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ABSTRACT

A 300-m (1000-ft)-thick succession of shallow- and warm-water
carbonates has been studied in well cores from the southernmost
Barents Sea, offshore north Norway. These upper Paleozoic strata
contain numerous zones of moderate to high porosity, including a
wide range of depositional facies, despite moderately high burial
temperatures and the absence of petroleum charge. Most porosity
appears to be either primary or created during early (eogenetic)
diagenesis. Negative correlation between porosity and both bulk-
rock alumina content and stylolite frequency reflects the influence
of phyllosilicate minerals in localizing stylolitic dissolution. This
provides part of the explanation for the overall correlation between
porosity and the platform’s stratigraphic evolution. The early stage
of mixed siliciclastic-carbonate deposition has low porosity because
of extensive chemical compaction in aluminous beds. The following
siliciclastic-poor stage shows upward-increasing porosity associated
with aggradation of muddy buildups and wackestones, followed by
the progradation of a more proximal facies belt of thinly bedded
dolomitic mudstones. Maximum porosity development occurs in
the overlying, little-dolomitized grain-shoal facies belt, which shows
upward decrease in porosity because of a transgressive trend that
developed progressively lower energy depositional conditions, fa-
voring the occurrence of stylolite-prone shaly laminations. A gen-
eral porosity-favorable factor is the presence of a stratified column
of high-salinity brine, enforcing a closed diagenetic system during
burial. Limestones and dolostones comprising this platform have
very different proportions of low and high porosity values. Lime-
stones have positively skewed frequency distribution (many sam-
ples <5% porosity), whereas dolostones have higher average porosity
with symmetric distribution (few samples <5% porosity). The low
limestone porosities result from cementation by coarse calcite-spar
in grain-dominated samples and matrix compaction and cementation
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in muddy facies, features that are less common in dolo-
stones possibly because of lesser propensity for stylolite
development and the resistance of early-dolomitized
matrix to compaction.

INTRODUCTION

This study examines the causes of porosity variation in
a succession of shallow- and warm-water carbonates
of late Moscovian to early Sakmarian age (equivalent
to Desmoinesian—Wolfcampian in North American no-
menclature; Figures 1-5). An important feature of
these strata is the occurrence of potentially economic
thicknesses of strata with moderate to high porosity.
Based on routine core analyses of 1-in. (2.5-cm) hori-
zontal plugs spaced three per 1 m (3.3 ft), 25% of the
cored 297 m (974 ft) of this section in well 7128/6-1
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Figure 1. Barents Sea map, with location of the detailed map
of Figure 2. Circles show locations of the two wells studied. The
Svalbard Archipelago includes the islands shown north of 74°
latitude and west of 35° longitude. Modified from Ehrenberg
et al. (2002) with permission from the Society for Sedimentary
Geology.

(drilled by Conoco) has porosity greater than 15%,
with the average porosity of these higher porosity
plugs being 20% (maximum 34%). Comparison with
the porosity-depth trend in shallow-water carbonates
of south Florida (Figure 6) indicates that these poros-
ities are relatively high for their depth and temper-
ature history. As in most of the south Florida section,
the Finnmark Platform pore spaces contain no petro-
leum, and the rarity of fluorescent (petroleum-filled)
fluid inclusions (Ehrenberg et al., 2002) suggests that
this has been the case throughout geological time.
Therefore, inhibition of cementation by petroleum is
ruled out as an explanation for high porosity, and other
relationships can be considered.

Modeling and prediction of carbonate diagenesis
and reservoir quality remains a field where quantita-
tive calibration of basic processes and even ranking of
their relative importance are incipient and uncertain,
despite a plethora of general models and case histories
(Tucker and Wright, 1990; Budd et al., 1995; Mon-
tafiez et al., 1997; Moore, 2001). The present study
is relevant to petroleum exploration and production
because quantitative relationships observed between
factors controlling porosity of Finnmark Platform car-
bonates may have broad applicability to understand-
ing porosity distributions of carbonates in general.
Furthermore, the upper Paleozoic carbonates of the
Barents Sea constitute an important potential frontier
petroleum province (Doré, 1995), and the cored in-
tervals in well 7128/6-1 are regarded as the type sec-
tion for much of these strata throughout the Nor-
wegian sector (Larssen et al., 2002). Depositionally
similar and roughly age-equivalent carbonates also form
major petroleum reservoirs in the Timan-Pechora
province of northern Russia, some 1200 km (750 mi)
to the east (Martirosyan et al., 1998). Insofar as the
7128/6-1 cores are indeed representative of this im-
portant prospective reservoir interval, the results from
the present study are likely to have broad relevance
throughout this arctic region.

The results presented are based on a series of thin
sections and bulk chemical, stable isotope, and x-ray
diffraction analyses at a constant, approximate 1-m
(3.3-ft) sampling interval, each sample coinciding with
horizontal plug measurements of porosity, permeabil-
ity, and grain density. Previous papers have described
the stratigraphy, diagenesis, and inorganic geochemis-
try of these strata (Bugge et al., 1995; Ehrenberg et al.,
1998a; b; 2000; 2001; 2002; Ehrenberg and Svéanj,
2001). Porosity in the following text refers to total
percent porosity measured by helium porosimetry, and
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Figure 2. Map of Finnmark
Platform and surroundings,
showing well locations, 1000-m
(3280-ft) depth contours on top
Permian surface, and location
of cross section in Figure 3

TN
7 97226/11-1

(line northward through well
7128/6-1). Points south of 71°
15" latitude are locations of
shallow stratigraphic test cores.
Wiggly line represents south-
ward erosional termination of
carbonate strata. Modified from
Ehrenberg et al. (1998a) with
permission from the Geological
Society of Norway.
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meability, both from horizontal 1-in. (2.5-cm) plugs.
Permeability-porosity relationships are not the focus of
this paper but have been discussed briefly in Ehrenberg
et al. (1998b).
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GEOLOGIC SETTING

In Late Carboniferous to Permian time, the Barents Sea
was part of a vast province of carbonate-dominated
deposition that extended from the Canadian arctic to
northern Russia (across the northern margin of Pangea)
and thence southward to the Caspian Sea (Stemmerik,
2000; Ford and Golonka, 2003). The segment of this
province bordering the coast of northern Norway is
the Finnmark carbonate platform (Figures 1-3). This
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Figure 3. Geologic cross section based on seismic lines from inner Finnmark Platform to Nordkapp Basin. Line of section is shown

in Figure 2.

segment is bounded to the south by erosional subcrop
onto the Fennoscandian craton and to the north by the
downfaulted Nordkapp Basin, where the platform car-
bonates pass laterally into evaporites and deep-water
facies.

Three main tectonic episodes have affected this
area (Nyland et al., 1992; Nilsen et al., 1993):

1. The major structural elements of tilted fault blocks
and half grabens formed during Early Carbonifer-
ous (Mississippian) extension. The postrift, Upper
Carboniferous (Pennsylvanian)—Permian carbonate-
platform succession rests relatively undisturbed over
the faulted Visean—Bashkirian (Meramecian—Mor-
rowan) siliciclastics.

2. Early Cretaceous reactivation exaggerated preexist-
ing structures, such that Early Carboniferous gra-
bens were again the sites of greatest subsidence.

3. Early Tertiary uplift and erosion enhanced the al-
ready pronounced northward tilting.

Today, the upper Paleozoic strata form a monocline
that dips approximately 2° northward at top Permi-
an level as a result of both northward thickening
of individual units and increasing uplift toward the
mainland.

In the area of the exploration wells studied, roughly
0.8-1.5 km (0.5-0.9 mi) of Mesozoic strata eroded
during the early Tertiary uplift. Basin modeling results
indicate that maximum burial temperatures in the sub-
ject strata were in the range of roughly 90-100°C
throughout much of Tertiary time (K. Lindbo, 2002,
personal communication), consistent with the trend
of vitrinite reflectance with depth, which has values
of 0.6-0.7 R, in the Upper Carboniferous—Lower
Permian carbonate interval (Ehrenberg et al., 1998b).
Present temperatures are estimated to be 60-75°C,
and fluid pressures are only slightly above hydrostatic.

STRATIGRAPHY

The stratigraphy is divisible into the main units shown
in Figure 3. These rest upon a basement that consists
of low-grade metasediments of possibly Devonian to
upper Precambrian age in the area of the wells studied.
The oldest known strata there are Visean—Bashkirian
(Meramecian—Morrowan) nonmarine to marine silici-
clastics (339 m [1112 ft] thick in well 7128/6-1, but
thicker in adjacent half grabens). These were deposited
both before and during the Early Carboniferous (Mis-
sissippian) extensional tectonic episode noted above.
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Following rifting, the Upper Carboniferous (Pennsyl-
vanian) to Upper Permian Finnmark carbonate platform
was deposited (527 m [1729 ft] thick in well 7128/6-1,
but thickening northward to 1300 m [4265 ft] near the
Nordkapp Basin; Figure 2). The top Permian surface is
sharply overlain by Mesozoic deep-marine siliciclas-
tics (eroded to 1135-m [3724-ft] thickness in well
7128/6-1, but thickening to 4 km [2.5 mi] northward
of the Pliocene—Pleistocene unconformity). Finally, a
thin veneer of Quaternary glacial debris (129 m [423 ft]
in 7128/6-1) covers the lower Tertiary unconformity
over much of the southern Barents Sea.

Within the Finnmark carbonate platform, four dis-
tinct stages of depositional evolution are recognized
(Ehrenberg et al., 1998a):

1. Upper Carboniferous (Pennsylvanian) mixed silici-
clastic-carbonate deposits, reflecting waning tectonic
activity and decreasing topographic relief; siliciclastic
input to this lower part of the platform succession is
reflected in the high gamma-ray activity and bulk-rock
alumina content corresponding to lithostratigraphic
units L-1 to L-3 (2150-2020 m in well 7128/6-1;
Figure 4)

2. dominantly Lower Permian cyclic warm-water car-
bonates containing frequent algal buildups and abun-
dant dolomite and anhydrite (2020-1836 m in well
7128/6-1; Figure 4)

3. upper Sakmarian to Kungurian (uppermost Wolf-
campian-middle Leonardian) cool-water carbon-
ates, including bryozoan-echinoderm grainstones to
wackestones in the inner to middle platform (unit
L-8 in well 7128/6-1) and major bryozoan mud
mounds in deeper water, near the Nordkapp Basin
(Figure 2)

4. Kungurian (middle Leonardian)-Upper Permian cold-
water spiculite, carbonate, and siliciclastic deposits
(Ehrenberg et al., 2001), abruptly terminated by
massive siliciclastic influx in the earliest Triassic

As discussed by Beauchamp and Desrochers (1997)
for broadly equivalent strata of arctic Canada, the step-
wise replacement of warm-water biota by progres-
sively cooler water biota from stages 2 to 4 records
climatic cooling along the northern margin of Pangea,
partly in response to increasing paleolatitude (from
around 18°N in the Late Carboniferous to 38°N at
the end of the Permian; Steel and Worsley, 1984) but
probably also reflecting changes in oceanic circulation
patterns. Attending cooling, water depths increased
over large parts of these platforms. Thus, the Finn-

mark carbonate platform shows an evolutionary trend
from warm-water, photozoan (James, 1997) deposi-
tional conditions in the Late Carboniferous to early
Sakmarian to cool-water heterozoan conditions in the
late Sakmarian to Late Permian.

PREVIOUS WORK

By far, the most complete and extensively sampled
stratigraphic section of upper Paleozoic carbonates in
the entire Barents Sea region is represented by the
cores from well 7128/6-1 (440 m of the 527-m Upper
Carboniferous to Upper Permian succession). The com-
prehensive coring program in this 1991 well was man-
dated by the Norwegian Petroleum Directorate to
provide an upper Paleozoic reference section supple-
menting a much thinner stratigraphic section pre-
viously assembled from several shallow drill holes
(Figure 2) near the erosional termination of the car-
bonate platform against the Norwegian mainland
(Bugge et al., 1995; Ehrenberg et al., 2000). Another
51 m (167 ft) of core from a critical portion of the
section was recovered in well 7128/4-1, drilled in 1994
(by Statoil) some 26 km (16 mi) due west of well
7128/6-1 (Figure 4). Stratigraphically equivalent car-
bonates have also been cored elsewhere in the Nor-
wegian part of the Barents Sea, notably in wells 7120/
2-1and 7226/11-1 (Leongy, 1988; Cecchi, 1993; Cecchi
et al., 1995), and are exposed on the Svalbard archi-
pelago, where they have long been used in oil-industry
training exercises as outcrop analogs for the Barents Sea
subsurface (Figure 5).

Ehrenberg et al. (1998a, b) divided the carbonate-
platform succession of well 7128/6-1 into nine litho-
stratigraphic units, designated L-1 to L-9 (Figure 4). A
hierarchy of depositional sequences was recognized
based on patterns of variation in facies and cycle thick-
ness. The two largest scale sequences span late Mosco-
vian (Desmoinesian) to Late Permian time and are thus
“supersequences’’ of ‘‘second-order’” magnitude, ac-
cording to the terminology of Fitchen (1997). Each of
these intervals comprises three to four third-order se-
quences, designated S-1 to S-7 (Figure 4). Analysis of
fusulinid biostratigraphic data by the method of graphic
correlation indicates that sequences S-2 to S-5 have
individual durations of 7-9 m.y. (V. Davydov, 2001,
personal communication).

The subject of the present paper is the lower,
photozoan part of the Finnmark Platform succession,
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including lithostratigraphic units L-1 to L-7, which
comprise sequences S-1 to S-4 (Figure 4). These se-
quences, in turn, consist of numerous smaller scale cy-
cles, some of which themselves contain yet smaller
cycles. Consistent with the model of Schlager (2004),
cycle tops are defined by possible exposure surfaces,
flooding surfaces, or commonly both (Figure 4), and
the time intervals represented by individual cycles are
likely to vary across a wide spectrum of magnitudes.
This interval corresponds to the Gipsdalen Group in
the new stratigraphic nomenclature of the Barents
Sea subsurface (Larssen et al., 2002), including the
Falk Formation (units L-1 and L-2) and the @rn Forma-
tion (units L-3 to L-7). These strata contain numerous
high-porosity zones in wells 7128/4-1 and 7128/6-1 and
are regarded as highly prospective for reservoir qual-
ity throughout the Barents Sea province (Stemmerik
et al., 1999).

Except for local occurrences of porous spiculitic
chert at the very top of the succession, the upper,
heterozoan part of the succession has low porosity be-
cause of a combination of shaly composition and ex-
tensive burial cementation. This interval includes unit
L-8 (Isbjern Formation; upper Sakmarian— Artinskian)
and unit L-9 (Reye Formation; Kungurian—Upper
Permian). The diagenesis of these strata is treated
elsewhere (Ehrenberg et al., 1998b, 2001).

Arid climatic conditions during deposition of the
Gipsdalen Group are indicated by the common pres-
ence of calcium sulfate and early, evaporite-related
dolomite, restricted biotic assemblages suggestive of
hypersaline conditions, lack of pronounced soil hori-
zons, and apparent absence of negative carbon isotope
excursions associated with inferred exposure surfaces
at cycle tops (Stemmerik and Larssen, 1993; Stemmerik
et al., 1999; Ehrenberg et al., 2002). In the area of the
wells studied, the Gipsdalen Group represents an inner
to middle platform setting. Possible low-relief plat-
form margins may be located further northward, but
are poorly defined and difficult to correlate on seismic
lines. The Gipsdalen Group is thus regarded as com-
prising a ramp-type platform in this area, such that
diagenesis may best be compared with the arid ramp
models of Moore (2001).

Twelve broad facies categories were defined by
Ehrenberg et al. (1998a) comprising the Upper
Carboniferous—Permian strata of wells 7128/4-1 and
7128/6-1, ten of which are represented in the present
study (Table 1). Based on the sampling strategy of fixed
1-m (3.3-ft) spacing used in this study and the nearly
complete core coverage of the interval of interest, pro-
portions of samples should be statistically represent-
ative of the relative proportions of the facies present
in the stratigraphic section and the pore types present
in each facies (Table 1). The facies relationships and
depositional model for these Finnmark Platform cores
are similar to those described in the more detailed
scheme of Morin et al. (1994) for Lower Permian strata
of arctic Canada. Figure 4 summarizes the distribution
of these facies in the cored intervals. Photomicrographs
of porosity and cement types in four samples represent-
ative of porosity-prone facies are shown in Figure 7.

PARAGENESIS AND PORE TYPES

Calcite cements throughout the Gipsdalen Group of
the exploration wells consist mainly of an early gen-
eration of fine spar (<0.1 mm; <0.004 in.) and a later
generation of coarse-blocky spar (0.1-1 mm; 0.004-
0.04 in.). The fine spar lines bioclasts and bioclast
molds and is interpreted as a near-surface (eogenetic;
Choquette and Pray, 1970) cement; it is overgrown by
the coarse spar, which is interpreted as a burial (meso-
genetic) cement (Ehrenberg et al., 2002). Coarse spar
in or near clay-rich beds tends to have crystal zones
with more Fe-rich compositions than cements more
distant from shaly beds.

Dolomite in the studied interval is broadly cate-
gorized as fine dolomite (<0.1 mm), coarse dolomite
(0.1-1 mm), and saddle dolomite (0.1-2 mm). Fine
dolomite includes both xenotopic-cloudy matrix-
replacive dolomite and euhedral-limpid cement crys-
tals. In extensively dolomitized mudstones and wacke-
stones, these two end-member varieties of fine dolomite
commonly occur intimately associated in volumes origi-
nally occupied by carbonate mud. In little-dolomitized
packstones, grainstones, and sandstones, fine dolomite

Figure 4. Sequence-stratigraphic interpretation, core description, and profiles of porosity, bulk-rock alumina content, gamma-ray
activity, and dolomitization index (DI = 100 x dolomite/total carbonate), in cored intervals of the Gipsdalen Group of wells 7128/4-1
and 7128/6-1. Age constraints from fusulinid dating (Ehrenberg et al., 2000) are shown as arrow brackets. Porosity profile shows plug
measurements in cored intervals and wire-line-log porosity outside of core coverage. Modified from Ehrenberg et al. (2002) with

permission from the Society for Sedimentary Geology.
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Figure 5. Comparison between gamma-ray log (left track; 0-150° API) and core description through unit L-4 of well 7128/6-1
(Ehrenberg et al,, 1998a, with permission from the Geological Society of Norway) and a photograph of stacked wackestone and
buildup cycles of similar age exposed on Spitsbergen. Meter and decimeter heterogeneity of these strata reflects varying hierarchic

scales of depositional cyclicity.

is localized in intergranular areas of former carbonate
mud.

Coarse dolomite is commonly a major constituent
of extensively dolomitized buildup and grain-dominated
lithologies but is minor to absent elsewhere. Coarse
dolomite consists of clear euhedral rthombs that fill
pore spaces and also replace matrix and bioclasts. Catho-
doluminescence petrography reveals that coarse dolo-
mite crystals commonly formed as overgrowths on more

strongly luminescent fine dolomite rhombs and are
concentrically zoned. Saddle dolomite is common in
limestone beds of units L-1 and L-2 but is absent to
minor in overlying units. Saddle dolomite is associated
with coarse anhydrite cement, and both phases com-
monly truncate crystal zoning in coarse calcite spar.
Homogenization temperatures of primary, two-
phase aqueous fluid inclusions range from 52 to 117°C
in coarse-blocky and syntaxial calcite cements and
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81-117°C in coarse and saddle dolomite cements,
consistent with continuous cement growth over a wide
temperature span (Ehrenberg et al., 2002). The freez-
ing temperatures of these fluid inclusions further
indicate that original pore waters were replaced by
high-salinity brine (mostly 15-20 wt.% NaCl equiv-
alent; four to six times seawater salinity) before burial
cementation began. These data define part of a larger
scale trend of increasing salinity with depth through
the entire upper Paleozoic section (Figure 8).

Relative proportions of different pore types vary
widely between different facies and also between the
individual plugs comprising each facies category. Pore-
type proportions, as qualitatively estimated from thin
sections, are listed in Table 1 for samples with porosity
greater than 10%. Essentially, all aragonitic bioclasts
throughout the section were dissolved to form moldic
pores, but the contribution of these secondary pore
volumes to present porosity depends on the degree
of infilling by later coarse cements. Porosity creation
by dissolution under burial conditions (Mazzullo and
Harris, 1992) appears not to have occurred to any sig-
nificant extent in the Finnmark Platform cores. Instead,
burial diagenesis appears to have consisted of progres-
sive gradual porosity occlusion by growth of coarse
calcite, dolomite, and anhydrite cements.

Porosity (%)

POROSITY AND BULK-ROCK ALUMINA

A broad negative correlation is apparent between the
largest (>50 m; >164 ft) scale of porosity variation
and both bulk-rock alumina content and gamma-ray
activity in the 7128/6-1 section (Figures 4, 9A). How-
ever, poor correlation exists between porosity and alu-
mina on a sample-by-sample basis, except that low-Al
samples have a wider range of porosity and higher aver-
age and maximum porosity compared with more Al-rich
carbonates (Figure 9B). Thus, higher alumina content
ensures low porosity, whereas low alumina content al-
lows but does not ensure high porosity. This relationship
is defined mainly by limestones and partly dolomitized
limestones but not dolostones because few dolostones
in the cored intervals have Al-rich composition.

Smoothing of the alumina and porosity profiles by
a moving average results in stronger negative correla-
tion between alumina and porosity (Figure 9C). Con-
siderable noncorrelated small-scale variability exists in
alumina content and porosity, but an overall negative
relationship between alumina and porosity exists over
broad stratigraphic intervals. This may indicate that
high abundances of aluminosilicate minerals are as-
sociated with low porosity both in the same sample
volume and in nearby low-alumina beds.

EHRENBERG 1661



*(sjeisAi aywojop uaaMaq) auljjeisAnaaiul sieadde jeyy Ayisosod (3]qisia) uoipas-ulyy jo adeuIAd = o salod [x-J9)ul ‘uonnjossip waydoje Aq paunioy sieadde jeyy Aysolod (3|qisia) oIS
-uiy} Jo a3ejudIad = o4 saiod dipjow ‘sa10d [ISSOjeAul pue ‘XLjew pnw paZIIWojopun Ing pazij|esAal Jo seale ul saiod Jauly ‘sasodonew sejnueidisjul Suipnpur ‘Aewnd sieadde jeyy Ausosod (3|qisia) uoipas-uly} jo
98euaduad = 9 sasod Arewnd (%01 < Ansolod 3nid yum sajdwes Joy a8esane) uondas iy} ul 3|qisia Ayisolod pajewnss = 9, Ausolod uoipas-uly} ‘saney Yyoea o} pausisse sajdwes 9z< [e10} 3y} Jo 38euadIad = 0 diydesdnens,

90 euljes Jo uooSe| aanesodens  aunyxa) Ayaj-auly yum dLiqe} Jejnpou AupAyue 4F|
ejolq 014 40 /4 0} Jejiwis Sisepolq
LT A 0 Gl 6 auLlew 3loysieau yum AjjeaidAy ‘pues dnsepnIis  3Uo)SpUBRS SNOIRI|RD 14
SpluInsny ‘swiapoulyd’
‘supozoAlq Jo S)sepolq
9 3IeJ2I0YS JIMO] Yum Ajuowiwiod “yis d1sepijis AUOS)|IS Sno3Ied|Rd ol4
SWIdpOUIYI3 pue
sueozoAiq Suipnpur AjedidA
BJ0Iq Yim ‘(uepunge o} |iu)
v 2I0YSHO 0} ILJIIOYS JIMO| S)u3ju0d Isepoiq pue is ulkien [few pue 3jeys 64
SpjoW 3ZIS-pues 3ul 0} [IU WOy
S9LIBA BJOIq JUSJU0D pues pue
W1s zyenb SuiAen pue s3jnpou
BJI|IS pue dppAyue uowwod
BL|GeS 0} [EPIMAlUI 0} ‘pajeuiwe] Ajuiy} 0} pajeqiniolq auojspnw
¥8 9l 0 1l <l uooge| auljessadAy 0} SSI[2INPNJIS WOI} SILBA dLIqe} Jniwojop 84
spodoiydeiq ‘swiapoulydd
‘sueozoAiq ‘spiojad auoisyded pue
‘3egje ‘esajiuILiRIO} JIYIUD] duojsuiesd
v oL 98 u T sjeoys pues A81aua-ydiy [[eWS Spnpul swaydoje RJIJIUILIRIO} 4
Xujew pnw |epiojpdoniw ui egje
9seq IAeM JBYJRIM-JIe} piojjAyd 1o/pue puisAjdpoapipqd
w o G¢ Ll €T MO[3q ‘}3ys mojjeys jo sajed Aq pajeulwop si dlqe} dnpjing 94
Je3e ou 10 M3} auo)saxyIem
35eq INEM JIY)RIM-lIe} pue spiuinsn yueuiwopald J3jlulwe.o}
69 Lz 4! 4] Ll MoJ3q “}j3ys mojjeys yum inq ‘4 0} Jejiis si ejoiq pue piuljnsny 54
aseq anem auojsyped
Jayjeam-ie} pue WI0)S sjuswsel) WIpouIyds pue pue auojsuiel8
z ulamMjaq ‘aunew uddo ueozoAiq Ajuiew ale s}sepolq  WIAPOUIYII-UROZOAI] 4
aseq anem Sjusawsel) WIIpouIydd pue auo)saIeM
8 wJoj)s Jeau ‘auuew uddo ueozoAiq Ajuiew ale S)sepolq  WIIPOUIYII-UR0ZOAI] ¢
&% SI0d 40 SAI0d 400 SI0d 0% Alsolog % uoneyaadiaj uondinsaq aweN saeq
[X-191u JIp[o Alewnd  uopas-ulyp  dydeidnens

$910) ueLieunje§ Jomo7 0} URINOISOIA Ul sadA] alod pue mco_ua_._umwﬁ_ Sebe4 "1 9jqel

Factors Controlling Porosity in Carbonate Strata of the Barents Sea

1662



Figure 7. Photomicrographs illustrating main porosity-prone facies in Gipsdalen Group cores. Constant scale in all views. (A) Buildup
facies, consisting of Palaeoaplysina molds and micropeloidal mud matrix (brown), which partly fills former canals in plates. The
aragonite plates were dissolved and then filled with calcite cement (white), which shows increasing crystal size away from plate and
canal walls. Only minor macroporosity (blue) remains uncemented. (B) Fusulinid wackestone facies, consisting of undolomitized
fusulinids with high intrafossil macroporosity and dolomitized bioclast-rich matrix with both moldic and intercrystalline porosity.
(C) Dolomitic mudstone facies, consisting of a microporous matrix of fine dolomite crystals with abundant quartz silt and anhydrite
nodules (white areas). (D) Foraminifera grainstone and packstone facies, consisting of diverse biota with high intergranular and
intrafossil porosity that has been partly filled by fine calcite cement coating bioclast, coarser mosaic calcite spar (smaller white areas),

and patchy anhydrite cement (larger white areas).

Intervals having low to moderate alumina content
but distinctly low porosity (<5%) are especially no-
table in two parts of the section. In unit L-4 and lower
L-5, there is a series of five intervals, each 3—5 m (10—
16 ft) thick, characterized by pronounced gamma-ray
peaks and porosities mostly less than 5% (Figure 4)
and interpreted as the transgressive tracts of smaller
scale sequences or parasequences (Ehrenberg et al.,
1998a). Porosity in these intervals has been lost by
pervasive chemical compaction in fusulinid wacke-
stones having abundant stylolitic dissolution surfaces
lined with dark brown material and by heavy calcite-
spar cementation in the immediately adjacent beds

of other lithologies. The gamma-ray peaks correspond-
ing with these intervals reflect high uranium con-
tents but generally low to moderate K and Th (Ehren-
berg and Svan3g, 2001), suggesting that the dark brown
material associated with stylolitic dissolution in the
wackestones may be mainly organic matter with only
subordinate clay content. Second, in upper unit L-6
and upper unit L-7, low porosities in clean (low-Al)
grainstones and packstones are interpreted to be re-
lated to stylolite development along thin shaly sur-
faces that tend not to be included in the points sam-
pled for bulk chemistry and which have little aggregate
effect on the gamma-ray log (Figure 4). These intervals
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are discussed in the following section concerning
units L-6 and L-7.

The overall negative correlation between bulk alu-
mina content and porosity (Figure 9B) is proposed to
result from two related phenomena: (1) the effect of
clay and mica on promoting both early mechanical com-
paction and subsequent chemical compaction of lime-
stones (Weyl, 1959; Oldershaw and Scoffin, 1967;
Choquette and James, 1987; Brown, 1997) and (2) ce-
mentational porosity loss sourced by dissolution along
stylolites (Bathurst, 1983; Purser, 1984; Koepnick, 1985),
the development of which was localized by deposi-
tional concentrations of phyllosilicate minerals. There
has been much discussion about whether noncarbonate
materials lining stylolites in carbonate rock are the cause
or the result of dissolution (Bathurst, 1983; 1987). Nev-
ertheless, the facilitation of stylolitic dissolution by phyl-
losilicate mineral surfaces is well documented for quartz
grains in sandstones (Heald, 1959; Bjerkum, 1996), and

Salinity (%)

there seems no reason to believe that this effect is not
similarly important for carbonate minerals.

Negative correlation between bulk-rock alumina
content and porosity has previously been noted for sand-
stone reservoirs (Ehrenberg, 1997), although this rela-
tionship may easily be obscured by grouping together
samples with widely differing thermal histories. The
conclusions set forward by Ehrenberg (1997) should
therefore apply equally well to the carbonates of the
present study as to the Brent Group sandstones of the
Viking Graben.

RELATIONSHIP OF POROSITY TO FACIES
AND DOLOMITIZATION

The relationship of facies to porosity is examined in
Figure 10, where it is apparent that the five most
abundant facies, as listed in Table 1, each contain a
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Figure 9. Relationship between bulk-rock alumina content and porosity. (A) Depth profiles of bulk chemical analyses and plug
porosity values for corresponding plugs. Red curves are 25 m (82 ft) running averages of individual analyses shown by black curves.
(B) Individual bulk chemical analyses vs. plug porosity values from the same depth. Plotting symbol indicates stratigraphic interval.
(C) The 25-m (82-ft) running average of data in (B). Overall negative correlation between alumina and porosity reflects the influence
of phyllosilicate minerals on promoting chemical compaction and associated calcite cementation.

wide range of low to high porosity. The other facies
(F3, F4, F9, F10, and F12) are not prone to include
high porosity values. Figure 10 also shows that certain
facies are porosity prone in particular units but not in
other intervals.

Despite poor overall correlation between porosity
and dolomitization (Figure 11), comparison of the depth
profiles of porosity and dolomitization index in Figure 4
reveals that strong correlation exists in certain strati-
graphic intervals. For example, in unit L-1 (Figure 4),
limestones are tightly cemented (< 5% porosity), mainly
by coarse calcite spar, whereas adjacent beds of dolo-
mitic sandstone to mudstone have little calcite spar

and high porosity. This pattern is consistent with purely
local derivation of the late calcite cement from stylo-
lites that developed preferentially in the limestone
beds. Units L-3 and L-5 also show overall porosity-
dolomite correlation, whereas units L-4 and L-6 do not.
These differences reflect the different facies proportions
in different stratigraphic units and the different factors
controlling porosity differentiation in different facies.
Because the effect of dolomitization on porosity
evolution seems to vary with stratigraphic position, it
is necessary to examine facies and dolomitization to-
gether in specific stratigraphic units to determine the
nature of possible relationships. Four facies categories
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Figure 10. Frequency distributions
of porosity in different facies cat-
egories comprising the Gipsdalen
Group in cores from wells 7128/4-1
and 7128/6-1. Plugs were assigned
to facies based on core descriptions
and thin sections (1-m [3.3-t] spac-
ing through most intervals). Bar
patterns distinguish different strati-
graphic units in (A-D) and differ-
ent facies in (E-F). “Other units”
in (A-D) refer to units (L-1 to L-7)
not specified by filled patterns in
each plot. Some facies have wider
porosity variation than others, and
certain facies are more porosity
prone in particular stratigraphic
intervals.

were examined in particular detail to determine the

causes of porosity variation:

¢ Palaeoaplysina-phylloid-algae buildups (F6), which

dominate in unit L-4

¢ fusulinid wackestones (F5), abundant in units L-4

and L-5

¢ dolomitic mudstones (F8), dominant in units L-3

and L-5

1666
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25

(B) Fusulinid wackestone
facies (F5): mm unit L-4 and L-5
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25+
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25+
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Siliciclastic facies:
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mm sandstone (F11)

(F)
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¢ foraminifera grainstone and packstones (F7), dom-

inant in units L-6 and L-7

Buildup Facies (F6) of Unit L-4

Palaeoaplysina-phylloid-algae buildups (F6) include many

porosity values greater than 10% in unit L-4 but have

mostly less than 10% porosity in other units (Figure 10A).

Throughout the succession, this facies is characteristic
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Figure 11. Dolomitization index (DI = 100 x dolomite/total
carbonate, mostly determined by bulk x-ray diffraction) vs.
porosity in the Gipsdalen Group of wells 7128/4-1 and 7128/6-1.
Samples are mainly at constant 1-m (3.3-ft) spacing and should
therefore be roughly representative of lithologic proportions
present. No linear correlation of porosity with dolomitization
exists when facies are grouped together, although porosity
distribution is focused at low values in the limestones.

of the regressive (highstand) portions of depositional
cycles. Petrographic comparisons were made between
F6 samples from unit L-4 with contrasting high poros-
ity vs. low porosity. Distinction was also made between
little-dolomitized vs. extensively dolomitized intervals.

Interestingly, there is no apparent difference in
overall porosity distribution between dolomitized and
undolomitized buildups in unit L-4 (Figure 12A). In
little-dolomitized buildups with high porosity, coarse
calcite spar tends to be scarce or only modestly de-
veloped. In contrast, low-porosity samples tend to
show extensive infilling of Palaeoaplysina and phyl-
loid molds and other fossil cavities by coarse calcite
spar (Figure 7A). For the extensively dolomitized
buildups, high-porosity samples tend to have abun-
dant visible porosity in the form of both molds and
intercrystalline matrix porosity, whereas low-porosity
samples have lost porosity mainly by plugging of
molds and intercrystalline pores by anhydrite or by
coarsely crystalline dolomite cement. Thus, high po-
rosity in buildup facies is associated with abundant
open moldic pores, mainly formed by dissolution of
aragonitic bioclasts, whether the buildups are dolomi-
tized or not. Low porosity most commonly reflects
infilling of molds and fossil chambers by late calcite

spar in the little-dolomitized buildups or by coarse
anhydrite and dolomite cements in extensively dolo-
mitized buildups.

Fusulinid Wackestone (F5) of Units L-4 and L-5

Facies F5 includes porosity values greater than 10% in
units L-4 and L-5 but has mostly less than 10% po-
rosity in other units (Figure 10B). A general correla-
tion of low porosity with less dolomitization in facies
F5 exists, but completely dolomitized F5 samples still
show a wide porosity range (Figure 12B). F5 samples
with greater than 10% porosity tend to contain both
intercrystalline macroporosity in dolomitized matrix
areas and intrafossil macroporosity in bioclasts that
have resisted dolomitization (Figure 7B). These bio-
clasts appear to be represented by molds in complete-
ly dolomitized F5 samples. Tight F5 samples (<5%
porosity) typically have matrix areas that have low
porosity because of both compaction and calcite ce-
mentation. This facies is characteristic of both trans-
gressive and regressive portions of depositional cycles,
with lowest porosities typically found in the former.

Dolomitic Mudstone (F8) of Units L-3 and L-5

Porosity varies widely and shows a thinly layered pat-
tern of vertical variation (Figures 4, 10C). These var-
iably silty mudstones to bioclast-poor wackestones are
mostly replaced by finely crystalline (2—20-um) dolo-
mite (Figure 7C). They are interpreted as having been
deposited in low-accommodation lagoonal, intertidal,
to sabkha settings and comprise numerous thin depo-
sitional cycles, mostly 0.1-1 m (0.3-3.3 ft) thick.
Only sparse examples have similar appearance but low
dolomite content (Figure 12C).

In general, high porosities in F8 samples reflect
high intercrystalline matrix porosity combined with
varying contributions of microvuggy (moldic) poros-
ity. Although a few low-porosity plugs are located in
anhydrite and silica nodules, most low-porosity values
reflect low intercrystalline porosity of tightly packed
microdolomite matrix. Thus, the jagged profile of fre-
quent, wide porosity variation in the dolomitic mud-
stones reflects the thinly bedded character of these
shallow-water deposits, with apparent cyclic alteration
of high- and low-porosity layers. Although the under-
lying causes of porosity preservation and occlusion in
these beds are obscure, it may be speculated based on
the microvuggy fabric and euhedral (microsucrosic)
dolomite texture characteristic of the porous mudstones
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Figure 12. Dolomitiza-
tion index (DI = 100 x
dolomite/total carbonate,
mostly determined by
bulk x-ray diffraction) vs.
porosity in samples from
the four main porosity-
prone facies comprising
the Gipsdalen Group of
wells 7128/4-1 and 7128/
6-1. Plotting symbols in-
dicate samples from par-
ticular stratigraphic units.
"“Other units” refer to units
(L-1 to L-7) not specified by
squares or circles in each
plot.

and wackestones that porosity has been enhanced by
dissolution of remaining calcite mud and bioclasts after
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growth of a supporting framework of fine dolomite

crystals (Murray, 1960; Dawans and Swart, 1988).
Bulk-carbonate oxygen isotopic values of the dolo-
mudstones in units L-5 and upper L-3 are about —3 to
—5 %o Peedee belemnite (PDB), which is distinctly lower
than expected for dolomite formed in equilibrium with
Lower Permian seawater and thus possisibly indicative
of pervasive meteoric water influence (Ehrenberg et al.,
2002). Dolomitization and leaching of age-equivalent
carbonates on Bjerngya (Figure 1) have previously been
linked with alternating hypersaline and meteoric water
compositions (Folk and Siedleka, 1974; Stemmerik and
Larssen, 1993). Selective early dissolution of calcite from
partly dolomitized L-3 and L-5 mudstones and wacke-
stones may have also been promoted by eogenetic
oxidation of organic matter deposited in the shallow
lagoonal and peritidal setting inferred for these beds.
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Foraminifera Grainstone and Packstone (F7)
of Units L-6 and L-7

Facies F7 includes many porosity values of greater than
10% in unit L-6 and in some other units (mainly L-4 and
L-5) but has mostly less than 10% porosity in unit L-7
(Figure 10D). From units L-6 and L-7, 13 samples with
the highest porosity (>20%) were compared with 20
samples with the lowest porosity (<5%). These rocks are
undolomitized or have relatively minor development of
microdolomite rhombs in their recrystallized mud
matrix (Figure 12D). The high-porosity samples are char-
acterized by abundant primary intergranular and intra-
fossil porosity (Figure 7D). In addition, many of the
porous samples are packstones having a highly porous
matrix of calcite microspar with subordinate fine dolo-
mite cement. The low-porosity samples show extensive
occlusion of the same pore types that characterize the high-
porosity samples by fine to coarse calcite-spar cement.
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Figure 13. Profiles of porosity and stylolite frequency through units L-6 and L-7 in wells 7128/4-1 and 7128/6-1. Counts of number
of stylolites in each meter of core have been smoothed by averaging every 3 m (10 ft). Intervals consisting of shale and shaly
wackestone (diagonal pattern) are excluded from this count because they lack macroscale stylolites. These shaly intervals, however,
show petrographic evidence of extensive microstylolitic dissolution throughout. Horizontal lines indicate boundaries of lithostratigraphic
units. This comparison shows that the point of abrupt upward porosity decrease in each well (dashed line) is laterally correlative and
corresponds with an upward increase in overall stylolite frequency. Letters with arrows in (B) indicate locations of core photographs in
Figure 14. Location Cis within the lower part of lithostratigraphic unit L-8. Modified from Ehrenberg et al. (1998b) with permission from

the Geological Society of Norway.

Thus, the wide porosity variation in units L-6 and
L-7 appears to be mainly a function of the degree to
which primary porosity has been infilled by calcite
cement. One can also point to additional factors in-
volved in the development of the higher porosity
zones, such as the removal of aragonitic skeletal ma-
terial by early leaching, the near absence of early ma-
rine fibrous cements, and the lack of anhydrite plugging,
but these are factors that are common to the low-
porosity zones as well. Another difference is the mod-
est amounts (mostly <10%) of fine dolomite rhombs
in F7 samples with higher porosity (Figure 12D). The
timing of this dolomite is uncertain; if it was early, it
may have formed in association with dissolution of
mud matrix, but if it was late, it may simply reflect
the preferred access of dolomitizing fluids to the
more permeable beds not already occluded by calcite
cement.

Units L-6 and L-7 were cored in both of the wells
studied. The porosity profile of this interval shows
similar characteristics in both wells (Figure 13), in that
the lower part of the interval contains high-porosity

zones, whereas the upper part has only low to mod-
erate porosity. The point above which high poros-
ities (>10%) become sparse is very distinct (1846 m
in well 7128/4-1 and 1881 m in well 7128/6-1). This
may represent a correlative stratigraphic horizon above
which there was a change in depositional or early dia-
genetic conditions significant for porosity develop-
ment. Again, the comparison of high-porosity vs. low-
porosity samples above and below this horizon shows
that the main reason for the difference in porosity is
the abundance of coarse, blocky calcite cement, whereas
depositional textures and biota are similar.

The underlying cause of the above differences in
calcite-spar abundance is suspected to be related to
development of stylolites, dissolution along which is
envisioned to be the main source for the coarse calcite
spar in these rocks. Correlation between stylolite occur-
rence and cementational porosity loss in limestones
has been widely observed previously (Harms and Cho-
quette, 1965; Dunnington, 1967; Muin and Hasto-
widodo, 1982; Purser, 1984; Choquette and James,
1987). A meter-by-meter count of the number of
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Figure 14. Photos of 7128/6-1 cores illustrating different stylolite
frequencies characteristic of different intervals. Approximate loca-
tions are indicated in Figure 13B. Core width is 12.8 cm (5.04 in.).
Labels give porosity values corresponding to each plug location.
(A) 1897.6-1898.3 m (lower unit L-6); (B) 1871.4-1872.2m
(upper unit L-6); and (C) 1828.7-1829.5 m (lowermost unit L-8).

easily visible stylolites on the core surface in units L-6
and L-7 indicates overall greater frequency in the up-
per (lower porosity) zone in each well (Figures 13, 14).
This upper zone also includes two beds of carbonate-
rich shale to shaly wackestone that have undergone
extensive chemical dissolution during burial, as evi-
denced by pervasive dissolution textures where bio-
clasts are truncated against tiny clay seams. Unit L-7
and the upper part of unit L-6 are locally cut by
veins of coarse calcite spar, possibly attesting to the
export of calcite-saturated waters. Stable isotope
analyses of two such veins (1837.5 m in well 7128/4-1
and 1842.6 m in well 7128/6-1) yielded values of
§'%0 = —6.0to —10.9%0 PDB and §"°C = 4.1 t0 5.0 %o
PDB, which are similar to the range of coarse calcite
cements from this interval (Ehrenberg et al., 2002).

Porosity loss throughout the overlying unit L-8 (97 m
[318 {t] thick, consisting mainly of bryozoan-echinoderm
grainstone to wackestone of facies F4 and F3) is also
believed to reflect the presence of closely spaced, clay-
lined stylolites, here having even higher frequency
than in unit L-7 (Figure 14C). Extensive calcite ce-
mentation in facies F4 was also facilitated by the abun-
dance of echinoderm fragments, which provide sites
for syntaxial cement overgrowth.

SELECTIVE POROSITY LOSS IN LIMESTONES

Limestone and dolostone in the Finnmark Platform
strata have very different porosity frequency distri-
butions (Figure 15). Limestones have lower average
porosity (8.2%) with positively skewed distribution,
whereas dolostones have higher average porosity (14.4%)
with symmetric distribution. Partially dolomitized lime-
stones resemble the limestones in having low average
porosity (8.2%) and positive skewness but are similar
to the dolostones in having a low proportion of sam-
ples with porosity less than 5%. The limestone char-
acteristics have important implications for reservoir
modeling of fluid flow because the low-porosity lime-
stones represent a series of barriers to vertical and per-
haps also lateral flow, which are distributed accord-
ing to both parasequence- and sequence-layering scales
(Figures 4, 9A).

As discussed above, porosities below 5% in the
limestone distribution (Figure 15A) seem to result
from different processes in different lithologies. Many
of these low-porosity samples are grainstones, pack-
stones, and buildups where low porosity results from
heavy cementation by coarse calcite spar (41% of the
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Figure 15. Frequency distributions of porosity in limestones, partly dolomitized limestones, and dolostones of the Gipsdalen Group
(units L-1 to L-7) in cores from wells 7128/4-1 and 7128/6-1. Approximately every third plug sample was assigned a dolomitization
index (DI = 100 x dolomite/total carbonate) based on bulk x-ray diffraction or petrographic analysis (1-m [3.3-ft] spacing through
most intervals). Intervening plugs were then assigned an approximate DI range by interpolation between analyzed samples, with
guidance from core descriptions. Filled pattern indicates more than 50% siliciclastic content (estimated for the fixed-interval samples
from bulk chemical analysis and interpolated for intervening plugs based on core description). This comparison shows that
limestones have vastly different proportions of low, moderate, and high porosity values compared with interlayered dolostones,
supporting the view that dolomitization slows porosity loss attending burial.

103 plugs with porosity <5% and also represented by
thin sections). Other low-porosity limestones are
wackestones and mudstones, where porosity loss has
occurred by compaction and cementation of the mud
matrix (32% of the low-porosity thin sections). Calcite
cementation is also the main cause of porosity loss in
calcareousssiltstones and calcareous sandstones of units
L-1 and L-2 (22% of the low-porosity thin sections).
Limestones of unit L-8 (not included in Figure 15)
have consistently low porosity (1-4%) caused mainly
by extensive calcite cementation that may be related
to closely spaced stylolites and abundant echinoderm
grains (sites for syntaxial calcite cement growth).

The higher average porosity and the normal po-
rosity distribution of dolostones reflect their minor
calcite-spar cementation combined with early replace-
ment of mud matrix by microporous dolomite. The
latter process apparently hinders matrix compaction
and cementation. Lesser calcite cementation in dolo-
stones may stem, in large part, from the lesser propen-
sity for stylolite development in dolostone intervals, as
observed in the present cores and suggested by pre-
vious reports (Choquette and Steinen, 1980; Schofield,
1984; Railsback, 1993; Purser et al., 1994; Amthor
et al.,, 1994; Brown, 1997). The spatial association be-

tween stylolite occurrence and calcite cementation in
the same beds (also noted by Wong and Oldershaw,
1981) suggests that the solutes released by stylolitiza-
tion tend not to be exported far from their point of
origin, implying that solute supply, instead of trans-
port or precipitation, may be the rate-limiting step for
limestone cementation at burial temperatures (Oelkers
et al., 1996).

INFLUENCE OF STRATIGRAPHIC
POSITION ON POROSITY

In common with the sedimentologic cycle hierarchy,
patterns of vertical porosity variation in wells 7128/4-1
and 7128/6-1 have both smaller scale and larger scale
components of variation. At approximately the same
spatial magnitude as the facies variations defining the
sedimentologic cycles or smaller sequences, wide po-
rosity fluctuations occur on the meter to decimeter
scale and commonly coincide with cycle boundaries
(Figure 4). The porosity profile also shows overall
trends distinctive to each of the four major (7-9 m.y.)
sequences. On the largest (second-order) scale, the
7128/6-1 porosity profile shows a pronounced trend

EHRENBERG 1671



Figure 16. Semivariograms of porosity
in the Gipsdalen Group of well 7128/6-1,
based on plug data (upper curve) and
wire-line-log data (lower curve). See
Lucia (1999) for explanation of how
variograms work. Sills (plateaus) at
roughly 5-25- and more than 40-m
spacing (dashed line) reflect parase-
quence and sequence scales of layering.

Porosity variance
(in units of % bulk volume squared)

of upward porosity increase from the base of the
carbonate-platform succession to a maximum in unit
L-6, followed by a relatively abrupt decrease in the
upper part of unit L-6 (Figures 4, 13).

Semivariograms for plug and log data show that
porosity has two main scales of variance in the vertical
dimension (Figure 16). More than half of the total var-
iability is contained in the parasequences (0—5-m [0—
16-ft] scale), indicating that porosity contrasts in cy-
cles are greater than between cycles. Following a sill
from 5- to 25-m scale, variance then increases from
25 to 40 m, somewhat less than the 50-110-m scale
of the major sequences.

The above patterns have fundamental implications
concerning the processes controlling the occurrence of
higher porosity in these carbonates. The dominance of
intracycle porosity variation implies that the differ-
ences in lithology and eogenetic diagenesis defining the
sedimentologic cycles are also of primary importance in
determining porosity evolution. This link is confirmed
by detailed comparisons between core descriptions and
the plug porosity profile (Ehrenberg et al., 1998b).
Superimposed on this extreme, fine-scale heterogene-
ity is a larger scale (roughly 30—-60 m [100-200 ft])
pattern where intervals containing frequent high-porosity
peaks alternate with intervals containing fewer or no
high-porosity values (Figure 9A). This larger scale of
porosity variation is linked to the systems tracts com-
prising the lower order sequences.

The position of the overall porosity maximum in
7128/6-1 section above (at approximately 1900-m
[3200-ft] depth), instead of immediately below, the
second-order sequence boundary (Figure 4) militates

50 100
Distance between samples (m)

against karstic dissolution as a principal means of creat-
ing high porosity in these strata. In contrast to the
Finnmark Platform, however, widespread collapse fea-
tures caused by meteoric dissolution of underlying evap-
orate beds (not present in the inner Finnmark Platform)
are observed in stratigraphically equivalent carbonates
of Spitsbergen and in the subsurface of the Loppa high
(Figure 1) (Eliassen and Talbot, 2001).

The large-scale correlation between porosity and
the platform’s stratigraphic evolution is believed to
result from the combined effects of phyllosilicate
distribution, depositional texture (facies), dolomiti-
zation, and stratigraphically localized calcium-sulfate
cementation:

¢ The early platform stage of mixed siliciclastic-
carbonate deposition (units L-1 to lower L-3) has
generally low porosity because of extensive chem-
ical compaction in aluminous beds and associated
cementation of interlayered clean carbonate beds.

¢ The following siliciclastic-poor stage of platform
evolution shows upward-increasing porosity because
agggradation of muddy buildups and wackestones
(unit L-4) was followed by progradation of a more
proximal facies belt of thinly bedded dolomitic mud-
stones (unit L-5), where high porosity reflects early
replacement of mud matrix by finely crystalline
dolomite, possibly combined with leaching of cal-
cite from partly dolomitized beds.

¢ Maximum porosity development occurs in the over-
lying, little-dolomitized grain-shoal facies belt (unit
L-6), where high primary macroporosity (intergran-
ular and intrafossil pores) is favorably combined with
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the low frequency of stylolite-prone shaly layers. A
similar but thinner grainstone and packstone interval
is developed in lower unit L-5 (Figure 4), but here
porosities were extensively plugged by coarse anhy-
drite cement, possibly because of refluxing of brines
related to the restricted lagoonal and sabkha setting
of the overlying dolomitic mudstones.

* Further backstepping toward the top of the photo-
zoan platform section (unit L-7) is expressed by
porosity decrease because lower energy deposition-
al conditions favored more frequent occurrence of
stylolite-prone shaly laminations, resulting in ex-
tensive calcite cementation of the high depositional
to moldic macroporosity in grain-shoal and buildup
facies.

HYPERSALINE WATER COLUMN AND
POROSITY PRESERVATION

Fluid-inclusion data (Figure 8) show evidence for a
stratified column of hypersaline pore water with salin-
ity increasing from near gypsum saturation (12 wt.%
NaCl equivalent) in Upper Permian strata to some-
what below halite saturation (26.5 wt.% at 30°C) in
the Visean sandstones overlying the metasedimentary
basement. The lower part of this trend (downward
from the lower Sakmarian carbonates of unit L-7)
could have been produced by a series of brine-reflux
events occasioned by hypersaline conditions at various
stages of the Upper Carboniferous—Lower Permian
depositional history. Reflux involving the highest salin-
ity (densest) brine compositions would have pene-
trated deepest, displacing the fresh connate waters
originally present in the fluvial sandstones at the base of
the section. Development of the upper part of the
trend in Figure 8 (overlying unit L-7) must have in-
volved admixture of older brines because hypersaline
conditions are believed to have permanently ceased
throughout the Barents Sea region in the middle Sak-
marian (lower Wolfcampian), such that units L-8 and
L-9 were deposited with entirely normal-marine pore
waters. Mixing probably occurred because of compac-
tion of underlying strata, producing both upward and
southward movement of hypersaline water that both
displaced and mixed with overlying waters of normal-
marine salinity. Dewatering of the abundant shaly
beds in the Upper Permian unit L-9 may also be an
important factor.

Despite the above indications of displacement of
original pore waters both below and above the photo-

zoan carbonate section, the trend of density stratifica-
tion inferred from Figure 8 suggests a situation of long-
term hydrodynamic stability and, thus, immobility of
the pore-water column. This stability would tend to
enforce an overall closed diagenetic system, allowing
neither convective circulation nor lateral penetration
meteoric waters derived from land areas to the south.
This stable and stagnant hypersaline pore water may
be identified as an important general or background
factor favoring porosity preservation in the present car-
bonates, in marked contrast to cases of extensive ce-
mentational porosity loss in carbonate platforms with
open hydrodynamic systems involving large fluxes of
low-salinity pore waters (Meyers, 1978; Grover and
Read, 1983; Emery et al. 1988; Moore, 2001).

CONCLUSIONS

Upper Carboniferous—Lower Permian strata of the
Finnmark carbonate platform contain high porosities
despite maximum burial temperatures exceeding 90°C
and the absence of present or past petroleum charge
that could have inhibited cementation. Pore types vary
widely in different lithologies but are interpreted as
consisting mainly of primary (intergranular and intra-
fossil) pores and secondary (moldic and intercrystal-
line) pores that likely formed during shallow (eogenetic)
diagenesis. Burial diagenetic modification appears to
have involved the progressive reduction of this poros-
ity by gradual growth of coarser cement crystals. Un-
derstanding the stratigraphic distribution of porosity
therefore requires analysis of the processes favoring
preservation as opposed to occlusion of porosity al-
ready present at the onset of burial below the first few
hundred meters depth.

Dolomitization appears necessary for high poros-
ity in mudstone and wackestone facies, but high po-
rosity in grain-dominated and buildup facies is mainly
dependent on paucity of burial cements. Although an-
hydrite and coarse dolomite are locally important, the
most important burial cement is calcite, which was
sourced by chemical compaction localized by phyllosil-
icate minerals in nearby beds. Correlation of maximum
porosity development with the second-order turnaround
of the platform’s sequence-stratigraphic evolution is
therefore explained in terms of the combined influences
of (1) early dolomitization and dissolution of shallow-
water mudstones and wackestones deposited as the
most proximal regressive facies belt and (2) preservation
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Table 2. Factors Favorable for Porosity in the Finnmark
Carbonate Platform*

Abundant primary intergranular and intrafossil porosity in grain-
dominated facies

Meteoric leaching of aragonitic bioclasts in buildup facies

Early dolomitization of shallow-water, muddy facies, possibly
combined with early dissolution related to alternating hyper-
saline and freshwater conditions in partially restricted, inner
shelf settings

Low frequency of clay-rich surfaces and beds prone to initiation
of chemical compaction at burial temperatures

Stratigraphic position near (above and below) second-order
turnaround from overall regressive to transgressive system

Photozoan biotic assemblage, as opposed to a heterozoan assem-
blage with abundant echinoderm fragments (sites for syntaxial
calcite cement growth) and associated depositional conditions
forming frequent shaly laminations (localizing stylolitic disso-
lution to supply cement growth)

Early emplacement of immobile pore water (stratified hyper-
saline brine column)

*Factors not important in this example: early petroleum emplacement; karsting
and collapse features; late burial dissolution.

of primary porosity caused by low aluminosilicate
content in grain shoals deposited just after the turn-
around. An additional porosity-favorable factor was
the early emplacement of a stratified column of hy-
persaline pore water, which favored closed-system
behavior during subsequent burial.

These conclusions do not provide a quantitative
methodology for carbonate porosity prediction, but
nevertheless allow recognition of an assemblage of key
porosity-controlling factors (Table 2) whose relative
magnitudes can be appreciated by reference to the po-
rosity values of the present example. This example
should be of significance to carbonate reservoir evalua-
tion elsewhere, to the extent that the factors listed in
Table 2 represent physical processes operating during
carbonate platform growth and diagenesis. It is impor-
tant to note, however, that the present example is a
particular type of carbonate platform deposited in an
arid climate, with variable siliciclastic influx, consisting
of diverse warm-water biota, nearly devoid of ooids

and other nonskeletal allochems, and having low con-
tent of fibrous marine cements. Variation on these
characteristics may result in differing importance of
porosity controls.

The function of phyllosilicate minerals in facili-
tating stylolitic dissolution and associated cement pre-
cipitation is a fundamental similarity between carbon-
ate and siliciclastic burial diagenesis that may have
potential for calibration as a predictive tool. The con-
trasting porosity frequency distributions of limestones
and dolostones in the present example may be a gen-
eral characteristic of photozoan-assemblage carbonate
reservoirs, insofar as similar relationships are also ob-
served in cyclic, warm-water carbonate successions
elsewhere (Ehrenberg et al., 2004). In any case, the
low end of the limestone porosity distribution appears
to represent a hierarchy of stratified barriers to fluid
flow (tight limestone intervals) that are interpreted to
form mainly by calcite cementation attending chem-
ical compaction. This burial diagenetic generation of
flow barriers may be a fundamental difference be-
tween carbonates and siliciclastic reservoirs, where
barriers are generally formed by fine-grained, clay-rich
layers that exist from the time of deposition onward
(Ehrenberg et al., 1992; Olaussen et al., 1992).
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