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ABSTRACT: Ball-shaped concretions (“cannon balls”) commonly occur in a marine, or-
ganic carbon-rich sedimentary sequence (Innkjegla Member) of the Carolinefjellet Forma-
tion (Aptian—Albian) in Spitsbergen. The sedimentologic, petrographic and geochemical
investigation of these concretions in the Kapp Morton section at Van Mijenfjorden gives in-
sight into their origin and diagenetic evolution. The concretion bodies commenced to form
in subsurface environment in the upper part of the sulphate reduction (SR) diagenetic zone.
They resulted from pervasive cementation of uncompacted sediment enriched in frambo-
idal pyrite by non-ferroan (up to 2 mol% FeCO;) calcite microspar at local sites of enhanced
decomposition of organic matter. Bacterial oxidation of organic matter provided most of
carbon dioxide necessary for concretionary calcite precipitation (8'*Cg,co3 ® —21%0 VPDB).
Perfect ball-like shapes of the concretions originated at this stage, reflecting isotropic per-
meability of uncompacted sediment. The concretion bodies cracked under continuous
burial as a result of amplification of stress around concretions in a more plastic sediment.
The crack systems were filled by non-ferroan (up to 5 mol% FeCOj) calcite spar and blocky
pyrite in deeper parts of the SR-zone. This cementation was associated with impregnation
of parts of the concretion bodies with microgranular pyrite. Bacterial oxidation of organic
matter was still the major source of carbon dioxide for crack-filling calcite precipitation
(8"3Ccyco3 ® —19%0 VPDB). At this stage, the “cannon-ball” concretions attained their final
shape and texture. Subsequent stages of concretion evolution involved burial cementation
of rudimentary pore space with carbonate minerals (dolomite/ankerite, siderite, calcite) un-
der increased temperature (8'%0 ¢, v recos ® —14%0 VPDB). Carbon dioxide for mineral pre-
cipitation was derived from thermal degradation of organic matter and from dissolution of
skeletal carbonates (8! 3Cc“’Mg’Fec03 ~—8%o VPDB). Kaolinite cement precipitated as the last
diagenetic mineral, most probably during post-Early Cretaceous uplift of the sequence.

Key words: Arctic, Svalbard, Lower Cretaceous, “‘cannon-ball” concretions, diagenesis.

Introduction

“Cannon balls” is an informal name used by Svalbard geologists to describe
spherical concretions that occur in organic carbon (OC)-rich, fine-grained inter-
vals of the Mesozoic sedimentary sequence in the archipelago. These concretions,
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Fig. 1. Sketch map of Svalbard Archipelago showing location of Kapp Morton at the northern margin
of Van Mijenfjorden in Spitsbergen.

usually 5-30 cm in diameter, can be observed in many coastal cliff exposures of
the OC-rich rocks, where they remind old cannon balls lodged in city walls. “Can-
non-ball” concretions are particularly well-developed in OC-rich, shaly interval of
the Lower Cretaceous Carolinefjellet Formation in Spitsbergen, which is classi-
fied as the Innkjegla Member (Harland 1997, Merk et al. 1999). Striking appear-
ance, perfect shapes, and easiness of separation from the host rock provide that
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Fig. 2. Geological map of a part of the northern margin of Van Mijenfjorden and location of Kapp
Morton section of the Carolinefjellet Formation. Geology after Hjelle ez al. (1986), simplified.

they became parts of many geological collections and museum exhibitions from
the Arctic. However, the nature of their formation has not been a subject of
scientific publication.

This paper involves sedimentologic, petrographic and geochemical methods
to explain origin and diagenetic history of “cannon-ball” concretions in the
Carolinefjellet Formation. It is based on material collected along section of the for-
mation exposed in coastal cliffs at Kapp Morton in Van Mijenfjorden (Fig. 1).

Geological setting

The Carolinefjellet Formation (Aptian—Albian) is the uppermost formation clas-
sified into the Jurassic—Cretaceous Adventdalen Group in Svalbard (Merk et al.
1999). It terminates the Mesozoic sedimentary sequence in the archipelago, being
overlain by Tertiary sequence of the Van Mijenfjorden Group. The formation em-
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Fig. 3. A. Section of the Carolinefjellet Formation in coastal cliffs at Kapp Morton. The Carolinefjellet
Formation (Innkjegla Member) terminates the Jurassic—Cretaceous Adventdalen Group sequence in
Van Mijenfjorden, and is disconformably overlain by coal-bearing Tertiary formations of the Van
Mijenfjorden Group. B. Coastal cliffs at Kapp Morton showing gently dipping eastwards strata of the
Carolinefjellet Formation (Innkjegla Member). The sequence of dark grey to black muddy to silty shale
with common concretionary horizons contains yellow-weathering lense-like cementstone bodies.

braces three units of member rank that occur in stratigraphic order, i.e. the Dalkjegla,
the Innkjegla, and the Langstakken members, as well as two local units (Zillerberget
and Schonrockfjellet members) that constitute the uppermost part of the formation
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in SE Spitsbergen (Parker 1967, Nagy 1970). Basal disconformity of the Tertiary se-
quence cuts discordantly various levels of the Carolinefjellet Formation owing to
unequal uplift and erosion during Late Cretaceous (Harland 1997).

The shale-dominated Innkjegla Member is the youngest unit of the Caroline-
fjellet Formation preserved in the southern part of Nordenskiold Land in Spits-
bergen (Fig. 1). It crops out along a NNW-SSE stretching belt east of Frid-
tjovbreen (Fig. 2) that forms a part of Tertiary monoclinal structure gently dipping
eastwards (Hjelle et al. 1986). The best outcrops are those in coastal cliffs at Kapp
Morton in Van Mijenfjorden (Fig. 3).

The section at Kapp Morton shows an approximately 250 m thick sequence of
OC-rich, dark to black shales, mudstones and siltstones with subordinate sand-
stone intercalations, representing prodelta and shelf sedimentary facies (Fig. 4).
There are recurrent intervals in the sequence enriched in or dominated by dia-
genetic mineral deposits, out of which four distinct morphogenetic types can be
discerned: (i) “cannon-ball” concretions, 5-20 cm in diameter; (if) ellipsoidal to
parallel-elongated concretions showing massive, zoned, and/or septarian internal
structure, 20 cm — 1.5 m along horizontal axis; (iii) lense-like cementstone bodies
displaying relict primary lamination, usually cross-bedding of sandy sediment, up
to 2.5 m thick and 8 m long; and (iv) horizontal cementstone bands, either massive
or displaying relict primary lamination, up to 1 m thick. These deposits consist of
varying mixture of carbonate minerals, including calcite, dolomite/ankerite and
siderite, representing displacive cementations of the host sediment. They origi-
nated during and after depositional history of the Carolinefjellet Formation, start-
ing from subsurface syngenetic environment down to deep-burial one associated
with Paleogene subsidence and tectonic and thermal events in Svalbard.

Occurrence of “cannon-ball”’ concretions

“Cannon-ball” concretions tend to concentrate at seven intervals along the
Kapp Morton section that show thickness from 2 to 4 m (MO-3, 4, 5, 8, 12, 16, and
21 sampling locations; see Fig. 4). The content of concretions in these intervals
varies considerably, from rare, randomly distributed concretions to densely
packed horizons (Fig. 5). The intervals embrace various types of host sediment, in-
cluding paper-shale, muddy to silty shale, silty mudstone, siltstone, and sandy
siltstone. Despite petrographic variation, the host sediment invariably shows
warping of lamination around the concretions, suggesting their early, syngenetic
formation throughout the section studied. All the observed concretions represent a
pristine variety, i.e. they occur at their original growth position within the sedi-
ment, without traces of subsequent reworking or other dynamic concentration pro-
cesses. This suggests that their distribution in the sequence reflects changing inten-
sity of processes that led to punctuated precipitation of mineral phase during sedi-
mentation of the Carolinefjellet Formation. Enhanced formation of the concretions
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Carolinefjellet Formation (Innkjegla Member) — Kapp Morton section (»)

Fig. 4A, B. Section of the Carolinefjellet Formation (Innkjegla Member) in coastal cliffs at Kapp
Morton in Van Mijenfjorden. 1 — muddy to silty shale, paper-shale, subordinate siltstone with sandy
layers; 2 — sandstone; 3 — “cannon-ball” (carbonate) concretions; 4 — massive carbonate concretions
(ellipsoidal to parallel-elongated in shape); 5 — zoned carbonate concretions (ellipsoidal to paral-
lel-elongated in shape); 6 — carbonate concretions with conspicuous septarian cracks (ellipsoidal to
parallel-elongated in shape); 7 — lense-like carbonate cementstone bodies displaying relict primary
lamination (usually cross-bedding of sandy sediment); 8 — cementstone bands, either massive or dis-
playing relict primary lamination; 9 — sampling locations. For other explanations see the text.

in subsurface environment during events of suppressed or halted sedimentation is
a likely scenario, though direct evidence of this relationship is lacking.

The vast majority of “cannon-ball” concretions have regular spherical shapes,
though some are slightly elongated horizontally or vertically, and some show cy-
lindrical or kidney-like shapes. The concretions show dark-grey, dark-green, black
or navy blue colours of carbonate bodies on fresh broken surfaces. Many concre-
tions display more or less regular crack systems in their interior. The crack systems
are combinations of septarian and spherical cracks that are filled by one or more
mineral precipitates. Conspicuous are yellow-sparkling pyrite infillings, though
carbonate and clay mineral ones are also common. This evidences that, despite
early formation of concretion bodies, the “cannon balls” record far longer dia-
genetic history related to burial of the Carolinefjellet Formation.
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Materials and methods

Eighteen “cannon-ball” concretions from sampling locations MO-3, 4, 5, 8§,
12, 16, and 21 (Fig. 4) were cut with a diamond saw, and their sections were ana-
lysed using binocular microscope. Selected concretions were analyzed using stan-
dard petrographic methods, including transmitted (TLM) and reflected light mi-
croscopy (RLM), scanning electron microscopy (SEM), back-scattered electron
imaging (BSE), and energy-dispersive X-ray spectroscopy (EDS). Some samples
of the concretions were treated with a mixture of 1N acetic acid and ethanol (90:10
wt.%) in order to remove calcitic cement.

Mineral composition of the concretions and the host rock was analyzed by
means of X-ray diffraction. Samples were ground to < 63 pm fraction using an ag-
ate mortar and pestle. Diffraction patterns were recorded on a SIGMA 2070
diffractometer using a curved position sensitive detector in the range 2-120° 20
with CoKa radiation and 20 hour analysis time. DIFFRACTIONEL software v.
03/93 was used to process the obtained data.

Quantitative EDS analyses of calcite and pyrite in concretions were obtained us-
ing a JEOL JSM-840A scanning electron microscope equipped with a THERMO
NORAN VANTAGE EDS system. Operating conditions were a 15 kV acceleration
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Fig. 5. A. Interval containing “cannon-ball” concretions (MO-16) in a sequence of dark, muddy

siltstone with thin sandstone intercalations. The strata dip gently eastwards. B. Horizon of “can-

non-ball” concretions (MO-8) in black paper-shale. Note the shale layering warping around concre-
tions. Hammer is 40 cm long. A, B — for location in the Kapp Morton section see Fig. 4.
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Fig. 6. Vertical axial section of “cannon-ball” concretion from MO-5 sampling location. Polished sur-
face photograph. For location in the Kapp Morton section see Fig 4; for other explanations see the text.

voltage, 1 to 5 um beam diameter, and 100 s counting time. Detection limits of the
analyzed elements (Ca, Mg, Fe, Mn, Co, Ni, Cu, Cd, and S) were better than
0.05 wt%. To facilitate comparison among samples, the EDS data for calcite and py-
rite were recalculated as cation mole fractions and weight percent contents,
respectively.

Three concretions from sampling locations MO-3, MO-5, and MO-8 were ana-
lyzed for the carbon and oxygen isotopic composition of carbonate minerals. The
concretion body and crack infilling were analyzed separately. Crushed concretion
fragments were hand picked under a binocular microscope to provide material
with maximum content of carbonate minerals. CO, for isotopic analyses was pro-
duced from samples by reaction with anhydrous phosphoric acid (d = 1.90 g cm=3)
under vacuum. In an attempt to discriminate between end members of carbonate
mixtures, the samples were treated using a progressive acid extraction, with a time
sequence of CO, collecting. CO, from samples containing calcite was collected af-
ter 20 hours of reaction at 25° C. CO, from samples containing calcite and dolo-
mite/ankerite was collected after 4 h of reaction at 25° C, and after 24 h at 50° C,
with a portion of gas discarded after 20 h at 25° C. CO, from samples containing
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calcite, dolomite/ankerite, and siderite was collected after 4 h of reaction at 25° C,
after 24 h at 25° C, and after 72 h at 50° C, with portions of gas discarded after 20 h
at25° C and after 48 h at 50° C. CO, collected in these steps represents mostly cal-
cite, dolomite/ankerite, and siderite, respectively. Oxygen isotope fractionation
factors a=1.01025 (25° C), a.=1.01098 (25° C), 1.01057 (50° C), and a. = 1.01079
(50° C) were used for calcite, dolomite/ankerite, and siderite, respectively (Becker
and Clayton 1976, Rosenbaum and Sheppard 1986, Carothers et al. 1988). The
same procedure was applied to one sample of host rock collected close to the
analysed concretion from sampling location MO-3.

Isotopic 3C/12C and '30/'°Q ratios were determined using a FINNIGAN MAT
DELTAPLUS gpectrometer working in dual inlet mode with universal triple collec-
tor. The & values were calculated relative to isotopic ratios of the international
standard NBS 19. The results are expressed as $'3C and 8'30 notations with respect
to VPDB (Vienna Peedee Belemnite). Analytical reproducibility in laboratory was
better than + 0.05%0¢ and + 0.1%0 for 3!3C and 8'30, respectively.

Results

Petrography. — All the examined sections of “cannon-ball” concretions show
uncompacted texture of relict sediment throughout the concretion bodies (Fig. 6).
Bioturbations and faecal pellets are commonly observed. The exception is the very
margins of concretions contacting the host rock, where these sedimentary features
are flattened and mechanically deformed.

The concretion bodies consist of a massive matrix composed of clastic compo-
nents, organic detritus, dispersed pyrite, and carbonate cement. Macroscopic wood
fragments or uncrushed fossils are found to occupy centres of some axial sections.
The proportion of cement varies insignificantly along the sections, without a clear
decreasing-outward trend observed in many concentrically zoned concretions.
Clastic components within the concretions resemble very closely the ones occur-
ring in the host rock, though they do not show mechanical orientation related to
burial compaction (Fig. 7). They range in size from the clay to the sand fraction,
with clear predominance of silt-sized material. They are represented by quartz and
albite grains, detrital micas, and clay minerals (illite, chlorite) (Fig. 8). Organic
matter is dominated by debris of land plants, with amorphous fraction being a no-
ticeable component (Fig. 9A). Pyrite grains are common in the concretion matrix.
BSE images document that the grains consist of two pyrite generations: (i)
framboids occurring in centres of the grains; and (i) granular overgrowths form-
ing their external parts (Fig. 7C). In larger original pores, the concentration of py-
rite grains increases, and at places pyrite prevails volumetrically over the calcite
cement (Fig. 9B). Similar pyrite grains occur in all host sediment in all investi-
gated concretion-bearing intervals. Pyritized wood fragments present in the con-
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Fig. 7. A. Silty sand forming internal sediment in “‘cannon-ball” concretion at MO-16 sampling loca-
tion. Detrital grains are dominated by quartz and albite. B. Clay dominated internal sediment in “can-
non-ball” concretion at MO-8 sampling location. Note the uncompacted nature of the sediment.
C. Matrix in “cannon-ball” concretion consists of detrital quartz (¢) and albite (a) grains, clay miner-
als, mostly illite (i), and pyrite grains composed of framboids (p,) and microgranular overgrowths
(p,)- These components are cemented by calcitic microspar, which was here artificially dissolved.
D. Pyritized wood fragment (p,) in the centre of “cannon-ball” concretion at MO-3 sampling location
cut by a crack filled with blocky calcite spar (c). E. Pyritized wood (p,) showing preserved cellular
structure; MO-3 sampling location. A, B, D, E — SEM photomicrographs of broken concretion sur-
faces subjected to acid treatment (calcite cement partly dissolved); C — BSE image of acid treated pol-
ished section (calcite cement dissolved). For location in the Kapp Morton section see Fig 4.
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Fig. 8. X-ray diffraction patterns of concretion body (A), crack infilling (B), and the host sediment
(C) from sampling location MO-3 in the Kapp Morton section.

cretions show well-preserved cellular structure without any trace of mechanical
deformation (Fig. 7D, E).

Clastic components, organic matter, and pyrite grains are cemented by micro-
sparitic to micritic calcite containing, in some concretions, an accessory admixture
of dolomite/ankerite and siderite (Fig. 8). Under high magnifications, the matrix
usually shows interlocking mosaic of anhedral calcite crystals replacing inter-par-
ticle pore space between clastic components and organic debris (Fig. 9A). The
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Fig. 9. A. Matrix (/) in concretion body consists of detrital sediment grains dominated by quartz (g),

structured and amorphous organic matter (0), and clay minerals that are cemented by calcite

microspar. B. Larger original pores in the concretion matrix () tend to concentrate composite pyritic

grains (p), and are cemented with calcite spar (c) A, B—TLM photomicrographs of thin sections, nor-
mal light. MO-5; for location in the Kapp Morton section see Fig 4.
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Fig. 10. A. Calcite-filled crack has sharp edges towards the concretion matrix (m), and shows

paragenetic sequence of acicular calcite (c,) and blocky calcite (c,). B. Crack in a concretion filled

with blocky calcite (c,) and vermicular kaolinite (k). Note the pelloidal nature of the concretion ma-

trix (m). A, B — TLM photomicrographs of thin sections, nicols crossed. MO-3; for location in the
Kapp Morton section see Fig 4.
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Table 1
Chemical composition of calcite in “cannon-ball” concretion in the Kapp Morton section
of the Carolinefjellet Formation. MO-5 sampling location.

Al CaCo, MgCO, | FeCO, MnCO,
nalysis
Y (mol%)

I 97.17 1.46 1.32 0.05
2 96.82 1.16 1.60 0.42
3 _ 96.91 111 1.52 0.45
4 25 96.41 0.84 2.03 0.72
5 5z 97.54 1.35 0.47 0.64
6 g ‘g 95.70 1.53 2.26 0.52
7 £E 98.26 1.51 0.11 0.12
8 © 96.10 1.08 2.15 0.66
9 96.50 0.83 2.17 0.50
10 95.76 1.05 2.39 0.80
11 92.63 241 4.22 0.73
12 92.55 2.63 4.20 0.61
13 91.57 2.39 5.22 0.81
14 2 92.41 2.22 5.05 0.32
15 =k 92.13 2.02 5.25 0.60
16 =z 92.31 2.42 4.54 0.73
17 5 92.55 2.63 447 0.36
18 91.66 2.50 5.03 0.80
19 95.59 0.95 2.80 0.66
20 93.35 1.54 4.55 0.56

calcitic mosaic also incorporates minute inclusions of organic matter and clay min-
erals. In larger original pores, the cement is developed as calcite spar, with many
crystals showing subhedral shapes (Fig. 9B).

The cracks in “cannon-ball” concretions are filled either by calcite or pyrite, or
show they complex intergrowths of the two (Fig. 6). Many calcitic infillings dis-
play a paragenetic sequence of (i) acicular calcite that fringes the crack surfaces,
and (ii) blocky calcite (mostly subhedral) that fills up the cracks growing from the
margins inwards (Fig. 10A). Some show only the blocky calcite replacing com-
pletely or incompletely the crack space (Figs 7D, 10B). X-ray survey documents
that the calcite spar contains an admixture of dolomite/ankerite and siderite (Fig.
8), though these mineral phases have not been identified microscopically. Pyrite
filling cracks displays blocky to massive microfabric. Cracks that are filled both by
calcite and pyrite suggest that the major stage of calcite precipitation pre-dated the
major stage of pyrite precipitation. Pyrite-filled cracks are closely associated with
pyritization zones that extend outward into the concretion body (Fig. 6). There can
be distinguished two types of pyritization zones: (i) compact pyritization zones
that consist of densely packed granular pyrite crystals; and (ii) dotted pyritization
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Fig. 11. Compositional difference between calcite microspar cementing matrix in concretion body
and calcite spar infilling crack. MO-5; for location in the concretion section see Fig. 6; For source
data see Table 1.

zones, in which granular pyrite crystals show mosaic to patchy distribution. Com-
pact pyritization zones tend to concentrate in the concretion centres, whereas the
dotted ones form irregular impregnations in their external parts.

Rudimentary pore space in the crack systems that remained open after cal-
cite/pyrite precipitation was subsequently infilled by vermicular aggregates of
kaolinite (Figs 8, 10B). Kaolinite terminates the paragenetic mineral sequence re-
vealed in the “cannon-ball” concretions.

Geochemistry. — Calcite forming concretion bodies and crack infillings is a
non-ferroan variety of calcite (Table 1). Its mean composition is (Ca,4Mg
Fe,,Mn, ,,)CO; and (Ca, ,Mg, ,,Fe, ,sMn, ,,)CO,, respectively. The paragenetic
sequence shows an increase in FeCO, content (from 2 to 5 mol%) and a negligible
increase in MgCO, content (from 1 to 2 mol%) from the body forming microspar
to the crack filling spar (Fig. 11).

Compositional changes among generations of pyrite present in concretions are
negligible, though framboidal pyrite shows a slightly elevated content of Ni and
Cu (Table 2). Mean content of Ni and Cu in pyritic framboids is 0.3 and 0.4 wt.%,
respectively; it drops to less than 0.1 wt.% in microgranular overgrowths of
framboids and in blocky pyrite infillings of cracks (Fig. 12).

Carbon and oxygen isotopes. — The obtained 5'3C and 8'30 values for carbonate
minerals present in “cannon-ball” concretions as well as for calcite in the host sedi-
ment are listed in Table 3.

The 8'3C for calcite microspar forming matrix in concretion bodies varies from
—23.4%0 to —19.7%0 VPDB. The 5'30 varies from —6.5%o to —3.1%0 VPDB. Mean
values are —21%o0 VPDB and —5%0 VPDB, respectively. The 8!3C for calcite spar
infilling cracks in concretions varies from —19.2%o to —18.5%0 VPDB. The 830
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Table 2
Chemical composition of pyrite in “cannon-ball” concretion in the Kapp Morton section of
the Carolinefjellet Formation. MO-3 sampling location.

o s | Fe | co | N | c | cd | wmn

Analytical point :
(weight%)

Al < 5332 | 46.06 - 0.24 0.38 - -
A2 B | 5255 | 4665 | 005 0.54 0.21 - -
A3 g = | 5252 | 4649 _ 0.28 0.55 - 0.16
A4 & 52.81 | 4635 - 0.43 041 - -
A5 53.00 | 4630 | 0.28 - 0.43 - -
A6 53.06 | 46.80 | 0.04 0.07 - - 0.03
A7 So | 5241 | 4759 | - - - - -
A8 S 2| 5266 | 4687 - 0.22 - - 0.24
A9 © 5277 | 46.93 - - 0.31 - -
A10 5275 | 47.19 - - - - 0.06
Bl 5322 | 46.60 - - 0.18 - -
B2 5278 | 47.00 - 0.03 0.07 - 0.12
B3 53.12 | 46.68 - - 0.15 0.04 -
B4 N 5332 | 46.60 - - 0.08 - -
BS e ““é 5265 | 47.17 | 0.16 _ - 0.02 _
B6 m A | 5268 | 47.32 - - - - -
B7 53.12 | 46.71 - 0.17 - - -
BS 5272 | 47.12 - - 0.16 - -
B9 5321 | 46.66 - - _ - 0.13
B10 5294 | 47.06 - - - - -

varies from —6.4%o to —5.8%0 VPDB. Mean values are —19%0 VPDB and —6%o
VPDB, respectively. These values demonstrate that calcite in the concretions con-
tains isotopically very light carbon, though it evolves towards slightly heavier
composition from microsparitic cement to crack-filling spar.

Dolomite/ankerite and siderite, that occur in accessory amounts in crack infill-
ings, show contrasted isotopic composition. The &'3C varies from —10.8%o to
—5.7%0 VPDB, and the 8!30 from —16.9%o0 to —11.8%0 VPDB. Similar values have
been obtained for calcite occurring in the form of disseminated cement in the host
rock of the MO-3 concretion-bearing interval. The 5'3C and $'30 are —7.4%o and
—16.6%0 VPDB, respectively.

Discussion

Relict sedimentary structures preserved in “cannon-ball” concretions suggest
that the concretion bodies formed by a rather rapid, pervasive calcite cementation
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Fig. 12. A. Composite pyritic grains consisting of framboids (p,) and microgranular overgrowths (p,)

in calcite microspar in matrix of a concretion body. B. Blocky pyrite (p,) infilling crack in concretion.

A, B — BSE images of polished sections; A/-A10 and BI/-B10 are analytical microprobe points.
MO-3; for location in the Kapp Morton section see Fig 4.
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Table 3
Isotopic composition of carbon and oxygen in carbonates forming “cannon-ball” concre-
tions in the Kapp Morton section of the Carolinefjellet Formation.

, , , sc | 8%
Analysis | Sample Mineral phase Location
(%0 VPDB)
1 MO-3 | calcite (microspar) -20.1 -3.1
2 MO-3 | calcite (microspar) -21.3 -6.4
3 MO-5 | calcite (microspar) . -234 -4.9
- - Concretion body

4 MO-5 | calcite (microspar) -23.0 -6.5
5 MO-8 | calcite (microspar) -19.7 -5.3
6 MO-8 | calcite (microspar) -19.8 -5.3
7 MO-3 calcite (spar) -18.5 -6.4
8 MO-3 calcite (spar) -19.2 -6.0
9 MO-5 calcite (spar) -18.5 -6.4
10 MO-5 calcite (spar) Crack infilling —-18.8 -5.8
11 MO-3 | dolomite/ankerite -8.0 -16.9
12 MO-3 | dolomite/ankerite -10.8 -12.3
13 MO-3 siderite -5.7 -11.8
14 MO-3 calcite host rock -7.4 -16.6

of spherical parts of sediment prior to its noticeable compaction, i.e. at very shal-
low depths. The actual depth in sediment column at which the “cannon balls” have
commenced growth is difficult to estimate, but a few metres, at most, below the
water/sediment interface is likely. It seems obvious that the calcite cement grew in
the pore space of the sediment and eventually firmly cemented it. Preservation of
delicate cellular structure of plant fragments implies that no actual compaction af-
fected the organic debris before the concretion bodies were formed. The dominant
ball-like shapes of the concretions imply equal or nearly equal permeability of sed-
iment in vertical and horizontal directions, supporting very shallow formation.
Rapid change of structure and fabric at margins of the concretions, which become
more clastic and mechanically oriented, suggests that the growth of concretion
bodies terminated during incipient stages of compaction.

Pervasive growth of concretions involves simultaneous nucleation and precip-
itation of a patch of carbonate crystals to form a framework which is resistant to
compaction, though it retains much porosity at initial cementation stages (Raiswell
and Fisher 2000). Petrographic evidence demonstrates that initial stages of calcite
cementation coincided with the formation of framboidal pyrite in the Caro-
linefjellet sediment. This association is prominent throughout the Kapp Morton
section, suggesting the commencement of “cannon ball” formation under high
rates of iron sulphide precipitation in the sulphate reduction (SR) diagenetic zone.
The development of this zone close to the water/sediment interface is quite typical
for OC-rich marine sediments (Berner 1985). In the sediments studied, however,
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this zone was overlain by a surficial oxic/suboxic (OX/FeR) diagenetic zone, as it
is evidenced by common bioturbations preserved in the concretion bodies. The
non-ferroan composition of the microspar (up to 2 mol% FeCO;) is consistent with
the formation in the SR-zone, where iron is preferentially sequestered into iron
sulphides (Coleman and Raiswell 1993). Continuing calcite cementation in the
concretion bodies was associated with a change of dominant type of pyrite, from
framboidal to granular. This change suggests a decrease in saturation level with re-
spect to iron sulphides down the SR-zone as a result of decreased availability of
dissolved sulphate, reactive iron compounds and/or easily metabolizable organic
fractions (Raiswell 1982). Decelerated rates of sulphate reduction were associated
with a decrease in metal substitutions in pyrite, which is consistent with slowed
mineralization of organic matter down the sediment column.

The material analyzed in this study suggests that crack systems in “cannon
balls” developed relatively early during diagenesis of the Carolinefjellet Forma-
tion. Among many possible mechanisms of crack formation discussed in the litera-
ture (e.g., Astin 1986, Hesselbo and Palmer 1992, Hounslow 1997, Raiswell and
Fisher 2000, Pratt 2001), amplification of stress around stiff concretions in a more
plastic sediment (Sellés-Martinez 1996) seems to be a likely mechanism for the
concretions studied, as it preferentially occurs at shallow burial depths. Calcite
spar in the cracks occurs in paragenetic association with massive, blocky and
microgranular pyrite, suggesting the crack filling still in the SR-zone, though
deeper in the sediment column and at lower intensity of mineral precipitation. This
is supported by a higher content of iron in the calcite spar (up to 5 mol% FeCO5)
and by pyrite micromorphology. Complex sequences of calcite precipitation, py-
rite precipitation, and pyritization of concretion bodies associated with local disso-
Iution of formerly precipitated microspar witness compositional changes and
evolution of the concretion microenvironments during early diagenesis.

The calcite carbon is isotopically very light (mean —21%0 and —19%0 VPDB for
concretion bodies and crack infillings, respectively), documenting that oxidation
of organic matter was the major source of carbon dioxide for mineral precipitation
(Fig. 13). The paragenetic sequence of calcite shows an indistinct trend towards
slightly heavier carbon from the concretion body to crack infilling, which suggests
decreasing influence of sulphate reduction associated with progressive closure of
diagenetic environment down the sediment column.

If equilibrium model of calcite formation is assumed, the precipitation temper-
atures calculated from the obtained 6'80 values for the concretions fall in a range
between 10" and 50° C, using the fractionation equation of Friedman and O’Neil
(1977) for assumed 8'30 of pore fluids from —5%o to 0%0 SMOW (Fig. 14). Taking
into account a very shallow formation of the “cannon-ball” concretions, it is likely
that the pore fluids from which they precipitated had composition close to sea wa-
ter. Assuming equilibrium precipitation from pore fluids having composition of
non-glacial seawater (—1%0¢ SMOW), the mean &'30 values for microspar forming
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Fig. 13. Plot of 8"°C (%0 VPDB) versus 8O (%0 VPDB) of the carbonates in “canon-ball” concretions

and the host sediment in the Kapp Morton section. For source data see Table 3. Diagenetic trends in

the sulphate reduction zone (SR-zone), methanogenic zone (Me-zone), and decarboxylation zone
(D-zone) after Scotchman (1989).

concretion bodies (—5%o0 VPDB) and for spar filling cracks (—6%0 VPDB) corre-
spond to a precipitation temperature of 35°C and 40°C, respectively. These temper-
ature estimates are clearly too high when we consider sedimentary temperatures in
the Carolinefjellet Formation obtained from oxygen isotopic composition of bi-
valves (6.5-10.1 °C; Ditchfield and Staley in Harland 1997, p. 381) and a shallow
subsurface formation of the concretions. Similar anomaly is observed in many car-
bonate concretions originated in OC-rich mudrocks, with a number of possible ex-
planations for 30 depletion (Mozley and Burns 1993). The likely scenarios em-
brace: (i) mixing with meteoric water (Scotchman 1991); (ii) precipitation at an-
omalously high temperatures (Astin and Scotchman 1988); and (iii) local equilib-
rium precipitation at isolated sites in the sediment (Coleman and Raiswell 1995).
The former two scenarios are unlikely for the studied concretions. The latter one,
however, is consistent with common occurrence of organic remains in the concre-
tion centres that clearly defined local geochemical gradients in the sediment dur-
ing early stages of diagenesis as a result of enhanced degradation of organic mat-
ter. Local 80 depletion of carbonate ion might result from the incorporation of
180-depleted oxygen from sulphate and organic matter during bacterial sulphate
reduction (Coleman and Raiswell 1981, Sass et al. 1991).
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Fig. 14. Range of "0 (%0 VPDB) of calcite in “canon-ball” concretions in the Kapp Morton section

against precipitation temperature T (°C) of inorganic calcite, with the calculated isotopic composition

of diagenetic fluids from which it may have formed, assuming isotopic equilibrium. The water lines
were calculated using the fractionation equation of Friedman and O’Neil (1977).

Rudimentary pore space in “cannon-ball” concretions, both in the concretion
bodies and in crack systems, was cemented by carbonate minerals during later
stages of diagenesis. The carbonates have been X-ray identified to be dolomite/an-
kerite and siderite, though it is likely that late calcite cement revealed in the host
rock also precipitated within the concretions. The 8'3C values for these cements
(=11%o0 to —7%0 VPDB) indicate a mixed origin of carbonate carbon derived from
mineralization of organic matter and from dissolution of skeletal carbonates. They
also indicate that mineralization of organic matter occurred either by oxidation or
by thermal decomposition processes (Irwin et al. 1977). Since these carbonates
post-date the concretionary and crack-filling calcite formed in the SR-zone, ther-
mal processes of organic matter decomposition during burial, like decarboxy-
lation, are most likely source of isotopically light carbon (Krajewski et al. 2001).
This is consistent with strongly negative 630 values, typical for carbonates
formed in the decarboxylation (D) diagenetic zone and in catagenic environments
(Fig. 13). The apparent lack of methanogenic (Me) carbonates noted in “can-
non-ball” concretions seems to be a typical feature of diagenetic deposits in
OC-rich facies of the Adventdalen Group, suggesting early kerogenization of
organic matter throughout the sequence (Krajewski 2002, submitted).
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Fig. 15. Scheme showing stages of diagenetic formation of “cannon-ball” concretions in the Caroline-
fjellet Formation. OX-, FeR-, SR-, Me-, and D-zones are oxic, iron reduction (suboxic), sulphate reduc-
tion, methanogenic, and decarboxylation zones, respectively. For other explanations see the text.

Kaolinite is the last cement revealed in “cannon-ball” concretions, where it
forms vermicular aggregates in rudimentary pores in cracks. Similar kaolinite infill-
ings of rudimentary pores are known from other parts of the Adventdalen Group
(Krajewski 2000a, b, Krajewski et al. 2001). This suggests their common origin in
the Mesozoic sequence. It is likely that kaolinite precipitated as a result of diagenetic
processes that operated during post-Early Cretaceous uplift of Spitsbergen.

Conclusions

The Kapp Morton section in Van Mijenfjorden gives insight into development
of the “cannon-ball” concretions in the Carolinefjellet Formation in Spitsbergen.
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The results of a combined sedimentologic, petrographic and geochemical study
presented in this paper aid in elucidating their origin. They can be summarized by
listing the most important events related to the formation and diagenetic history of
the concretions. These events can confidently be placed in a relative time sequence
embracing early to late diagenesis of the Carolinefjellet Formation (Fig. 15).

(1) The concretion bodies commenced to form in subsurface environment in
OC-rich, fine-grained sediment column as a result of punctuated cementation of
uncompacted sediment by non-ferroan (up to 2 mol% FeCO;) calcite microspar.
This cementation occurred in the upper part of the SR-zone, where high rates of
hydrogen sulphide production led to formation of framboidal pyrite. Bacterial oxi-
dation of organic matter as a result of sulphate reduction provided most of carbon
dioxide necessary for concretionary calcite precipitation (8'3Cc,co3 & —21%0
VPDB). Perfect ball-like shapes of the “cannon balls” originated at this stage, re-
flecting pervasive cementation in permeable sediment at local sites of enhanced
decomposition of organic matter.

(2) (Semi)indurated concretion bodies cracked under continuous burial as a re-
sult of amplification of stress around concretions in a more plastic sediment. The
crack systems were combinations of septarian and spherical cracks, and they pro-
vided space for further precipitation of diagenetic minerals. The cracks were
formed early in the sediment column, still in the SR-zone.

(3) Continuing calcite cementation of the concretion bodies was associated
with precipitation of non-ferroan (up to 5 mol% FeCOs) calcite spar and blocky
pyrite in the crack systems. These minerals formed in deeper parts of the SR-zone
under decreasing rates of bacterial sulphate reduction associated with progressive
closure of diagenetic environment. Bacterial oxidation of organic matter was still
the major source of carbon dioxide for calcite precipitation (3'3Cc,coz & —19%0
VPDB). Precipitation of blocky pyrite was associated with local dissolution of
calcitic matrix and formation of pyritization zones composed of microgranular py-
rite. Compaction of hosting sediment led to mechanical deformations at margins of
the concretions, and terminated their growth. At this stage, the “cannon-ball”
concretions attained their final shape and texture.

(4) Subsequent stages of concretion evolution involved burial cementation of
rudimentary pore space with diagenetic carbonates (dolomite/ankerite, siderite,
calcite) under increased temperature (8'0c, mg recos ® —14%0 VPDB). Carbon di-
oxide for mineral precipitation was derived from thermal degradation of organic
matter and from dissolution of skeletal carbonates (8!*Cc, mg pecos ® —8%o0 VPDB).

(5) Kaolinite cement precipitated as the last diagenetic mineral in the “can-
non-ball” concretions, most probably during post-Early Cretaceous uplift of the
sequence.
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