvb18-2 32 5 178 2350 3440 280 81 39 0 33 18 111 4 7 15 2 15 0 09 12 04 04 O 1.4 19.2
NVb183 19 4 119 2290 3540 98 61 25 0 22 19 43 3 0 10 2 10 O 06 07 02 02 O 1 8.2
NVb18-4 18 4 114 2430 3740 95 60 26 0 29 18 42 3 0 0 2 11 0 07 07 01 03 0 1 9
NVb185 25 3 242 1650 2480 166 69 49 0 32 22 199 6 13 9 2 21 07 12 08 0 04 0 1.8 149
NVb18-6 25 3 241 1710 2620 161 80 49 0 34 24 243 5 9 20 3 23 09 12 1 01 06 0 1.8 155
NV18-1 35 4 197 2130 3820 314 76 44 0 37 26 74 6 5 17 2 20 O 1.1 13 0 05 0 1.7 231
NV182 38 4 253 1720 3350 355 59 55 0 43 34 112 6 9 20 3 27 07 12 1 0 04 0 2 249
NV18-3 6 4 94 3160 4500 26 34 0 0 26 26 36 2 27 8 1 9 06 06 05 01 03 O 08 8
NV18-4 17 4 105 3100 4720 134 45 23 0 36 22 121 2 0 9 2 10 O 06 07 01 02 O 0.8 126
NV18-5 3 4 77 2960 4180 6 26 24 0 55 19 44 3 44 1M1 2 11 05 08 04 01 03 O 1 25
NV18-6 5 4 84 2960 4310 8 35 0 0 22 18 44 2 34 0 2 11 08 07 06 01 03 0 09 33
NV18-7 7 3 83 2510 3890 23 39 0 o 21 21 0o 2 9 9 2 9 08 06 06 01 01 O 1.1 23
NV18-8 17 3 99 2100 3610 89 44 0 0 21 16 54 2 0 9 1 9 0 07 06 01 02 0 09 46
NV189 29 3 169 1830 3360 249 69 31 0 36 24 100 4 7 15 2 20 O 1 1.2 0 04 0 1.4 231
NV18-10 31 3 248 1570 2820 256 89 48 3 48 37 77 6 12 23 3 38 18 16 16 0 06 0 2.2 305
Shales
NV0.25 27 4 434 657 292 59 142 185 19 69 90 56 24 77 108 12 3 19 76 41 09 02 0 1.4 62
NV12.10 27 3 422 496 141 53 127 130 160 189 116 395 21 97 107 10 19 44 81 36 07 26 8 9.9 95
NV12.60 29 3 326 525 156 28 141 112 69 119 71 417 22 11 123 12 0 13 97 38 09 07 8 84 7.0
NV13.20 16 3 210 435 129 44 70 65 25 36 29 89 11 17 57 6 0 07 44 19 04 02 5 44 44

similar to those found in the coeval shales (Table 5). The
low thorium/uranium ratios mainly reflect the very low
thorium concentrations and high uranium values in the
phosphates. This may be the combined result of minor
quantities of heavy minerals (low Th) and reducing depo-
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sitional concretionary conditions, characterized by high
uranium and vanadium concentrations. Decreasing
thorium/uranium ratios towards the rims of the concre-
tions weakly indicate a gradual reduction in the oxygen
level of the pore water (Table 5).
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Table 4 Results of rare earth element analyses of phosphates and four typical shales from the Nordvik section.

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er m Yb Lu
Nordvik ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm
NV19-1 87.1 157 15.4 61.4 133 4 16.1 3 18.3 3.9 12.3 1.79 10.7 1.57
NV19-2 10.8 16.4 1.67 6.4 1.4 0.39 1.6 0.3 21 0.5 2 0.35 25 0.42
NV19-3 8.1 13 1.39 5.1 1.1 0.33 1.3 0.3 1.7 0.5 1.7 0.28 2 0.32
NV19-4 9.5 13.8 1.46 5.6 1.2 0.36 1.5 0.3 2 0.5 1.9 0.34 2.4 0.41
NV19-5 9.3 14.6 1.56 5.8 1.3 0.39 1.5 0.3 1.8 0.4 1.5 0.24 1.7 0.27
NV16-1 156 247 24.4 91 19.7 6.17 26.8 5 30.4 6.8 21.9 3.24 19.7 2.83
NV16-2 7.8 9.3 0.96 3.6 0.8 0.22 0.8 0.2 1.1 0.3 1.2 0.23 1.7 0.3
NV16-3 4 6.7 0.8 2.9 0.7 0.19 0.7 0.1 0.6 0.1 0.5 0.1 0.8 0.14
NV16-4 12.1 1.7 1.13 43 0.9 0.27 1.1 0.2 1.5 0.4 1.8 0.32 2.4 0.44
NV16-5 97.9 152 141 53.4 1.2 3.46 14.6 2.7 16.7 3.7 11.4 1.7 10.5 1.53
NV1740-1 191 258 25 96.3 21 6.5 28.1 53 34.5 8.1 26.7 4.24 27.6 4.19
NV1740-2 447 511 4.66 16.3 3.1 0.99 4.8 0.9 6.5 1.7 6.2 1.01 6.9 1.17
NV1740-3 3.9 5.7 0.63 2.4 0.5 0.15 0.5 0 0.6 0.2 0.7 0.14 1.2 0.22
NV1740-4 2.9 54 0.62 25 0.6 0.17 0.6 0 0.6 0.1 0.5 0.09 0.7 0.15
NV1740-5 106 151 13.8 51.6 " 3.32 13.8 2.7 17.2 4.1 14.2 2.29 14.9 2.32
NV33/17 152 231 23.6 88.6 18.5 5.36 225 4.2 24.8 5.4 17.7 2.63 16.4 2.4
NVa18-1 107 176 17 63.5 131 4.34 17.9 3.2 19.7 4.2 12.7 1.86 1.5 1.71
NVa18-2 112 178 17.3 64.5 13.2 4.29 17.8 33 20.3 4.4 131 1.87 11.6 1.72
NVa18-3 7.2 9.4 1.06 3.9 0.8 0.19 0.8 0.1 1 0.2 0.9 0.17 1.4 0.24
Nva18-4 14 14.7 1.44 5.1 1 0.32 1.3 0.3 1.9 0.5 1.9 0.35 2.7 0.48
NVa18-5 3.4 6.2 0.75 2.9 0.6 0.15 0.6 0.1 0.6 0.1 0.4 0.06 0.4 0.07
NVa18-6 2.8 5.4 0.68 2.7 0.5 0.13 0.5 0 0.5 0.1 0.3 0 0.4 0.07
NVva18-7 4.5 5.9 0.69 2.7 0.6 0.13 0.5 0 0.6 0.2 0.6 0.11 0.9 0.19
NVva18-8 3.1 5.6 0.69 2.7 0.5 0.1 0.5 0 0.5 0.1 0.4 0.06 0.5 0.1
NVa18-9 142 220 22.4 81.9 17 5.58 22.2 4.1 26.3 6.1 18.3 2.67 16 2.46
Nva18-10 108 162 16.2 59 12.6 4.04 16 3 19.4 4.5 13.7 2.01 12.6 1.97
Nvb18-1 121 187 19 69.3 14.7 4.8 19.1 3.4 22.5 5 15.5 23 13.8 2.06
Nvb18-2 133 207 20.9 75.6 16.2 5.27 20.7 3.8 25.1 5.6 16.7 2.45 14.8 2.23
NVb18-3 32 26.9 2.28 7.8 1.4 0.49 2.2 0.4 37 1.1 43 0.8 5.8 0.97
Nvb18-4 29.5 23.7 2.04 7.1 1.4 0.45 2 0.4 3.7 1.1 4.2 0.79 5.9 1.03
NVb18-5 92.8 156 15.4 57.7 1.7 3.72 14.6 2.6 171 3.6 10.5 1.48 9 1.36
NVb18-6 85.4 143 14 52.8 10.9 35 133 2.4 16 3.4 9.8 1.4 8.6 1.35
NV18-1 151 239 24.3 93 18.7 6.21 23.6 4.4 28.7 6.4 19 2.74 16.1 2.42
NV18-2 174 292 313 121 255 7.98 31.1 5.7 35.7 7.4 21.2 2.96 18 2.66
NV18-3 7.4 8.4 0.88 3.4 0.7 0.14 0.8 0.1 1.1 0.3 1.1 0.21 1.6 0.32
NV18-4 44 47.7 4.19 15.1 2.8 0.94 4.5 0.9 7 1.8 6.3 1.05 6.9 1.15
NV18-5 43 8.3 1.01 3.8 0.8 0.18 0.8 0.1 0.8 0.2 0.4 0.07 0.5 0.08
NV18-6 3.9 6.9 0.86 33 0.6 0.15 0.6 0.1 0.7 0.1 0.5 0.09 0.7 0.13
NV18-7 9.4 10.7 1.27 4.5 0.8 0.22 1 0.2 1.2 0.3 1.2 0.21 1.6 0.31
NV18-8 34.1 36.5 3.1 1.3 2.2 0.72 3.2 0.6 4.9 1.3 4.5 0.74 5.1 0.83
NV18-9 124 206 20.6 80 16.3 518 21 3.9 245 5.2 14.8 2.17 12.9 1.9
NV18-10 134 252 26.5 103 215 6.86 26.6 4.9 29.1 6 15.9 2.21 12.9 1.89
Shales
NVO0.25 61.7 116 12.8 46.4 9 2.47 8.7 1.5 8.8 1.7 4.7 0.69 4.4 0.66
NV12.10 53.2 110 1.9 44 8.6 2.47 9 1.5 8.2 1.6 45 0.64 4.1 0.66
NV12.60 331 70.8 7.29 25.6 4.9 1.34 4.5 0.8 4.5 0.9 2.7 0.4 2.6 0.43
NV13.20 313 62.5 6.66 25.9 55 1.62 6 1 5.9 1.2 33 0.47 3 0.47

Some clear-cut differences appear when element ratios
from the Nordvik phosphate concretions and associated
shales are compared. In both the Nordvik shales and
concretions, the Al,O; concentration is a measure of the
general clastic content. The high Sc/ALO; values and
their large variations are typical in the phosphates,

showing relative scandium enrichments in the phos-
phates compared with the shales. Similar concretionary
enrichments are also evident from Cu, Ba and Zn analy-
sis, as seen in their very high Cu/AlO;, Ba/Al,O; and
Zn/Al,O; ratios. The lower K,0/Al,O5 ratios in the phos-
phates may reflect a higher content of fine-grained
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Fig. 5 Thin-section microphotographs of phosphate concretion NV18: to the left in ordinary light; to the right with crossed polarizers. Light-grey sparitic
calcite fills the fossil tests, whereas fine-grained calcite and phosphate forms the major part of the peloidal brown (to the left) and dark-grey to black (to

the right) parts of the micrographs.

kaolinitic clays compared with the more illitic and
feldspar-rich shales, which display higher K,0/AlO;
ratios.

Comparison of REEs in shales and concretions.
The REE patterns in the Nordvik shales and phosphates
are very different (Fig. 7). The four shale samples analy-
sed display moderate total REE enrichments compared
with the standard upper continental crustal values
(Condie 1991), with total REE concentrations between
154 and 279 ppm. In the phosphates the total REE
content varies severely, from 14 to 736 ppm in the 42
samples analysed. Typically the inner parts of the phos-
phate concretions are low in total REEs and display very
flat, normalized distribution patterns, whereas increasing
enrichments in total REEs are found towards the concre-
tionary rims. The phosphates are generally enriched in
the HREE compared with the shales (Fig. 7).

In the different runs of correlation coefficient analyses
no particular associations have appeared between the
REEs and any particular mineral (mineral identification/
quantification based on semi-quantitative XRD analyses),
or major and minor elements. No clear-cut enrichments
in the commonly studied LREE (La, Ce, Pr and Nd),
middle rare earth element (MREEs: Sm, Eu, Gd and Tb)
and HREE (Dy, Ho, Er, Tm, Yb and Lu) fractions were
established.

REE variations within the phosphate concretions.
The total REE enrichments along the margins are several
orders of magnitude higher when compared with the
central parts of the concretions, where normally the
lowest concentrations occur. In most of the concretions

no particular zonations in LREE/HREE ratios are found,
being close to constant within the seven concretions
studied.

High (up to four times) HREE enrichments are typical
for modern ocean water, accompanied by cerium deple-
tion (McArthur & Walsh 1984; Byrne & Sholkovitz 1996;
Murthy etal. 2004). In the samples of this study no
cerium anomaly has been observed. The HREE enrich-
ments and lack of cerium depletion in the phosphates
may reflect reducing bottom sea water conditions at the
time of formation.

The developments of the REE rim enrichments can
probably not be explained by siliciclastic contamination,
as the surrounding Nordvik shales contain less total REEs
than the enriched marginal phosphates. The high rim
concentrations may be a diagenetic effect, with mutual
REEs and uranium, vanadium and zinc enrichments in
the very last phosphate-precipitating solutions.

Geochemical studies may illustrate possible mecha-
nisms of phosphate formation at the anoxic/oxic
boundary. The search for systematic REE fractionation
within the analysed concretions has been negative, as has
the search for distributional trends of possible cerium and
europium anomalies. The presence of such anomalies
could have been of great interest, reflecting varying redox
conditions (Ce) or extreme concentrations of feldspar
(Eu) (Byrne & Sholkovitz 1996; Murthy et al. 2004). The
europium anomalies calculated for these phosphates are
normally above 1. A couple of very low values are found
in the rather pure apatite samples of NVal8-8 and
NV18-3. These two samples were taken from the inner
part of the concretions, but not from the very centre.
They represent the only low values found in the seven
concretions studied, and could characterize the redox
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Fig. 6 Thin-section microphotographs of phosphate concretions NV18 and NV16. The upper micrograph (sample NV18b2) displays a bone fragment
covered by black, framboidal pyrite along the upper side, whereas possible algal lamination is present in the lower half of the micrograph. The lower two
micrographs display the peloidal texture typically found in the concretions. Algal remnants are displayed as dark spots in the lower left micrograph
(sample NV16b2).

variations in an early stage of concretionary formation.
Kidder et al. (2003) found europium anomalies in phos-
phate concretions reflected extreme reducing conditions.
An explanation of the europium anomaly related to
higher quantities of clastic feldspar content seems less
likely, and is not compatible with the very low feldspar
quantities detected in the XRD analyses.

The cerium-anomaly variations are very subtle, with
average values just above 1, reflecting only weakly oxi-
dizing conditions in the water masses (Murthy et al.

2004). Cerium may precipitate from seawater, and phos-
phates are generally poor in cerium. No correlation has
been found between cerium and any particular minerals
or elements other than the REEs. The faint indications of
somewhat lower cerium concentrations in the central
parts of the concretions indicate poor oxidizing conditions
in the bottom waters or early pore fluids present in the
early phases of phosphate precipitation.

The different phosphate concretions display comparable
REE compositions. The NV19 concretion is the only one
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Table 5 Geochemical ratios from the concretions and four typical shales analysed (raw data from Tables 1 and 3).

Samples Sc/Al,05 K>0/AL,O5 Ba/Al,04 Cu/Al,05 Zn/Al,04 VICr VICu Cr/Cu Mo/Cu Mo/Zn Culzn Th/U
NV19-1 6.93 0.14 1218.98 8.76 33.21 3.63 6.04 1.67 0.00 0.00 0.26 0.13
NV19-2 5.48 0.15 1433.79 8.68 17.35 4.70 7.42 1.58 0.00 0.00 0.50 0.33
NV19-3 335 0.13 624.54 5.20 0.00 679 1650 243 0.00 1.00 1.00 0.60
NV19-4 5.64 0.17 1953.85 8.72 31.79 3.75 7.06 1.88 0.00 0.00 0.27 0.30
NV19-5 2.94 0.16 1578.43 10.29 42.65 3.83 548 143 0.10 0.02 0.24 0.19
NV16-1 11.86 0.13 733.97 5.13 29.81 559 1188 213 0.94 0.16 0.17 0.07
NV16-2 0.35 0.01 150.29 0.69 1.79 3.65 7.00 1.92 0.67 0.26 0.39 0.12
NV16-3 3.10 0.16 2209.30 8.53 35.66 10.00 7.36 0.00 0.82 0.20 0.24 0.19
NV16-4 6.72 0.12 2044.78 8.96 50.00 10.00 733 0.00 0.75 0.13 0.18 0.24
NV16-5 9.39 0.13 732.85 5.42 44.04 5.19 12.47 2.40 0.93 0.1 0.12 0.09
NV1740-1 20.67 0.10 690.00 8.00 187.00 5.79 10.13 1.75 0.50 0.02 0.04 0.03
NV1740-2  15.63 0.06 2156.25 10.16 121.09 659 1115  1.69 0.69 0.06 0.08 0.20
NV1740-3 5.15 0.12 1669.12 9.56 38.24 10.00 10.62 0.00 0.46 0.12 0.25 0.21
NV1740-4 4.10 0.08 1745.90 12.30 65.57 10.00 9.07  0.00 0.47 0.09 0.19 0.24
NV1740-5  20.12 0.14 1579.27 8.54 229.27 585 1129 193 0.57 0.02 0.04 0.06
NV33/17 9.21 0.14 621.05 5.53 33.42 4.25 10.33 2.43 0.19 0.03 0.17 0.14
NVa18-1 10.00 0.13 621.43 5.36 27.50 402 12,07  3.00 1.33 0.26 0.19 0.07
NVa18-2 10.74 0.12 696.30 5.93 68.52 418 1150 275 1.19 0.10 0.09 0.07
NVa18-3 419 0.14 1508.98 7.19 27.54 3.63 7.25 2.00 0.75 0.20 0.26 0.48
NVa18-4 7.10 0.14 133136 0.00 55.62 377 2000  3.00 2.00 0.13 0.00 037
NVa18-5 256 0.16 1452.99 0.00 0.00 10.00  20.00  3.00 2.00 1.00 1.00 0.24
NVa18-6 2.61 0.12 2252.17 8.70 51.30 10.00 7.50 0.00 1.00 0.17 0.17 0.35
NVa18-7 3.88 0.12 2224 .81 7.75 0.00 413 950  2.30 0.80 1.00 1.00 0.09
NVa18-8 2.52 0.17 2630.25 21.01 26.89 4.45 3.92 0.88 0.44 0.34 0.78 0.12
NVa18-9 11.53 0.14 823.73 6.78 107.46 4.51 8.80 1.95 1.10 0.07 0.06 0.06
NVa18-10 10.73 0.13 1003.83 7.28 34.48 4.28 879 205 1.00 0.21 0.21 0.07
Nvb18-1 11.33 0.13 933.59 5.47 62.11 4.29 12.86 3.00 1.00 0.09 0.09 0.07
Nvb18-2 11.68 0.12 857.66 6.57 40.51 4.56 9.89 2.17 0.83 0.14 0.16 0.07
NVb18-3 11.24 0.13 1355.03 11.24 25.44 476 626  1.32 0.53 0.23 0.44 0.12
NVb18-4 11.32 0.13 1528.30 11.32 26.42 4.38 633 1.44 0.61 0.26 0.43 0.11
NVb18-5 6.94 0.12 458.33 6.11 55.28 494  11.00 223 0.95 0.11 0.11 0.12
NVb18-6 7.12 0.12 487.18 6.84 69.23 492 1004 204 0.96 0.09 0.10 0.12
NV18-1 7.69 0.09 468.13 5.71 16.26 4.48 758  1.69 0.77 0.27 0.35 0.07
NV18-2 8.90 0.12 402.81 7.96 26.23 4.60 7.44  1.62 0.79 0.24 0.30 0.08
NV18-3 458 0.16 2412.21 19.85 27.48 10.00 3.62  0.00 0.35 0.25 0.72 0.10
NV18-4 11.64 0.14 2123.29 15.07 82.88 457 477  1.05 0.45 0.08 0.18 0.06
NV18-5 1.61 0.11 1591.40 10.22 23.66 3.21 405 126 0.58 0.25 0.43 0.40
NV18-6 3.31 0.17 1960.26 11.92 29.14 10.00 467  0.00 0.61 0.25 0.41 0.27
NV18-7 5.30 0.14 1901.52 15.91 0.00 10.00 3.95 0.00 0.43 1.00 1.00 0.48
NV18-8 10.37 0.15 1280.49 9.76 32.93 10.00 6.19 0.00 0.56 0.17 0.30 0.20
NV18-9 10.82 0.12 682.84 8.96 37.31 5.45 7.04  1.29 0.83 0.20 0.24 0.06
NV18-10 7.40 0.13 374.70 8.83 18.38 5.17 6.70 1.30 1.03 0.49 0.48 0.07
Shales

NV0.25 1.46 0.14 35.51 4.86 3.03 235 482 206 0.03 0.05 1.61 1.78
NV12.10 1.69 0.16 30.96 7.24 24.66 3.25 3.64  1.12 0.16 0.05 0.29 1.04
NV12.60 1.54 0.16 27.91 3.77 22.17 2.91 459 158 0.00 0.00 0.17 1.20
NV13.20 1.88 0.17 51.24 3.42 10.48 3.23 7.24 2.24 0.00 0.00 0.33 1.00
showing some deviation, with reduced quantities and sites of confined clastic sedimentation, with a high

of LREEs than the other concretions. This may reflect
relatively lower calcite and higher apatite contents. In
the phosphates, iridium and platinum-group elements
enrichments were expected, as presented earlier by
Zakharov etal. (1993) in other samples of the same
Nordvik beds. The phosphates clearly represent periods

preservation potential for any extraterrestrial cosmic
influx, possibly suffering some alterations below the
water—sediment interface. In this project we have also
analysed iridium levels, but no high enrichments were
found. Dr ET. Kyte analysed the samples and found no
values above 200 ppt (ET. Kyte, pers. comm., 2006).
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Fig. 7 Normalized (average upper continental crust values [UCC]; see Condie [1991]) rare earth element (REE) distribution of average values of Nordvik
shales and phosphates. The shales, and in particular the phosphates, display relative enrichments in the heavy REEs. The REEs are plotted according to

increasing atomic number.

Zakharov et al. (1993) reported iridium enrichments of up
to 7 ppb in the Nordvik area, but only in a very thin zone,
which we were not able to detect in the present study.

Discussion of stratigraphical and regional trends

The mineralogical and geochemical analyses display dis-
tributional associations as expected from the correlations,
i.e., components related to clay minerals, heavy minerals
and siliciclastics are enriched in the shales, whereas ele-
ments related to phosphates and carbonates are enriched
in the concretions. At lower latitudes phosphates have
often been shown to suffer from geochemical alterations
as a result of weathering (Perkins & Foster 2004; Herring
& Grauch 2004). In Nordyvik, this is only a minor problem,
a possible result of its rather recent High-Arctic exposure
under extreme dry and cold conditions. Murthy et al.
(2004) claimed MREEs to be distally enriched in the
depositional basin as a result of MREE co-precipitation
with phosphates. In our study we have not observed any
MREE enrichments, and the lanthanum concentrations
are much more varied and higher compared with those of
Murthy et al. (2004).

In thin-section inspections the phosphorites are seen to
contain small quantities of algae and to be rich in fossils,
even carrying remnants of bones (Fig. 6). They normally
resemble the pristine phosphates of the Triassic Bravais-
berget and Botneheia formations in Svalbard (Krajewski
2000a). Their organic content represents an important

source of phosphate in addition to the supply from a
possible external source through the diagenetic, bacterial
breakdown of organic matter. The geochemical relations
of, for example, the concentrations of vanadium, copper,
zinc and cadmium indicate a microbiological origin for
the phosphorites (cf. Perkins & Piper 2004). The Nordvik
concretions have low K,O/AlLO; ratios compared with
the adjacent shales, maybe mirroring a higher content of
fine-grained, clastic kaolinite in the phosphorites than in
the adjacent shales. It is most likely a clastic kaolinite; so
far no diagenetic kaolinite has been found in the SEM
analysis. The concretions contain traces of sphalerite and
pyrite, and are mainly found to be composed of fluor (or
hydroxy) apatite. Higher vanadium concentrations in the
phosphates than in the accompanying shales, along with
the sulphide variations and uranium enrichments (low
Th/U ratios) indicate partly reducing to dysoxic, early
diagenetic conditions. This is in some contrast to the weak
cerium anomaly. In the Bazhenov Formation to the west,
good correlation between the natural gamma radioactiv-
ity (in particular U, Th and K,0) and the level of TOC is
common (Gavshin & Zakharov 1996a, b). The enrich-
ments in total REEs and vanadium, and low thorium/
uranium ratios, and high Cu/Al,O; and Zn/Al,O; ratios
along the outer rim may demonstrate their formation
mechanism, indicating more reducing conditions in their
late phases of growth. The phosphates display low
thorium/uranium ratios compared with the Nordvik

shales, underlining the partly dysoxic depositional
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conditions (low thorium and relatively high uranium
concentrations). Well-developed parallel lamination and
confined bioturbation also shows limited oxygen contents
and reduced benthic life.

In particular, high Sc/ALOs; ratios are found in the
phosphates. High scandium concentrations are typically
found in basaltic material (Taylor 1965), in this case prob-
ably reflecting a possible input of basaltic Siberian traps
material into the Siberian Basin.

Formation of phosphates: general setting

The late Jurassic setting of the Arctic Siberian platform
was a wide, low relief area with dominant sediment
supply of fine-grained clays and well-weathered sedi-
ments and volcanics (Siberian traps). In contrast, the
marginal deposits of, for example, Greenland, Svalbard
and the western Barents Sea were siltier, located closer to
regional clastic sedimentary source areas, and partly
influenced by the large-scaled tectonics of the incipient
opening of the Arctic Ocean (Lawver et al. 1990; Dypvik
et al. 2002; Dypvik et al. 2006). Reduced clastic sedimen-
tation of fine-grained material dominated the Nordvik
conditions, with relatively high organic production,
maybe related to upwelling current effects in the rather
shallow epicontinental Arctic. This illustrates the major
difference between the western and eastern Arctic locali-
ties studied, and can explain why phosphates at this time
were deposited in Siberia and not in the western Arctic.
The transgressive late Jurassic phase resulted in an overall
reduced clastic input and increased organic production in
the low-lying areas. Arctic upwelling has been, and still is,
up for discussion (Buckley et al. 1979; Parrish et al. 2001;
Khain & Filatova 2007).

The phosphate precipitation took place along the sea
floor, a few centimetres below the sea bed, possibly in
anoxic to dysoxic conditions. The bacterial breakdown of
algal-rich organic matter, which probably liberated phos-
phates, could have been produced in the Siberian region
by a possible upwelling from deeper water locations to the
north-west. This mechanism of early diagenetic precipita-
tion may be comparable with what Bremner & Rogers
(1990), Burnett (1990), and Burnett & Riggs (1990) and
others described from Peruvian localities, with the general
oceanographic setting excepted. There, phosphate precipi-
tation occurred as crusts about 2 cm thick, 10-20 cm deep
in the sediments. The phosphate was released in the
sediments by bacterial degradation of organic matter and
precipitated as apatite in the pore space. Based on the first
palaeo-oceanographic calculations (Haupt et al., unpubl.
ms), late Jurassic upwelling conditions seem possible
along the Siberian margin, but the palaeo-water depth was
shallow and the bathymetric relief was subdued.

Late Jurassic/Early Cretaceous phosphates

In the Nordvik phosphates vertebrate bones are present
and peloidal textures and possible algal structures have
been seen in the thin sections (Fig. 6). The main algal-
related explanation (see above) would also fit the
geochemical characteristics found (high V, Cu, Zn and Cd
concentrations). Algal structures have also been observed
macroscopically in the time-equivalent Bazhenov Forma-
tion of west Siberia (Filina et al. 1984).

Phosphate-rich pore waters promote phosphate pre-
cipitation (Glenn 1990), which may happen on the upper
continental slope, where the O,-minimum layer impinges
the slope, the sea-floor sediments are high in organic-rich
muds, and bacterial activity is present (Reimers et al.
1990; Glenn & Arthur 1988). The fine-laminated phos-
phatic, algal mats are found at the oxic—anoxic transition,
in an area with organic-rich shales. This may also have
been the case for the Siberian phosphates. The lack of
dolomite in the Siberian phosphorites is, however, in
some contrast to the common phosphates and dolomite
association found, for example, in Peruvian phosphorites
(Glenn & Arthur 1988).

Krajewski (2000a, b, ¢, d) has studied in great detail
the Triassic phosphate concretions of Svalbard
(Bravaisberget/Botneheia formations). The Paksa Forma-
tion phosphorites can be compared with the so-called
pristine phosphates of Krajewski (2000a), which also lack
reworking. In the Paksa Formation the conditions of
phosphate formation may have changed through time, as
was the case in the Triassic of Svalbard (Bravaisberget/
Botneheia formations) (Krajewski 2000b). In both cases
the main phosphate precipitation took place within partly
mat-stabilized sediments, in a narrow zone near the
anoxic-oxic interface. In the Triassic of Svalbard case
(Krajewski 2000b) the phosphate precipitation occurred
just above the sulphate reduction zone.

In the Meade Peak Member, Perkins & Piper (2004)
analysed the Cd/Zn, Mo/Zn, Cd/Cu and Mo/Cu ratios,
which they found to be rather similar to modern plank-
ton. They therefore claimed an original biogenic
phosphate source. In the Siberian phosphates traces of
algal material have been observed in the thin sections
(Fig. 6), and comparable geochemical ratios have been
established (Martin & Knauer 1973; Collier & Edmond
1984). Some minor geochemical excursions in the phos-
phates may result from the varying contents of clastic
components, e.g., more terrigeneous material along the
margins, compared with those from central basinal loca-
tions. Phytoplanktonic rain brought the organic matter to
the sea floor from the photic zone. Most likely via bacte-
rial oxidation near the oxic-anoxic transition, probably
just above the oxic—anoxic interface, the phosphate was
released to the pore water, eventually resulting in phos-
phate precipitation within the very finely laminated beds.
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The phosphate composition during precipitation was
in continuous change, as reflected in the geochemical
composition.

In the Siberian phosphates weak positive cerium
anomalies occur in flat, normalized REE patterns. The
outer parts of the concretions are enriched in total REEs,
along with uranium, vanadium, rubidium and scandium,
possibly reflecting diagenetic phases in the later part of
concretionary formation with reducing conditions in the
enriched precipitating pore water. Maximum REE values
in marine water are typically found where major sulphate
reduction happens; consequently, minor quantities are
normally to be expected in the clastic sediments (de Baar
et al. 1988; Sholkovitz et al. 1994).

In the literature, outer parts of concretions commonly
display low Th/U ratios, and enrichments in zinc and
REEs, comparable with the Siberian concretions studied,
a possible reflection of diagenetic phosphate growth just
below the sea floor, e.g., comparable with the Phosphoria
Formation (Hein et al. 2004) and Namibian shelf occur-
rences (Baturin 2000). In the Siberian concretions dark,
possibly diagenetic, zones have been discovered in the
thin sections. These zones commonly cut across the par-
allel lamination of the concretions. We have, in detail,
analysed and searched these black-coated regions, but so
far we have not been able to detect their composition. It
looks like a thin varnish of manganese ferric oxides, but
the compositional difference with the surrounding was
too small to be detected in our geochemical, SEM or
microprobe analyses. The black zones could represent
organic matter or sulphides. In the SEM runs sphalerite
(ZnS) has shown up in parts of the phosphates. This may,
in combination with some very finely distributed organic
matter, form the dark areas.

Conclusion

The deposition of fine-grained, well-weathered, clastic
sedimentary particles took place through highly produc-
tive, oxygen-rich upper water masses, before final
deposition in mainly dysoxic depositional environments
along the shallow, epicontinental sea floor. Dark, organic-
rich clays and claystones were the common sediments,
interrupted by quieter periods with high organic produc-
tion and diagenetic phosphate concretion formation.

In the Nordvik area, the most fine-grained sedimenta-
tion happened in combination with high organic
production/sedimentation, high algal production and
possibly upwelling. These conditions resulted in well-
developed phosphate precipitation, confined to thin,
laminated beds dispersed in the succession. The phos-
phate concretions reflect the simultaneously reduced
clastic sedimentation and succeeding diagenesis in shelf

H. Dypvik & V. Zakharov

environments during the prevailing oxygen-deficient
conditions along the sea floor. In the Barents Sea region
to the west of Nordvik, periods with reduced clastic accu-
mulation are represented by thin carbonate beds of
calcite, dolomite or siderite. In the Nordvik beds studied
only weak signs of the Mjolnir impact have been found as
faint iridium enrichments (about 200 ppt).
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