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Abstract

The detailed study of many diagenetic carbonates (concretions, cemented bioturbation burrows etc.) and dykes of a large-scale

sandstone injection complex, which are preserved in a cored early Eocene section recovered from the South Viking Graben

(North Sea), provides evidence for the dyke emplacement by gas-driven sand injection and coeval methane seepage. The

morphology, chemistry of fluid inclusions, isotopic signature (d13C as low as �35x) and petrographic characteristics of the

diagenetic carbonates reveal gradual carbonate precipitation with a contribution of carbon derived from methane oxidation.

Stratigraphic and cross-cutting relationships reveal that sand injection post-dates the formation of the diagenetic carbonates and,

therefore, the beginning of hydrocarbon migration. Fluorescing fluid inclusions, carbonate cement isotopic signature (d13C as low

as �27x) and petrographic observations of the injected sandstones indicate the persistence of hydrocarbons (including methane)

after the injection process. Gas chromatography of fluid inclusions confirms the presence of methane in both diagenetic

carbonates and injected sandstones carbonate cements. We suggest that gas influx in the Eocene deep-water sandstones increased

pore fluid pressures during early burial and decreased the grain framework stability, inducing liquefaction and sand injection. Gas

involvement in sand injection has been widely invoked to explain the large-scale injection complexes recently recognised in the

Paleogene of the North Sea but had previously never been proven. Large-scale injection structures and hydrocarbon seepage

appear linked in several localities with obvious great economic significance.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Subsurface mobilisation and injection of sand has

been recently recognised as a significant control of

deep-water sandstone geometry. Kilometre-scale in-
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jection complexes have been interpreted in the Paleo-

gene section of the northern North Sea hydrocarbon

province from high-quality 3D-seismic and borehole

data [1,2]). The emplacement of large-scale injection

complexes has been commonly attributed in the geo-

logical literature to seismic activity and consequent

sand liquefaction (review in [3]). To explain the

origin of such large-scale injected units in the Paleo-

gene of the North Sea, which is believed to have

been unaffected by strong earthquakes [1], the in-

volvement of hydrocarbon gas has been frequently
etters 239 (2005) 327–335
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invoked but never proven [1,3–6]. Conversely the

role of methane generation and migration in clay

overpressuring and in their consequent remobilisation
ig. 1. A: Paleogeographic sketch of the Bruce–Beryl Embayment

uring the early Eocene; location map in inset. B: Stratigraphic

olumn of the Paleocene–Eocene transition in the Bruce–Beryl

mbayment; cored section outlined by dashed line. C: Sedimento-

gical log of the studied cored section, core depths are in feet. D:

terpreted geoseismic section across the Bruce–Beryl Embayment.

he Balder sandstone wedge out towards the Crawford Ridge and

rge-scale injected sandstones cross-cut the Balder and Frigg for-

ations; modified from Purvis et al. [9].
to form mud diapirs and mud volcanoes has long

been recognised [7].

This paper expands and develops further analyses

and interpretations building on the work of Mazzini et

al. [8] on a section cored above the main reservoir

interval of the Balder Formation (Paleogene, UK

North Sea), which includes injected sandstones and

various types of authigenic carbonates. The presence

of methane-rich fluids during sand injection is demon-

strated by the integration of core observations and

petrographic and geochemical analysis of the carbo-

nates and injected sandstones. The role of methane in

increasing pore fluid pressure and promoting sand in-

jection is discussed. The results of this study have

relevance for wide sectors of the North Sea succession,

which share common characteristics and are affected by

large-scale sand injection, and may be applied to other

sedimentary basins.

2. Geological setting

The North Sea forms a Cenozoic intracratonic sag

basin, which developed over a series of failed Mesozoic

rift structures. After the major Mid- to Late-Jurassic

rifting event, the North Sea basin became starved of

sediment. During the early Tertiary, the opening of the

North Atlantic Ocean uplifted the Shetland landmass.

The consequent renewal of the eastward clastic supply

deposited large deltas and deep-water sandstones in the

Viking Graben. In the Bruce–Beryl Embayment, on the

western footwall of the South Viking Graben, large-

scale retrogressive slides and slumps deposited numer-

ous, isolated, sand-rich bodies at the toe of a large delta-

slope during the early Eocene [2]. The Crawford Ridge

acted as barrier and ponded the sediment gravity flows

([9]; Fig. 1A). These thick (up to 120 m), lenticular and

steep-sided sandstone bodies are enclosed by the tuffs

and mudstones of the Balder Formation (Fig. 1B).

Sandstones are clean, medium to fine-grained, poorly

cemented and mainly structureless. A flooding surface

marks the transition to the overlying mudstone-rich

Frigg Formation [2]. Numerous sandstone dykes and

sills are preserved in cores recovered from the Balder
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and Frigg formations and large-scale injected units have

been detected in 3D-seismic data ([9]; Fig. 1D).

In the Bruce–Beryl Embayment, sandstones of the

Balder Formation form the main reservoirs of the

Gryphon and Harding oil fields, which contain biode-

graded, low-API oil with a gas cap. The examined core

is a nearly continuous record of the Frigg Formation

and of most of the Balder Formation and was recovered

from well 9/18b-13 (Fig. 1A, B).

3. Lithology of the investigated section

The examined cored section is well preserved, ap-

proximately 150 m long and 14 cmwide in diameter. It is

dominated by homogeneous or weakly laminated, local-

ly bioturbated, mudstones of predominantly hemipelagic

origin (Fig. 1C). Poorly consolidated and rarely cemen-

ted sandstones occur mainly as dykes and sills with

discordant, irregular margins and several deformation

bands. A thick sandstone bedset at the top of the Balder

Formation is inferred to have depositional origin, be-

cause of the parallel lamination. Numerous cm-thick,

light grey, sharp-based beds of volcaniclastic material

punctuate the lowermost part of this formation.

The light grey mudstones of the Frigg Formation

include numerous cm-scale diagenetic carbonates,

some of which are described in detail in Mazzini

et al. [8], that can be subdivided in two main types:

1) cm-scale tubular features, which have prevailing

sub-horizontal orientation (Fig. 2A, D) and are local-

ly concentrated in m-thick horizons (Figs. 1C and

2A); 2) sub-rounded concretions, which are up to 13

cm in diameter and occasionally comprise a bitumi-

nous bioturbation in their central part (Fig. 2C, I).

Isolated, white, cm-scale angular concretions are scat-

tered throughout the dark grey mudstones of the

Balder Formation (Fig. 2J). The various diagenetic

carbonates are cross-cut by the injected units (Fig.

2A, B, C, G).

4. Analytical methods

Direct examination of slabbed and half-cut cores

was supplemented by analysis of high-quality white-

and UV-light photos. Cross-cutting relations among

the studied features were recorded in order to recon-

struct their paragenesis. Polished thin sections were

studied using standard petrographic, UV-light and

cathodoluminescence techniques. Fluid inclusions

were analysed to determine the ambient fluids during

cementation. New stable isotope analyses were added

to those reported by Mazzini et al. [8] to target
specific authigenic carbonates associated with injected

sandstones.

Gas chromatography of thermally unsealed fluid

inclusions [10] was performed on the diagenetic fea-

tures in order to identify the presence of methane in

the sealed inclusions. A chromatograph bTsvet-3006Q
was used to detect presence of N2, CO, CO2, CH4 and

H2O. The mass unsealing of the inclusions occurred at

temperatures between 200–400 8C and terminated at

450 8C. The decrepitation took place for 3 min and

unsealed all of the inclusions with no relevant second-

ary reactions.

5. Results and discussion

5.1. Petrographic and geochemical observations

The central conduits of the carbonate tubular fea-

tures are partly filled by inward growing zoned

sparitic calcite, or occasionally aragonite, whereas

micrite-cemented encasing sediment surrounds them

(Fig. 2E–F). Blue-green oil inclusions are trapped in

the sparitic cement of these tubular diagenetic carbo-

nates. The stable isotopic composition (Fig. 3) of this

cement ranges between �35x and �29x indicating

methane is a source for the carbon of the sparitic

cement [11]. The sub-rounded concretions consist of

host rock cemented by micrite with concentric

growth, as revealed by UV images (Fig. 2H). The

micritic cement encasing the tubular features and

cementing the subrounded concretions is generally

moderately depleted (�30xbd13Cb�20x) suggest-

ing mixing of carbon derived from hydrocarbons and

from isotopically heavier sources, such as organic

matter and bottom seawater. The angular concretions

observed throughout the Balder Formation consist of

dolomite and calcite which nucleated around fecal

pellets [12]. Their d13C signal shows values ranging

from �16x to 0x. No oil inclusions were observed

in these concretions.

The sand dykes contain blue-green hydrocarbon

inclusions trapped in the rare micritic cement, in the

numerous quartz overgrowths and deformation bands.

The carbon stable isotopes composition of the micritic

cement varies between �27x and �22x, suggesting

that methane was an important carbon source.

Fluid inclusion gas chromatography of injected

sandstones and tubular features (Table 1) reveals

the presence of varying quantities of carbon dioxide,

carbon monoxide, minor amounts of nitrogen (only

in sample 5400.5 TF), methane in addition to water

and some heavier hydrocarbons (i.e. ethane, ethylene,



D. Duranti, A. Mazzini / Earth and Planetary Science Letters 239 (2005) 327–335330
acetylene in samples 5355 IS, 5452 IS, 5405 IS,

5468 TF; Table 1). Injected sands contain higher

amounts of fluid inclusions derived gases with re-
spect to the tubular features. All the samples

recorded the presence of methane within the fluid

inclusions.



Fig. 3. Cross plot of carbon 13C and oxygen 18O stable isotopes compositions for carbonate cements of the various diagenetic carbonates.
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5.2. Origin of the diagenetic carbonates

The bioturbation casts enclosed in the subrounded

concretions and the frequency of the latter in the Frigg

Formation suggest preferential micritic cementation

around open burrows produced by worm communities

(e.g. Anellides) thriving just below the sea-floor. We

suggest that carbon derived from the oxidation of hydro-

carbons and organic matter, which were concentrated in

the central part of these open burrows, mixed with the

sea-water derived carbon. This combined carbon con-

tribution promoted the growth of these concretions fol-

lowing a bconcentricQ model similar to that described by

Selles-Martinez [13]. The type of seeping fluid deter-

mined the nature of the material in the central part of the

carbonate concretions. Seepage of methane-rich fluids

through the open burrows promoted precipitation of the

zoned sparite in the conduits forming the tubular fea-

tures (Fig. 2D). If seepage ceased at an early stage, the

concretion grew uniformly and closed the conduit (Fig.

2G–H), while flows of heavy hydrocarbons produced

bitumen casts of the original organism (Fig. 2I) ob-

served in the subrounded concretions (Fig. 2C). The

tubular features may be alternatively interpreted as gas

seepage structures forming in small fractures and dis-

continuities close to the sea-floor [8]. Methane played
Fig. 2. (A) Core section from the Frigg Formation showing dark, oil saturated

numerous small, white, authigenic carbonates. Each core stick is approximate

structures (white arrows) are cross-cut by an injected sandstone (outlined by d

arrows). (C) Rounded concretions cross-cut by thin injected sandstones (whit

(D) Concentric organization of a tubular carbonate feature with sparitic calc

organization. (F) Photomicrograph of tubular structure in (E). Mudstones (h

sparite (s) with inward crystal growth. (G) Large, rounded concretion fractu

concretion outward concentric growth. (I) Detail of biotubation cast of (

concretions scattered throughout the Balder Formation.
an essential role in the formation of these diagenetic

carbonates also in this alternative interpretation.

The location of these carbonate-rich horizons is

likely to be restricted to sites of seal weakness and

leakage of hydrocarbon from the underlying reservoir.

Carbonate horizons of possibly similar origin are fre-

quently encountered by boreholes in the Paleogene

seals of the North Sea (e.g. Alba, Frigg, Heimdal and

Balder fields) but very rarely sampled in core, which

preferentially targets the underlying reservoirs. Various

seepage-related authigenic carbonates occur on the

present-day sea-floor above oilfields (e.g. Gullfaks

Field, [14]) and in outcrops of large-scale injection

complexes in California, such as the Santa Cruz area

[15] and the Panoche Hills [16].

Fluid inclusion gas chromatography confirms the

presence of varying quantities of methane in the sand-

stone dykes cements, which precipitated after the injec-

tion phase. Higher amounts of methane detected in the

injected sand samples are likely to be caused by the

significant amount of hydrocarbons which were present

during the injection phase and were entrapped in the

abundant fluid inclusions. Hydrocarbon oxidation does

not appear to have contributed to the cementation of the

angular concretions, as indicated by their higher isoto-

pic ratio and lack of oil inclusions.
, injected sandstones which cross-cut the encasing grey mudstones and

ly 1 m long. (B) Detail outlined in (A): several white tubular carbonate

ashed black line) which contains disrupted carbonate fragments (black

e arrows); nucleus of outlined concretion is the bioturbation cast in (I).

ite in the inner ring. (E) Detail of sparite ring with concentric layered

) encase a micrite ring (m), which in turn surrounds an inner ring of

red and cross-cut by sand dykes. (H) UV-light image of subrounded

C); chevron-like incisions are peristaltic trackways. (J) Subangular



Table 1

C/O stable isotope analyses on injected sands (IS) and tubular feature (TF) samples, combined with fluid inclusions gas chromatography and Rock–

Eval pyrolysis analyses

Sample depth BSF

(feet)

d18O x
(V-PDB)

d13C x
(V-PDB)

mcg/g of rock Molar %

N2 CO CH4 CO2 H2O N2 CO CH4 CO2 H2O

5355 ISa �2.03 �22.16 0 96.4 25.3 799 7630 0 0.77 0.36 4.05 94.99

5452 ISa 0 285 15.8 1358 4648 0 3.39 0.33 10.29 86.1

5405 ISa �1.78 �25.21 0 34.6 6.6 481 3961 0 0.53 0.19 4.68 94.44

5400.5 TF �1.25 �26.54 0.5 16.6 5.6 181 1403 0.02 0.71 0.42 4.95 93.9

5457 IS 0 69.8 3.7 2947 16,947 0 0.25 0.02 6.6 93.32

5465 TF 0 20.9 2.4 852 6505 0 0.19 0.04 5.02 94.44

5468 TF2 �1.32 �33.09 0 20.5 1.3 1144 4329 0 0.42 0.03 9.72 89.99

5579.1 IS 0 27.8 1.3 291.4 1119 0 1.42 0.12 9.46 88.88

5468 TFa �1.99 �34.74 0 17.1 1 477 2364 0 0.43 0.04 7.57 91.66

5463.2 TF �1.34 �35.34 0 10.1 0.42 254 1019 0 0.57 0.04 9.17 89.99

a Observed peaks of ethane C2H6, ethylene C2H4 and acetylene C2H2 could not be measured because the chromatograph was not appositely

calibrated.
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Precipitation at shallow burial depth for all these

carbonate cements is indicated by the occurrence of

local aragonite and abundant primary monophase inclu-

sions and by the oxygen isotope composition [8]. Anal-

yses of the cement, fluid inclusions and of the sparite-

growing pattern of the diagenetic carbonates indicate

that their precipitation was promoted by the seepage of

hydrocarbons, methane in particular, through the sedi-

ment during the deposition of the Frigg Formation (Fig.

4).

5.3. Relative timing of sand injection and diagenetic

carbonate formation

As numerous diagenetic carbonates are cut and

disrupted by sandstone dykes at several stratigraphic

levels of the cored section, sand injection clearly post-

dates their formation and, consequently, the initiation

of hydrocarbon migration. This conclusion is also
Fig. 4. Paragenesis of geological and diagenetic events of the area during the

wide Paleogene lithostratigraphic units of the North Sea. Minor phases of sa

deposition.
supported by the preservation of empty conduits and

fine details of burrows, which indicates lithification of

the surrounding micrite at burial depths of a few

meters. As isotopic and petrographic analyses of the

micrite reveal contribution from methane oxidation,

hydrocarbons were already migrating during the depo-

sition of the Frigg Formation. The biogenically degrad-

ed low-API oil and gas cap of the Gryphon Field are

consistent with a model of shallow emplacement and

bacterial oxidation of hydrocarbons. As the top of the

Frigg Formation hosts the uppermost dykes, their in-

jection after formation of the carbonate structures is

substantiated.

Seismic-scale bwing-like dykesQ approximately

reach the regional unconformity which defines the top

of this formation (cf. Fig. 11 of [9]). Therefore, sands

were primarily injected after the deposition of the Frigg

Formation. If the edges of these wing-like dykes are

interpreted as extrusions on the seafloor [17], the main
Paleogene. Time is expressed in terms of the deposition of the basin-

nd injection may have occurred before the end of the Frigg Formation
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injection phase occurred during the unconformity gap,

when the uppermost Balder sandstones were approxi-

mately 180 m below the sea-floor (Fig. 5).

Following sand injection, hydrocarbons continued

to migrate into and saturate the injected sandstones, as

indicated by the oil inclusions in their carbonate and

quartz cements and within the deformation bands.

Carbonate cements of injected units precipitated at

shallow burial depth (b300 m), probably from oxida-

tion of methane and biodegradation of oil, as recorded

by their isotopic signals [8]. In particular, as defor-

mation bands in sand dykes are believed to be pro-

duced soon after injection [18], the oil inclusions

trapped in their fractured grains confirm concomitant

oil migration.

From the above, seepage of methane-rich fluids

before and immediately after sand injection is docu-

mented. Hydrocarbon migration possibly started at the

end of the Balder Formation deposition, as the enclosed
Fig. 5. Early burial phases of the studied section with diagram
angular concretions do not contain any oil inclusions.

Regional studies confirm hydrocarbon generation from

the Kimmeridgian Shales in the early Eocene [19].

5.4. Role of gas in sand injection

Prolonged gas influx into the sealed and unconsol-

idated sands of the Balder Formation would raise their

pore fluid overpressure and, consequently, would de-

crease the grain framework stability. Upon framework

collapse, the overburden load would be transferred to

the dense suspension of liquefied pore fluid and sand

grains. The suspension pressure would rapidly rise to

geostatic values and, therefore, would exceed the frac-

ture pressure. Resulting fractures would be exploited by

the overpressured fluid to form injected sandstones, as

described for many earthquake-stricken localities [20].

Upon release, gas exsolution promotes turbulence of

the escaping pore fluid flow with consequent enhanced
of the variation of pore fluid pressure with burial depth.
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entraining of granular material. The early burial evolu-

tion of the studied section is proposed to have occurred

in three main phases. Timing of these phases is

expressed in terms of lithostratigraphic units, as they

are basin-wide and commonly used with a chronostrati-

graphic significance for the North Sea Paleogene.

1) Balder/Frigg formations boundary—The lenticular

sand accumulations deposited in the Bruce–Beryl

Embayment during the early Eocene were efficiently

sealed by low-permeability clays (Fig. 5A). After

sealing, their pore fluid pressure departs from the

hydrostatic gradient and increases following a path

sub-parallel to the geostatic gradient [3]. The anoxic

depositional environment of the Balder Mudstones

preserved numerous fecal pellets therefore promot-

ing the formation of the angular concretions.

2) Lower Frigg time—Hydrocarbons generated by the

Kimmeridgian Shales migrated upward and accumu-

lated in the thick Balder sandstones. Gas compress-

ibility allowed large pore fluid overpressure to build

up, causing minor local seepage in places of seal

weaknesses (Fig. 5B). Leakage of hydrocarbon-rich

fluids promoted carbonate deposition to form the

diagenetic carbonate features. Stacked carbonate-

rich horizons suggest episodic seepage.

3) Top Frigg time (?)—The unstable grain framework

was likely to collapse because of small-magnitude

earthquakes during the time span covered by the

regional unconformity at the top of the Frigg For-

mation. Liquefaction, seal breaching, sand fluidisa-

tion and injection resulted. Fractures propagated to

the seabed, cross-cut the stacked carbonate-rich hor-

izons and were filled by fluidised sand (Fig. 5C).

Several other Paleogene injection complexes in the

northern North Sea share the same time of hydrocarbon

migration and are inferred to have been emplaced dur-

ing regional unconformity gaps [17]. This suggests that

their mechanism of injection may be similar to the one

proposed here. The Paleogene unconformities of the

North Sea are believed to be related to the North

Atlantic opening [21] and earthquakes were likely to

occur during their time span.

However liquefaction of superficial sediments is

mainly caused by earthquakes of MN6.5 [20]. The

shear stress experienced by a buried sediment element

during an earthquake decreases by a factor inversely

proportional to the depth, whereas its static shear

strength increases with it [22]. Extremely severe earth-

quakes, unlikely in the North Sea, would be required to

liquefy sandbodies at burial depth of a few hundreds of
meters, unless their shear strength is largely reduced by

overpressure, as it happens with gas influx.

6. Implications

The increasing number of large- and medium-scale

injection complexes, which have been recognised in the

subsurface, contrasts with their relative small-scale and

infrequency in outcrops and demands an explanation.

This study supports the hypothesis that methane migra-

tion can be a significant driving factor in the large-scale

sand remobilisation occurring in numerous Paleogene

deep-water sandstones in the northern North Sea. Per-

haps not by chance, other known decametre-scale

injected sandstones are mostly reported from hydrocar-

bon provinces, such as the Californian localities men-

tioned above, the West African off-shore [23] and

Sakhalin Island, in the far-eastern Russian Federation

(D.I. MacDonald, pers. com.). Relative timing of hy-

drocarbon migration in the reservoirs appears to be a

critical factor. Migration at relatively shallow burial

depth, before sand consolidation and deposition of a

thick and competent overburden, is probably required

for a large-scale expression of this process.

The relationship between hydrocarbons and injected

sandstones assigns a key role in soft-sediment defor-

mation to the former, which was previously unaccount-

ed for. This relation has also great economic

significance, because injected units may comprise con-

siderable reserves and become production targets, as it

already happens in the North Sea.
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