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Diagenetic origin of carbonate in the Marh0gda Bed (Jurassic) 
in Spitsbergen, Svalbard 

ABSTRACT: The Marhegda Bed is a carbonate-dominated Uthostratigraphic unit occurring lo
cally at base of the Middle-Late Jurassic organic-rich sequence of the Agardhfjellet Formation 
in Spitsbergen, Svalbard. It has been interpreted to represent oolitic limestone facies deposited 
during an initial stage of Late Jurassic transgression. Petrographic, major element geochemical, 
and stable carbon and oxygen isotopic data presented in this paper indicate that this litho-
stratigraphic unit is not a depositional limestone, but a diagenetic cementstone band originated 
in organic-rich sediment containing glauconite pellets and phosphatic ooids and grains. Two ep
isodes of carbonate diagenesis, including early precipitation of siderite and burial precipitation 
of ankerite, have contributed to the development of this cementstone. Extensive siderite precipi
tation occurred at sedimentary temperatures in nearsurface suboxic environment in which mi
crobial reduction of ferric iron was the dominant diagenetic process. Precipitation of ankerite oc
curred at temperatures of about 80-100'C in burial diagenetic environment overwhelmed by 
thermal decarboxylation processes. Formation of ankerite was associated with advanced alter
ation of glauconite, dissolution of apatite, and precipitation of kaolinite. 

Key words : Svalbard, Spitsbergen, Jurassic, Marhegda Bed, early diagenesis, burial diage
nesis, carbonate minerals, palaeotemperatures. 

Introduction 

The Marh0gda Bed has been defined by Backstrom and Nagy (1985) to clas
sify carbonate band 30-150 cm thick occurring above the Brentskardhaugen Bed 
in the Middle-Late Jurassic transgressive sequence in central Spitsbergen. It has 
been interpreted to be an original limestone facies (oolitic microsparitic lime
stone), though showing advanced post-depositional alteration and replacement, 
mostly by Fe-rich carbonates. Occurrence of oolitic limestone at the transgressive 

mailto:kpkraj@twarda.pan.pl


90 Krzysztof P. Krajewski et al. 

transition from condensed clastic shelf facies with common phosphate mineraliza
tion (Brentskardhaugen Bed) to organic-rich fine-grained shelf facies (Agardh
fjellet Formation) seems, however, to be quite unusual, and it was questioned in 
several papers (Kopik and Wierzbowski 1988, Krajewski 1989,1992a, b; Dypvik 
et al. 1991a, b). Despite these publications, the Marhrgda Bed has been referred to 
as 'oolitic limestone' in the recently published Lithostratigraphic Lexicon of Sval
bard (Dallmann 1999), an official release of the Committee on the Stratigraphy of 
Svalbard (SKS) providing formal hthostratigraphic scheme of the Mesozoic sedi
mentary sequence in Svalbard. 

The aim of this paper is to demonstrate that the Marhogda Bed is not a 
depositional limestone facies. Petrographic, major element geochemical, and sta
ble carbon and oxygen isotopic data are presented to support entirely diagenetic or
igin of carbonate in this lithostratigraphic unit. 

Geological setting 

The Jurassic sedimentary sequence in Spitsbergen, Svalbard (Figs 1, 2) em
braces marginal to shallow marine clastic deposits (Wilhelmoya Subgroup embrac
ing the Knorringfjellet and Smalegga formations) which terminate in a highly con
densed phosphorite horizon (Brentskardhaugen Bed), and are overlain by organic-
rich shale facies of the Agardhfjellet Formation (Mork et al. 1999). The sequence de
veloped as a result of abandonment of Late Triassic deltaic systems (De Geerdalen 
Formation) and introduction of starved marine depositional regime in Early Jurassic 
Svalbard seaway; the latter expanded in Late Jurassic to form a broad shelf with or
ganic-rich fine-grained deposition (Mark et al. 1982, Steel and Worsley 1984, 
Dypvik et al. 1991a, b, Harland 1997). The Brentskardhaugen Bed represents a long 
depositional history (Toarcian-Bathonian), with several transgressive events inter
rupted by regressive episodes that led to alternative formation, reworking, and 
redeposition of nodular phosphorite (Birkenmajer 1972, Wierzbowski et al. 1981a, 
b, Backstrom and Nagy 1985; Maher 1989, Krajewski 1990,1992a, b). Equalization 
of depositional conditions began in Late Bathonian as a result of general drowning of 
the Svalbard shelf (Birkenmajer 1975, Birkenmajer and Pugaczewska 1975, Kopik 
and Wierzbowski 1988, Krajewski 1989, Dypvik et al. 1991a, b). Transition from 
the Brentskardhaugen Bed to the overlying shale sequence of the Agardhfjellet For
mation is gradational and associated with development of peculiar mineral deposits 
and sedimentary structures reflecting intermittent hiatal conditions during the onset 
of the Middle-Late Jurassic drowning (Pćelina 1980, Dypvik et al. 1991a, b; 
Krajewski 1992a, b). These deposits and structures embrace local accumulations of 
glauconite pellets, phosphatic and ferruginous ooids, as well as stromatolites, 
oncoids, and mats of agglutinated foraminifera (Fig. 3). They either form discontinu
ous pavements on phosphorite conglomerate of the Brentskardhaugen Bed or occur 
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Fig. 1. Sketch map of the Svalbard archipelago showing studied locations of the Marhegda Bed in 
Spitsbergen. 

concentrated in the basal part of the Agardhfjellet shale. The stromatolites and 
oncoids are subtidal biosedimentary structures that developed as a result of microbial 
phosphate authigenesis at the sea bottom, foraminiferal encrustation, and trapping 
and binding of various detrital sediment grains (Krajewski 1992a). The ooids show 
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Fig. 2. Lithostratigraphic scheme of Late Triassic-Jurassic sedimentary sequence in Spitsbergen 
showing location of the studied sections of the Marhegda Bed. Lithostratigraphic scheme after Meirk 
et al. (1999), simplified. 1 - deltaic facies; 2 -marginal to shallow marine starved clastic facies; 3 -
condensed conglomeratic phosphorite-bearing horizon; 4 - transitional deposits (glauconite pellets, 
phosphatic ooids and grains, stromatolites, and oncoids in sandy to muddy sediment, variably ce
mented and/or replaced by diagenetic carbonate); 5 - grey to black organic-rich shelf shale with re

current carbonate cementstone bands and concretions. 

several stages of cortex growth separated by discontinuity surfaces and/or accreted 
silty material, suggesting stages of their development within fine-grained sediment 
and frequent winnowing. 

Deposition of organic-rich facies of the Agardhfjellet Formation and diagene
tic and burial decomposition of organic matter contained in it aided the formation 
of recurrent bands and concretionary horizons of carbonate cementstone in the 
shale sequence ((Dypvik 1978,1985; Krajewski 1992a, Bausch et al 1998). They 
consist of a complex mixture of iron, magnesium, and calcium carbonates occur
ring at various proportions with clay minerals and detrital sediment fractions, 
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though siderite is commonly the dominant component. Similar cementstone bands 
and concretions also occur in organic-rich fine-grained intervals of the Knorring-
fjellet Formation. 

A cementstone band is locally present at base of the Agardhfjellet sequence, 
where it variably cements and replaces glauconitic-phosphatic deposits occurring 
above the Brentskardhaugen Bed (Fig. 3). This band is particularly well developed 
at the southern margin of Sassenfjorden where it has been classified into the 
Marh0gda Bed by Backstrom and Nagy (1985). It can also be seen in the Sassen-
dalen outcrop belt, in the Festningen section in Isfjorden and at Agardhbukta in 
eastern Spitsbergen. At the southern margin of Sassenfjorden (Deltaneset, Konus-
dalen, Marhogda, Wimanfjellet, Knorringfjellet, Botneheia), the band is pale grey 
to yellowish in colour and contains common carbonate- and kaohnite-replaced 
glauconite pellets and phosphatic ooids and grains, which makes that the rock 
might be mistaken for oolitic limestone deposit. The rock shows traces of sediment 
bioturbation and contains scattered chert pebbles as well as numerous carbon
ate-replaced belemnite rostra. No other macrofossils have been found in the 
Marhagda Bed, though carbonate cementstones occurring higher up in the se
quence yielded moulds of ammonites and bivalves (Kopik and Wierzbowski 
1988). The Marhogda Bed has a sharp lower boundary towards the underlying 
Brentskardhaugen Bed. Its upper boundary is gradational and consists in an up
ward decrease of the content of carbonate cement coupled with an increase of the 
content of clay minerals and fine detrital fractions (Fig. 3). The Bed is overlain by a 
sequence of grey bioturbated siltstone, sandy siltstone and shale of the Oppdalen 
Member (Krajewski 1989, Dypvik et al. 1991a, b; Miark et al. 1999). 

Diagenetic alteration of the transitional deposits above the Brentskardhaugen 
Bed is less pronounced in the Bellsund area, where phosphatic accumulations oc
curring at base of the Aghardfjellet Formation show mostly incipient stages of car
bonate replacement (Krajewski 1992a). In the Ingebrigtsenbukta section in Van 
Keulenfjorden, the Marhagda Bed consists of the lower part dominated by phos-
phatic/siliciclastic stromatolites and mats of agglutinated foraminifera directly 
covering the Brentskardhaugen phosphorite conglomerate, and the upper part 
composed of siltstone and fine-grained sandstone with common phosphatic ooids, 
nodules and clasts (Fig. 3). The content of sandy grains and phosphatic ooids de
creases upwards, and the Bed passes gradually into black, organic-rich siltstone 
and laminated shale with recurrent cementstone bands (informal Ingebrigtsen
bukta member of the Agardhfjellet Formation; Różycki 1959, Mork et al. 1999). 

In the Hornsund area, the transitional deposits are widely absent, and the 
Agardhfjellet shale directly overlies the Brentskardhaugen phosphorite conglom
erate (Birkenmajer 1975, Krajewski 1992b). In Sorkapp Land, transitional depos
its attributed to the Marhogda Bed occur locally in the Karentoppen area (Krajew
ski 1992b). They are represented by phosphatic and ferruginous oncoids and ooids 
cemented and replaced to a various extent by diagenetic carbonate. 



94 Krzysztof P. Krajewski et al. 

Sassenfjorden Van Keulenfjorden 
Marh0gda Wimanfjellet Ingebrigtsenbukta 
(tri) 

8 - 1 ^ _ , _ 

1 V 1 lź=*7±2 r= = -= 3 
O O O 

O O 
O O O 

9 15 (§, 16 

Fig. 3. Sections of the Brentskardhaugen and Marhogda beds at Marhegda, Wimanfjellet (Sassen
fjorden) and Ingebrigtsenbukta (Van Keulenfjorden) in Spitsbergen. M-l , M-2, W-l , W-2,1-1, and 
1-2 are samples analyzed for the carbon and oxygen isotopic composition of carbonate minerals. 
1 - medium- to coarse-grained sandstone and conglomerate; 2 - sandy shale and shaly sandstone; 
3 - grey shale, mudstone and siltstone; 4 - black shale, mudstone and siltstone; 5 - black sandy shale 
and mudstone; 6 - carbonate cementstone bands; 7 - clay-rich carbonate cementstone bands; 8 - con
cretionary carbonate cementstone; 9 - carbonate- and kaolinite-replaced pellets, ooids and grains; 
10 - phosphatic ooids (partly replaced by diagenetic carbonate); 11 - phosphate nodules and pebbles; 
12 - phosphatic stromatolite (partly replaced by diagenetic carbonate); 13 - quartz and chert pebbles; 
14 - wood fragments (commonly phosphatized); 15 - belemnite rostra (replaced by diagenetic car

bonate); 16 - fossiliferous horizons. 
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Materials and methods 

The present study is based on three sections of the Marhegda Bed, i.e. the 
Marh0gda and Wimanfjellet sections at the southern margin of Sassenfjorden, and 
the Ingebrigtsenbukta section at the southern margin of Van Keulenfjorden (Fig. 3). 
These locations provide an insight into advanced and incipient stages of diagenetic 
sediment alteration at base of the Agardhfjellet Formation, respectively. 

18 polished thin sections of the Marh0gda Bed were analyzed using standard 
petrographic methods, including transmitted (TLM) and reflected light micros
copy (RLM), back-scattered electron imaging (BSE) and energy-dispersive X-ray 
spectroscopy (EDS). BSE images were obtained using a CAMECA SX 100 
microprobe with back-scattered electron detector and a JEOL JSM-840A micro
scope, both operating at 15 kV acceleration voltage. Quantitative EDS analyses of 
carbonate minerals were obtained using a JEOL JSM-840A equipped with a LINK 
ANALYTICAL spectrometer AN 1000/85S. Operating conditions were a 15 kV 
acceleration voltage, 1 to 5 urn beam diameter, and 100 s counting time. Detection 
limits of the analyzed elements (Ca, Mg, Fe, and Mn) were better than 0.1 wt %. 
EDS data were recalculated as cation mole fractions to facilitate comparisons 
among samples. 

Mineralogie composition of six samples (M-l, M-2, W-l, W-2,1-1, and 1-2) 
was analyzed by means of X-ray diffraction. The detailed location of these samples 
is shown in Fig. 3. Carbonate-replaced pellets, ooids, and grains were hand picked 
from crushed samples in the Marhogda and Wimanfjellet sections and analyzed 
separately. Samples were ground to < 63 um fraction using an agate 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 h analysis time. DIFFRACTIONEL software v. 03/93 was used to process 
the obtained data. 

The same samples and size fraction were analyzed for the carbon and oxygen 
isotopic composition of carbonate minerals. Crushed rock fragments were hand 
picked under a binocular microscope to provide material with maximum content of 
carbonate minerals. C 0 2 for isotopic analyses was produced from samples by reac
tion with anhydrous phosphoric acid {d = 1.90 g cm - 3) at 25° C. In an attempt to dis
criminate between end members of carbonate mixtures, the samples were treated 
by a progressive leach procedure, with a time sequence of C 0 2 collecting. C 0 2 

from siderite-ankerite dominated samples (Marh0gda, Wimanfjellet) was col
lected after 20, 120, and 168 hours of reaction. C 0 2 collected after 20 and 120 h 
represents mostly ankerite, whereas the one collected after 168 h represents sider-
ite, though the reaction of siderite with phosphoric acid was not yet completed 
(about 30% of siderite was dissolved). Duplicated samples were treated for 4 h at 
100°C after 120 h treatment at 25°C. C 0 2 was collected after 124 h, with a portion 
of gas discarded after 120 h. Application of this procedure has led to complete dis-
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solution of siderite, though sample treatment with phosphoric acid at 100°C might 
affect decomposition of organic compounds, thus leading to contamination of si-
deritic C 0 2 with organic CO z. C 0 2 derived from ankerite-apatite dominated sam
ples (Ingebrigtsenbukta) was collected after 20, 48 and 96 hours of reaction at 
25°C. It represents a mixture of ankeritic C 0 2 and C 0 2 derived from lattice-bound 
C0 3

2 " in carbonate fluorapatite (CFA). The calculated content of C 0 2 in the CFA 
crystal lattice (using the obtained XRD data and the equations of Gulbrandsen 
1970 and Schuffert et al. 1990) is approx. 2.6%, suggesting that contribution of 
CFA-derived C 0 2 in the collected gas is negligible. Oxygen isotope fractionation 
factors a = 1.01169, a = 1.01098 and a = 1.00881 were used for siderite and anker
ite (25°C) and siderite (100°C), respectively (Becker and Clayton 1976, Rosen
baum and Sheppard 1986). 

Isotopic 1 3 C/ 1 2 C and 1 8 0 / 1 6 0 ratios were determined using a FDSfNIGAN MAT 
DELTA P L U S spectrometer working in dual inlet mode with universal triple collec
tor. The 8 values were calculated relative to isotopic ratios of the international stan
dard NBS 19. The results are expressed as 5 1 3C and 5 1 8 0 notations with respect to 
VPDB (Vienna Peedee Belemnite). Analytical reproducibility in laboratory was 
better than ± 0.05%c and ± 0.1%o for 8 1 3C and 8 1 8 0, respectively. 

Results 
Petrography 

Sassenfjorden.—The Marhagda Bed at the southern margin of Sassenfjorden 
consists of siderite-dominated matrix containing abundant carbonate/kaolinite-
replaced moulds of glauconite pellets and phosphatic ooids and grains (Figs 4A, 5), 
as well as various detrital sediment grains (mostly quartz and chert) and biogenic 
debris (diagenetically altered fragments of belemnite skeletons, fish tooth frag
ments, and arenaceous forams). XRD data show that the Bed is composed of sider
ite, ankerite, kaolinite, quartz, and glauconite-illite in order of abundance (Fig. 6). 
Concentrated pellets, ooids and grains show different order of mineral abundance, 
with ankerite being the dominant component (Fig. 7). Carbonate fluorapatite 
(CFA) becomes X-ray detected in the concentrated fraction. No X-ray detectable 
calcite has been revealed in the analyzed samples. There is also no evidence of the 
presence of chamosite, as it was postulated earlier by Dypvik et al. (1991a, b). 

The matrix is composed of a sideritic mosaic containing changing amounts of 
clay minerals (illite prevailing over kaolinite), fine quartz detritus, and CFA. Sider
ite occurs principally as microcrystalline rhombs ranging in size from 3 to 15 urn. 
Detailed mineral composition of the matrix changes on a microscale, reflecting 
changing intensity of diagenetic siderite formation (Fig. 8). At places, the matrix 
contains irregular seams (20-200 um) composed of clay minerals embedding fine 
CFA particles. The matrix closely embeds diagenetically altered pellets, ooids and 
grains, though the sideritic groundmass usually imprints their external surfaces 



Fig. 4. Petrographic development of the Marbagda Bed at the southern margins of Sassenfjorden (A) and 
Van Keulenfjorden (B). A. Early diagenetic microsparitic siderite (S) forming matrix of the Marhagda 
Bed at Marhagda contains common rounded objects replaced by late diagenetic ankerite crystals (Ak) and 
kaolinite-illite aggregates (KT). Rare remnants of the original sediment composition (not visible on the 
photo) suggest that the objects were glauconite pellets and phosphatic ooids and grains prior to their 
diagenetic alteration. B. Phosphatic ooids composed of laminated, submicroscopic CFA (PI) in silty/ 
sandy phosphatic nodule in the Marhagda Bed at Ingebrigtsenbukta. The ooids are commonly developed 
around quartz grains (Q) and contain lamina variably enriched in organic matter (O). They show incipient 
stages of replacement by diagenetic ankerite (Ak) and kaolinite (K). The nodular matrix consists of quartz 
grains (Q) cemented by submicroscopic CFA (P). It contains framboidal pyrite (Fp) and pyritized herba

ceous organic remains (Oh). A, B- TLM photomicrographs, normal light; scale bars = 100 um. 



Fig. 5. Diagenetic alteration of glauconite pellets and phosphatic ooids in the Martragda Bed at the 
southern margin of Sassenfjorden. A, B. Glauconite pellet occurring in sideritic matrix (5) shows ad
vanced alteration to kaolinite and illite. Remnants of the original glauconitic fabric (G) are yellowish 
to pale green, suggesting significant removal of iron from the mineral lattice. The replacement fabric 
consists of a mixture of kaolinite and illite (KT), and encapsulates vermicular aggregates of pure 
kaolinite (K). C, D. Mould after dissolution of phosphatic ooid in sideritic matrix shows complex in
filling by diagenetic minerals. Subhedral to anhedral ankerite crystals (Ak) grew from the external 
mould surface inwards forming bulk of the replacement structure. They are covered by irregular con
centric zone made up of kaolinite (K). The mould centre remains as void (V). A, C- TLM photomi

crographs, normal light; B,D- crossed nicols; scale bars = 100 um. 
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Fig. 6. Mineral composition of the Marhagda Bed at the southern margin of Sassenfjorden (I). X-ray 
diffraction pattern of sample W-l in the Wimanfjellet section. 
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Fig. 7. Mineral composition of the Marhagda Bed at the southern margin of Sassenfjorden (II). X-ray 
diffraction pattern of separated pellets, ooids and grains from sample W-l in the Wimanfjellet section. 
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Fig. 8. Compositional variations of matrix of the Marhrgda Bed at the southern margin of Sassenfjorden. 
EDS spectra and inferred mineral composition of matrix in sample M-2 in the Marhagda section. 

without advanced corrosion or diagenetic modification. In many cases, however, 
there were observed compact sideritic rims (5-20 um thick) around the grains 
showing uneven internal boundaries, which suggest partial penetration of siderite 
into the original mineral fabric of the grains before their diagenetic replacement. 

Pellets, ooids and grains (200 urn - 3 mm, rarely up to 10 mm in size) are vari
ably replaced by subhedral to anhedral ankerite crystals and clay aggregates domi
nated by kaolinite (Figs 4A, 5). Ankerite crystals (50-^400 um) grew from the ex
ternal pellet/ooid boundaries inwards or from scattered internal nucleation sites, 
consequently replacing the original mineral material. They are also noted to infill 
mouldic pores developed as a result of diagenetic dissolution of the grains. 
Kaolinite aggregates occur either in the form of irregular replacement zones in the 
grains or as concentric zones that fringe internal boundaries of the ankeritic fabric. 
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Fig. 9. Pyrite and organic matter in the Marhagda Bed at the southern margin of Van Keulenfjorden. 
A. Phosphatic silty sandstone consists of quartz grains (Q) cemented by submicroscopic CFA (P). 
The matrix contains abundant amorphous (Oa) and herbaceous organic matter (Oh), and framboidal 
(Fp) and microgranular pyrite (Gp). TLM photomicrograph, normal light; scale bar = 100 um. 
B. BSE image showing framboidal (Fp) and microgranular pyrite (Gp) in phosphatic matrix (P) con
taining silt-size quartz grains (Q). A part of phosphatic ooid visible in the photo is composed of lami

nated, ultramicrocrystalline CFA (PI). C. EDS spectrum of framboidal pyrite shown in B. 

Commonly observed replacement structure consists of an external pellet/ooid part 
composed of ankerite crystals, with the central part occupied by aggregates of clay 
minerals (kaolinite prevailing over illite) and ankerite. Rarely observed, incipient 
stages of the replacement embrace glauconite pellets and phosphatic ooids show-
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ing external rims of ankerite crystals with crystallographic faces oriented towards 
the pellet/ooid centres. Remnants of the original glauconite usually are pale green 
to yellowish in colour under TLM, suggesting its advanced alteration to illite. In 
glauconite pellets, diagenetic kaolinite usually occurs in the form of fine inter-
growths with poorly ordered illite. Only in a few cases well-preserved glauconite 
pellets and phosphatic ooids composed of ultramicrocrystalline, laminated CFA 
were noted. In some replaced ooids, there are detrital quartz grains in their centres, 
suggesting that they served as nuclei during the ooid formation. Small siderite 
rhombs (5-20 um) occur scattered in the replaced grains. They resemble very 
closely those ones forming the sideritic matrix. The nature of their boundaries sug
gests that they developed prior to ankerite formation, and were then incorporated 
into the growing ankeritic and/or kaolinitic fabric. Large ankerite crystals are usu
ally zoned, suggesting stages of their growth associated with varying chemical 
composition of fluids from which they precipitated. 

Belemnite rostra occurring in the Marhagda Bed are replaced by ankerite and 
show no detectable traces of the original calcite. The replacement structures are 
commonly zoned and composed of a sequence of cement generations, suggesting 
stages of skeletal calcite dissolution and precipitation of diagenetic carbonate in 
the mouldic pore space. 

Van Keulenfjorden. — The Marhagda Bed at the southern margin of Van 
Keulenfjorden consists of siltstone and silty sandstone containing common phos
phatic ooids, grains, and nodules (Fig. 4B). Detrital grains are mostly quartz 
(25-150 um), with a negligible admixture of feldspar, though quartz and chert peb
bles up to 30 mm in size occur scattered in the sediment. The matrix contains 
framboidal and microgranular pyrite as well as variably pyritized amorphous and 
herbaceous organic matter. Nodules and clasts (up to several centimetres in size) 
are composed of silty to sandy phosphatic matrix containing abundant phosphatic 
ooids. Framboidal and microgranular pyrite, as well as organic matter also occur in 
phosphatic nodular matrices (Fig. 9). XRD data show that the phosphate is repre
sented by a well-crystalline CFA (Fig. 10). 

Phosphatic ooids range in size from 300 um up to a few rnillimetres. The ooids 
are frequently developed around quartz grains, and made up of ultramicroscopic, 
laminated CFA (Fig. 4B). Lamination is accentuated by thin films enriched in or
ganic inclusions. Complexity of the cortex structure increases with the increasing 
ooid size. Large ooids usually show many generations of cortex growth separated 
by discontinuity surfaces and seams of accreted fine detrital material. There also 
occur clasts composed of a few phosphatic ooids cemented by phosphatic matrix, 
and showing abrasional external boundaries. Clasts of phosphatic siltstone and 
compact submicroscopic CFA, as well as glauconite pellets and fish debris occur 
as subordinate components. 

Phosphatic ooids and grains show various stages of diagenetic replacement by 
ankerite and kaolinite (Figs 11,12). The two diagenetic minerals are closely asso-
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Fig. 10. Mineral composition of the Marhegda Bed at the southern margin of Van Keulenfjorden. 
X-ray diffraction pattern of sample 1-2 in the Ingebrigtsenbukta section. 

ciated, commonly forming a mixed carbonate-kaolinite fabric that contains rem
nants of the original laminated CFA. However, there are noted ooids and grains, in 
which either ankerite or kaolinite dominates the replacement structure. Replace
ment structures in ooids occurring in the silty matrix are similar to the ones ob
served in the Marh0gda Bed at Sassenfjorden. Ooids occurring in silty to sandy 
phosphatic nodules show mostly incipient replacement structures. 

There are two different morphologic types of ankerite in the analyzed material: 
(1) anhedral to subhedral crystals (30-400 um) forming compact to sieve replace
ment structures or occurring scattered in ooid cortexes (Fig. 11 A); and (2) sub
hedral to acicular crystals (5-100 um) forming concentric replacement zones and 
intergrowths with kaolinite aggregates in ooid cortexes (Fig. 11B). The type (1) 
crystals show indistinct zonation under TLM and in BSE images. Paragenetic rela
tionship between the ankerite types is difficult to reveal because they are seldom 
observed to occur as intergrowing fabric. Rare examples suggest that type (1) is> 
slightly earlier than type (2). 

Major element geochemistry 
The results of microprobe compositional analyses of carbonate minerals in the 

Marhogda Bed are listed in Tables 1-5. 
The matrix-forming siderite of the Marhogda Bed at Sassenfjorden is enriched 

in Ca and Mg, and has very low Mn content (up to 0.6 mol %). The siderite shows 
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T a b l e 1 
Chemical composition of siderite in the Marhagda Bed at the southern margin of 

Sassenfjorden 

Sassenfiorden - chemicE il composition of s derite 

Location Analysis CaCO, MeCO, FeCO, MnCO, Location mol % 
Marhagda 1 14.88 13.14 71.98 — 

2 14.20 12.36 73.44 -
3 10.13 12.97 76.76 0.13 
4 14.40 12.99 72.61 _ 
5 5.54 15.24 78.98 0.25 
6 8.11 14.85 77.05 _ 
7 15.45 14.82 69.72 _ oo 17.28 10.44 72.27 _ 
9 14.11 12.10 73.79 -

10 7.78 15.44 76.78 _ 
Wimanfjellet 11 12.75 12.72 74.35 0.18 ! 

12 13.79 13.63 72.01 0.57 
13 13.70 18.08 68.22 _ 
14 14.08 12.04 73.89 -15 7.09 11.52 81.19 0.20 
16 9.09 14.37 76.21 0.33 
17 7.41 22.66 69.71 0.22 

O
O

 14.96 14.21 70.83 _ 
19 4.41 23.42 72.11 0.06 
20 13.18 11.75 75.07 -

T a b l e 2 
Chemical composition of ankerite in the Marhegda Bed at the southern margin of 

Sassenfjorden 

Sasser fjorden - chemica 1 composition of ankerite 

Location Analysis CaCO, MeCO, FeCO> MnCO, Location mol % 
Marh0gda 1 59.32 28.04 12.47 0.17 

2 58.65 27.90 13.35 0.10 
3 59.78 26.04 14.18 -4 59.15 28.10 12.68 0.07 
5 59.40 28.08 12.40 0.13 
6 58.83 27.18 13.84 0.16 
7 58.48 28.95 12.49 0.08 
8 59.15 28.28 12.47 0.10 
9 59.65 27.43 12.91 -10 59.34 28.48 12.12 0.06 

Wimanfjellet 11 59.26 24.76 15.98 
12 58.55 29.84 11.46 0.15 
13 58.88 26.96 13.88 0.28 
14 58.98 28.51 12.48 0.03 
15 60.09 24.81 14.85 0.25 
16 59.02 29.30 11.68 -17 59.37 27.82 12.79 0.02 
18 59.04 29.86 11.10 -19 58.32 30.19 11.42 0.07 
20 58.72 27.74 13.54 -
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Fig. 11. Morphologic types of ankerite replacing phosphate ooids in the Marhagda Bed at the south
ern margin of Van Keulenfjorden. A. Subhedral ankerite crystals (Ak) forming irregular replacement 
zone in ooid composed of laminated, ultramicrocrystalhne CFA (PI). B. Concentric replacement 
zones composed of acicular to subhedral ankerite (Ak) separated by a zone composed of diagenetic 
kaolinite (K) in ooid composed of laminated, ultramicrocrystalline CFA (PI). The ooids occur in 
phosphatic silty sandstone composed of quartz grains (Q) cemented by ultramicrocrystalline CFA 
(P). Herbaceous organic matter (Oh) occurs in the matrix. A, B - TLM photomicrographs, normal 

light; scale bars = 100 um. 
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Fig. 12. Diagenetic kaolinite replacing phosphatic grain in the Marhagda Bed at the southern margin 
of Van Keulenfjorden. A. BSE image showing kaolinite replacement structure encapsulating rem
nants of the original CFA. The grain occurs in phosphatic silty sandstone composed of quartz grains 
(Q) cemented by vdtrarmcrwiystaliine CFA (P), and containing framboidal pyrite (Fp). B, C. EDS 

spectra of CFA (B) and kaolinite (C) in the replaced grain. 

pronounced variations in Mg and Ca contents (10.5-22.5 and 5.5-15.5 mol %, re
spectively; Fig. 13). Compositional changes are noted in samples from both the 
Marhagda and Wimanfjellet sections, though without any general difference 
between the two locations. Mean composition of siderite in these sections is 
Fe 0 7 5 Mg 0 1 3 Cao 1 2 C 0 3 and Fe 0 7 4 Mg 0 ^Ca,, U C 0 3 , respectively. 

Ankerite in the Marhagda Bed at Sassenfjorden is a Fe-depleted (12-14 mol % 
FeC03), Mn-poor (up to 0.3 mol % MnC03) variety of ankerite (Figs 13,14). Its mean 
composition in the Marhagda and Wimanfjellet sections is Caj ^Mgo^gFeo^CO^. 
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FeCOa 

Fig. 13. Ternary diagram illustrating chemical composition of carbonate minerals in the Mariragda 
Bed. Relative mol percentages of FeCO„ CaCO,, and MgCO, recalculated for MnCO, = 0 %. 

Data from Tables 1-3 

BSE images show that most of the ankerite is zoned, often on a scale of a single 
crystal (Fig. 15A, B). Detailed microprobe analysis indicates that the zonation re
flects insignificant variation of iron, magnesium, and calcium contents in the min
eral lattice (Fig. 15C). Manganese is virtually absent in cores of zoned ankerite 
crystals (zone Ak-1). It becomes detected in the first crystal ring encapsulating the 
core (zone Ak-2), with consequent increase of its contribution towards crystal mar
gins (zones Ak-3 and Ak-4). 

Ankerite in the Marhogda Bed at Van Keulenfjorden shows two distinct chem
ical compositions (Figs 13,14): (1) Fe-rich variety containing 20-26 mol % FeC0 3 

and 0.3-1 mol % MnC0 3, and (2) Fe-depleted, Mn-enriched variety containing 
13-15 mol % FeC0 3 and 2-3.5 mol % MhC0 3 . Their mean composition is 
Ca106Mg046Fe047Mn001(CO3)2 and Ca, 1 4 Mg 0 5 3 Fe 0 2 8 Mn 0 0 5 (CO 3 ) 2 , respectively. 
Fe-rich variety definitely prevails in the studied material. It has been noted in the 
two discerned morphologic types of ankerite, though it clearly dominates composi
tion of large ankerite crystals (morphologic type 1). The two chemical varieties are 
approximately equally represented in smaller crystals forming concentric replace
ment zones, as well as in minute crystals occurring in kaolinite mosaics (morpho
logic type 2). Detailed microprobe analysis indicates that chemical composition of 
many ankerite crystals and aggregates changes on a microscale (Figs 16, 17). 
Cores of large ankerite crystals show predominantly Fe-rich, Mn-depleted compo-
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Table 3 
Chemical composition of ankerite in the Marh0gda Bed at the southern margin of Van 

Keulenfjorden 

Van Keulenfjorden - chemical composition of ankerite (1) 

! Location Analysis CaCO, MBCO, FeCO, MnCO, ! Location 
mol% 

Ingebrigtsenbukta 1 52.52 23.32 23.55 0.61 
2 52.16 23.13 24.32 0.39 
3 52.08 23.12 24.40 0.40 
4 51.46 22.47 25.66 0.41 
5 54.43 22.52 22.11 0.94 
6 52.50 23.57 23.38 0.55 
7 51.60 24.80 23.27 0.33 

00
 53.16 24.12 22.26 0.46 

9 50.80 24.14 24.24 0.82 
10 51.95 23.70 23.94 0.41 
11 51.47 22.97 24.91 0.65 
12 51.28 24.02 24.13 0.57 
13 53.59 20.75 25.30 0.36 
14 52.45 21.73 25.49 0.32 
15 51.67 22.62 25.16 0.55 
16 52.29 23.62 23.67 0.42 
17 55.48 21.02 22.91 0.59 
18 54.95 24.05 20.75 0.25 
19 56.16 23.20 20.23 0.41 
20 55.71 23.12 20.70 0.47 

Van Keulenfjorden - chemical composition of ankerite (2) 

Location 
Analysis CaCO, MeCO, FeCO, MnCO, Location mol% 

Ingebrigtsenbukta 1 56.75 27.17 13.68 2.41 
2 56.99 26.44 13.83 2.74 
3 57.42 26.70 14.09 1.79 
4 56.83 26.40 13.80 2.97 
5 56.85 27.01 13.91 2.23 
6 57.11 25.98 14.17 2.74 
7 56.41 25.54 14.63 3.42 
8 57.82 25.43 14.39 2.36 
9 57.24 26.23 14.66 1.87 

10 55.57 27.08 14.91 2.44 

sition (zone Ak-1), whereas their thin external zone is usually composed of 
Fe-depleted, Mn-enriched chemical variety (zone Ak-2). Compositional changes 
at the boundary between the zones are abrupt, associated with an increase of 
MnC0 3 of about 2 mol % and a decrease of FeC0 3 content of about 10 mol %. 
Zonation of small ankerite crystals is usually hardly visible under TLM and in BSE 
images, though their chemical composition is also variable. Their cores are usually 
Fe-rich and Mn-depleted, with increasing content of Mn and decreasing content of 
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T a b l e 4 

Compositional changes in ankerite crystal in the Marhegda B e d at Wimanfjellet 
(Sassenfjorden). Ak-1 , Ak-2 , Ak-3 , and Ak-4 are crystal zones shown in Fig. 15 

Sassenfiorc len - compositional changes in ankerite crvstale 

Crystal zone 
Analysis CaCO, MeCO, FeCO, MnCO, 

Crystal zone mol% 
Ak-1 1 

2 
59.42 
59.48 

27.36 
27.52 

13.22 
13.00 

-
Ak-2 3 

4 
59.23 
58.76 

28.62 
28.85 

12.09 
12.20 

0.06 
0.18 

Ak-3 5 58.71 27.01 14.03 0.26 
Ak-4 6 

7 
59.52 
58.50 

27.66 
28.43 

12.48 
12.72 

0.34 
0.35 

T a b l e 5 

Compositional changes in ankerite crystals in the Marhagda Bed at Ingebrigtsenbukta 
(Van Keulenfjorden). Ak-1, and Ak-2 are crystal zones shown in Figs 16 and 17 

Van Keulenfiorden - conroositional changes in ank erite crystals 

Crystal zone Analysis CaCO, MeCO, FeCO, MnCO, 
Crystal zone mol% 
Profile 1 
Ak-2 1 56.27 26.06 15.66 2.01 

2 57.36 25.50 15.68 1.46 
Ak-1 3 54.39 26.36 18.26 0.99 

4 53.64 21.30 24.46 0.60 
5 52.92 22.50 24.16 0.42 
6 51.26 23.23 24.94 0.42 
7 51.83 22.69 24.81 0.67 
8 53.02 22.37 24.14 0.47 
9 54.38 21.45 23.80 0.37 i 

10 52.30 21.89 25.16 0.65 
11 53.56 25.13 20.57 0.74 

Ak-2 12 55.43 27.19 14.88 2.50 
Profile 2 
Ak-1 1 52.67 28.48 18.10 0.75 

2 51.47 23.33 24.61 0.59 
3 51.97 21.69 25.47 0.87 
4 51.81 23.30 24.64 0.25 
5 51.71 23.08 24.70 0.51 
6 53.27 28.47 17.25 1.01 

Ak-2 7 57.13 26.46 14.43 1.98 1 

8 57.01 26.18 14.52 2.29 
Profile 3 
hardly discerned 1 54.87 28.07 14.72 2.34 

2 51.56 31.97 15.06 1.41 
3 54.26 26.39 17.79 1.56 
4 52.12 27.01 20.09 0.78 
5 56.01 27.06 16.00 0.93 
6 55.35 26.47 16.14 2.04 
7 56.87 26.47 13.56 3.10 
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Fig. 14. A. Mol % FeCOj versus mol % CaCO, content in ankerite in the Marhagda Bed. B. Mol % 
FeCO, versus mol % MnCO, content in ankerite in the Marhagda Bed. Data from Tables 1-3 

Fe towards crystal margins. This suggests that Fe-rich ankerite was precipitated 
earlier that the Fe-depleted one, and is consistent with petrographic observations. 

Carbon and oxygen isotopes 
The obtained 8 1 3C and 8 1 8 0 values for carbonate minerals present in the 

Marhogda Bed are listed in Table 6. 
Siderite in the Marhagda Bed at Sassenfjorden has 5 1 3C values between -9.0 

and -5.7 %o, without any clear difference between the Marhagda and Wimanfjellet 
sections (Fig. 18). Ankerite at Sassenfjorden falls in the middle of the sideritic 



Diagenetic origin of carbonate in the Martuagda Bed 109 

Table 6 
Carbon and oxygen isotopic composition of carbonate minerals in the Marhagda Bed 

Mjrhggda Bed - isotopic composition of carbonate minerals 

Sample 
20h 48h 1 96h 1 120h 1 168h 120h (25'C) 

4h (100'C) Sample (25'C) 
120h (25'C) 
4h (100'C) Sample 

%.VPPB I 
Marhagda M-l 8 I 3 C 

5 , 8 0 
-7.08 
-8.90 

-7.49 
-4.18 

-8.40 
-3.01 

Marhagda M-2 8 1 3C 
8 1 8 0 

-6.92 
-8.88 

-6.72 
-8.60 

-6.31 
-3.59 

-7.68 
-2.50 

WimanfjeUetW-1 8 1 3C 
8 1 8 0 

-7.54 
-4.34 

-7.29 
-2.32 

-8.97 
-1.42 

WimanfjeUetW-2 S 1 3C 
8 1 8 0 

-7.18 
-8.20 

-6.63 
-7.41 

-5.66 
-3.11 

-7.30 
-1.87 

Ingebrigtsenbukta 1-1 8 1 3C 
8 1 8 0 

-7.96 
-11.41 

Ingebrigtsenbukta 1-2 8 1 3C 
8 1 8 0 

-7.62 
-11.46 

-7.86 
-10.49 

range (-7.5 to -6.6 %o). Ankerite at Van Keulenfjorden has slightly more negative 
values between -7.9 and -7.6 %o. 

Siderite and ankerite show a pronounced difference in the oxygen isotopic 
composition (Fig. 19). Siderite at Sassenfjorden has 5 1 8 0 values between -4.2 and 
-1.4 %o VPDB, whereas the co-existing ankerite is noticeably depleted in 1 8 0 (-8.9 
to -7.4 % 0). Only one sample in the Wimanfjellet section (W-l) gave anomalously 
high ankeritic value of -4.3 %o. Ankerite at Van Keulenfjorden is even more de
pleted in 1 8 0 , with 5 1 8 0 ranging from -11.5 to -10.5 %o. 

Discussion 

Pertographic, geochemical, and stable carbon and oxygen isotopic data indi
cate that the carbonates in the Marhogda Bed do not represent depositional lime
stone facies, but diagenetic mineral suite that originated at base of organic-rich 
sediment column of the Agardhfjellet Formation. Siderite and, to a lesser extent, 
ankerite are the most volumetrically important diagenetic carbonate minerals in 
this lithostratigraphic unit. The abundance of Fe-rich carbonates is typical of the 
Agardhfjellet Formation (Dypvik 1978, Krajewski 1992a, Bausch et al. 1998, 
Mork et al. 1999), and probably results from an abundance of reactive iron in or
ganic-rich facies in Late Jurassic sedimentary basin in Svalbard. 

The recognition and characterization of diagenetic mineral sequence allows for 
reconstruction of post-depositional history of the Marhogda Bed. Two episodes of 
carbonate diagenesis, including early siderite precipitation and burial formation of 
ankerite, seem to have contributed to the development of this cementstone band. 



Fig. 15. 
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Fig. IS (continued).Compositional changes in ankerite crystals in the Marhagda Bed at the southern 
margin of Sassenfjorden. A. BSE image of replaced glauconite pellets and phosphatic ooids in sider-
itic matrix (5) of the Marhagda Bed in the Wimanfjellet section. The replacement structures consist 
of large, zoned ankerite crystals (Ak) and kaolinite-illite mosaics (KT). Quartz grains ( 0 occur both 
in the matrix and in replaced grains. B. Zoned ankerite crystals in replaced glauconite pellet com
posed of kaolinite-illite mosaic (KT) encapsulating vermicular aggregates of pure kaolinite (K). The 
matrix consists of minute, interlocking siderite crystals (5), and similar siderite crystals occur scat
tered in the replacement structure. Ak-1 to Ak-4 are crystal zones developed during consequent stages 
of ankerite precipitation. 7 to 7 are analytical points along EDS quantitative compositional profile 
shown in C. A, B: scale bars = 100 um. C. Compositional changes in zoned ankerite crystal along EDS 

profile shown in B. Data from Table 4. 

Timing of carbonate precipitation 
Determination of the relative timing of carbonate precipitation in the Mar

hagda Bed is important in the interpretation of its diagenetic origin. Possible lines 
of evidence embrace reconstruction of the precipitation sequence from petro-
graphic observations and geochemical analysis, as well as from the carbon and ox
ygen isotopic record. 

Constraints from mineral sequence. — Petrographic examination of the 
Marhagda Bed in its type locality at the southern margin of Sassenfjorden revealed 
no evidence for replacement of a depositional limestone precursor. The ma
trix-forming siderite appears to have formed entirely through direct precipitation 
in intergranular pores of originally fine-grained, porous sediment composed of 
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Fig. 16. Compositional changes in ankerite crystals in the Marhagda Bed at the southern margin of 
Van Keulenfjorden (I). A. BSE image of large subhedral to anhedral ankerite crystals (Ak) and 
kaolinite mosaic (K) replacing phosphatic ooid composed of laminated, ultramicrocrystalline CFA 
(PI). The ooid occurs in phosphatic silty sandstone composed of quartz grains (Q) cemented by 
ultramicrocrystalline CFA (P), and containing framboidal (Fp) and microgranular pyrite (Gp). B. 
Ankerite crystal containing small kaolinite inclusion in its centre (Ki) consists of a thick core (Ak-1) 
rimmed by thin external crystal zone (Ak-2). 1 to 12 are analytical points along EDS quantitative 
compositional profile shown in C. C. Compositional changes in zoned ankerite crystal along EDS 

profile shown in B. Data from Table 5. 
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clay minerals and fine clastic and phosphatic particles. This sediment contained 
abundant glauconite pellets and phosphatic ooids and grains that were concen
trated above the Brentskardhaugen Bed under intermittent hiatal conditions during 
the initial stage of the Agardhfjellet shale deposition. 

Typical diagenetic sequence in organic-rich marine sediment column is de
fined by dominant microbiological processes involved in organic matter decompo
sition (Berner 1981, Maynard 1982, Curtis 1987, Canfield 1994). It includes 
surficial oxic zone (OX-zone) underlain by suboxic zone (the latter is commonly 
defined by microbial reduction of iron, and referred to as iron reduction zone or 
FeR-zone), anoxic sulphidic or sulphate reduction zone (SR-zone), and zone of mi
crobial methanogenesis (Me-zone). Deeper diagenetic environments are defined 
by abiotic reactions, including thermally-induced decarboxylation (D-zone). For
mation of siderite requires supply, at a sufficient rate, of Fe 2 + ions to the pore water 
due mostly to reductive dissolution of ferric iron compounds. Since Fe 2 + ions in the 
SR-zone are preferentially precipitated as iron sulphides and pyrite (Coleman 
1985, Gautier 1985), extensive siderite formation may occur either in shallower 
(FeR-zone) or deeper (Me- and D-zones) diagenetic environments (Maynard 1982, 
Curtis and Coleman 1986). 

Early diagenetic nature of siderite in the Marhogda Bed points to the FeR-zone 
as a principal environment of the mineral formation. Extremely rare early diage
netic pyrite noted in the Marhogda Bed at Sassenfjorden suggests that nearly all 
easily metabolizable iron was exhausted before anoxic sulphidic conditions be
came dominant in the sediment. The sideritic matrix in the Marhogda Bed shows 
striking petrographic similarities to other early diagenetic sideritic cementstones 
originated in the FeR-zone zone of organic-rich sediments (Mozley and Carothers 
1992, Huggett et al. 2000). The impure, Mg- and Ca-enriched nature of the siderite 
is typical for early diagenetic siderites from marine depositional environments and 
probably reflects low Fe 2 +/Mg 2 + and Fe 2 +/Ca 2 + ratios of early marine pore waters 
(Curtis and Coleman 1986, Mozley 1989a, b). The low Mn content is also typical 
for early diagenetic siderites (Mozley and Carothers 1992). The amount of Mg and 
Ca is variable, and probably influenced by the concentrations of Fe 2 + , Mg 2 + , and 
Ca 2 + in the pore waters from which it precipitated (Matsumoto and Iijima 1981). 

The apparent lack of early siderite formation in oolitic siltstone of the Mar
hogda Bed at Van Keulenfjorden was coupled with common precipitation of early 
pyrite accompanied by pyritization of organic matter. This suggests that dissimila-
tory sulphate reduction in the SR-zone became a dominant early diagenetic process 
of organic matter decomposition in the area. It also suggests that microbial reduc
tion of iron in the FeR-zone was inefficient or too short lasting to produce suffi
cient concentration of Fe 2 + ions for extensive siderite precipitation. 

Petrographic observations indicate that ankerite post-dated early siderite forma
tion in the Marhogda Bed at Sassenfjorden. Zoned nature of anhedral to subhedral 
ankerite crystals replacing the original glauconite/phosphate grains suggests their 
late diagenetic development under burial conditions in the Agardhfjellet Formation. 
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Fig. 17. Compositional changes in ankerite crystals in the Marhagda Bed at the southern margin of 
Van Keulenfjorden (II). A. BSE image of ankerite crystals and kaolinite mosaic (it) replacing phos
phatic ooid composed of laminated, ultramicrocrystalUne CFA (PI). The ooid occurs in phosphatic 
silty sandstone composed of quartz grains (Q) cemented by ultramicrocrystalline CFA (P), and con
taining microgranular pyrite (Gp). Large ankerite crystal in the centre contains irregular remnants of 
the original phosphatic fabric (P), and consists of a thick core (Ak-1) rimmed by thin external crystal 
zone (Ak-2). Small ankerite crystal to the left hardly shows any zonation. 1 to 8 and i to 7 are analyti

cal points along EDS quantitative compositional profiles shown in B and C, respectively. 

Ankerite in the Marhagda Bed at Van Keulenfjorden is also preferentially developed 
in phosphatic ooids and grains, suggesting similar diagenetic origin. 

Calcium, magnesium and iron for ankerite precipitation are likely to have been 
derived from mineral transformations and dissolution during burial of the Agardh-
fjellet Formation. Ankerite-replaced skeletal remains witness dissolution of bio
genic calcite. Iron and magnesium are likely to have been derived from transforma
tions of glauconite and other clay minerals as well as from reductive dissolution of 
ferric iron compounds that escaped microbial reduction in surficial diagenetic 
zones. Ankerite in the Marhagda Bed at Sassenfjorden is Fe-depleted, suggesting 
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Fig. 17. (continued) B, C. Compositional changes in ankerite crystals along EDS profiles shown in A. 
Data from Table 5. 

that Fe 2 + release to the pore fluids was hmited by the availability of kon-containing 
mineral phases that transformed during burial diagenesis. This is consistent with 
the abundance of early siderite that fixed easily reducible iron in the sequence, and 
with late diagenetic alteration of glauconite. Mn 2 + cations appeared in the pore flu
ids during the ankerite formation, and became noticeable component during later 
stages of mineral precipitation, suggesting an increased release of manganese dur
ing burial of the Agardhfjellet Formation in central Spitsbergen. 

Fe-rich ankerite represents the first and dominant burial carbonate phase in the 
Marhagda Bed at Van Keulenfjorden, suggesting its precipitation under conditions 
of accelerated liberation of Fe 2 + cations to the pore fluids of the Agardhfjellet For-
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Fig. 18. Carbon isotopic composition of carbonate minerals in the Marhagda Bed. Data from Table 6. 

mation in the Bellsund area. Subsequent ankerite is Fe-depleted and Mn-enriched, 
suggesting mineral precipitation during enhanced liberation of Mn 2 + cations after 
the major iron source became partly exhausted. 

Constraints from 813C. — Marine carbonate rocks normally have 813C com
positions of about 0±3%o (VPDB), as do cements derived by dissolution of 
pre-existing depositional carbonates (Longstaffe 1983, Lundegard and Land 1986). 
The 813C values of carbonate minerals in the Marhogda Bed (-9 to -6 %o) are con
siderably lower, suggesting that they did not originate from recrystallization of a 
depositional lime sediment, but represent diagenetic mineral phases precipitated 
from fluids in which biogenic carbon dioxide was an important component. 

Carbonate cements and concretions in marine organic-rich rocks have 8 1 3C com
positions in a broad range from approx. -30 up to +30 %o (Mozley and Burns 1993, 
Scotchman 1989, Thornburg and Suess 1990), reflecting their formation at different 
diagenetic zones in sediment columns under consequent steps of organic matter de
composition and production of biogenic carbon dioxide (Claypool and Kaplan 1974, 
Irwin et al. 1977, Coleman 1985). Processes that control isotopic composition of car
bonate carbon in these diagenetic environments include: (1) carbonate derived from 
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Fig. 19. Oxygen isotopic composition of carbonate minerals in the Marhagda Bed. Data from Table 6. 

oxidation of marine organic matter in the OX-, FeR- and SR- diagenetic zones 
(51 3C w -25 %o); (2) dissolved carbonate in marine pore waters (81 3C ~ 0 ± 3 %o); (3) 
carbonate derived from dissolution of marine skeletal carbonates (61 3C ~ 0 ± 3 %o); 
(4) carbonate derived from microbial methanogenesis in the Me-zone (51 3C strongly 
variable, but up to approx. +20%o); (5) carbonate originated as a result of oxidation of 
diffused methane at oxidation fronts in the OX-zone or in the SR-zone (61 3C strongly 
negative, down to approx. -80%o); and (6) carbonate derived from thermally induced 
decarboxylation processes in the D-zone (51 3C ~ -20%o). 

The 8 1 3C values of carbonate minerals in the Marhogda Bed suggest that car
bon was supplied in nearly equal amounts from mineral carbonate and organic car
bon compounds for both the early (siderite) and late (ankerite) precipitates. This is 
consistent with the respective formation of these carbonates in the FeR- and 
D-zones, accompanied by a progressive dissolution of easily (aragonite) and less 
soluble (calcite) biogenic carbonate particles (Fig. 20). The apparent lack of car
bonates precipitated in the Me-zone may suggest early kerogenization of organic 
fractions that escaped degradation during early stages of sediment diagenesis. Al
ternatively, it may suggest methanogenesis utilizing carbon dioxide reduction 
pathway, which is typical of marine sediment columns, and associated with C 0 2 

removal from pore waters (Whiticar et al. 1986, Whiticar 1999). 

Constraints from 8 mO . — The oxygen isotope composition of carbonate min
erals can be used to calculate their precipitation temperatures if the composition of 
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Fig. 20. Plot of 8"C (%o VPDB) versus 8"0 (%o VPDB) of the Marhijgda carbonates. Diagenetic 
trends of carbonates formed in the iron reduction - sulphate reduction zones (FeR & SR—zones), 

methanogenic zone (Me-zone), and decarboxylation zone (D-zone) after Scotchman (1989). 

precipitating water is known or assumed, and equilibrium relationships controlling 
8"0 are assumed (Fritz 1976). The outcome of these calculations ultimately de
pends upon the fractionation equation used. 

To our knowledge there are no studies attempting to reconstruct oxygen isoto
pic composition of Jurassic seawater in Svalbard, neither there are studies dealing 
with evolution of Jurassic formation waters in the area. Our attempt to estimate 
precipitation temperatures of diagenetic carbonate minerals in the Marhogda Bed 
employs a range of possible 8 1 8 0 compositions of coeval seawater (-5 to 0 %o 
SMOW), and assumes stagnant burial regime without important 8 1 8 0 changes of 
the pore waters. 

Early diagenetic, Mg- and Ca-enriched siderite in the Marhogda Bed at 
Sassenfjorden has oxygen isotopic composition in a narrow range, suggesting its 
formation as a result of single episode of mineral precipitation. Precipitation tem
peratures calculated using the equation for microbial Mg/Ca siderite (Mortimer 
and Coleman 1997) and the range of compositions of seawater are between 4 and 
28°C (Fig. 21), i.e. within the limits of sedimentary temperatures. This agrees with 
petrographic observations suggesting early siderite precipitation in nearsurface 
FeR-zone of organic-rich sediment Assuming that isotopic composition of Jurassic 
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Fig. 21. Range bf 8"0 values (%o VPDB) of the Marhagda siderite against precipitation temperature 
T ('C) of microbial siderite, with the calculated isotopic composition of early diagenetic fluids from 
which it mdy have formed, assuming isotopic equilibrium. The water lines were calculated using the 

fractionation equation of Mortimer and Coleman (1997) for microbial Mg/Ca siderite. 

seawater in Svalbard was close to average non-glacial seawater (-1 %o SMOW), the 
calculated temperatures fall between 15 and 25°C. The lower limit of this tempera
ture range corresponds to postulated ambient sea water temperatures during depo
sition of the Agardhfjellet Formation (P. Ditchfield in Harland 1997, p. 381). It is 
also close to the calculated temperatures from the Middle-Late Jurassic belemnites 
in Kong Karls Land (9.4—12.7°C), given a non-glacial sea water composition of-1 
%o SMOW (Ditchfield 1997). 

Diagenetic ankerite in the Marhagda Bed has strongly negative 5 1 8 0 values. As 
petrographic observations suggest burial diagenetic formation of the ankerite, it is 
possible to interpret its oxygen isotope values in terms of temperature controls asso
ciated with depth of burial. However, because the ankerite shows wide composi
tional variations, equihbrium isotopic fractionation between ankerite and pore water 
for a given temperature might also vary. In our temperature calculations, we used 
two different fractionation equations to account for compositional variations, i.e. the 
equation of Land (1985) for inorganic dolomite, and the one of Fisher and Land 
(1986) for inorganic ankerite. The results are shown in Fig. 22A and B, respectively. 

Precipitation temperatures calculated for the Marhagda ankerite at Sassen
fjorden fall in a range between 50-100°C and 40-90°C (for assumed S ^ C " , w a t e r 
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Fig. 22. Range of 8"0 values (%o VPDB) of the Marruagda ankerite against precipitation temperature 
T ('C) of inorganic dolomite (A) and ankerite (B), 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 Land (1985) for dolomite, and the equation of 

Fisher and Land (1986) for ankerite. 

from -5 to 0 %o SMOW), depending on whether dolomite-water or ankerite-water 
isotopic fractionation expression is used. For isotopic composition of pore water 
with assumed average value of non-glacial seawater (-1 %o SMOW), the calcu
lated temperature range is between approx. 80-90°C and 70-80°C, respectively. 
The difference of 3-4 %o 8 1 8 0 between ankerite at Sassenfjorden and at Van 
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Keulenfjorden corresponds to a temperature difference of about 20°C, regardless 
of which fractionation expression is used. Higher precipitation temperatures at 
Van Keulenfjorden (100-110°C and 90-100'C for b^O^ w a t e r = -1 %o SMOW) 
correlate with a general increase in the content of Fe 2 + and Mn 2 + cations in the an
kerite lattice, as compared to Sassenfjorden. This suggests local changes in geo
chemistry of formation waters in the Agardhfjellet Formation, reflecting probably 
differences in the availability of reducible iron and manganese mineral phases in 
the shale sequence. 

The estimated mean temperatures of ankerite precipitation (about 80-100°C) 
roughly correspond to those at which carboxylic acid anions released during ther
mal decomposition of kerogen become important components in pore waters 
(Means and Hubbard 1987, Lundegard and Kharaka 1990, Lewan and Fisher 
1994). They are also within the temperature window at which these acid anions 
break down as a result of thermal decarboxylation (Drummond and Palmer 1986, 
Kharaka et al. 1986). Similar temperatures have been revealed for several burial 
ankerites, suggesting that this carbonate is typical for thermal decarboxylation en
vironments in organic-rich marine sedimentary sequences (e.g., Fisher and Land 
1986, Hendry et al. 2000). Zoned nature of ankerite at Sassenfjorden and the pres
ence of two ankerite generations at Van Keulenfjorden suggest that the mineral 
precipitated during prolonged period of time under changing burial conditions. 
The estimated temperatures should therefore reflect mean value ranges from 
broader ranges recording burial histories of mineral precipitation in the sequence. 

The Agardhfjellet Formation at Sassenfjorden and at Van Keulenfjorden is ap
proximately 200 and 300 m thick, respectively (Różycki 1959, Dypvik et al, 1991a, 
b, Bausch et al. 1998, Mork et al. 1999). The estimated temperatures of ankerite pre
cipitation correspond to burial depths far greater than the ones attained during or di-
rectiy after the deposition of the Agardhfjellet Formation, whatever a probable geo-
thermal gradient is assumed. This suggests ankerite precipitation upon burial under 
the overlying sedimentary formations during the post-Jurassic geological history of 
Spitsbergen. Basic magmatic event at the Jurassic/Cretaceous boundary (Harland 
1997) affected locally thermal alteration of kerogen in the Agardhfjellet Formation 
(Birkenmajer 1979), though the importance of this process in mineral precipitation is 
difficult to assess on the basis of material analyzed here. 

Diagenetic stability of glauconite and CFA 
Petrographic data suggest that glauconite and CFA grains in the Marhogda Bed 

passed through early stages of diagenesis without any important mineral transfor
mations, whatever siderite or pyrite formation dominated the early diagenetic sys
tem. Rare siderite crystals in glauconite/phosphate grains at Sassenfjorden and sin
gle pyritic framboids in phosphatic ooids at Van Keulenfjorden suggest diagenetic 
precipitation in the original porous structure of the grains, rather than mineral re
placement. 
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Advanced alteration and dissolution of glauconite and CFA began during 
burial diagenesis, and was associated with increased temperatures, thermal alter
ation of kerogen, and precipitation of ankerite. Alteration of glauconite consisted 
in both iron removal from the mineral structure and the mineral dissolution and 
precipitation of kaolinite. The two processes seem to have operated in consort, 
even on a scale of a single pellet. Secondary products include various mixtures of 
illite and kaolinite containing inclusions and vermicular aggregates of pure kaoli
nite. Detailed EDS investigation suggests that kaolinitization of clay minerals also 
occurred in matrix of the Marhogda Bed. 

Phosphatic ooids and grains preserved at various stages of diagenetic alteration 
suggest that CFA was dissolved before and during formation of their replacement 
structures. Since phosphatic grains originally had no or subordinate clay admix
ture, diagenetic clay cement occurring in their replacement structures is almost en
tirely pure kaolinite. Ankerite precipitation in these grains seems to have slightly 
preceded the precipitation of kaolinite. Burial dissolution of CFA provided dis
solved phosphate to the pore waters, and might contribute to formation of second
ary apatite in the basal part of the Agardhfjellet Formation. No secondary apatite 
has been revealed in the Marhogda Bed, though documentation of its occurrence 
requires systematic petrographic investigation that exceeds the material analyzed 
for the scope of this paper. It should be noted that secondary CFA fabrics associ
ated with kaolinite cements have been revealed in the underlying Brentskard
haugen Bed (Krajewski 2001). 

Controls on the Marhogda cementstone development 
The well-developed cementstone band of the Marhogda Bed at Sassenfjorden 

owes its origin to early cementation by siderite, most probably in the FeR diagene
tic zone. Early carbonate cementation in the Marhogda Bed was of far less impor
tance at Van Keulenfjorden, suggesting differences in the nature and intensity of 
early diagenetic processes during initial stage of the Middle-Late Jurassic drown
ing of the Svalbard shelf. Possible controls on the course of early diagenesis in the 
two areas embrace differences in bottom water oxygenation and in sedimentation 
rate during the deposition of basal sediments of the Agardhfjellet Formation 
(Fig. 23). The black, organic-rich laminated shale at Van Keulenfjorden (informal 
Ingebrigtsenbukta member of Mork et al. 1999) appears just above the Brent-
skardhaugen/Marhogda horizon (Różycki 1959, Krajewski, 1992a), whereas at 
Sassenfjorden the organic-rich shale of the Lardyfjellet Member is separated from 
the horizon by a sequence of grey bioturbated siltstone, mudstone, and shale of the 
Oppdalen Member showing depletion in organic carbon content (Krajewski 1989, 
Dypvik et al. 1991a, b, Mork et al. 1999). This suggests shallower depositional en
vironment, higher level of oxygenation of bottom water and perhaps lower sedi
mentation rates at base of the Agardhfjellet Formation in the Sassenfjorden area, as 
compared to the Van Keulenfjorden area. Oxygenation of bottom water and decel-
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zones, respectively. Temperature range of peak organic-acid generation after Hendry et al. (2000). 

erated sedimentation rates influence the extent and intensity of diagenetic pro
cesses in surficial intervals of organic-rich sediment column, leading to advanced 
mineralization of organic matter under suboxic conditions and to the related depo
sition of Fe-rich diagenetic carbonates (Coleman et al. 1979, Pisciotto and Maho-
ney 1981, Curtis 1987). This early diagenetic system seems to have dominated the 
base of the Agardhfjellet Formation in central Spitsbergen, and contributed to the 
formation of a well-developed cementstone band. Oxygen bottom water defi
ciency and accelerated sedimentation rates favour immediate development of 
sulphidic environment in organic-rich marine sediment, thus leading to preferen
tial formation of iron sulphides instead of iron carbonates. Precipitation of carbon
ates becomes important in deeper diagenetic zones after significant reduction of 
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marine sulphate in pore waters (Curtis and Coleman 1986, Scotchman 1989). This 
early diagenetic system seems to have dominated the base of the Agardhfjellet For
mation in the Bellsund area. Burial ankerite cementation and replacement took 
place in the two areas due primarily to thermally-induced decarboxylation and dis
solution of biogenic calcite, and it was associated with advanced alteration of 
glauconite and other clay minerals and with dissolution of apatite. 

Conclusions 

Petrographic, major element geochemical, and stable carbon and oxygen isoto
pic analyses of the Marhogda Bed at Sassenfjorden and Van Keulenfjorden in 
Spitsbergen, Svalbard indicate that this hthostratigraphic unit is not a depositional 
limestone facies, but a diagenetic cementstone band originated at base of or
ganic-rich sediment column of the Agardhfjellet Formation. Siderite and, to a 
lesser extent, ankerite are the most volumetrically important diagenetic carbonate 
minerals in the Bed. The abundance of Fe-rich diagenetic carbonates is typical of 
the Agardhfjellet Formation, and probably results from an abundance of reactive 
iron in organic-rich facies in Late Jurassic sedimentary basin in Svalbard. 

Two episodes of carbonate diagenesis, including early precipitation of siderite 
and burial precipitation of ankerite, have contributed to the development of the 
Marhogda Bed at Sassenfjorden. Early siderite precipitation in the Marhogda Bed at 
Van Keulenfjorden was widely inhibited by pyrite formation, though burial precipi
tation of ankerite was of nearly equal importance. Extensive siderite precipitation at 
Sassenfjorden occurred at sedimentary temperatures in nearsurface suboxic zone in 
which microbial reduction of ferric iron compounds was the dominant diagenetic 
process. Burial precipitation of ankerite at the two studied locations occurred at tem
peratures of about 80-100°C in diagenetic environment overwhelmed by thermal 
decarboxylation processes. Compositional variations of ankerite between the studied 
locations reflect changing composition of pore waters in the Agardhfjellet Formation 
and the availability of iron- and manganese-containing mineral phases that escaped 
dissolution in surficial diagenetic zones. Burial formation of ankerite was associated 
with advanced alteration of glauconite and dissolution of apatite. Kaolinite precipi
tated as the major non-carbonate diagenetic cement. 

Possible controls on the course of early diagenesis in the Marhogda Bed em
braced differences in bottom water oxygenation and in sedimentation rate during 
the deposition of basal sediments of the Agardhfjellet Formation. Formation of 
well-defined cementstone band at Sassenfjorden required development and main
tenance of suboxic diagenetic zone close to the sediment/water interface, and was 
associated with elevated oxygenation of bottom water, suppressed sedimentation 
rates, and intense mineralization of organic matter. Oxygen bottom water defi
ciency and accelerated sedimentation rates at Van Keulenfjorden favoured imme-
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diate development of anoxic sulphidic conditions in the sediment, which led to 
preferential formation of iron sulphides instead of iron carbonates, as well as to en
hanced preservation of organic matter. 
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Streszczenie 
Warstwa z Marlwgda jest formalną jednostką litostratygraficzną występującą lokalnie u podsta

wy jurajskiej formacji z Agardhfjellet na Spitsbergenie, archipelag Svalbard (fig. 1-3). Warstwa ta 
była interpretowana jako oolitowa facja wapienna osadzona w początkowym stadium górno-juraj-
skiej fazy transgresywnej na Svalbardzie. Dokładne badania petrograficzne (fig. 4-12), geochemicz
ne (tab. 1-5; fig. 13-17) oraz analiza izotopów stabilnych węgla i tlenu (tab. 6; fig. 18-22) wskazują, 
iż warstwa z Marhogda nie zawiera depozycyjnych węglanów, a występujący w niej syderyt i ankeryt 
jest wyłącznie pochodzenia diagenetycznego. Koncentracja minerałów węglanowych u podstawy 
formacji z Agardhfjellet była wynikiem dwóch epizodów cementacji osadu związanych z etapami 
diagenetycznej degradacji osadowej substancji organicznej (fig. 23): 1) wczesnodiagenetycznej 
cementacji syderytem w przypowierzchniowej strefie suboksycznej zdominowanej przez mikro
biologiczne utlenianie substancji organicznej i redukcję tlenków żelaza; 2) późnodiagenetycznej ce
mentacji ankerytem w warunkach głębokiego pogrzebania i podwyższonej temperatury (80-100°C) 
w środowisku zdominowanym przez abiotyczne procesy dekarboksylacji kerogenu. 


