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Introduction

Les évidences de surpression de fluides et de fracturation hydraulique sont des
phénoménes géologiques treés répandus. Leurs expressions peuvent prendre différentes
formes, a différentes échelles, et s’observent parfois facilement a travers les paysages. Il
existe ainsi plusieurs exemples de ces phénomeénes tel que le volcanisme, les geysers, et les
volcans de boue. D’autres en revanche restent plus discrets et méconnus, mais sont parfois
d’intéréts économiques majeurs. C’est le cas par exemple lorsque les surpressions de fluides

s’expriment au cceur des bassins sédimentaires, lieux de génération des hydrocarbures.

Le monde pétrolier s’est intéressé tres rapidement aux phénomenes de surpression de
fluides et a la fracturation hydraulique. La raison principale est que ces phénoménes sont au
cceur des questions énergétiques actuelles. Néanmoins, il existe des intéréts scientifiques
majeurs qui résident dans I’étude de ces phénomeénes. En effet, I’étude des surpressions de
fluides et de la fracturation hydraulique peut apporter énormément de réponses pour
comprendre leurs origines, mais aussi leurs évolutions dans le temps. Comprendre les
systemes en surpression de fluides dans les bassins sédimentaires, c’est comprendre comment
un fluide peut étre généré, puis peut migrer (latéralement et verticalement) et se retrouver
piégé dans les sédiments. Enfin, ce méme fluide peut aussi étre & I’origine de la fracturation
hydraulique d’une roche. Ainsi, tenter de répondre aux questions relatives a ces processus
c’est étudier un systeme fluide/roche, de la génération d’un fluide jusqu’a la fracturation de la
roche. Pour le monde industriel, les enjeux sont considérables. La compréhension des
surpressions de fluides au sein méme des systemes pétroliers est primordiale. Ainsi lors des
forages, et notamment ceux qui utilisent la fracturation hydraulique, une bonne connaissance
de I’état de fracturation naturel de la roche peut étre déterminant pour I’exploitation d’un

gisement.

Dans ce travail de these, nous nous intéresserons ainsi aux surpressions de fluides et a la
fracturation hydraulique dans les bassins sédimentaires, en donnant un accent particulier a

I’expression de ces processus au sein méme des roches méres d’hydrocarbures.
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Indépendamment du contexte géologique, les bassins sédimentaires sont souvent
affectés par des fluides en surpression. Les roches de nature imperméable, comme les roches
meéres, sont particulierement sujettes a ces phénomenes. La raison réside bien entendu dans le
fait qu’elles sont imperméables et qu’elles s’opposent naturellement & la migration d’un fluide
et favorisent donc I’apparition de pressions de fluide anormalement élevées. Mais ces roches
sont également a I’origine des fluides, comme les huiles ou les gaz qui constituent les
hydrocarbures. On doit alors considérer qu’a I’intérieur méme des roches meéres une partie

solide de la roche, la matiére organique, va devenir un fluide au moment de la maturation.

Depuis la description des mécanismes de fracturation hydraulique faite par Hubbert et
Willis (1957) jusqu’a aujourd’hui, les surpressions de fluides et la fracturation hydraulique
ont déja fait I’objet de plusieurs études. Celles-ci se sont notamment multipliées durant ces
quinze dernieres années, probablement en réponse a I’intérét pétrolier qu’elles peuvent
susciter. En conséquence, de nombreuses avancées ont été faites, tant sur le plan théorique
que sur le plan expérimental. Ainsi, Mourgues et Cobbold (2003) ont montré que lorsqu’une
surpression de fluides était présente au sein des pores d’une roche, des forces appelées
« forces de courant » étaient alors générées. Ces forces s’appliquent directement aux roches,
indépendamment de la vitesse d’écoulement, et peuvent changer I’orientation des contraintes
principales effectives appliquées au systeme. La fracturation hydraulique est alors caractérisée
par la formation d’une fracture sous I’effet d’une forte pression de fluides. Elle peut donc
théoriquement se former en I’absence totale de contraintes tectoniques. Par la suite, les
travaux de Cobbold et Rodrigues (2007) ont montré que les fractures hydrauliques
horizontales étaient la conséquence d’un gradient de pression de fluide élevé et des forces de
courant. Ces découvertes vont changer la conception de certains objets géologiques, comme
les veines de calcites fibreuses paralléles a la stratification de la roche : le beef.

De nos jours, nous ne regardons plus de la méme maniére les veines fibreuses paralléles
a la stratification d’une roche. Elles sont nommées ‘beef’ du fait de leur grande ressemblance
avec les fibres d’un muscle (Buckland & De la Béche 1835). Cependant, ces travaux sont
restés assez largement méconnus. Aussi, le lien entre ces objets géologiques et les
surpressions de fluides n’a été fait que tres récemment. En effet, lors de leur étude Rodrigues
et al. (2009) ont montré que le beef était formé par des veines antitaxiales qui étaient la
conséquence des surpressions de fluides et de la fracturation hydraulique des roches. Dans
cette étude, les auteurs mentionnent qu’il semble exister un lien entre le beef et la génération

d’hydrocarbures, sans que celui-ci ne soit clairement démontré.
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Sur le plan expérimental, les surpressions de fluides et la fracturation hydraulique ont
déja été étudiées. Cependant, il a fallut attendre la fin des années 90 pour voir apparaitre les
premiers modéles analogiques assistés par des fluides (Cobbold & Castro 1999). En
seulement quinze ans, la modélisation analogique s’est hissée a la premiere place des outils
utilisés par les géologues pour comprendre ces phénomenes. Ainsi, des modéles analogiques
capables de réaliser des expériences sous I’effet des surpressions de fluides ont été réalisés
(Cobbold et al. 2001 ; Mourgues & Cobbold 2003 ; Cobbold & Rodrigues 2007 ; Rodrigues et
al. 2009). Dans tous ces modeles, les surpressions de fluides ont été obtenues par des
injections de fluides (eau ou air) a la base. Ces modéles s’attachent donc plus particuliérement
aux conséquences des surpressions de fluides qu’a leur origine. A travers toutes ces
modélisations, nous avons pu comprendre que les surpressions de fluides avaient un tres

grand impact sur la déformation des sédiments (Cobbold et al. 2004 ; Rodrigues et al. 2009).

Objectifs et travail de thése

Précédemment, nous avons vu que les conséquences des surpressions de fluides étaient
relativement bien connues. Néanmoins, pour les mécanismes qui en sont a I’origine il n’y a
pas de consensus. Ce travail de thése vise donc a mieux comprendre ces mécanismes qui
semblent liés a la génération d’hydrocarbures. Pour cela, nous avons développé une étude en
deux axes majeurs. D’un coté nous avons étudié directement sur le terrain les évidences de
surpression de fluides, comme le beef. Mais nous avons également porté notre attention sur
les veines d’hydrocarbures solides, ou bitumes, qui sont également le résultat de la
fracturation hydraulique des roches sous I’effet de surpression de fluides. Puis, d’un autre
coté, nous avons choisi de nous intéresser aux origines des surpressions de fluides a I’aide de
la modélisation analogique. Pour ceci, nous avons développé un nouvel appareillage, capable
de générer son propre fluide dans un systéeme fermé.

Ce manuscrit de thése est composé de cing chapitres, chacun rédigé sous forme d’article
scientifique. Certains sont publiés, tandis que d’autres sont soumis.

Le Chapitre 1 traite de la grande étendue des phénomenes de surpression de fluides a
I’échelle du globe. Il illustre le contexte de cette thése tout en nous permettant d’apporter des

conclusions supplémentaires sur les surpressions de fluides. Par une synthese bibliographique,
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nous montrons que le beef est largement répandu mondialement. Nous en tirons ainsi la

conclusion que les surpressions de fluides, qui en sont a I’origine, le sont également.

Dans les trois chapitres suivants (Chapitres 2, 3 et 4), nous détaillons les études que
nous avons réalisées sur trois bassins sédimentaires différents, ces derniers étant au cceur de
systemes pétroliers.

Ainsi, dans le Chapitre 2 nous présentons notre étude sur le bassin du Wessex en
Angleterre du sud. Nous avons choisi ce bassin pour sa relation historique avec le beef. En
effet, c’est dans ce dernier que le beef trouve son origine. Mais au dela de I’aspect historique,
le bassin du Wessex constitue un cadre trés intéressant pour I’étude des circulations et des
surpressions de fluides a I’échelle d’un bassin. Nous avons donc cherché a mieux caractériser
les origines des fluides responsables de la formation du beef.

La partie nord du bassin de Neuquén, Argentine, constitue I’objet d’étude du Chapitre 3.
Cette zone, fortement affectée par le volcanisme et la déformation, nous a fourni des
informations primordiales qui mettent en relation la déformation, la génération
d’hydrocarbures et le volcanisme. Dans ce bassin, le beef et le bitume caractérisent les
évidences de surpressions de fluides. La présence de grandes provinces volcaniques pose la
question de la relation entre le volcanisme et la maturation et la migration des hydrocarbures.

Pour conclure sur des cas naturels, nous avons étudié le bassin de Magellan a I’extréme
sud de I’Amérique du sud. Cette étude est abordée dans le Chapitre 4. Notre étude de terrain,
couplée aux données auxquelles nous avons pu avoir acces, nous permet de conclure sur le

role des surpressions de fluides sur la déformation dans un bassin d’avant-pays.

Enfin, dans un dernier chapitre (le Chapitre 5), nous mettons en avant la modélisation
analogique. Nous montrons comment, aprés avoir développé un nouveau dispositif
expérimental, nous pouvons approcher les mécanismes a I’origine des surpressions de fluides

et de la fracturation hydraulique dans les roches méres.
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Chapitre 1 - Surpression de fluides, fracturation hydraulique et ‘beef’

1.1 Introduction

Les surpressions de fluides sont trés répandues a I’échelle de la planéte. Elles sont
notamment présentes des les bassins sédimentaires et sont souvent au cceur méme des
systemes pétroliers. Dans certains cas, les surpressions de fluides sont tellement importantes
qu’elles sont capables de générer des fractures hydrauliques dans les roches. Ces mécanismes
de fracturation hydraulique sont connus depuis longtemps de la communauté scientifique
(Hubbert et Willis 1957). Pourtant, aujourd’hui il n’existe pas de consensus quant a I’origine
des surpressions de fluides. Plusieurs auteurs ont néanmoins déja mentioné des causes
possibles, comme la compaction mécanique (e.g. Von Terzaghi 1923), les variations de
volume des fluides ou les transformations minéralogiques (e.g. Osborne & Swarbrick 1997),
ou encore la génération d’hydrocarbures (Swarbrick et al. 2002). Ces derniéres années,
beaucoup de travaux se sont succédés et ont amené a une meilleure compréhension de la
fracturation hydraulique issue des surpressions de fluides (e.g. Cobbold & Castro 1999 ;
Mourgues & Cobbold 2003 ; Cobbold & Rodrigues 2007). Rodrigues et al. (2009) montrent
alors récemment que les veines fibreuses paralléles a la stratification de la roche sont le
résultat de la fracturation hydraulique des roches sous I’effet des surppressions de fluides. Ces
veines appellées ‘beef’ sont alors le témoin que la fracturation hydraulique naturelle est

possible et est associée aux mécanismes des surpressions de fluides.

Pour appréhender I’étendue de ces processus, nous avons recherché les indices de beef a
travers le monde. Dans ce premier chapitre, nous faisons donc un bilan, principalement basé
sur une étude bibliographique, des occurrences de beef. Nous abordons également les
mécanismes a I’origine de ces derniers en reprenant la littérature. Ce travail constituera notre

contexte pour la suite du manuscrit.
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1.2 Article#l: Bedding-parallel fibrous veins (beef and cone-in-cone): Worlwide
occurrence and possible significance in terms of fluid overpressure, hydrocarbon

generation and mineralization.

Les recherches effectuées sur I’étendue des phénomeénes ‘beef’ et ‘cone-in-cone’ ont
amenées a la rédaction d’un article scientifique publié dans la revue Marine and Petroleum
Geology. Cet article se veut un article de synthése sur les différentes formes de veines
paralléles a la stratification de la roche a travers le monde. Il évoque également les
mécanismes de génération de ces objets géologiques.

1.2.1 Résumé de I’article#1

Les veines paralléles a la stratification de la roche sont trés répandues dans les bassins
sédimentaires a travers le monde, spécialement dans les niveaux de basse perméabilité. Le
terme ‘beef’ réfere aux veines paralleles & la stratification d’une roche, constituées de
minéraux fibreux, paralléles entre eux et ayant cristallisés quasi-verticallement. D’autres
structures comme les “cone-in-cone’, plus complexes encore mais tout aussi communes, sont
présentes dans ces veines. Devant I’importance de ce phénomene, nous avons compilé un
catalogue mondial (157 localités) pour ces deux structures, le ‘beef’ et le ‘cone-in-cone’.
Typiquement, les veines se constituent de minéraux blancs, comme de la calcite, du gypse ou
du quartz. Cependant, dans certains cas elles peuvent contenir des minéraux accessoires
d’intérét économique, comme du bitume, des sulfures, de I’émeraude, de la pechblende ou
encore de I’or. Dans ces méme veines, il arrive méme que les inclusions de fluides
contiennent des hydrocarbures (huile ou gaz).

Le beef de calcite (110 localités) est commun dans les argiles riches en matiére
organique d’origine marine carbonatée, spécialement celles (1) du Cambrien-Ordovicien, (2)
du Devonien-Carbonifere, (3) du Jurassique inférieur, ou (4) du Crétacé inférieur au
Paléogene. Le beef de gypse (30 localités) est commun dans les niveaux stratigraphiques
évaporitiques ou lacustres d’origine continentale, spécialement ceux d’age triassic ou néogene.
Enfin, le beef de quartz (17 localités) est répendu dans les séquences turbiditiques, notamment
celles de I’Ordovicien ou du Protérozoique. La répartition du beef en fonction de sa

composition semble refléter le controle climatique sur I’enregistrement de la sédimentation. A
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partir de ce point, nous en déduisons que les espéces minérales, qui constituent les fibres des
veines, n’ont pas beaucoup migré verticalement.

Les températures typiques de formation des différents minéraux sont (1) moins de 60°C
pour le beef de gypse, (2) entre 70°C et 120°C pour le beef de calcite, et de 200°C a 350°C
pour le beef de quartz. Ainsi, le beef de calcite contenant des hydrocarbures pourrait étre un
bon indicateur pour un systéme pétrolier dans lequel de I’huile ou du gaz a migré en méme
temps qu’un fluide de phase aqueuse. Nous pensons que le beef et le cone-in-cone sont les
résultats d’une fracturation en tension et d’une dilatation verticale contemporaine de la
croissance des fibres minérales. Les causes possibles peuvent ainsi étre (1) la force de
cristallisation, ou (2) les forces d’écoulement dues a la surpression de fluides. Pour les veines
formées a plusieurs kilomeétres de profondeur, les surpressions de fluides sont la cause la plus

probable.

1.2.2 Article#1
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are mutually parallel and have formed quasi-vertically. More complex on a smaller scale are “cone-
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Hydraulic fracturing sequences, especially of Ordovician or Proterozoic ages. Because these modal ages seem to reflect cli-
Overpressure matic controls, we infer that the fibre-forming mineral species have not travelled far, vertically. The same

Seepage forces conclusion holds for accessory minerals.

Typical temperatures of formation are (1) up to 60 °C for gypsum beef, (2) 70 °C to 120 °C for calcite
beef, and (3) 200 °C to 350 °C for quartz beef. Hydrocarbon-bearing calcite beef may be a good indicator
of a petroleum system, in which oil or gas migrate, together with aqueous solutions. We argue that beef
and cone-in-cone layers result from tensile fracturing and vertical dilation, coeval with fibre growth.
Possible causes are either (1) force of crystallization, or (2) seepage forces, due to fluid overpressure. For
layers that form at depths of several km, fluid overpressure is the more likely cause.

© 2013 Elsevier Ltd. All rights reserved.

1. Historical introduction

In this section we review the early literature on “beef’ and
“cone-in-cone”, explaining what these terms have meant to suc-
cessive geologists. In the past, the use of different languages and
terms has probably led to some confusion, which we hope to settle,
while exploring useful sources of information.

1.1. Beef

The term “beef” has appeared in geological publications for the
last two hundred years or so, especially in the United Kingdom. It

* Corresponding author. Tel.: +33 (0)223236096; fax: +33 (0)223236100.
E-mail address: peter.cobbold@univ-rennes1.fr (P.R. Cobbold).

0264-8172/$ — see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.marpetge0.2013.01.010
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refers to fibrous minerals in bedding-parallel veins, where the
fibres are approximately perpendicular to the margins. On the coast
of SW England, where outcrops are of good quality, veins of fibrous
calcite or of gypsum (satin spar) are relatively common in flat-lying
Mesozoic strata, especially shale (Fig. 1). They therefore caught the
attention of early geologists. Thus Webster (1826) described “layers
of fibrous carbonate of lime and also of fibrous sulphate of lime”.
More specifically, Buckland and De la Beche (1835) stated, “the
fibres of this limestone, like those of satin spar, are at right angles to
the planes of the beds which they compose, and which vary from
two to six inches in thickness. From the resemblance of its small
and parallel fibres to the fibres of animal muscle, this limestone is
known among the workmen by the name of “Beef”. Later authors,
who referred to “beef” in Mesozoic strata of SW England, were
Brodie (1854), Judd (1871), Andrews (1881), Woodward (1893),
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Figure 1. Calcite beef and cone-in-cone from Dorset, SW England. A. Bedding-parallel layers of calcite beef (white) of various thicknesses within fissile shale (black) of Shales-
with-Beef member, Charmouth Mudstone Fm, Charmouth. Calcite fibres are perpendicular to bedding, or nearly so. B. Calcite beef within tilted bedding, Lulworth Cove. Calcite
fibres are somewhat oblique to the pole to bedding, indicating component of bedding-parallel slip, top to East (right). C. Cone-in-cone structures in Shales-with-Beef member at foot
of cliffs between Lyme Regis and Charmouth. Conical shapes are due to thin layers of mudstone. Notice smooth lower surfaces of layers, contrasting with typical corrugations (steps)
on upper surfaces. D. Hydrocarbons in beef, Lyme Regis. Image is from Environmental Scanning Electron Microscope (ESEM). Calcite fibres (violet) appear nearly horizontal.

Hydrocarbons (red) are within fluid inclusions. Large solid inclusions (yellow-green) are of shale.

Andrews and Jukes-Brown (1894), Geikie (1902) and Reid (1903).
As a result, Lang (1914) and Lang et al. (1923) went on to give the
name “Shales-with-Beef” to an early Jurassic sequence (a Member
of the Charmouth Mudstone Formation), in which calcite beef is
abundant (Fig. 1). In the meantime, geologists had identified calcite
beef in other parts of the United Kingdom, for example, the Inner
Hebrides Islands of NW Scotland (Judd, 1878; Harker, 1908; Lee,
1920), Ayrshire, SW Scotland (Young, 1885), the Midlands of En-
gland (Woodward, 1893; Thompson, 1902), Somerset (Short, 1904;
Reynolds and Vaughan, 1904; Richardson, 1911) and South Wales
(Richardson, 1905). By analogy, Davies (1915) noted the resem-
blance of beef to fibrous crystals of ice, which form flat-lying layers
(“needle ice”) in soil and may be responsible for “frost heave”.

1.2. Cone-in-cone structures

The term “cone-in-cone” refers to conical structures, which
individually are of cm-scale, but may form aggregates. The term has
been in use widely and for a longer time than beef. We distinguish
five periods in the geological literature.

1. In the early German literature, the term “tutenmergel” (liter-
ally, “cornet marl”) refers to an aggregate of mineral fibres
(generally of calcite), in which (1) layers of fibres lie between
nesting conical surfaces, which have a common axis, (2) the
fibres are parallel or somewhat oblique to this axis, (3) thin
films of clay or shale line the conical surfaces and (4) parallel
nests of coaxial cones form an aggregate, such as the rim of a
concretion, a lens or even a layer, lying within a sequence of
marl or shale (Hausmann, 1812; Leonhard, 1823; Linck and Noll,
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1928). The term “tutenmergel” may have come from the
mineralogist Abraham Gottlob Werner in the 18th Century.
Hausmann (1812) described it from shale at exposure in G6r-
arp, southern Sweden. Linck (1931) and earlier authors also
used the term “nagelkalk” (literally “nail calc”) to describe
layers, from which cones protrude, resembling nailheads on a
wooden board.

. In the early literature from the United Kingdom, “cone-in-

cone” came to acquire the same meaning as “tutenmergel”. Ure
(1793) described such structures in Carboniferous strata of SW
Scotland, thinking that they were fossils. Yates (1821) described
fibrous conical structures in limestone beds from Staffordshire,
using the original miners’ term for them, which was “curl”.
Lonsdale (1832) may have been the first to use the term “cone-
in-cone” for fibrous aggregates of calcite in Mesozoic strata
near Bath. Sorby (1860) also referred to cone-in-cone and noted
that the “cones often occur in bands, parallel to the stratifica-
tion of the rock”. For such reasons, Richardson (1923, page 91)
referred to “The Cone-in-Cone Structure in the Beef” (e.g.
Fig. 1C). Both Sorby and Richardson attributed cone-in-cone
and beef to a process of crystal growth. Meanwhile, their col-
leagues were discovering fibrous cone-in-cone in outlying
parts of the former British Empire, such as New Zealand
(Mantell, 1850), Canada (Hector, 1861; Dawson, 1862),
Australia (Daintree, 1872), South Africa (Stow, 1874), Egypt
(Beadnell, 1905) and Northern Rhodesia, now Zambia
(Molyneux, 1909). Newton and Teall (1897) described cone-in-
cone from Franz Josef Land, now part of Russia. When Young
(1885) suggested that decomposition of organic matter and
flow of gas were important factors in the genesis of cone-in-
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cone, this led to considerable debate, especially in the
Geological Magazine (Newberry, 1885; Gresley, 1887, 1892;
Cameron, 1892; Garwood, 1892; Harker, 1892; Sach, 1892;
Young, 1886, 1892a, 1892b, 1892c), but also elsewhere (Cole,
1893; Bonney, 1897; Gresley, 1898; Haselhurst, 1915).

3. On moving from Britain to the United States of America, Gresley
(1894) described cone-in-cone from Kansas and this led to
numerous descriptions of such structures from elsewhere in
the country (Keyes, 1896; Harnly, 1898; Broadhead, 1907; Tarr,
1922; Twenhofel and Tester, 1926; Shaub, 1937). In Latin
America, explorers from the U.S.A. found cone-in-cone in pe-
troleum source rocks, for example in Brazil (Stauffer, 1911),
Peru (Iddings and Olsson, 1928) and Venezuela (Hedberg et al.,
1947). Stauffer (1911) mentioned “well laminated almost slaty
black shale, with concretionary beds containing the cone-in-
cone structure and having a strong odour of petroleum”.

4. During World War II and shortly before or after it, descriptions
appeared in the French literature of cone-in-cone and beef
from localities in France, Belgium, and their respective colonies
in Africa (Morocco, Algeria, Madagascar and the Belgian Congo)
and this triggered another debate as to mechanisms of for-
mation (Cayeux, 1935; Denaeyer, 1938, 1939a, 1939b, 1939c,
19403, 1940b, 1940c, 1940d, 1942, 19434, 1943b, 1944a, 1944b,
1945, 1946, 1947a, 1947b, 1947c, 1952; Bonte, 1942, 1945a,
1945b, 1952; Bonte et al., 1947; Gay, 1942; Thoral, 1942;
Maubeuge, 1945; David, 1952; Durand-Delga, 1952). Denaeyer
(1947b) compared the cone-in-cone or nagelkalk of France
with the cone-in-cone or beef of the United Kingdom.

5. Since then, there have been many reports of cone-in-cone in
veins worldwide (Table 1; Fig. 2). There have also been some
very detailed descriptions, both macroscopic and micro-
scopic, and further discussions on possible mechanisms of
formation (Brown, 1954; Franks, 1969; Woodland, 1964;
Gilman and Metzger, 1967; Marshall, 1982; Selles-Martinez,
1994; Kolokol'tsev, 2002).

In our worldwide catalogue, we have included localities, for
which authors have referred to “cone-in-cone”, but only where it
has been clear to us that the structures occur within bedding-
parallel layers.

1.3. Fibrous veinlets

Some early authors described bedding-parallel fibrous veins,
without using the terms beef or cone-in-cone. A good example was
Taber (1918), who described “veinlets” from New York State, U.S.A.
More generally, he developed ideas on the mechanisms of growth
of fibrous mineral veins (Taber, 1916) and of fibrous ice (Taber,
1930).

2. Calcite beef worldwide

We have compiled a catalogue of worldwide localities, where
beef or cone-in-cone occur in bedding-parallel layers (Cobbold
et al.,, 2012). Where the fibres consist dominantly of calcite, we
have recorded 110 localities (Table 1; Fig. 2A). Typically, a fibre of
calcite is less than 1 mm wide and has grown parallel (or at a small
angle) to its crystallographic c-axis (Bradshaw and Phillips, 1967).

The 110 localities of calcite beef are widespread, yet they
concentrate in some areas, especially around the Atlantic Ocean.
We have recorded the lithological compositions and stratigraphic
ages of the host rocks (Table 1). The most frequent rock type is
marine shale. Our histogram of ages (Fig. 2A) has modal highs for
the following 4 periods: (1) Cambrian—Ordovician, (2) Devonian—
Carboniferous, (3) Early Jurassic and (4) Cretaceous—Palaeogene. In

14

contrast, we have found no record of early Triassic host rocks for
calcite beef. We notice that our age distribution closely follows that
of Markello et al. (2007), who compiled a global atlas of 8369 car-
bonate reservoirs in oil fields. We therefore suspect that controls on
carbonate abundance have been climatic; in other words, that the
modal highs reflect periods of abundant carbonate production on
Earth, as a result of a warm climate or abundant carbon dioxide in
the atmosphere. Because Jurassic to Palaeogene rifting preceded
opening of the Atlantic Ocean, it is not surprising that calcite beef
should be common on its margins.

The Neuquén Basin of western Argentina is one area where we
have studied calcite beef in detail (Fig. 3). It is especially common in
black mudstones of the upper Jurassic Vaca Muerta Fm (Parnell
et al., 2000; Rodrigues et al., 2009), which happens to be the
main source rock for petroleum in the Neuquén Basin. In some
areas, the beef accounts for as much as 10% by volume of the rock
(Fig. 3A). The veins are typically several cm wide and tens (or
hundreds) of metres long. Commonly, each vein is symmetric about
a central suture, which is dark, due to the presence of hydrocarbons
(Fig. 3B) In many (but not all) of the beef veins from the Neuquén
Basin, calcite fibres have formed in two generations (Rodrigues
et al.,, 2009). Fibres of the first generation occupy the inner parts
of the veins (Fig. 3C). They are steep to vertical, contain hydrocar-
bons, and formed in the Cretaceous, when the source rocks were
maturing. Fibres of the second generation occupy the outer parts of
the veins. They are whiter and oblique to the margins. In most (if
not all) of the veins, each calcite fibre has grown in optical conti-
nuity (Fig. 3D and E). From the overall orthorhombic symmetry of
the outer parts, Rodrigues et al. (2009) inferred they formed by
differential shear, between more resistant veins and less resistant
matrix, during bulk horizontal shortening of the rock. If so, the
fibres grew from a central suture towards the outer edges of the
veins, in other words, antitaxially. It is common for an original shell
(for example, an ammonite) to be visible along the central suture of
a beef vein, whereas corresponding moulds are visible at the outer
edges of the vein (Fig. 3F). Because the calcite fibres link the shell to
its moulds, we infer that the growing fibres have tracked the dis-
placements of the walls. Some of the veins contain conical layers of
shale (Fig. 3G). Where the layers are at high angles to the vein walls,
they are not continuous but form chains of fragments (Fig. 3F). By
imparting rigid displacements and rotations to these fragments, it
is possible to obtain continuous and horizontal layers, which we
infer to have been original thin sedimentary strata. This is good
evidence that the fragments have resulted from vertical extension,
while the calcite fibres were growing.

By analysis of both carbon and oxygen isotopes, Rodrigues
(2008) was able to show that the calcite in the beef fibres formed
late in the diagenetic alteration of the host rock. For aqueous in-
clusions, he measured homogenization temperatures in the range
of 92°—113 °C (in other words, in the oil window). Independently,
using Raman spectroscopy, he determined the compositions of oil
inclusions and from these he estimated high overpressures (about
half way between hydrostatic and lithostatic). The results provide
good evidence for overpressure during oil migration in the Neu-
quén Basin and they help to explain the formation of horizontal
fractures. During more recent fieldwork in the Neuquen Basin, we
have found that calcite beef occurs, not only in the Vaca Muerta Fm,
but also, more locally, in the underlying Los Molles Fm (early
Jurassic) and the overlying Agrio Fm (early Cretaceous), which are
also source rocks for petroleum.

The Wessex Basin of southern England is another oil-producing
area, where we have studied beef and cone-in-cone in some detail
(Fig. 1; Zanella and Cobbold, 2011, 2012; work in progress). On
reading early descriptions of this basin (see Historical Introduc-
tion), as well as the informative website of West (2012), it became
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Figure 2. Worldwide localities (top) and histograms of stratigraphic ages of host rocks (bottom) for calcite beef (A), gypsum beef (B) and quartz beef (C). Numbers on maps refer
to localities in Table 1 (first column). Map projection is Mercator. Locations are approximate (for more precise ones, see relevant publications). On histograms, modal ages are
Cambro—Ordovician, Devonian—Carboniferous, Early Jurassic or Cretaceous, for calcite beef; Middle Triassic or Neogene, for gypsum beef; and Proterozoic or Ordovician for

quartz beef.

clear to us that calcite beef and cone-in-cone layers are abundant in
the area. Recent work has more than confirmed this. Across the
whole of the Wessex Basin, from Dorset to Sussex, beef occurs at
intervals within strata (especially mudstones) of various strati-
graphic ages, from Early Jurassic to Middle Cretaceous. What is
more, we have found that oil inclusions are common within the
calcite fibres (Fig. 1D).

Finally, we have verified occurrences of calcite beef and cone-in-
cone in outcrops at the eastern edge of the Paris Basin, France
(Denaeyer, 1943b, 1944a, 1944b, 1947a). The layers occur in Lower
Jurassic (Toarcian) source rocks (Schistes Carton), but also in un-
derlying Middle Triassic limestones and overlying Middle Jurassic
marls and limestones, which happen to be the main oil-producing
reservoirs so far.

3. Gypsum beef worldwide

Also at the surface, or in boreholes, we have recorded 30 lo-
calities, where beef consists of gypsum fibres (Table 1, Fig. 2B), or
exceptionally of anhydrite fibres (Machel, 1985). However, we are
not aware of any cone-in-cone beds of the same composition.
Typically, fibres of gypsum beef are less than 1 mm wide (Fig. 4), as
they are for calcite beef.

The 29 localities of gypsum beef are widespread (Fig. 2B). They
concentrate in the same areas as for calcite beef, except that gypsum
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beef is absent at high latitudes. We have documented the strati-
graphic ages and lithological compositions of the host rocks
(Table 1). The most frequent rock types are mudstone or evaporite
and the most frequent ages are either Middle Triassic or Neogene.
We notice that these were times of abundant evaporite production,
under a warm dry climate. In contrast, for early Palaeozoic or Jurassic
to Cretaceous host rocks, we have found few reports of gypsum beef.

At atmospheric pressure, dry gypsum is stable up to tempera-
tures of about 60 °C. Above this it dehydrates to anhydrite (Jowett
etal.,, 1993). However, if gypsum is in contact with an aqueous fluid,
for which pressures reach lithostatic values, it may be stable at
temperatures of more than 100 °C and depths of more than 3 km,
depending on the salinity of the fluid.

Some gypsum beef occurs in evaporitic or continental sequences
that overlie petroleum source rocks and reservoirs, good examples
being those of Tunisia (Fig. 4A) or Angola (Fig. 4B). This does not
necessarily mean that petroleum generation was the cause of
overpressure, another possibility being the dehydration of gypsum
to anhydrite at depth. Other examples of gypsum beef occur next to
vertical veins, where there is independent evidence for over-
pressure. Thus gypsum beef is common around sills and dykes of
injected sand (injectites) in the Panoche Hills, California (Fig. 4C
and D). Hurst et al. (2011) have described the Panoche injectite
complex in detail, inferring that it was due to overpressure. Another
interesting association is between gypsum beef and vertical dykes
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of solid bitumen in the Neuquén Basin, Argentina (Figs. 4E and F).
Cobbold et al. (2011) have discussed evidence that this bitumen was
originally oil, which formed from Jurassic source rock, as a result of
hydrothermal heat advection around Quaternary volcanoes, and
then intruded its host rocks while under overpressure.

Of the 30 localities of gypsum beef (Table 1), we are aware of
only one containing hydrocarbons, although we suspect that there
may be others. In the Neuquén Basin, Argentina, where there is an
active petroleum system, liquid oil is present as inclusions within
gypsum fibres. This occurs at the SE edge of the basin, where facies
are evaporitic. In the same area, oil occurs as surface seeps and
appears to have migrated, both horizontally and vertically, from
deeper parts of the basin.

4. Quartz beef worldwide

At the surface and in deep mines, we have recorded 17 localities,
where bedding-parallel layers consist mainly of fibrous quartz
(Table 1, Fig. 2C). Typically the fibres are several mm or even cm
wide, in other words, wider than those of calcite beef or gypsum
beef. Also the quartz fibres tend to be irregular in width, possibly as
a result of growth competition or of recrystallization. In some ex-
amples, the fibres are perpendicular to bedding, but commonly
they are oblique, indicating a component of slip along the bedding
(Tanner, 1989). We have avoided recording examples of cone-in-
cone that consist of quartz, because there is considerable debate
as to whether such quartz is primary, or formed by secondary
alteration of calcite (Woodland, 1964).
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The 17 localities of quartz beef concentrate at intermediate
latitudes, forming northern and southern belts. We have docu-
mented the stratigraphic ages and lithological compositions of the
host rocks (Table 1, Fig. 2C). The most frequent ages are Proterozoic
or Ordovician and the most frequent rock type is a meta-turbidite
(that may have reached greenschist facies). For host rocks
younger than Carboniferous, we have found no reports of quartz
beef. We notice that the Proterozoic and Ordovician were periods of
severe glaciation, which led to intense erosion and subaqueous
deposition of turbidites.

The solubility of silica in water decreases strongly, as the tem-
perature of the solution drops below 250 °C, especially if the
pressure also drops (Fournier and Rowe, 1977). Thus quartz beef
typically forms at depths of more than 8 km, under conditions of
greenschist-facies metamorphism. For it to reach the surface by
subsequent exhumation may require long periods of time and this
may explain why there are no reports of quartz beef in Mesozoic or
Cenozoic host rocks, even if these accumulated during periods of
glaciation (such as the Quaternary).

Of the 17 localities of quartz beef, we are aware of none con-
taining liquid oil, but some do contain solid hydrocarbons
(bitumen) between the fibres. Other accessory minerals of eco-
nomic importance may be uraninite, gold, or metallic sulphides.
These are commonly of detrital origin, but have undergone hy-
drothermal remobilization, together with quartz. One of the most
impressive, regionally continuous and economically valuable ex-
amples is the Carbon Leader reef of the Archaean Witwatersrand
Basin, Republic of South Africa. The Carbon Leader is a conglom-
eratic unit with a bituminous base (Parnell, 1999; Grové and Harris,
2010). Bedding-parallel veins contain steep fibres of quartz and
bitumen, as well as more equant grains of uraninite, secondary
sulphides, or gold (Fig. 5). There has been considerable debate as to
the origin of the uraninite and the gold, but the consensus would
seem to be that (1) the bitumen represents original oil, (2) sec-
ondary uraninite precipitated around the bitumen, and (3) gold and
sulphides were originally of detrital origin, but remobilized hy-
drothermally (Parnell, 1999; England et al., 2002; Grové and Harris,
2010). This distribution is visible under the scanning electron mi-
croscope (Fig. 5).

Of the other localities of quartz beef, many are in well-stratified
turbidite sequences, which have undergone, not only meta-
morphism, but also folding. Early quartz veins are typically parallel
to bedding, but tend to be thicker in anticlinal hinges, forming
saddle reefs (Fig. 6). This indicates that flexural slip was an
important mechanism of folding (Tanner, 1989). Factors that favour
such a mechanism are (1) alternations of stiff and less stiff layers,
which are ubiquitous in turbidites, and (2) overpressure. Many of
the World’s most famous gold districts (such as Meguma in
Newfoundland, or Ballarat and Bendigo in Australia) occur in such a
context (see Table 1).

5. Calcite-quartz beef

At intermediate temperatures (150 °C—250 °C), calcite and
quartz may precipitate almost simultaneously from aqueous fluids,
accounting for bedding-parallel veins of hybrid nature (e.g. Fischer
et al.,, 2009). Such veins tend to occur in fold-and-thrust belts,
where fluid overpressure may have facilitated folding by flexural
slip. We have recorded a few examples (Table 1), which we have
grouped with calcite beef. Some hybrid veins may carry accessory
minerals of economic importance, such as sulphides, or emerald
(green beryl).

In Colombia, emeralds occur in hydrothermal veins within two
belts, one on each side of the Eastern Cordillera (Branquet et al.,
1999). Typically, the veins contain calcite, pyrite, quartz, bitumen,
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Figure 4. Gypsum beef. A. Flat-lying beef vein with oblique fibres in Cretaceous mudstone, Khanget-Aiche, Gabés, Tunisia (GPS: 34° 04'28.04" N, 9° 51’ 40.09” E). B. Flat-lying veins
within Aptian evaporite, Benguela, Angola (photograph by courtesy of Gabriel Castro, Petrobras). C. Gently dipping sandstone sill within Tertiary mudstone, Panoche Hills, California,
U.S.A. Rectangle indicates position of Figure 4D. D. Veins of gypsum beef lining upper contact of sandstone sill, Panoche Hills, California, U.S.A. E. Near-vertical dyke of bitumen
(black), several m wide, within flat-lying Late Cretaceous continental strata (red), Toribia Mine, Neuquén Basin, Argentina (GPS: 37° 13’ 23.55” S, 69° 06’ 47.86” W). Rectangle
indicates position of Figure 4F. F. Gypsum beef (parallel to bedding), near edge of bitumen dyke, Toribia Mine, Neuquén Basin, Argentina.

fluorite, dolomite, and emerald. In the western belt, around Muzo, elements come from volcanic ash within the host rock, organic-rich
the veins tend to be bedding-parallel. Thus they probably formed in marine shale of Early Cretaceous age that accumulated in a back-arc
the early stages of thrusting. The green colour of the emeralds is basin, above a layer of evaporite. The calcite and pyrite in the veins
due to vanadium and chromium. Together with beryllium, these are products of thermo-chemical sulphate reduction. This process

Figure 3. Calcite beef and shale cones, Neuquén Basin, Argentina. A. Layers of calcite beef (white) within shale (black), Vaca Muerta Fm., Arroyo Mulichinco (GPS coordinates: 38°
01/ 14.58” S, 70° 27' 09.22"” W). Photograph illustrates uniform thickness of beef and parallelism with bedding. B. Close-up view of layer of calcite beef (about 20 cm thick), Arroyo
Mulichinco (see A). Calcite fibres are nearly perpendicular to bedding. Darker layers in centre of vein contain organic matter. C. Layer of calcite beef within shale, Vaca Muerta Fm.,
Laucha, Yesera del Tromen (GPS: 37°17.347'S, 69°53.047'W; see Rodrigues et al., 2009, their fig. 6A). Inner layers, next to median suture, consist of vertical fibres of either pure
calcite (white) or hydrocarbon-bearing calcite (grey), whereas thin outer layers consist of oblique fibres of purer calcite (white). D. Thin section of beef vein (C) in transmitted light,
showing calcite fibres and single thin conical layer of shale. E. Same thin section of beef vein, but in polarized light. Inner zones of Generation 1 differ in thickness about median
suture, but some fibres are in optical continuity across them. In outer zones of Generation 2, fibres are oblique to bedding, especially towards vein tips. From one outer zone to other,
fibres are at opposite angles to vein boundaries. F. Loose fragment of beef vein, Laucha, Yesera del Tromen (GPS location 37° 18.131’ S, 69° 52.936" W). Imprint of ammonite is on
upper surface of vein, whereas part of original shell is visible along central parting. Similar imprint exists on lower surface of vein. Calcite fibres are slightly oblique to bedding-
normal and they link corresponding points of shell and its imprints, proving that vein has dilated. G. Sample of calcite beef containing thin layer of shale (black) that forms cones,
Arroyo Mulichinco (GPS: 38° 01’ 14.58" S, 70° 27’ 09.22” W; see Rodrigues et al., 2009, their fig. 8). Sample has broken, either following one of conical surfaces (left), or cutting
across another (right). In both cones, small fragments of shale have separated vertically, following directions of calcite fibres. H. Vertical section across same beef sample as in G.
Shale fragments (black) have separated vertically. Greatest separation is across a band (blue highlight) of paler calcite. Restoration of fragments, first by simple displacements along
fibre directions, then by further displacements and rigid rotations in plane of section, yields more continuous layer (yellow or orange assemblages). For details, see text.
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Figure 5. Carbon Leader reef, East Driefontein Mine, Witwatersrand Basin, Rep. South Africa. Sample (top left, courtesy of Goldfields Plc., year 1997) consists of bedding-parallel vein
of dark fibrous material, beneath pale crystalline layer of quartz. Small white square indicates area of analysis. Composite image from Environmental Scanning Electron Microscope
(top right) shows distributions of elements and mineral species. Colour images (bottom) indicate distribution of each of 6 elements across composite image. Fibrous vein consists
mainly of carbon; upper pale layer is mainly quartz; uranium occurs in small particles throughout sample; whereas gold concentrates within equant crystals of iron sulphide
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Figure 6. Gold-bearing quartz veins in meta-turbidites of the Goldenville Fm (Lower Ordovician), Meguma gold mining district, Nova Scotia, Canada (modified, after Sangster and
Smith, 2007). On map of Oldham mining district (top) and vertical cross-sections (A—B, C—D), quartz veins (red) are continuous and bedding-parallel, over distances of several km
and down to depths of several hundred m. On Section 2400 East at Dufferin Mine extension, Salmon River gold mining district, gold-bearing veins in sequence of meta-turbidites
(greywackes and argillites of greenschist grade) locally form prominent saddle reefs across anticlinal fold hinge.
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also generated large amounts of gas (carbon dioxide, methane and
water vapour), which may easily have accounted for overpressure
and hydraulic fractures (Branquet et al., 1999).

6. Mechanisms of development
6.1. Beef

In flat-lying sedimentary basins, fibres of beef appear to have
grown vertically, or nearly so, during progressive opening of the
veins. The best evidence for this probably comes from split fossils.
Where shells lie along the median plane of a vein, their impressions
are visible at the upper and lower surfaces. Good examples occur in
the Wessex Basin, England (Lang et al., 1923) and in the Neuquen
Basin, Argentina (Rodrigues et al., 2009).

More generally, for fibrous veins of any attitudes, there is a
consensus that the fibres have grown incrementally, partly or
totally tracking the history of relative displacement of the walls
(Taber, 1918; Durney and Ramsay, 1973). In some examples, open-
ing and infilling seem to have occurred episodically, by a crack-seal
mechanism (Ramsay, 1980); whereas, in other examples, growth
appears to have been more continuous (Taber, 1918; Durney and
Ramsay, 1973; Means and Li, 2001). More generally, it may be
possible for fibrous minerals to grow, not during the opening of a
vein, but in response to concentration gradients, as in the experi-
ments of Bons and Jessell (1997). In crack-seal, the fibrous mineral
fills an open micro-crack (Ramsay, 1980), whereas in Taber growth,
there is no open micro-crack, but a cohesive boundary between
fibre and substrate. However, the details are subject to debate. For
example, Means and Li (2001) could not exclude the possibility that
micro-cracks formed during physical experiments, in which they
reproduced Taber growth of fibrous minerals in veins. Also in
fibrous veins, crystal faces between neighbouring fibres tend to be
smooth, not serrate, and this may indicate a lack of growth
competition (Miigge, 1928; Urai et al., 1991). Hilgers et al. (2001)
numerically modelled the growth of fibres by crack-seal, and
concluded that there should be little growth competition if the
crack width is less than 10 pm. According to the positions of the
growing crystals with respect to the walls, Durney and Ramsay
(1973) distinguished three kinds of fibrous veins: (1) in stretched
veins, fractures open and seal repeatedly in different positions
across the vein; (2) in syntaxial veins, fibres grow on one or both
sides of the vein and towards the middle of the vein, where there is
a fracture; and (3) in antitaxial veins, the fibres grow from a median
suture line towards the walls, where there are fractures. In the
Neuquen Basin, there is good evidence that at least some of the
veins have grown antitaxially (Rodrigues et al., 2009).

Our current understanding is that fibrous minerals in veins grow
by precipitation, mainly from supersaturated aqueous solutions, as
a result of chemical reactions, or changes in physical conditions,
especially drops in temperature or pressure. There are two poten-
tial mechanisms for transporting the nutrients (Elburg et al., 2002).
Advective fluid flow transports them over long distances, until they
precipitate in a vein, which is effectively an open system (McCaig
et al.,, 1995). Alternatively, the nutrients diffuse over shorter dis-
tances (centimetres to decimetres), in what is effectively a closed
system (Durney and Ramsay, 1973; Oliver and Bons, 2001). Notice
that the assumption of an open or closed system depends on the
scale of observation.

A question that has arisen frequently in discussions is whether
the opening of a beef vein is due to an internal agent, such as force
of crystallization, or to an external agent, such as tectonic stress or
pore fluid pressure. For force of crystallization, there is indeed some
theoretical and experimental evidence (e.g. Taber, 1916; Means and
Li, 2001; Keulen et al., 2001; Gratier et al., 2012). Keulen et al.
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(2001) did experiments on the hydration of anhydrite and suc-
ceeded in measuring a pressure of crystallization of as much as
11 MPa, equivalent to the vertical stress resulting from an over-
burden of 450—600 m. However, they did not manage to reproduce
fibrous veins.

As external agents, Shearman et al. (1972) and Stoneley (1983)
argued the case for overpressure, whereas Gustavson et al. (1994)
favoured dissolution at depth. In theory, horizontal fractures
cannot form under purely lithostatic conditions, where the greatest
stress is vertical and compressive (due to gravity) and the least
stress is horizontal (Sibson, 2003). However, bedding-parallel
fractures may form if (1) the bedding is not horizontal and (2)
the rock is anisotropic, so that its tensile strength is smallest in a
direction perpendicular to bedding (Cosgrove, 1995, 2001; Lash and
Engelder, 2005). Alternatively, horizontal fractures may form if the
vertical stress in the solid framework (the effective stress of Von
Terzaghi, 1923) becomes tensile and the horizontal stress is
smaller in magnitude. This can happen if there is a vertical gradient
of overpressure (Cobbold and Rodrigues, 2007). High values of pore
fluid pressure are common in sedimentary basins, especially at
depth (Swarbrick et al., 2002) and the term overpressure refers to a
condition, in which the fluid pressure is greater than the hydro-
static pressure of an equivalent free column of water. The possible
causes of such overpressure are a matter for debate. The most
popular would seem to be mechanical compaction, hydrocarbon
generation, or a combination of both, in other words, chemical
compaction (Swarbrick et al., 2002). Another likely cause is dehy-
dration of hydrous minerals, such as gypsum, mica, or amphibole.
More generally, hydrothermal fluids may be sources of over-
pressure. A vertical gradient in overpressure produces seepage
forces, which act vertically on every particle of the rock, as fluid
migrates upward through the pores. On a graph of shear stress
versus normal stress (Fig. 7), as overpressure increases, the Mohr
circle, representing the state of stress, moves progressively towards
the origin. However, it also decreases in size. When the fluid
pressure compensates the weight of overburden, all the effective
stresses in the solid framework vanish. If the overpressure exceeds
the weight of overburden, the vertical effective stress becomes
tensile and the rock may eventually fail in tension, producing
horizontal fractures (Cobbold and Rodrigues, 2007). If there are
additional tectonic stresses, their complicating effects may lead to
vertical tensile fractures or to shear fractures.

6.2. Cone-in-cone

Despite an ongoing debate as to its mechanism of formation,
there does seem to be a consensus, at least amongst recent reviews
(Denaeyer, 1947a, c; Woodland, 1964; Selles-Martinez, 1994), that
cone-in-cone has the following characteristic features.

1. It occurs most commonly in sedimentary rocks, less commonly
in metamorphic rocks, and not at all in igneous rocks.

2. It is especially common in rocks of low permeability, such as
shale, but less common in limestone or sandstone.

3. It commonly forms in horizontal bedding-parallel veins, not in
steep ones that transect bedding.

4. However, some cone-in-cone forms in bedding-parallel lenses,
or layers surrounding older concretions.

5. Cone-in-cone consists dominantly of fibrous minerals, which
form nesting (coaxial) conical bundles, between one or more
thin conical bands of clay or shale. The apical angles of the
cones may be acute or obtuse (in the range of 25°—100°) and
they may vary vertically.

6. The fibres are typically of calcite. Other minerals (such as py-
rite) may be due to later alteration of calcite (Woodland, 1975).
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Figure 7. Mechanical explanation for origin of horizontal hydraulic fractures in porous brittle rock, as a result of seepage forces (after Cobbold and Rodrigues, 2007). Cartesian axes
represent shear stress () or normal stress (ay,). Unit of stress is MegaPascal (MPa). Positive values indicate compression and negative values indicate tension. Apostrophes indicate
effective stresses, acting only within solid framework. Grey Mohr circles represent states of elastic stress, before failure. Shear failure occurs if Mohr circle touches Mohr—Coulomb
failure envelope, whereas tensile failure occurs if circle touches Griffith failure envelope. Failure parameters are cohesion (c) and tensile strength (T). Largest Mohr circle (right)
represents state of stress in absence of pore fluid. Greatest principal stress (in this example, 400 MPa) is vertical, due to weight of overburden. As overpressure increases, Mohr circle
shifts towards origin. However, it decreases in size, as a result of vertical seepage force (overpressure gradient). When overpressure balances weight of overburden, all effective
stresses vanish (circle becomes point at origin). For even greater overpressure, Mohr circle increases in size again, but within tensile field. Finally, if Mohr circle touches failure
envelope, this results in horizontal tensile fractures. For further details, see Cobbold and Rodrigues (2007).

7. Typically, the fibres show little or no signs of later deformation.

8. To a first approximation, the fibres appear to have grown
vertically, or at a small angle to the vertical.

9. Where bedding-parallel veins have formed around fossils,
imprints of those fossils are visible at the vein margins, indi-
cating that the walls separated, as the fibres grew.

10. Commonly, each conical band of clay or shale has a stepped
profile on one side and a smooth profile on the other side. The
steps appear on one conical surface as bedding-parallel ridges.

11. Where adjacent cones form horizontal layers or lenses, their
apices tend to point (become narrower) systematically in the
same sense (downward or upward). The more common sense is
downward.

12. Where adjacent cones form coatings around older concretions,
their apices tend to point systematically inward.

13. On the surfaces of veins, the bases of cones define coaxial rings
and the inner cones protrude, forming “nailheads” (nagelkalk).

To these data, we wish to add some observations of our own
from the Neuquén Basin, Argentina. In some examples there
(Figs. 3D and E), (1) bundles of calcite fibres have grown on each
side of a thin layer of shale, which locally forms conical depressions,
(2) the apical angle of each cone varies vertically, (3) the layer of
shale appears to have undergone stretching and fragmentation
(boudinage) in a vertical direction (Rodrigues et al., 2009, fig. 8). On
vertical sections along the cone axis, where the flanks of the cone
are steeper, the gaps between the fragments are greater, indicating
more extension (Fig. 4E). In such a zone also, the calcite fibres are
whiter than elsewhere and more oblique with respect to the pole to
bedding, indicating a local zone of extension. On closing the gaps
geometrically, by simple translation of the shale fragments along
the corresponding fibre directions, we obtain an almost continuous
band of shale, defining a cone of more regular apical angle and
smaller amplitude. After a second stage of restoration, in which we

also allow rigid rotations of fragments within the plane of section,
we obtain an almost continuous, flat-lying, horizontal layer of
shale, which we interpret to represent an original thin bed. If our
restoration is geologically realistic, it means that the cone formed
by warping of a shale layer between offset horizontal fractures,
which opened progressively, while calcite fibres grew to fill the
available spaces. According to the geometrical properties of
developable surfaces, such warping should have caused the shale
layer to deform internally, either by ductile strain or by fracturing.
We are not in a position to affirm that all cones or cone-in-cone
structures have formed in this way, but we do suspect that verti-
cal stretching is an important factor in their genesis. In this we
follow Denaeyer (1952), who, after 14 years of careful observation
and at least 19 publications, concluded that most conical layers of
shale within cone-in-cone structures have stretched and boudin-
aged vertically, as adjacent calcite fibres grew, all in a context of
vertical tensile stress. Although Denaeyer did not identify the origin
of such a stress, his macroscopic and microscopic observations
were remarkably thorough.

To our knowledge, there has been only one successful attempt at
dating cone-in-cone structures. Israelson et al. (1996) dated a
sample of cone-in-cone around a concretion, from an outcrop of
Alum Shale in Sweden, by the method of U—Pb. The age that they
obtained for the calcite fibres (478.2 + 4.9 Ma, early Ordovician)
was younger by about 30 Ma than the stratigraphic age of the shale
(510—-514 Ma, Cambrian). Presumably the cone-in-cone formed
during Ordovician burial and diagnenesis. Clearly it would be useful
to date other examples of beef or cone-in-cone worldwide.

From the above observations and because cone-in-cone typi-
cally is symmetric about a pole to bedding, we infer that the main
forces at work have acted vertically, or nearly so. As for beef, so for
cone-in-cone, good evidence for vertical dilation comes from (1)
stretched conical shale layers (e.g. Fig. 3E), or (2) fossils and their
moulds, for example in Utah (Thoral, 1942), Algeria (David, 1952),
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Wyoming, US.A. (Brown, 1954), NW Argentina (Harrington and
Leanza, 1957) and other localities in the U.S.A. (Woodland, 1964).
According to recent theories and experimental work, vertical
seepage forces are able to induce a state of effective stress, in which
the vertical stress becomes tensile (Cobbold and Rodrigues, 2007).

7. Relationship between calcite beef (or cone-in-cone) and
petroleum generation

In a prescient but short note (one page of text and five refer-
ences), Stoneley (1983) suggested that there might be a link be-
tween beef, overpressure and primary oil migration. The data that
we have compiled do indeed provide evidence for such a link.

For example, liquid oil occurs within fluid inclusions in fibrous
calcite (beef) of the Prague Basin, Czech Republic (Dobes et al.,
1999; Suchy et al., 2002); the Neuquén Basin, Argentina (Parnell
et al., 2000; Rodrigues et al., 2009); and the Wessex Basin, south-
ern England (Fig. 1D; Zanella and Cobbold, 2011, 2012; work in
progress). These oil inclusions indicate that the fibres grew while
source rocks were generating oil, at burial depths of several km. In
other words, the calcite beef in these basins is not simply of early
diagenetic origin (Marshall, 1982). It is also common for such beef
or cone-in-cone to have developed around earlier concretions,
which originally formed around fossils (e.g. Martill, 1987).

Our worldwide catalogue (Table 1) indicates that layers of beef or
cone-in-cone are common in or near source rocks for hydrocarbons.
Good examples of such an association are from (1) Jurassic and Early
Cretaceous strata of the Wessex and Weald basins, southern En-
gland; (2) Early Jurassic strata of the Larne Basin, Northern Ireland;
(3) Middle Jurassic strata of Eastern England and the southern North
Sea; (4) Late Triassic to Jurassic strata of the Paris Basin, northern
France; (5) Early Jurassic strata of SW Germany; (6) Jurassic strata of
Greenland, the Arctic Ocean and the Barents Sea; (7) Eocene strata of
the Uintah Basin, Utah, U.S.A.; (8) Carboniferous strata of West
Texas, U.S.A.; (9) Devonian strata of the Appalachian Basin, US.A.;
(10) Eocene strata of Barbados; (11) Cretaceous strata of the Orinoco
and Maracaibo basins, Venezuela; (12) Miocene strata of the Ori-
noco Basin, Venezuela; (13) Devonian strata of the Amazon Basin,
Brazil; (14) Jurassic and Early Cretaceous strata of the Neuquén
Basin, Argentina; (15) Jurassic strata of the Falklands shelf and
northern Antarctica; (16) Permian strata of the Morondava Basin,
Madagascar. These data indicate that overpressures were present
within the source rocks and nearby. Whether or not the over-
pressures were due to maturation of organic matter in those same
source rocks is another matter. We do not have enough data to argue
for this in all examples. However, we do claim that the evidence for
that is good in the Neuquén Basin, Argentina (Rodrigues et al., 2009)
and the Uintah Basin, Utah, U.S.A. In the Wessex Basin, although the
beef has inclusions of oil or gas, we cannot affirm from which source
rocks these hydrocarbons came.

In some basins, horizontal fractures contain hydrocarbons,
independently of beef. For example, bitumen occurs in horizontal
fractures in the Neuquén Basin, Argentina (Borrello, 1956); the
Maracaibo Basin, Venezuela (Talukdar et al., 1988); the Hils Syn-
cline, Germany (Leythaeuser et al., 1988; Jochum et al., 1995); the
accretionary prism, Barbados (Parnell et al., 1994); the Upper
Devonian Dunkirk Shale, New York State, U.S.A. (Lash and Engelder,
2005); and the Upper Jurassic La Casita Formation, Sierra Madre
Oriental, Mexico (Lefticariu, 2005; Fischer et al., 2009).

If hydrocarbons derive from maturation or chemical compaction
of source rocks, or if fibrous material within beef or cone-in-cone
layers derives from dissolution of deeper carbonates, collapse at
depth may promote fracturing at shallower levels. In terms of ab-
solute displacement, a beef vein may open because its footwall
drops, rather than because its hanging wall rises. Nevertheless,
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significant forces should be necessary, to prevent the hanging wall
from dropping, together with the footwall, and therefore the vein
from closing. Indeed, such forces should more than counteract the
weight of the overburden, so as to create new fractures or to allow
existing ones to propagate.

To conclude this section, we have found that, in the Neuquén
Basin, Argentina, the Wessex Basin, southern England, and the Paris
Basin, France, calcite beef is abundant in and around Mesozoic
mudstones, which are also source rocks for petroleum. In samples
from the Neuquén and Wessex basins, the beef contains solid in-
clusions of bitumen, or fluid inclusions of oil or gas. Because we
have found other examples in the literature, we suspect that an
association between calcite beef, source rocks and petroleum may
be common. More generally, the evidence points to calcite beef
being a result of fluid overpressure and this reinforces the evidence
for a link between petroleum generation, overpressure, hydro-
fracturing and the formation of beef or cone-in-cone layers.

However, it is clear that further work will be necessary, so as
better to constrain the timing of hydrocarbon generation and beef
formation, as well as the source rocks for hydrocarbon inclusions in
the beef.

8. Conclusions

Bedding-parallel veins of fibrous minerals (beef or cone-in-
cone) are common worldwide in sedimentary basins. The most
common fibrous minerals are calcite, gypsum or quartz. Typically,
the fibres are perpendicular to the bedding, or at high angles to it. In
some examples, the vein has a central parting or suture, containing
thin pieces of host rock or flat-lying fossils. Where imprints of a
central fossil are visible at the margins of a vein, this is evidence
that the fibres grew during vertical opening of the vein.

We have documented 157 worldwide localities of beef or cone-
in-cone layers, as well as the compositions and ages of their
host rocks. For calcite beef (110 localities), the host rock is typically
a marine shale and the most common age is (1) Cambrian-
Ordovician, (2) Devonian-Carboniferous, (3) early Jurassic, or (4)
Cretaceous to Palaeogene. For gypsum beef (30 localities), the host
rock is typically an evaporitic mudstone and the most common age
is Triassic or Neogene. Finally, for quartz beef (17 localities), the
host rock is typically a meta-turbidite and the most common age is
Proterozoic or Ordovician. Because these ages seem to reflect cli-
matic controls, we infer that the fibre-forming mineral species have
not travelled far, vertically. The same conclusion holds for accessory
minerals, such as uraninite, gold or sulphides, which in most ex-
amples derive from detrital grains.

There is also a correlation between composition and thermal
maturity, typical temperatures of formation being (1) up to 60 °C
for gypsum beef, (2) 70 °C to 120 °C for calcite beef, and (3) 200 °C
to 350 °C for quartz beef.

In the Neuquén Basin, Argentina, the Wessex Basin, southern
England, and the Paris Basin, France, calcite beef or cone-in-cone
layers are abundant in Mesozoic mudstones, which are also
source rocks for petroleum. In many samples, the beef contains
solid inclusions of bitumen, or fluid inclusions of oil or gas. Because
we have found other such examples in the literature, we suspect
that an association between calcite beef, source rocks and petro-
leum may be common. More generally, the evidence points to
calcite beef being a result of fluid overpressure and this reinforces
the potential link between petroleum generation and overpressure.
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2.1 Introduction

Dans le chapitre précédent, nous avons pu voir I’étendu du phénomeéne beef. Ce dernier
trouve son origine dans le bassin du Wessex au sud de I’ Angleterre (Buckland & De la Béche,
1835). Nous avons donc choisi de faire de ce bassin un de nos objets d’étude. Le choix
d’étudier ce dernier ne repose pas uniquement sur le caractere historique, mais également sur

le fait que ce bassin possede un systeme pétrolier.

A notre connaissance, seule une étude publiée existe sur la détermination de I’origine
des fluides liés au beef (Marshall, 1982). Pourtant, les affleurements de beef ne manquent pas
le long de la c6te anglaise. Nous apprenons dans cette étude que I’origine du beef est peu
profonde, dans les premiéres centaines de meétres lors de I’enfouissement de la roche. Au
regard des nouvelles théories sur les surpressions de fluides et le beef, nous nous sommes
intéressés aux critéres de développement du beef et au fluide responsable de sa formation. En
effet, si le beef est issu des phénomenes de surpression de fluides, en partie dis a la
génération d’hydrocarbures, alors son origine peut étre beaucoup plus profonde.

Nous avons donc cherché dans cette étude si le beef était porteur de critéres structuraux
qui pourraient nous renseigner sur son développement, c’est a dire de la création de la fracture
jusqu’a la fin de la croissance des fibres minérales qui le composent. Puis, il nous a semblé
intéressant de regarder plus précisement le fluide lié au beef. Pour ceci, nous avons utilisé la
géochimie isotopique et les analyses sur inclusions de fluide. Ces techniques ont fait preuve
d’un grand potentiel auparavant. En effet, Rodrigues dans sa these (2008) montre que ces
techniques sont tres adaptées pour I’étude du beef. Il démontre ainsi que le fluide a I’origine
du beef dans le bassin de Neuquén en Argentine est marin, et qu’il dérive spécifiqguement des
eaux marines contenues au sein méme de la roche mére des hydrocarbures. Ainsi, nous avons
voulu étudier la génération, la circulation (ou migration) et les effets de la surpression d’un

fluide dans le bassin du Wessex.
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2.2 Article#2: ‘Beef’ of the Wessex Basin, SW England: Widespread

distribution and some new interpretations

L’étude du bassin du Wessex est rédigee sous la forme d’un article scientifique. Ce
dernier est soumis dans la revue Journal of the Geological Society of London.

2.2.1 Résumé de I’article

Les veines de calcite fibreuse paralléles a la stratification de la roche (beef) sont tres
répandues dans le bassin du Wessex, Angleterre du sud-ouest. Ces veines sont communes
dans les silts et argiles mésozoiques, et plus particulierement ceux d’age liassique a Crétacé
moyen. Les structures cone-in-cone, qui consistent en de multiples cdnes emboités les uns
dans les autres, sont aussi tres présentes a I’intérieur du beef. Ces veines sont typiquement
formées par de la calcite, mais des inclusions ou patches d’hydrocarbures (liquides ou solides)
sont nombreux, respectivement a I’intérieur des cristaux de calcite ou entre les fibres. Pour
étudier le contexte de formation du beef dans ce bassin, nous avons tout d’abord mené une
étude structurale. Nous avons trouvé deux variétés de beef dans le bassin: (1) ceux ne
montrant aucun signe de déformation et (2) ceux montrant des évidences de plissement et de
fracturation, durant la croissance des veines. Alors que le beef non déformé est trés répandu
dans le bassin, celui montrant des signes de déformation est particuliéerement présent a
I’approche des failles majeures. Nous avons aussi étudié la nature du fluide responsable de la
formation du beef au moyen d’analyses isotopiques et d’une étude sur les inclusions de fluide.
Les résultats montrent que le fluide & I’origine du beef est de source marine, typiquement
dérivé d’argiles marines. Par conséquent, nous proposons que le beef du bassin du Wessex se
soit formé d’une maniére synchrone a la génération d’hydrocarbures, notamment durant

I’inversion Cénozoique du bassin.

2.2.2 Article#2

36



Chapitre 2 - Etude du bassin du Wessex, Angleterre du sud

‘Beef’ of the Wessex Basin, SW England: widespread distribution

and some new interpretations
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Abstract

Bedding-parallel veins of fibrous calcite (beef) are widespread in the Wessex Basin of
SW England. The veins are common in Mesozoic mudstones and shales, especially of Liassic
to Mid-Cretaceous age. Cone-in-cone structures, which consist of multiple nested cones, are
also well developed within the beef. The veins are typically of calcite, but inclusions or
patches of hydrocarbons (liquid or solid) are numerous within calcite crystals or between
fibres, respectively. To investigate the context of formation of beef in the basin we first did a
structural study. We found two varieties of beef in the basin: (1) showing no signs of
deformation and (2) showing evidence for folding and faulting, during growth of the veins.
Whereas undeformed beef is widespread within the basin, deformed beef is especially well
developed near major tectonic faults. We also investigated the nature of the fluid responsible
for the formation of beef, via isotopic analyses and studies of fluid inclusions. According to
the results, the original fluid was of marine origin, as is typical for marine shales. Thus, we
argue that beef in the Wessex Basin formed at the same time as hydrocarbons, especially

during Meso-Cenozoic inversion of the basin.

Keywords: Wessex Basin, ‘beef’, overpressure development, organic matter, stable isotopes,

fluid inclusions

37



Chapitre 2 - Etude du bassin du Wessex, Angleterre du sud

Introduction

Bedding-parallel fibrous calcite veins, or ‘beef’ called, are common worldwide in
sedimentary basins, in particular in shales or mudstone rocks (see the recent review by
Cobbold et al., 2013). Historically, Buckland and De la Beche (1835) introduced the term
‘beef’ for calcite veins in the Wessex Basin, SW England. Workmen there had adopted the
term, because of the resemblance between the fibrous veins and the fibres of animal muscle.
Some veins of ‘beef’ also contain ‘cone-in-cone’ structures, which consist of multiple nested
cones of fibres. In what follows we will use the term ‘beef” for all bedding-parallel fibrous
calcite veins and only mention ‘cone-in-cone’ as an internal structure of these. In the Wessex
Basin (Fig. 1), Mesozoic strata crop out well along the coast.. Between the localities of Lyme-
Regis and Charmouth, Devon. ‘beef’ is so common that Lang et al. (1923) named a sequence
of Liassic age (now a Member of the Charmouth Mudstone Formation) the ‘Shales-with-
Beef’. Not until much later did Marshall (1982) study the isotopic composition of the veins,

so as to elucidate their conditions of formation.

LTl

Figure 1. A. Photograph of a ‘beef’ vein from the Blue Lias Formation between the localities
of Lyme Regis and Charmouth, Dorset. The ‘beef’ consists of crystalline calcite and its
fibrous structure is typical. The grey colour is mainly due to the presence of pyrite and shale
fragments between the fibres of calcite. Note the horizontal symmetry plane at the centre of
the vein from which the ‘beef’ began to grow. A second generation is visible at both edges of
the vein (below and above). B. Photograph of ‘cone-in-cone’ structure from the Chief Beef
Member at Swanage, Dorset. C. & D Composite BSE and X-ray images, both showing the

typical composition of ‘beef’ for the Wessex Basin. Intensities of colours reveal
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concentrations of elements (red = carbon; green = aluminium; yellow = sulfur and blue =

calcium).

More generally, during the last two centuries, numerous scientists have studied the
mechanisms of formation of fibrous veins , distinguishing (1) mechanisms of fracturing and
(2) mechanisms of fibre growth within fractures. Fibres may grow by a crack-seal mechanism
(Ramsay 1980), or in a continuous manner (Taber 1918; Durney & Ramsay 1973; Means &
Li 2001). Bons & Jessel (1997) argued that fibrous minerals grow under the effects of
concentration gradients. Indeed, fibrous crystals grow by precipitation from supersaturated
aqueous solutions, under various conditions of temperature and pressure.

For the generation and opening of fractures, some authors have privileged internal
agents, such as force of crystallization (Keulen et al. 2001). It seems however, from
theoretical and experimental data (Taber 1918; Means & Li 2001; Keulen et al. 2001), that
this force is not always great enough enough to open a fracture. Otherwise, there are several
potential external agents, especially tectonic stress and pore fluid pressure. For developing
horizonal fractures, Gustavson et al. (1994) advocated dissolution at depth, whereas Shearman
et al. (1972) and Stoneley (1983) highlighted the role of fluid overpressure. Several authors
have argued that the tensile strength of the rock should be smallest in a direction
perpendicular to bedding (Cosgrove 1995, 2001; Lash & Engelder 2005) and certainly this
should help. However, Cobbold & Rodrigues (2007) argued and demonstrated experimentally
that an upward-decreasing overpressure gradient leads to the development of vertical seepage
forces and therefore horizontal fractures. In the Neuquen Basin of Argentina, Rodrigues et al.
(2009) have described fossil prints in the centre and on both sides of ‘beef’ veins, as evidence
for antitaxial growth and opening perpendicular to bedding.

One mechanism for obtaining fluid overpressure is by load transfer during chemical
compaction (Swarbrick & Osborne, 2002). Part of the solid framework collapses and the
weight of the overburden transmits to the pore fluid. This leads to hydraulic fracturing,
provided that the total fluid pressure becomes greater than the sum of the lithostatic pressure
and the tensile strength of the rock.

In many sedimentary basins worldwide, ‘beef” occurs in or near potential source rocks
for petroleum (Cobbold et al. 2013). This is particularly true in basins where the source rock
is or has been mature. In this context, several authors have described liquid oil or bitumen as
inclusions within fibrous veins of calcite (Stoneley 1983; Dobes et al. 1999; Parnell et al.
2000; Rodrigues et al. 2009; Zanella & Cobbold 2011, 2012). Crystallization of ‘beef’,
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maturation of organic matter and migration of hydrocarbons may thus be synchronous
phenomena. In turn, ‘beef’ veins may contain physical and chemical information that is
relevant to our understanding of hydrocarbon generation in sedimentary basins (see, for
example, Rodrigues et al., 2009). In particular, the composition of calcite (in terms of stable
isotopes of oxygen and carbon) and the properties of fluid inclusions provide first-order
information on fluid sources and conditions of trapping. The oxygen isotope composition of
beef relates to the one of the local fluid, provided that the temperature of calcite precipitation
is known, the relative amount of fluid over rock (the so-called fluid/rock ratio), and in the
conditions of large fluid/rock ratios under which fluids preserve their original isotopic
composition, provides information of fluid sources. To be complete, an isotopic study should
also consider the host rocks, so as to check how these may have influenced the composition of
the flowing fluid. The carbon isotope composition gives information on the relative
contribution of marine-derived carbon (8 *C around 0%.) and organic matter-derived carbon
(& *C between -15 and -30%c). The fluid inclusion tools allow discussing the physical
(pressure, temperature) and chemical (fluid composition) of the fluid at the time of
entrapment. In this paper, we present new O and C stable isotopes and fluid inclusion data for
‘beef’ in the Wessex basin. Our work is complementary to the pioneering work of Marshall
(1982), who presented detailed isotopic variations at the decimetre scale in ‘beef’ around
dolomitic nodules at Charmouth and to the work of Rodrigues et al. (2009), who studied
“beef” in the Neuquén Basin. We have visited and sampled numerous ‘beef’ veins and host
rocks throughout the Wessex Basin and provide new field observations, stable isotopes and
fluid inclusions data that allow us discussing the origin of fluids involved in the ‘beef’

formation, at the scale of the whole Wessex Basin.

Geological context

The Wessex Basin lies along the coast of South-West England (Fig. 2). It contains a
Permian to Oligocene sedimentary sequence, which post-dates the Devonian-Carboniferous
sequence of the Proto-Tethys ocean (Glennie & Underhill 1998; Fig. 3). The structural
development of the basin finds its origins in the late Carboniferous-early Permian apogee of
the Variscan orogeny (Chadwick et al. 1983). The deposition of sediments of the basin took
place during the fragmentation of the Pangaean megacontinent and so the Permo-Triasic
extensional period of the central Channel rifting and then continued during the Mesozoic
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period. Several structural features subdivide the Wessex Basin. They are mainly extensional
E-W tectonic structures developed during the late Palaeozoic-Mesozoic times and inverted
during late Cretaceous-Tertiary times (e.g. Stoneley 1982; Chadwick 1993; Underhill &
Paterson 1998; Underhill & Stoneley 1998). Among these structures, the Purbeck - Isle of
Wight fault system is the major one (Fig. 2). This fault system accommodated much of the
compressional deformation during the late Cretaceous and Tertiary, producing major
monoclinal flexures. On its southern side, the hangingwall,has undergone a regional uplift of
about 1.5 km (Bray et al. 1998). As a result of such Late Cretaceous to Cenozoic inversion,
the sedimentary fill of the Wessex Basin crops out well, all along the coasts of Devon, Dorset
and Hampshire and on the Isle of Wight. Thus, several generations of geologists have studied
this area, which is now part of a World Heritage Site.

———
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ry of
[ upper Jurassic - Middle Jurassic - Lower Jurassic - Permo-Triasic [[J] Basement — Wsia: Baala
S N
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— Kimmenidge Clay N A=
S ord Clay I

Purbeck Fault —_

Figure 2. (A), Geological map of the Wessex Basin, SW England. (B), North-South cross-
section of the Wessex Basin showing the Purbeck Fault, the major structure of the basin.
(Modified after Underhill & Stoneley 1998).

The sedimentary fill of the Wessex Basin consists of three megasequences (Permian to
Lower Cretaceous, Upper Cretaceous; and Tertiary; Fig. 3) with intervening erosional
unconformities (Hawkes et al. 1998). The corresponding sedimentary environments were,

successively, continental, deepshore marine and near-shore to non-marine.
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& Stoneley 1998; West 2010). For the petroleum system, potential source rocks and
conventional reservoirs are mainly within Mesozoic srata (especially Jurassic and Early

Cretaceous). Beef is also present, especially in or near the potential source rocks.
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The Mesozoic strata concentrate the majority of the petroleum system of the Wessex
Basin (Fig. 3). Exploration for petroleum led in 1937 to the first exploration well, Poxwell-1
(Buchanan 1998). One of the historical discoveries was the Kimmeridge oilfield, on the
Dorset coast, which is still in production (Buchanan 1998). The major onshore oilfield of the
Wessex Basin is Wytch Farm on the Isle of Purbeck (Fig. 2). The petroleum system of the
basin has three potential source rocks: (1) the Blue Lias Fm and Lias Clays, (2) the Oxford
Clay Fm and (3) the Kimmeridge Clay Fm, (Fig. 3). In the Liassic and Kimmeridgian clays,
the organic matter is of Type Il, with a minor amount of Type Il (Ebukanson & Kinghorn
1986). Organic matter is quite abundant (Ebukanson & Kinghorn 1985): up to 8% of Total
Organic Carbon (TOC) for the Liassic Clays and about 20% for the Kimmeridge Clays.
Vitrinite reflectance measurements point out that at outcrops these source rocks are immature;
only 0.48% for the Kimmeridge Clay (Ebukanson & Kinghorn 1985). In contrast, Bray et al.
(1998) demonstrated via Apatite Fission Track Analyses (AFTA) that the source rocks have
been mature over time and that the hydrocarbon generation is linked to the burial and uplift
history. These authors also argued that the Wessex Basin has gone through a very complex
thermal history related to several phases of uplift and erosion. These events have affected the
generation of hydrocarbons. The study of Bray et al. (1998) reveals that the timing of
hydrocarbon generation is widespread through times, from the mid-Jurassic (~170 Ma) to the
late Tertiary (~20Ma). Nevertheless, the peak hydrocarbon generation is more and more
recent eastward.

In this petroleum context, ‘beef’ has a key place. At the beginning of its historical
discovery, ‘beef’ seemed to be just anecdotic veins in muddy sediments. With times, ‘beef’
have gained interest. Indeed, ‘beef’ have been identified in several stratigraphic levels of the
sedimentary succession: in the Blue Lias and Liasic Clays of Early Jurassic age at Lyme
Regis and Charmouth (Sorby 1860; Lang 1914; Lang et al. 1923; Marshall 1982; Gallois
2008), in the Kimmeridge Clays of Late Jurassic age at Kimmeridge Bay (Morgans-Bell et al.
2001), in the Purbeck beds of Early Cretaceous age at Swanage (Webster 1826; Buckland and
De la Beche 1835), in the area of the Vale of Wardour (Andrews & Jukes-Brown 1894; Reid
1903) and in the Vectis Formation of Early Cretaceous age on the Isle of Wight (Judd 1871).
But even if well known, ‘beef’ have been poorly characterized in order to specify their origin
of formation. The most complete study is likely the isotopic study of Marshall (1982). This
author identified large variations in & *20 along fibres and suggested that external fluid flowed
in a bedding-parallel direction, supplanting precipitation from connate waters. Correlatively,

variations in & **C values are also large (from nearly -17 %o to O %o; Marshall, 1982, his
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Figure 5). Marshall attributed these variations to the successive involvement of carbon

deriving mainly from organic matter and marine waters.

Field Data

In the Wessex Basin, ‘beef’ is visible along many of the coastal cliffs. Previous studies
have described ‘beef’ within shales or mudstones of several stratigraphic levels of the basin.
Here, we have investigated the whole stratigraphic sequence throughout the Basin. We have
identified other occurrences of ‘beef’: in the Blue Lias at Chippel Bay, in the Oxfordian Clays
at Ringstead Bay, in the Purbeck Beds at Durdle Door, Stair Hole, Lulworth Cove (see the
website of West) and Mupe Bay, and in the Early Cretaceous at Sandown on the Isle of
Wight. It seems then that ‘beef’ is limited to Mesozoic strata, from the Lias to the Early
Cretaceous (Fig. 3). The limits of these occurrences match those of the petroleum system
(Fig. 3). Calcite is the main mineral of ‘beef’ but we also observed pyrite and shale particles
within them; the grey colour of *beef’ likely is due to these elements. Throughout the Wessex
Basin, we have found no correlation between the size of beef veins, their amount and the
stratigraphic position. The size of ‘beef’ is mainly between a few millimetres to 3-4
decimetres in thickness (reaching two tens of centimetres at Lyme Regis and Charmouth) and
from several centimetres to tens of meters in length, providing sometimes a very planar aspect
of the beef. At the outcrop scale, ‘beef’ can appear at several levels in the same Formation, or
can be also disseminated in smaller occurrences within the shales, as in the ‘Shale-with-beef’
Fm at Lyme Regis for example (Fig. 4). Structurally, if most *‘beef” occurrences are parallel to
the bedding (Fig. 3), locally ‘beef’ can be deformed and/or faulted (Fig. 5).

Several authors have shown that the formation of ‘beef’ seems to be correlated with the
nature of the host rock, impermeable shales or mudstones. During our fieldwork, systematic
HCI attack on host rocks has revealed that the more the host rock is carbonate-rich, the more
the beef are abundant. As an extreme, carbonate-free levels of clayey sediments are devoid of
beef. This observation points to a local chemical control of the fluid-rock system by the
mineralogical composition of the host rock.

Two sites are worthy to be described: Lyme Regis and Lulworth Cove areas. They
correspond to historical accessible areas with beautiful easily observable ‘beef’. Furthermore,
both sites are very different in terms of morphology for the ‘beef’. At Lyme Regis ‘beef’ is

undeformed while at Lulworth cove the ‘beef’ is deformed and faulted. Such deformation is
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likely related to the vicinity of the Purbeck-Isle of Wight system fault. Numerous vertical
calcite veins also occur in Lulworth Cove and attest of vertical fluid migration, a feature that
is absent in Lyme Regis. In addition, the Lyme Regis area exposes formations of the Lower
Jurassic and thus corresponds to the base of the petroleum system in the Wessex Basin.

Lyme Regis outcrop

About 600 metres west of the Lyme Regis port, , the beautiful outcrop of Chippel Bay
composes the cliff until Seven Rock Point. Strata are from the Blue Lias Formation (Top of
Hettangian) to the ‘Shale-with-beef’ Formation (Sinemurian), and are mainly shales and
limestone beds (Fig. 4A). The global structure consists of a gentle anticline (N-S) and the
bedding of rocks remains nearly flat (Fig. 4A). We identified only one vertical strike-slip fault
on outcrop, but this fault does not affect the global geometry of strata.

As previously describe in this area, ‘beef’ is abundant within the ‘shale-with-beef” Fm
(Lang et al. 1923; Fig. 4C). In this Formation, visible on the top of the cliff, ‘beef’ are well
preserved, numerous and continuous, including the level of ‘beef’ that Marshall (1982) had
studied (Fig. 4C). This level of “‘beef is remarkable on the outcrop because its hardness brings
them out and sampling is made possible because of continuous landslides. In addition of these
continuous levels of ‘beef’, the formation contains a lot of ‘beef’ disseminated through the
organic-rich shales.

In the Blue Lias Formation we have identified 9 levels of ‘beef’ (Fig. 4B, D). ‘Beef’ is
present in organic matter-rich dark marly shales, and is parallel to the bedding. Calcite fibres
are easily visible and oriented perpendicular to the axis vein, which is well expressed. In some
examples, ‘beef’ is splited and forms ‘en échelon’ structures (Fig. 4B). The thickness of
‘beef’ is from several millimetres to 1 - 2 centimetres (Fig. 4D). The length of each *beef’ is
very variable, from several centimetres up to decametres. Some thin beef are hard to
distinguish, especially those at first levels between the 2™ Tape and the 3™ Quick
stratigraphic strata (Fig. 4B).

In the area of Lyme Regis and especially between Lyme Regis and Charmouth, Lees &
Cox (1937) described bitumen veins in the Black Ven Marls, the Beleminite Marls and the
Blue Marls (Liasic Clays). Nevertheless, they did not specify localities for them. We also
identified small particles of bitumen veins in shales between those localities but there were

only loose fragments in the coastal landslides of the area.
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Eﬂ Limestone
E==] shales
Il veer

Figure 4. Lyme-Regis outcrop observations. A. Panorama of Chippel Bay (East of Lyme

Regis). Strata form a very gentle anticline. B. Schematic representation of the local
stratigraphic nomenclature of the Blue Lias Fm. Notice the occurrence of ‘beef’ layers. C.
Photograph of the main ‘beef’ level in the ‘Shales-with-Beef’” Fm. D. Photograph of typical
‘beef” from the Blue Lias Fm.

Lulworth cove outcrop

Outcrops of the Lulworth Cove area are easily accessible, at low tide. Along an E-W
trend around this area, the Purbeck-Isle of Wight fault system cuts through the entire
sedimentary pile, which now dips towards the North and forms a monocline, well known to
be a great example of a basin inversion (Fig. 5A). From the locality of Durdle Door in the
West, through Stair Hole and Lulworth Cove and to Mupe Bay in the East, outcrops consist of
Cretaceous strata from the Portland Beds to the Chalk Group. The spectacular outcrop of
‘beef’ is in the east side of Lulworth Cove (box in the Fig. 5A), immediaetly above the last
Upper Purbeck limestone bed (Fig. 5A). Nevertheless stratigraphically, we have observed
‘beef’ at about 2 metres beneath the Cinder Bed at Stair hole, but their became numerous
from the Upper Purbeck Beds (for example those of Lulworth cove Fig. 5B). In all
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occurrences of this area, ‘beef’ is concentrated within mudstones, (i.e. in an impermeable

sedimentary level).

. Basal Purbeck Caps

Figure 5. Lulworth Cove outcrop observations. A. Panorama of the eastern side of Lulworth
Cove (red box refers to Figure B). B. Main outcroup for beef veins. C. Folded beef. The
thickness of beef is variable (thicker in the syncline form). D. Curved calcite fibres, which
compose beef. Cone-in-cone is visible as well. E. Folded and faulted beef veins. The fault cut

through the beef but the shales arount it are not faulted.

The morphology of ‘beef’ is distinct from to those of the Lyme Regis area, despite
‘beef” is also parallel to the bedding. It is generally thicker and deformed (Fig. 5C) and/or
faulted (Fig. 5E). The thickness reaches several centimetres until frequently 20 or 30
centimetres and the length of ‘beef’ is difficult to estimate while continuous (Fig. 5B). By
internal structural arguments, ‘beef’ seems to be synchronous with a compressional
deformation. Examples are the thickening of ‘beef’ syncline, a feature attesting fibres growth
during deformation (Fig. 5C) and sigmoidal calcite fibres. The analysis of this outcrop thus
suggests that ‘beef’ grew during horizontal shortening associated with inversion of the basin
(Fig. 5C & 5E).
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Vertical veins of white and sparritic calcite are also visible, especially at Stair Hole
(West of Lulworth Cove). These veins cut through shales and calcareous beds of the Purbeck
Fm and do not reach the main ‘beef’ level (just above the Upper Purbeck limestones bed).
Veins are metric in length but are thin, only 1 or 2 centimetres of thickness. They are
perpendicular to the direction of the regional anticline structure.

Sampling

The objective of our sampling strategy was to get a comprehensive view of the beef-
related fluid system at the basin scale. This strategy is complementary to the one of Marshall
(1982) who detailed the small-scale evolution of the O and C isotope compositions at the beef
scale. We have thus sampled seven sites through the entire stratigraphic pile, from the Blue
Lias Fm (Lyme Regis) to lower Cretaceous (Swanage) (Fig. 3). For each site, we collected
several beef samples in order to specify the local variability of isotopic compositions. When
possible, we also sampled the most representative host rock, close to the beef or a few metres
away from it. At Stair hole, we also sampled vertical calcite veins as these veins may record
fluid circulations in the vertical direction, perpendicular to bedding. Three materials were
selected for the fluid inclusion investigation: two beef coming from the outcrops detailed
above (Lyme Regis and Lulwoth cove) and one vertical vein coming from Stair hole. The
fluid inclusion dataset may then look rather limited but considering the difficulty in preparing
the thick sections, the scarcity of preserved fluid inclusion and the equivocal aspect related to
the interpretation of fluid inclusion data, we do believe that our fluid inclusion data, which are
the first published on beef in the Wessex Basin, are worthy to be presented and discussed in

the frame of the present paper.

Samples

Our collected samples are hand-sized specimen (Fig. 6). We collected them directly on
cliffs or on large blocks fallen from the cliffs. In that case, we ensured in the field that the
sampled blocks did correspond to what is still present in cliffs. On beef samples, we made a
total of 25 thin sections for the petrographic description and 20 thick sections for fluid
inclusion analyses. For isotopic analyses, we sawed samples in order to get planar surfaces
perpendicular to beef-shale contacts, and got a few tens of mg by microdrilling or scratching
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these surfaces. We performed powders on both the beef and the shales sides (fig. 6A). For
vertical veins (7 samples), calcite was separated manually and crushed in a boron carbide
mortar. A total number of 75 isotopic analyses was obtained.

We analysed ‘Beef’ wveins with an
ESEM, at the Statoil Research Center,
Trondheim Norway (Fig. 1 & Annexe 1). We
worked directly on sawed faces of samples
rather than on thin or thick sections to avoid
contamination by substances used for the
elaboration of sections. We also imaged some
beef by cathodoluminescence, which allows

distinguishing growth stages of calcite fibres.

R For the fluid inclusions analyses, we
performed uncovered thick sections (200-300
pum) of two ‘beef’ at the bottom and the top of
/R : . ‘ the petroleum system (respectively Lyme
| Regis, sample LR-12-02, and Lulworth Cove,
; _ ; sample LUL-12-13, Table. 1) and one vertical

w Y (. e A ,\A vein (Stair Hole, sample STA-12-20, Table. 1).
Figure 6. A. Sampling of ‘beef’ for isotope For ‘beef’, we orientated thick section parallel
studies. Red lines indicate micro drillings. to the calcite fibres. During preparation of

B. Photograph of a typical fluid inclusion in thick sections, we did not exceed the
‘beef’ from Lyme Regis (LR-12-02). temperature of 60°C, so as not to damage the

fluid inclusions within the calcite fibres.

Results and interpretation

Calcite fibres are the main component for ‘beef’ veins, but we identified some others
(Fig. 1c & 1D & Annexe 1). Shales seem and pyrite grains are disseminated through spaces
between calcite crystals. We also observed that a thin discontinuous layer of shales delimits
‘cone-in-cone’ structures, as Denaeyer (1943) has already described. Finally, ‘beef’ contains a
lot of liquid or solid hydrocarbons (Fig. 1C & 1D & Annexe 1). These hydrocarbons are
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Veines Encaissants
‘Beef* Velnes secantes Shales calcaire/dolomie]
° Echantillon di [ ™0 [ 8°C | 0 [ 8%C | d2 [wCaCO,] 80 [ d%C [ 8™0 [ oC
? SWA-1224[|A| 0 242 138
S| - Bl 0 246 13
& |G | SwA-12-26| A 26 18
- B 1 268 08
LUL-12-17 500 258 02
LUL-12-18 0 262 09
LUL-12-19 700 258 02
LUL-12-14[A| 2 259 13
- B| 0 254 14
2 - cl15 245 09
8 LUL-12-13[A| 25 211 07
= - B|15 240 17
5 - clo5 239 16
2 - clos 237 16
3 - D05 241 16
- E|12 245 15
) - F| 22 243 14
3 - G|35 241 12
x| LUL-12-16|B| © 237 54
18 - A 05 238 -29
S [STA-12-23[A[ 08 243 27
£ : B|07 243 -26
- clo7z 247 -06
STA-12-22 |A| 15 255 -07
® - B|08 248 -05
g - clos 207 -14
T STA-12-21 | C 2 256 -19
= - B 0 254  -20
& - Al 0 25 42
STA-12-20 | E| 08 230 -7.8
- D 231 -73
- clos 233 74
- B 0 254 24
- A 2 261 -18
=| & | KIM-12-43 100 09 266 09
8| & | KIM-12-42| B 0 53 280 -24
olg - Al 0 259 04
S| 8| KIM-12-40| B 0 12 267 -04
5|3 - Al 0 257 00
£ | E|KIM-12:39 100 101 267 -23
S E|KIM-1234[B| 0 254 -39
Z _ A 2 18 293 63
OSM-1256| B[ 0 291 73
OSM-12-55(B| 0 292 -11,0
o - Al 0 282 -89
E | &|0sM-12-51 0 106 285 -20
c [ o | osm-12-52| A 0 549 267 -105
5|2 - B| 09 272 -142
2l - cl o 271 -167
5|0 - D07 263 -129
e} OSM-12-53|A| 1 281  -7.7
- Bl 12 270 -17,0
OSM-12-54 100 02 21 71
= CHA-12-08[ D 5 6.4 243 05
2 . Al o 208 29
€ - B| 1 263 -04
& ] c 0 45 249  -02
|G| [cCHA-12-09 0 229 12
LR12-07 |[A| 0 230 10
LR-12-06 300 102 255 -05
LR-12-03 | A 0 128 249 -09
- B|03 276 -03
8 - clo3s 267 -06
r - D 0 104 253 -03
218 LR12:02 |J]| 47 271 -04
glz - Fl41 224 16
> - E|41 222 08
S - D37 233 11
i - 1|47 260 00
- cla44 220 23
- B|38 207 26
- Al31 204 21
- G| 2 22 -40
- Hl22 249 -33
LR-12-01 |[A| O 249 -163

Table 1. Stable isotope compositions of veins (“beef" and vertical veins) and host rocks
(shales and limestone; sample KIM 12-34 is a dolostone). "Dist™ is the distance to the contact
between vein and the host rock. "%CacO3" refers to the amount of calcite in shales.
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either disseminated within spaces between fibres or into crystals as inclusions. All *beef” in

the sedimentary sequence has the same composition and contains hydrocarbons.

Fluid inclusions

In beef samples, fluid inclusions are aqueous. They are scarce and small (Fig. 6d). They
do not occur all along the calcite fibres but rather in zones of clear white calcite. The results
presented here are thus not representative of the entire fluid history associated with beef
growth, but rather, they record instantaneous fluid composition at some time during beef

formation.

Frequency

o o o o o o (@] o
S I 2] &8 3 8
Tm ice (°C) Th (°C)

STA-12-20  ®LUL-12-13  ®|R-12-02

Figure 7. Graphs showing the results of microthermometric analyses on the fluid inclusions.

Agqueous inclusions in beef display a last ice melting temperature (Tm ice) ranging from -1 to
-5.6 °C (Table 2, Fig. 7), with a majority of data in the range -1/-3.5°C (the corresponding
salinity being in the range 2/3.8 wt% eq. NaCl; Table TT). The Lulworth cove inclusions
have Tm centered around -2°C, the Lyme Regis inclusions show a wide range of Tm between
-6°C and -1°C, whereas STA samples show the lowest Tm near -1°C. Homogenization
histograms are very broad for samples SR and LUL. Homogenization temperatures (Th) range
from 104 to 380 °C. Th values recorded for STA sample are all located in the 220-240°C
range. Broad Th histograms can be the results of several reasons: impact of sample
preparation, stretching or leakage of inclusion induced during microthermometry
measurements, or complex thermal history of the rock formation. In our case, sample
preparation has been carefully made with heating not exceeding 60°C. However some
decrepitated inclusions are observed, probably due to mechanical stress during sample
preparation. Homogenization temperatures have been measured after congelation, a procedure

which could have induced some “leakage/disturbance” of the inclusions. However,
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reproducibility of microthermometric measurements has been checked on several

inclusions: reproducibility is rather good, in most cases less than a few degrees.

Sample Th(°C) Tmice(°C)  Salinity (wt%)

LUL-12-13 range 192.0/379.2 -1.9/-1 2.0/3.8

- mode 280.7 -2.3 2.0

- n 6 8 S)

LR-12-02 range 104.1/290.4 -5.6/-0.9 2:3.8

- mode 339.9 -2.2 6

- n 21 14 0.3/2.0
STA-12-20 range  237.8/247.5 -0.9/-0.5 1.2

- mode 242.9 -0.6 1.2

- n 5 7 4

Table 2. Microthermometric data for fluid inclusions in beef (samples LUL 12-13 and LR 12-
02) and a secant vein (STA 12-20). Tm ice: melting temperature of ice; Th: homogenization

temperature; n: number of measurements.

Th (°C)
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o 1 1 1 J
>22§<
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()
2
=
= -4 4
[OBeef (LUL 12-13 and LR 12-02)
Xvein (STA 12-20
0 vein ( )
_6 J

Figure 8. Melting temperature of ice (Tm ice) vs. homogenization temperature (Th) diagram
applied to fluid inclusions studied in beef and secant veins.
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No gases were identified by Raman spectroscopy analyses. These analyses were
difficult to perform because of elevated fluorescence of fibrous calcite. As a consequence, we
also had large uncertainties on the salinity estimates obtained during this methodology and
thus present only salinity estimates obtained by microthermometry.

On the secant vein STA 12-20, the last ice melting temperature is slightly higher than in
beef (Tm ice in the range -0.5/0.9°C (Table 2, Fig. 7), corresponding salinity in the range
0.3/2.0 wt% eq. NaCl (Table 2)). Homogenization temperatures are centered on 240°C (Table
2, Fig. 7), a value comparable to the ones obtained on beef and thus also suspicious. All IF
microthermometric are summarized in the Tm vs. Th diagramme (Fig. 8), where we can see

the difference in Tm ice between beef and secant veins.

Stable isotopes

We presented the stable isotope compositions of beef, shales, vertical veins and
limestones in table. 1 and in Fig. 9.

Beef display a very large range of both §*3C values (between +3 and -17%o) and §*°0
values (between 20.5 and 29%o.). The Osmington Mills group of beef is distinguishable fron
the other sites by lower 8*3C values and somewhat higher 'O values. Considering the other
sites, most of the beef data plots along a trend that extends the one defined by shales
(increasing 8*3C values from -2 to 0.5%. with decreasing 6'®0 values from 28.5 to 24.5%o).
The isotopic data obtained by Saelen et al. (2000) on oil shale close to the White Stone Band
(close to Kimmeridge) compare well the data presented here. Two shales and five beef differ
from the general trend by displaying negative '*C values. The most negative values (samples
LR 12-01 and LR-12-02G and F; Table. 1) were sampled at the extreme base of a beef vein
and thus correspond to the early stage of beef growth. This result is consistent with Marshall
(1982) who also obtained very negative values (8*3C down to -16.6%c) in comparable
samples.

The two shales with negative values also have extreme carbonate contents. Sample
OSM 12-52A has 55 wt% calcite and was collected in close contact with beef (itself
displaying very negative 8C value near -14%o). It is likely that this shale sample was
contaminated either mechanically during sample preparation or carbonated during beef
development. On the other hand, sample OSM 12-54 (8**C = -7.1%o), which also has a low
d180 value, compared to other shales (6'0 = 22.1%o) has only 0.2 wt% calcite. With such a
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low carbonated content one cannot exclude that late carbonation associated with meteoric
infiltration is the main process responsible for the specific isotopic values. These two samples
can thus reasonably be excluded from further discussion, and to sum up beef and shales
isotopic compositions, it comes that, excluding Osmington Mills which deserves a specific
discussion, beef display a negative trend in the 3C — 80 space (Fig. 9) which extends to

the left a comparable trend defined by the shales of the Wessex Basin.
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Figure 9. d13C vs d180 diagram showing the isotopic compositions of veins (beef and
verticla veins) and host rocks (shales and limstones; sample KIM 12-34 not plotted). The
arrows show the tendency of some rocks towards low d13C values at constant d180 value.

See text for discussion.

Vertical veins show more homogeneous C and O isotopes composition than beef. Their
880 value is between 23 and 25%o and compare well with the 8'*0 mean value of beef (Fig.
9). On the other hand, vertical veins show more 8'*C negative values than the majority of
beef, excluding again Osmington mills site.

Sedimentary limestones (plus one dolomite) have isotopic values comparable with
shales, with however a notable positive correlation between $®0 and 8"C values. The
dolomite sample from Kimmeridge Bay is distinguishable with a high 80 value (29.3%o)

and a very positive 8"°C value (+6.3%o).
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Discussion
Fluid regime in the Wessex basin

Beef forms during fluid overpressure in impermeable beds (Rodrigues et al. 2009;
Zanella et al. 2011; Cobbold et al. 2013). In the Wessex Basin, our field observations confirm
that beef are localized in marly shales. Also, the more carbonated the marly shale, the more
abundant and wide are the beef. This observation was made at several stratigraphic layers. It
seems then that if marly shales have a physical first-order control on beef formation, their
carbonate content is a fundamental chemical factor for beef development and that the calcium
necessary to feed the growing fibres come from the local host shale. Rodrigues (2008)
provides some examples of carbonate depletion in host shales toward the contact with beef in
the Neuquen Basin (Argentina). He interpreted this evolution as a calcium migration from the
shale towards the vein. In the Wessex basin, we can then propose a physical-chemical
mechanism of beef formation. Fluid overpressure induces vertical opening of horizontal
hydraulic fractures. The transient pressure drop associated with fracturing led to precipitation
of minute amounts of calcite, as calcite solubility decreases with decreasing pressure. The
calcium necessary for calcite growth is first taken from the dissolved calcium in the fluid. At
this time, the beef forming fluid is thus depleted in Ca whereas the fluid present in the
porosity of the shale is in equilibrium with the local mineralogy. A chemical gradient of
calcium activity in the fluid phase thus appears. Energetically, to erase such a gradient, it is
more efficient to dissolved small grains, like the calcite ones present in the shale, than large
ones, like the ones just appeared in the beef. It comes then that dissolution of calcite in the
shale enriched the fluid phase, this calcium being used to feed the growing calcite fibres in the
still opening veins.

Stable isotopes are consistent with this model. The large majority of beef define a
trend that extends the trend defined by the marly shales of the Wessex Basin (the Osmington
case and the low 83C beef being excluded). The isotope compositions of shales likely
correspond to original marine values, only slightly altered during diagenetic recrystallization.
Seaelen et al. (2000) confirm this statement in their exhaustive geochemical study of the
Whitby Mudstone Formation (Lower Jurassic) and Kimmeridge Clay Formation (Upper
Jurassic). In our study, shales preserve C isotope signature close to typical marine ones (§"°C
around 0%o) and also compare rather well with the O isotope composition of limestones (Fig.
9). The only difference lies in the positive correlation exhibited by limestones whereas shales
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show a negative correlation. Actually, the negative correlation of limestones may be well due
to diagenetic recrystallization and porosity infilling, as already documented in the Paris Basin
(France) (e.g., Vincent et al., 2007; Brigaud et al., 2009) or on the East Midlands Shelf
(Hendry, 2002). It is reasonable then to consider that the carbonate fraction of shales
preserved their original marine pristine signature. In a fluid-rock interaction system, the
fluid/rock ratio can vary between two extremes, zero (where rocks dominate over fluids and
impose their isotopic signature) to infinity (where fluids buffer the infiltrated rock). In the
first case, the fluid and the minerals precipitated from it, like the calcite fibres in beef, acquire
the isotopic composition of the rock. They however get distinct composition because of
isotopic equilibrium fractionation reasons and because of temperature dependency of this
fractionation. If a set of rocks displays a variable isotopic composition, the minerals formed in
veins also display a comparable variability, but possibibly displaced to distinct values. In the
case of fluid-dominated system on the other hand, veins shall have rather constant isotopic
compositions (the ones of the fluid taking into account fractionation) irrespective of any
variation of isotopic compositions in the host rock. In figure. 8, the cloud of data depicted by
beef mimics the one depicted by shales, a situation, which that corresponds to a rock,
dominated fluid-rock system, where rocks impose their signature to the fluid, and to the fluid-
related beef. In turns, this relationship shows that the fluids that induced fracturation by
overpressure and beef formation likely derived from local rocks. At the scale of the Wessex
Basin, we have no evidence of externally derived fluids, which would have generated the
network of beef veins.

Fluid inclusion data showed that, in some instances (we have Fl data for only two
beef), the salinity of fluids was around 2 to 4 wt% eq. NaCl. For comparison, present-day
seawater contains 3.5 wt% NaCl. The most straightforward observation of the salinity
calculated for beef-related fluids is that they have a seawater-like salinity. Connate waters
buried together with sediments are originally seawater, more or less modified by fluids
liberated during diagenesis, for example during clay aggradation. The geological and isotopic
characteristics of ‘beef’ depicted above allow us inferring that the beef-related fluids
originated within the Wessex basin. Our fluid inclusion data on beef are thus consistent with
this inference, as their salinity properties point to a seawater-derived fluid. The vertical veins
collected at Stair Hole may well represent such a diagenetic fluid because their salinity (05/2
wt% eg. NaCl) is somewhat lower that the one of the beef-related fluid. Their stable isotopes
signature is not straightforward to interpret, despite the rather homogeneity of isotopic
compositions point to a fluid domintated fluid-rock interaction system. Indeed, we have some
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uncertainty with the homogenization temperature, which precludes a pertinent discussion
using the mean %0 value. Also, the 8'*C value of the vertical veins are lower than the ones
of beef, which shows that the fluid leading to vertical veins carried more organic carbon than
the fluid leading to beef. Moreover, it is also possible that the vertical veins are genetically
related to the Bray-Wight fault system that accommodated inversion in the Wessex Basin
during Upper Cretaceous — Tertiary and that emerges a few tens of metres from the sampled
outcrop.

The general model that beef-related fluids are originated form the Wessex Basin itself
IS not at variance with the study of Marshall (1982), who identified an evolution in the fluid
composition during the growth of calcite fibres. In the early stages, Marshall (1982) identified
a fluid with very low 8"C values that shows that the C budget was buffered by organic
matter-derived carbon (with a very low 8"C signature). During fracture opening and along
fibres of calcite, he then documented isotopic shifts, which he interpreted as the result of
some lateral fluid flow. What we propose here is that such lateral flows must have originated
from neighbouring rocks, within the basin, with the consequence for the carbon budget that
the organic matter-derived carbon mixed with time (and incoming fluid) with marine water-

derived carbon (with a 8**C around 0%).

The Osmington Mills case

In figure 9, beef from Osmington Mills is distinguishable from other beef by very
negative 8°C values and slightly higher 80 values. On a geological point of view, the
Osmington Mills outcrop is indistinguishable from others sites where beefs have been
observed. The isotopic specificity of Osmington is thus likely due to the particularities of the
local fluid-rock system. Actually, we have only one valid isotopic measurement for the host
rocks, as two shales exhibit either anomalously high or low carbonate content (see above).
This normal shale (with a carbonate content of 10.6 wt.% calcite) has a 'O value 28.5%o,
which is actually the highest value measured for a shale in this study; this property is likely
due to specific sedimentary conditions at the time of deposition of the shale (see discussion in
Seelen et al., 2000). It could be then that the oxygen composition of the Osmington beef was
buffered by the local rocks, as in the general case discussed above. For the carbon, the large
variation of 8*3C values (more than 10%o) implies two sources of carbon, an organic matter-

derived carbon and a seawater-derived one. The measured value (§*3C between -7 and -17%o)
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let us infer that the organic matter contribution is more important here than in other sites in

the Wessex Basin. The reason for that is not straightforward, and specific new studies should

be engaged to specify this point, notably by reinforcing the stable isotope data set on shales

and by measuring the carbon budget in the host shales (Total Organic Carbon vs. Inorganic
Carbon).

Conclusions

1)

)

©)

(4)

()

(6)

(7)

In the Wessex Basin, calcite ‘beef” is widespread within shales and mudstones of the
Mesozoic strata. Shales and mudstones encouraged the formation of bedding-parallel

veins (‘beef”).

The composition of ‘beef’ is globaly homogeneous. It is composed by calcite fibres with
pyrite grains and shales between fibres. Liquid or solid hydrocarbons are present between
fibres as well as in inclusion into crytals of calcite. This observation demonstrates that
during ‘beef’ veins crystallization liquid hydrocarbons were present.

The formation of ‘beef’ is synchronous to the migration of hydrocarbons in the basin.
This is why “beef’ contains such hydrocarbons. We have so to envisaged the synchronous
migration of two fluid phases: acqueous phase and hydrocarbons.

The geometry of ‘beef’ is undeformed in areas where the deformation is gentle, but
highly deformed near major tectonic accidents. Indeed, ‘beef’ of the area of Lulworth
Cove are folded and faulted, suggesting a development during the compressional
deformation and so the Upper Cretaceous-Tertiary inversion of the Wessex Basin.

The isotopes revealed that the fluid responsable of the ‘beef’ crystallization has a rock
signature. The origin of calcium for ‘beef’ veins is the marine marly shales of the Wessex
Basin. The emplacements of ‘beef’ veins are so controled by the calcitic disponibility and
the nature of the host rocks.

The salinity calculated for beef-related fluids is around 2 to 4 wt% eq. NaCl. This value is

consistent with isotopes analyses and argues the marine oringin of the fluid.

From observations and analyses we infer a general model of formation for the ‘beef’
veins of the Wessex Basin. During the maturation organic matter, chemical compaction
leads to fluid overpressure and then to hydraulic fracturing. The migration of two fluid
phases (acqueous and liquid hydrocarbons) was synchronous to the inversion of the basin
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during the Late Cretaceous-Teriary. The migration was in particular facilitating by the
presence of discontinuité as the Wight-Bray Fault System. Indeed, ‘beef” veins (bedding-
partallel hydraulic fractures) at Lulworth Cove area have strong structural arguments to
infer that ‘beef’ is synchronous to the contraction of the basin.

From the study of the Wessex Basin and with the other study on the Neuquén Basin, we
believe that the generation of *beef’ is a strong marker for fluid overpressure development and
hydrocarbon generation. We infer that ‘beef’ constitute a powerfull geological object for the
study and the understanding of a petroleum system.

Appendix
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Appendix 1. ESEM analyses on ‘beef’ samples of the Wessex Basin for each locality
identified. Images are composite BSE and X-ray images, showing the typical composition of
‘beef’ for the Wessex Basin. Intensities of colours reveal concentrations of elements (red =

carbon; green = aluminium; yellow = sulfur and blue = calcium).
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3.1 Introduction

Dans le précédent chapitre nous avons montré la synchronicité entre la génération des
hydrocarbures, le développement de surpression de fluides et la génération de fractures
hydrauliques paralléles a la stratification des roches matérialisees par le beef. Pour ce
chapitre, nous allons développer I’étude du bassin de Neuquén en Argentine, et plus
particulierement la partie nord du bassin ou les évidences de surpression de fluides sont

nombreuses.

Le bassin sédimentaire de Neuquén est de plus en plus convoité par les sociétés
pétrolieres. En effet, ce bassin est le centre d’un systeme pétrolier relativement important. La
nouvelle cible a laquelle les pétroliers s’intéressent est le potentiel non-conventionel du
bassin, et particulierement les huiles et gaz de schistes situés au sein méme de sa principale
roche meére, la Formation Vaca Muerta. De ce fait, les études sur ce bassin se sont largement
multipliées. Cependant, dans la partie nord du bassin les études ne sont pas aussi nombreuses
que dans les autres parties. Une des raisons est que cette zone est trés affectée par la
tectonique andine et que sa position au cceur de la ceinture de chevauchements diminue les
chances de trouver un gisement non-conventionel trés important. Néanmoins, cette zone
montre des evidences de surpressions, matérialisées notamment par la présence de veines
d’hydrocarbures solides (bitume) et de beef. Cette zone fut un lieu d’exploitation relativement
intense de bitume dans de nombreuses mines découvertes et exploitées entre la fin du 19°™ et
la premiére moitié du 20°™ siécle. Une des particularités du nord du bassin de Neuquén est
I’intense volcanisme Tertiare et Quaternaire. Le fait que la majeure partie des évidences de
surpression de fluides soit aux alentours de ce phénomene nous a alors fortement intéressé. Ce
constat a déja été réalisé par plusieurs auteurs qui se sont ainsi intérogés sur cette particularité,
mais sans jamais démontrer de relations entre les différents objets géologiques (Meyerhoff
1948 ; Borrello 1956). Un peu plus au sud de la région de Malargiie, Rodrigues et al. (2009)
et Cobbold et al. (2011) ont également souligné ce fait, respectivement pour la région de

Loncoché et la région du Tromen.
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3.2 Article#3: Geological evidence for fluid overpressure and hydraulic
fracturing during maturation and migration of hydrocarbons in the

northern Neuquén Basin, Mendoza Province, Argentina

L’étude du bassin de Neuguén en Argentine est rédigée sous forme d’un article

scientifique. Ce dernier est soumis dans la revue AAPG Bulletin.

3.2.1 Résumé de I’article

Dans le nord du bassin de Neuquén de I'Argentine (en particulier dans la province de
Mendoza), il existe une évidence en faveur de paléo-surpression de fluide. Cette derniére
prend la forme de veines de bitume et de veines de calcite fibreuse paralléles a la stratification
de ("beef"). Ces veines sont trés répandues dans la chaine d’avant pays de la zone malargue,
ou I'exploitation miniere de bitume a été active pendant plus d’un siécle. Afin de recueillir des
informations sur le développement de surpression de fluide dans cette partie du bassin du
Neuquén, nous avons visité et étudié plusieurs anciennes mines dans la région de Malargiie. A
cet endroit, les veines de bitume ont intrudé principalement les roches du Jurassique supérieur
au Crétacé inférieur du Mendoza Group, mais aussi celles du Neuquén Group d’age Crétacé
supérieur. Les veines ont la forme de sills, paralléles a la stratification, ou de dykes et sont
particulierement épaisses dans les anticlinaux, formant des saddle-reefs a plusieurs endroits.
Les ‘beef” sont également nombreux dans la région Malargiie. Ils contiennent du bitume et
par conséquent semblent avoir été formé en méme temps que les veines de bitume. Prés de
nombreux affleurements de bitume et de ‘beef’, nous avons trouvé des corps intrusifs
volcaniques. Les meilleurs exemples sont présents dans le synclinal de La Valenciana.
D “apres les datations 39Ar - 40Ar, ces corps intrusifs sont principalement d’age Miocene
moyen. Plus généralement, le volcanisme, la déformation et la maturation des roches méres
semblent avoir atteint leur paroxisme au Miocene, lorsque le slab de la plaque Pacifique, en

subduction, est devenu relativement plat.

3.2.2 Article#3
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Geological evidence for fluid overpressure and hydraulic fracturing during
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Abstract

In the northern Neuquén Basin of Argentina (especially in Mendoza Province), there is
strong geological evidence for fluid overpressure in the past. The evidence takes the form of
bitumen veins and bedding-parallel veins of fibrous calcite (‘beef’). Such veins are
widespread in the fold-and-thrust belt of the Malargtie area, where bitumen mining has been
active for a century or so. So as to collect information on the development of fluid
overpressure in this part of the Neuquén Basin, we visited and studied several old mines in the
Malargtie area. Here the bitumen veins have intruded mainly the Late Jurassic to Early
Cretaceous Mendoza Group, but also the Late Cretaceous Neugquén Group. The veins have the
forms of bedding-parallel sills or dikes and they are especially thick within anticlines,
forming saddle-reefs in several places. Beef veins are also numerous in the Malargtie area.
They contain bitumen and therefore seem to have formed at the same time as the bitumen
veins. Near many outcrops of bitumen and beef, we have found fine-grained volcanic
intrusive bodies. The best examples are from the La Valenciana syncline. According to *Ar-
“Ar dating, these bodies are mainly of Mid-Miocene age. More generally, volcanism,
deformation and maturation of source rocks seems to have reached a climax in Miocene

times, when the subducting Pacific slab became relatively flat.

Keywords: Neuquén Basin, Mendoza Province, ‘beef’, bitumen veins, hydrocarbon

migration, fluid overpressure
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Introduction

‘Beef’ (bedding-parallel veins of fibrous calcite) and solid bitumen veins seem to be
common in sedimentary basins worldwide. According to the recent review by Cobbold et al.
(2013) ‘beef’ or ‘cone-in-cone’ are common, especially within shale and/or mudstone in
sedimentary basins that have generated petroleum. Asphalts and bituminous substances have
been known for a long time, long before ‘beef’ or the onset of hydrocarbon production.
Abraham (1960) compiled an inventory, showing that solid bitumen veins occur in some well-
known sedimentary basins, for example in Utah and Oklahoma (United States), in the State of
Vera Cruz (Mexico), or in the Province of Pinar del Rio (Cuba) for North America; in the
Tolima Department (Colombia), in the Province of Canta and Yauli (Peru), or in Neuquén and
Mendoza provinces (Argentina), for Central and South America; and in the Province of
Hanover (Germany), or the Ural Mountains (Russia), for Europe and Asia. Nevertheless, the
Neuquén Basin, Western Argentina, may contain the most widespread bitumen veins in the
world (Parnell & Carey 1995), as well as being known for its high potential in oil and gas.
Veins of solid bitumen (often named ‘asphaltite’ or less often ‘neuquenite’ or ‘rafaelite’) and
of ‘beef’ crop out, together with source rocks for petroleum, especially in the central and
northern part of the basin. There the bitumen veins have been subject to intense mining for
fuel, especially during World War 1. Hence the veins and mines figure in a book by Borrello
(1956), as well as in many reports by the government agency, Yacimientos Carboniferos
Fiscales (YCF). Today these reports are not readily available, but with help from the
Geological Survey of Argentina (SEGEMAR), we managed to access some of them.
According to all this information, bitumen veins are numerous in three main areas, (1) Auca
Mahuida, (2) Chos Malal or Pum Mahuida and (3) the Malargiie area (Meyerhoff, 1948).
These three areas are also regions where magmatic rocks are common. Indeed, several authors
in the past suggested relationships between magmatic activity and the development of
bitumen veins (Groeber 1923, Rassmuss 1923; Fester and Cruellas 1941, Piscione 1947,
Meyerhoff 1948; Borrello 1956). In the Chos Malal area, Cobbold et al. (2011) demonstrated
such relationships, by showing that vertical veins of bitumen form a radial pattern around
Tromen volcano, which is of Plio-Pleistocene age, conical in shape and 4114 m high.

In the Malargte area, there is no such obvious topographic feature as Tromen volcano, but the
area does contain a large amount of volcanic and magmatic rocks, mostly of Neogene or

Quaternary ages (Fig. 1). Furthermore, bitumen mines are numerous and some of them are
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Figure 1. Geological map of the northern Neuquén Basin, Mendoza Province. Data are from
the following geological maps: Volcan Maipo, Malargie and Barrancas (SEGEMAR). Stars
refer to bitumen mines visited in this study (1 = Mercedes; 2 = Minacar; 3 = Aida; 4 = La
Malarguifia; 5 = La Valenciana; 6 = El Toki; 7 = Mallin Largos; 8 = Los Castafios; 9 =
Santa Rosa; 10 = General Mitré; 11 = Eloise; 12 = Loncoche). The Mendoza Group (Early

Cretaceous) includes source rock of the Vaca Muerta Fm.

exceptionally large. Some authors have suggested that maturation and migration of petroleum
in the northern Neuquén Basin could be, at least in part, due to volcanic or magmatic activity
(Rodriguez et al., 2007, 2009; Witte et al. 2012). Nevertheless, there are still many questions
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about such a possible correlation. As a result, we decided to revisit the bitumen mines of the
Malargtie area, as well as others in Mendoza province. We worked at two different scales,
first by comparing as many mines as possible in the region, then by studying in detail La
Valenciana Mine, which for many years was the most productive, in the area to the West of
Malargiie city. As part of this work, we have used the **Ar-*’Ar method, to date magmatic

rocks near the main bitumen occurrences.

Geological setting

The Neuqueén Basin lies mainly on the eastern side of the Andes (Fig. 1). The complex
history of the basin began by the development of a series of Permo-Triassic grabens during a
phase of continental extension, when the Choiyoi Group accumulated (Vergani et al. 1995),
(Fig. 2). Then, during the Jurassic and Early Cretaceous, the basin was subject to thermal
subsidence and a eustatic rise in sea level, so that marine transgressions from the Pacific
Ocean led to deposition of a thick stratigraphic sequence (some 5000 m), from the Remoredo
Fm to the top of the Mendoza Group (Vergani et al. 1995; Franzese and Spalletti 2001;
Franzese et al. 2003). In the Late Cretaceous a change in tectonic setting led to inversion of
the basin and formation of a fold-and-thrust belt in the foothills of the Andes (Cobbold and
Rossello 2003), (Fig. 1). At the same time, uplift and erosion provided clastic material for
deposition of the Neuquén Group, further eastward (Fig. 2). The last marine deposits in the
area (the Malargtie Fm of Maastrichtian to Palaeogene age) were due to transgression from
the Atlantic Ocean (Legarreta and Gulisano 1989), (Fig. 2). Sedimentation then continued
under continental conditions, producing synorogenic Tertiary strata (Fig. 2). In the foothills of
Mendoza Province and the northernmost Neuguén Province, volcanic rocks of Tertiary or
Quaternary ages are also widespread (Fig. 1). The most common ages are Miocene and their
geochemical characteristics led Kay et al. (2006) to suggest that they formed during a period,
when the subducting Pacific plate was flatter than normal.

In the northern part of the Neuquén Basin, the petroleum system is simpler than it is in
the central or southern parts. In Mendoza Province, there is only one potential source rock
(the Vaca Muerta Fm), which consists of deep-marine organic-rich black shales (Fig.2). This
formation is also the main source rock of the entire Neuquén Basin (Urien and Zambrano
1994; Villar et al. 2006). In Mendoza Province, the kerogen of the Vaca Muerta Fm is
intermediate between Types Il and Ill (Parnell and Carey 1995). The TOC values are very
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variable for the source rock in this area, from 7.57 % (area of Los Castafios) to 14.20 % (area
of La Valenciana). Contrary to the central part of the basin, Tmax values indicate that, in the
Mendoza Province, the Vaca Muerta Fm has not surpassed the oil window (Parnell and Carey
1995).
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Figure 2. Generalized stratigraphic column of the northern Neuquén Basin (modified, after
Witte et al. 2012). Pli = Pliocene; Mio = Miocene; Oli = Oligocene; Eoc = Eocene; Pal =
Palaeogene; Maa = Maastrichtian; Cp = Campanian; San = Santonian; Con = Coniacian;
Tur = Turonian; Cen = Cenomanian; Alb = Albian; Apt = Aptian; Brm = Barremian; Hau =
Hauterivian; VIg = Valanginian; Ber = Berriasian; Tith = Tithonian; Kim = Kimmeridgian;
Oxf = Oxfordian; Sin-Clv = Sinemurian to Callovian; Het = Hettangian.
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In the Malargiie area, the foothills of Andes have the typical structure of a foreland
basin, where a series of fore-thrusts and back-thrusts affect the whole sedimentary sequence
(Fig. 3). Pre-existing extensional basins (grabens and half-grabens) have been inverted, so
that the VVaca Muerta source rock now crops out in the cores of anticlines (Fig. 3). According
to recent work, the Malargie fold and thrust belt formed between 15 Ma and 1 Ma and
appears to have migrated progressively southward into the basin (Koslowski et al. 1993;
Silvestro and Kraemer 2005; Giambiagi et al. 2008; Giambiagi et al. 2009).
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Figure 3. Regional E-W section of the southern Malargze fold and thrust belt (modified, after
Witte et al. 2012). For location, see Figure 1.

Geological evidence for fluid overpressure, while the petroleum system was active, is
widespread in the Neuquén Basin. Rodrigues et al. (2009) have already shown the importance
of fluid overpressures within the VVaca Muerta source rock, but essentially in the Mulichinco
area, further to the south in Neuquén Province. They concluded that maturation and
generation of hydrocarbons led to fluid overpressures. They evoked chemical compaction,
during transformation of solid kerogen to oil or gas, as a possible mechanism for the
development of fluid overpressure. Indeed, solid hydrocarbon veins and palaeo-hydraulic
fractures are widespread, in particular within or near the Vaca Muerta source rock (Borrello
1956; Parnell and Carey 1995), (Fig. 1). Examples are bedding-parallel veins of fibrous
calcite, or ‘beef’ (Buckland and De la Beche 1835, Stoneley 1983; Cobbold et al., 2013).
These fractures and the emplacement of bitumen veins, parallel to the bedding, suggest that
high fluid pressure initiated and then opened the fractures, which then filled with calcite
and/or bitumen. For both kinds of veins, Parnell and Carey (1995) estimated the timing of

formation to be Eocene-Oligocene.

In the Malargtie area, the foothills of Andes have the typical structure of a foreland
basin, where a series of fore-thrusts and back-thrusts affect the whole sedimentary sequence
(Fig. 3). Pre-existing extensional basins (grabens and half-grabens) have been inverted, so
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that the VVaca Muerta source rock now crops out in the cores of anticlines (Fig. 3). According
to recent work, the Malargie fold and thrust belt formed between 15 Ma and 1 Ma and
appears to have migrated progressively southward into the basin (Koslowski et al. 1993;
Silvestro and Kraemer 2005; Giambiagi et al. 2008; Giambiagi et al. 2009).

Bitumen mines

Bitumen mines of the Malargtie area are within the fold and thrust belt, especially
between latitudes 35°S and 36°S (Fig. 1 and Table. 1). The Vaca Muerta Fm is the main host
rock for the mines, but some of them occur in the Neugquén Group or in the Malargiie Group
(Table. 1). Within the mines, the bitumen veins are either sills or dikes. The bitumen varies in
composition and maturity, from impsonite to gilsonite, but there are no obvious correlations
with location or host rock (Parnell and Carey 1995), (Fig. 4). The mines are old and we had
difficulty in finding some of them, although mostly they lie close to roads or footpaths.

1.0—- ! I -

09— -

Figure 4. Aromaticity (Fa) as a function of atomic ratio (H/C) and for bitumen from various
localities of the northern Neuquén basin, relative to standard bitumen subtypes (see Jacob,

1989).
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In the following section we will briefly describe some of the mines, outcrops of bitumen
veins and other features, such as the presence of ‘beef’ veins or magmatic bodies. La
Valenciana Mine figures in a separate section.

n°- Name Coordonates Host rock
Latitude S | Longitude W| Elevation (m)

1 |Mercedes 36° 4' 30" 70°1' 19" 2024 Vaca Muerta
2 [Minacar 35° 51' 58" 70° 4' 5" 2138 Vaca Muerta
3 |Aida 35°54' 36"| 69°48' 30" 1648 Mendoza Group
4 |La Malarguifia [ 35° 35'18"| 69° 56' 06" 2146 Vaca Muerta
5 |La Valenciana | 35°33'2" [ 69° 54' 11" 2000 Vaca Muerta
6 |El Toki 35°27'11"| 69°46' 51" 1736 Malargue Group
7_|Mallin Largo 35°14'4" | 69°45'23" 1850 Vaca Muerta
8 [Los Castafios | 35° 13'54"| 69°47' 19" 2137 Vaca Muerta
9 [Santa Rosa 35°7'38" | 69°59' 20" 2740 Vaca Muerta
10 [General Mitré | 34° 45' 2" 69° 40' 6" 2552 Neuquen Group
11 |Eloisa 34°41'21"| 69°42' 37" 3242 Vaca Muerta

Table 1. Bitumen mines of the Malargiie fold-and-thrust belt that we were able to visit. For

location on regional map, see Figure 1.

Mercedes, Los Vascos, Minacar and Aida mines

bitumen vein

Cerro Mallin de la Leona

P e

bitumen vein

\
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Figure 5. A. Schematic E-W section of Cerro Mallin de la Leona, including bitumen veins of
Mercedes Mine (modified, after Biondi 1942a). The main bitumen vein is a sill parallel to the
bedding in an anticline structure. The thickness of the bitumen is variable and is thicker in the
hinge of anticline. B. Loose fragment of bitumen near the main gallery entry of the Mercedes
Mine. C. Remains of entrance to main gallery, Mercedes Mine.

In the southern part of the Malargie area, three main bitumen mines are visible. The
first is Mercedes Mine on “Cerro Rahui” or “Monte de la Leona” mountain (n°1 in Fig. 1 and
Table. 1). Nowadays, this mine is easily accessible on foot, but outcrops of old workings are
poor and have almost disappeared. Nevertheless, descriptions of the mine exist in YCF
reports (Biondi, 1942a, 1942b) and in the book of Borrello (1956). The mine exploited mainly
one bitumen sill, 0.70 to 1.50 m thick, parallel to bedding, the host rock being the Mendoza
Group (Lower Cretaceous). The mine lies at the top of a hill, on an anticline, which is in fact a
box-fold (Fig. 5A). According to old descriptions (Biondi, 1942a), at the hinge the vein is
flat-lying and as much as 4.5 m thick, forming a saddle-reef. We found the old mine entrance
(Fig. 5C) and many loose fragments of bitumen (Fig. 5B).
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Figure 6. A. General view of Minacar (or General San Martin) Mine. B. Recent quarry,
showing two bitumen veins. Vein at left cuts across strata, whereas sill at right intruded
parallel to bedding. C. Close-up view of bitumen sill, which has pencillate structure. D. Main

igneous intrusive body (andesite), Minacar area. Body has metamorphic aureole.

At about 2 km westward of Mercedes Mine, on the other side of the Rio de la Leona, we
explored another old mine, Los Vascos or Santa Maria (Borrello, 1956). This lies within shale
of the Mendoza Group, at the bottom of a deeply incised river valley. The old workings are
still visible in part and they follow vertical veins of bitumen (up to 2.2 m thick), which strike
approximately E-W. Possibly these veins were feeders for the sills at Mercedes Mine. At Los
Vascos we also found many loose fragments of beef. When we broke these samples, they
released strong odors of hydrocarbons.

The third mine in the southern area is Minacar (or General San Martin); (n°2 in Fig. 1;
Fig. 6A and Table 1). The remains of this mine, which was active from 1942 to 1951, follow
an anticlinorium and several bitumen veins, some of which are parallel to bedding in Lower
Cretaceous strata, others of which are transverse (Borrello 1956); (Fig. 6B & C). The main
vein, which is no longer visible at outcrop, was in fact a sill or laccolith, as much as 30 m
thick, which was just beneath gypsum-bearing evaporite of the Huitrin Fm, or even in places
reached the surface (Fester and Cruellas, 1941; Nicolas Davis, personal communication). As
in Mercedes mine, so at Minacar, the bitumen was thicker at the hinge of the anticline, than
on its flanks (Borrello, 1956), so that it formed a saddle-reef. At depth was a bitumen dike,
striking N-S, as well as shows of liquid oil (Fester and Cruellas, 1941). At Minacar, the
bitumen is about half way in composition between impsonite and gilsonite, indicating
moderate maturity (Parnell and Carey 1995, their fig. 5). Moreover, the ash that remains after
burning the bitumen contains as much as 70% of vanadium pentoxide. As previously
described by Parnell and Carey (1995), the bitumen has a pencillate internal structure (Fig.
6C). Near the main bitumen vein (about 50 meters from it) an andesitic body has intruded the
Agrio Fm (Fig. 6D). The body is massive and it has metamorphosed the shales at its edges.
The relationships between bitumen veins and magmatic activity are not very clear but the
proximity of both structures seems to be no accident, so much so, that Fester and Cruellas
(1941) inferred that magmatic activity was responsible for the bitumen veins.

The last mine that we visited in this area was Aida. This mine lies about 3 kilometres
southward of the town of Bardas Blancas (n°3 on the Fig. 1; Table. 1). Outcrops are not of
good quality, but the remains of gallery entrances are still identifiable. The mine is on the
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eastern side of the Bardas Blancas anticline (Gross 1950). Bitumen occurs in the Agrio Fm,
just beneath the transition with the Huitrin Fm, and it consists of veins or impregnations
within shale and calcareous stata, as well as evaporites. Andesitic dikes are also present in this
area (Gross 1950; Borrello 1956).

Mallin Largo, Los Castafios and EI Toki mines

Between latitudes 35°S and 36°S, bitumen mines were numerous in the first half of the
last century. Borrello (1956) mentioned not less than 25 bitumen mines in this part of the
Malargtie fold and thrust belt. The biggest mine was La Valenciana, which we will describe
later in this paper. Here we will describe three other mines (Mallin Largo, Los Castafios and

El Toki), to illustrate bitumen occurrences.

Figure 7. A. Pencillate bitumen vein, from near gallery entrance, Los Castafios Mine. Edges
of vein (horizontal) are parallel to bedding in Vaca Muerta shale, whereas “fibres’ of bitumen
are perpendicular to it. B. Beef veins within Vaca Muerta shale near Los Castafios Mine.
Veins are strictly parallel to bedding and contain hydrocarbons. C. Outcropping bitumen
vein, Mallin Largo Mine. Bitumen cross-cuts and impregnates Mendoza Group. D.
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Outcropping bitumen vein, ElI Toki Mine. Vein is parallel to bedding in Early Tertiary

conglomerate.

Los Castafios and Mallin Largo mines are close to one another (n° 7 and 8 in Fig. 1;
Table. 1). They lie to the south of the Rio Salado, on an anticlinal structure. Los Castafios is
on the western side and Mallin Largo on the eastern side of the anticline. The bitumen veins
of Los Castafios consist mainly of sills, parallel to bedding in the Vaca Muerta Fm (Borrello
1956). Outcrops are rare, but one sample that we found illustrates the pencillate structure of
the bitumen within a vein parallel to bedding in shale (Fig. 7A). At Los Castafos, the bitumen
is relatively mature, being closer to impsonite, than to gilsonite (Parnell and Carey 1995, their
fig. 5). Also within shale of the Vaca Muerta Fm, around the site of Los Castafios, we found
several bedding-parallel veins of fibrous calcite (beef) (Fig. 7B). The veins are typically 1to 5
cm thick and contain dark patches. When we broke the beef with a hammer, we noticed strong
odours of hydrocarbons, which came from within it.

Mallin Largo Mine lies within Neocomian strata, including the Vaca Muerta Fm. Videla
Leaniz (1946) has described the mine in some detail. Bitumen forms irregular veins (up to 3
m thick), which dip at about 70° to the NW and cut across the bedding. We saw only some of
these (Fig. 7C), because the mine is now only partly accessible.

El Toki is the third mine that we visited in this central part of the Malargiie area (n°6 on
the Fig. 1; Table. 1). Here bitumen veins cut through the Neuquén Group (Late Cretaceous)
and Tertiary strata (Borrello 1942a, 1956). Veins are typically 0.50 to 1.50 m thick. During
our study, we observed one sill of bitumen, which was 40 cm thick, within Tertiary
conglomerate (Fig. 7D). Nearby was an oblique vein, which followed an eastward-verging
thrust fault. Further W we found some thin bitumen veins (less than 1 cm thick), lining a
right-lateral flower structure, which had horizontal strike-slip striations, trending at 035°.
Thus in this area there is evidence for bitumen generation during Tertiary transpressional
tectonics.

Eloisa and General Mitre mines

In the northern Malargtie area, two mines caught our attention, Eloisa and General
Mitre. Eloisa lies at an altitude of 3100 m, at the northern head of a valley (about 7 km long)
and it is accessible on foot or on horseback (n°11 on the Fig. 1; Table. 1). Salas (1892)

identified bitumen in this area. Today the mine workings have almost disappeared, but we
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found some good outcrops (Fig. 8A). Borrello (1942b, 1956) has provided a detailed
description of the area. The sedimentary sequence is Mid-Jurassic to Mid-Cretaceous in age.
However, it has been overturned above an eastward-verging thrust fault and now dips gently
westward. In the East, mine workings follow bitumen dikes (trending about 075°), which have
intruded continental sandstones of the Neuquén Group, beneath clays and evaporites of the
stratigraphically older Huitrin Fm (Fig. 8A). Further W, bitumen sills (up to 2 m thick) lie
parallel to bedding within the Huitrin evaporites (Borrello, 1956, figure 92). Above them, the
Mendoza Group contains an andesite sill, which has fractured, allowing small dikes of
bitumen to crosscut it. Similar dikelets of bitumen also crosscut the VVaca Muerta Fm. Finally,
to the E of Eloisa Mine, Tertiary volcanic rocks (andesites) overlie the sedimentary sequence
unconformably. We were not able to find any bitumen within them.

General Mitre is the last mine that we will briefly describe in this section (n°10 on the
Fig. 1; Table. 1). This mine is easily accessible, lying as it does near a farmhouse, along a
provincial road. Again, Salas (1892) was the discoverer. Bitumen there forms several dikes,
50-60 cm thick, which strike at about 70°N, cutting through the Late Cretaceous Neuquén
Group (Fig. 8B), (Borrello 1956). At Mitre mine, the bitumen is the least mature, being closer
in composition to gilsonite, than to impsonite (Parnell and Carey 1995, their fig. 5).
Structurally the mine is to the S of a thrust fault (Fig. 1).

Figure 8. A. Outcropping bitumen vein, Eloisa Mine. Vein cross-cuts Agrio Fm, just beneath
gypsum of Huitrin Fm. B. Bitumen vein, General Mitré Mine. Vein cross-cuts strata of
Neuquén Group (Late Cretaceous).
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Volcanic rocks

In the Malargte fold and thrust belt, volcanic rocks are abundant (Fig. 1). Most of them
are of Tertiary or Quaternary ages. During our field study, we noticed that bitumen mines lie,
in general, near local volcanic provinces. This is so for the mines (previously described)
Minacar, Aida, El Toki, Los Castafios and Eloisa, but also for La Valenciana Mine that we
will describe in the following section. On the basis of these observations, we decided to
investigate the volcanic rocks. We did not observe any direct structural relationships between
bitumen veins and igneous rocks. However, we sampled them for *Ar-*°Ar dating (Table 2,
Fig. 9). In detail, we obtained **Ar-°Ar age spectra for 42 samples of whole rock or
phenocrysts, from 7 localities (Figs. 9 & 13; Table 2). Nonetheless, some samples did not
provide any plateau ages. That is why Table 2 shows only 38 analyses. The results fall into
two main groups. The first group is of Miocene age and ranges from 10.3 to 14.2 Ma. The
second group is of Quaternary age, from 0.75 Ma to 0.20 Ma (Fig. 9). Only one area, near
Eloisa Mine and the Rio Diamante, yielded different ages, between 3.6 Ma and 6.2 Ma (Fig.
9).

La Valcenciana Mine

The discovery of La Valenciana (n°5 in Fig. 1; Table. 1) dates back to 1922. It soon
became the biggest bitumen mine of the Malargiie fold and thrust belt (Ljungner 1931). That
was one reason why we decided to give it special attention. For this mine (and the adjacent
exploration sites of La Portefia, La Cordobesa, York, Invisible, La Poderosa, La Francesa and
La Malargiiina) there have been many descriptions of bitumen occurences (e.g. Ljungner
1931; Meyerhoff 1948; Borrello 1956; Parnell and Carey, 1995). The main mine entrance was
on the southeastern flank of the La Valenciana syncline, which trends approximately NE-SW
(Fig. 10). The main occurrence of bitumen was in the form of a sill, as much as 4 m thick and
150-200 m long. This is no longer visible, although one of us (PRC) saw it in the year 2000.
The old mine workings have collapsed in recent years, but photographs and mine plans
remain (Ljungner 1931; Meyerhof 1948; Borrello 1956). By comparison with Mercedes and
Minacar, the bitumen at La Valenciana has a composition that is much closer to impsonite,
than to gilsonite (Parnell and Carey 1975, their fig. 5). This indicates a relatively high

maturity.
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Site Sample Latitude (S) | Longitude (W)| Ages (Ma) | Type or mineral
Aida 11-AIDA-1 3554332 69 48 24.5 12,5 +0.1 Whole rock
14,2 + 0.1 Amphibole
Minacar 11-MINACA-1 13+0.29 Whole rock
11-MINACA-2 | 3551549 70 04 10.8 14,7+ 0.18 Whole rock
11-MINACA-3 | 355155.7 70 04 03.2 13,67 +£0.08 Amphibole
11-MINACA-4 | 355035.3 7002 41.7 10,228 £0.12 Whole rock
11-MINACA-5 | 3546259 70 06 30.3 0,301 +0.022 Whole rock
11-MINACA-6 | 354521.1 70 06 39.7 10,722 +0.028 Whole rock
0,751 £ 0.06 Biotite
El Toki TOKI-1 3526484 69 46 47.9 12,91 £ 0.09 Whole rock
TOKI-3 3526 48.0 69 46 55.8 10,64 + 0.05 Whole rock
TOKI-4 352705.2 69 46 43.9 12,01 £0.11 Whole rock
TOKI-5 3527 03.6 6947174 10,3 +0.05 Whole rock
TOKI-6 13,13+0.12 Whole rock
La Valenciana [PLOMO-1 353033.3 6955474 19,87 +£0.05 Whole rock
M11-003A 353309.8 695420.7 0,165+ 0.025 Whole rock
M11-003B 353309.8 69 5420.7 (0,177+0.019 Whole rock
11-VA-1 353302.2 6954243 110,21 +0.14 Whole rock
9,99 +£0.2 Amphibole
11-VA-2 3532 55.1 69 54 06.6 14,63 £0.13 Whole rock
11-VA-3 353236.9 6953544 (12,88+0.36 Whole rock
M12-028 35°31'40.75" | 69°55'37.01" 112,63 +0.43 Whole rock
11,39 +£0.36 Amphibole
M12-029 35°31'40.75"| 69°55'37.01" 110,74 £ 0.11 Whole rock
M12-038 3531509 69 53 52.3 10,84 + 0.2 Whole rock
M12-039 3531 30.5 6954178 (9,44 +0.04 Whole rock
9,64 +0.45 Sanidine
M12-042 353107.2 6954326 19,92 +0.1 Whole rock
M12-043 3531 16.6 69 54 44.9 10,77 £ 0.36 Whole rock
M12-046 353143.5 69 53 47.3 10,92 +£ 0.28 Whole rock
9,56 +£0.33 Amphibole
M12-052 353150.5 69 55 07.7 10,65 + 0.35 Whole rock
9,67+0.17 Amphibole
Malarguina [M11-019 3534183 695516.5 10,195+0.013 | Whole rock
M12-030 353520.3 695601.3 10,216+0.009 | Whole rock
Eloisa M12-018 3441 18.9 6942388 (3,61 +£0.05 Whole rock
Rio Diamante [M12-023 344051.6 6934104 (6,09 +0.03 Whole rock
6,24+ 0.16 Amphibole

Table 2. *Ar-*°Ar ages for volcanic rocks in the Malargzie fold and thrust belt area.

Around La Valenciana mine, bedding-parallel veins of fibrous calcite (beef) are also
widespread within the VVaca Muerta source rock, which occupies the core of the syncline
(Parnell and Carey 1995). The calcite fibers are in general perpendicular to the walls of the
veins (Figs. 11A & 11D), but in some examples they curve sigmoidally towards the edges,
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indicating deformation during growth (Figs. 11B & 11D). Cone-in-cone structures, consisting
of shale fragments, occur near the centers of some beef veins (Fig. 11D).This beef also
contains patches of bitumen (Figs. 11D & 11E)., which follow an irregular surface,
approximately parallel to the edges of the vein and where the calcite fibers start to curve (Fig.
11E). This would indicate that bitumen was forming at the onset of deformation. We also
observed that beef is more common around igneous intrusive bodies. Near some of these, the
beef appears to be less fibrous, indicating that it has recrystallized, at least in part (compare
Figs. 11A & 11B). Each sample that we broke in the field had a strong odour of
hydrocarbons. Near volcanic intrusions, we also identified some travertine (Fig. 11C),

attesting to fluid circulation around igneous rocks.
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Figure 9. Results for the *Ar-“°Ar datings. **Ar-*°Ar spectra are for 20 samples of volcanic
rocks. For analytical procedure, see Ruffet et al. (1995, 1997). Irradiation standard was
sanidine TCR-2 (28.34 Ma, according to Renne et al. 1998). For each temperature, error

bars are at 1o level.

Vaca Muerta Fm ignimbrite — synclinal axis

; S ; dacitic dyke
Tordillo Fm - dacite
— andesitic dyke

Auquilco Fm andesite e bitumen

Fig. 10. La Valenciana Mine. Oblique 3D view shows geological map (in colour), on a
background of topographic relief (grey tones). Cutting across sedimentary sequence (blue for
Vaca Muerta Fm) are main bitumen sill (black) and multiple intrusive bodies of igneous
rocks, including dikes and sills of andesite (red) or dacite (orange). Dikes appear to radiate

southeastwards from Cerro Puchenque volcanic edifice. For location, see Fig. 1.

In the central and southern parts of the La Valenciana syncline, large amounts of
igneous rocks have intruded Mesozoic strata of the Mendoza Group (Figs. 10 & 12). Most of
the intrusive bodies are dikes, but some of them are wide-ranging bedding-parallel sills. The
dikes are of andesitic composition and typically 2 to 15 m thick (Fig. 12C). They have an
average strike of 100-110°N and cut though the entire syncline. In detail, however, they
appear to form a somewhat radial pattern, as if they emanated from a large intrusive pluton,
the Cerro Puchenque (Fig. 10). In general, the sills are somewhat thinner (1 to 10 m thick).
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In contrast, in the northern part of the La Valenciana syncline, intrusive rocks are not
andesites, but dacites (Fig. 12D). Structurally, these dacites (sills and dikes) seem to cut the
andesitic bodies, but the relationships are not clear. At its northeastern end,, the main bitumen
sill seems to terminate against a major andesitic dike (Fig. 10; see also Meyerhoff 1948, his
fig. 3), but we have seen no evidence allowing us to determine the relative timing of the sill
and dike.

T cred T

A (eirved ores

Figure 11. A. Vein of calcite beef within Vaca Muerta Fm, La Valenciana syncline. B. Calcite
beef near andesitic sill (60 cm beneath intrusion). Beef seems to be metamorphosed. C. Patch
of travertine near an andesitic dyke (40 cm from intrusion). D. Thin section of beef from La
Valenciana. Calcite fibres curve at edges of veins. Nearby are patches of bitumen, between
calcite fibres. E. ESEM image of bitumen (left). Composite BSE and X-ray image sohing the
composition of a part of beef vein (right). Intensities of colours reveal concentrations of

elements (carbon = red; aluminum = green; silica = yellow; calcium = blue).

More generally, so as to try to constrain the relative and absolute ages of volcanic and
bitumen intrusions, we used *Ar-*’Ar dating (Fig. 13 and Table. 2). For 20 samples from the

La Valenciana area, 18 have yielded Miocene ages (14.6 to 9.4 Ma, Langhian to Tortonian,
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Fig. 13). This corroborates the stratigraphic chart and geological map (at a scale of 1:250,000)
for the Malargue area (Nullo et al. 2005), which have these volcanic rocks (“Ciclo Eruptivo
Huincan”) as “Lower to Upper Miocene” in age (14 to 5 Ma). In contrast, the two very recent
ages (0.18 and 0.17 Ma, Fig. 13) correspond to Quaternary ignimbrites in the valleys.

About 5 km SW of La Valenciana is another small mine, La Malarguina (Table 1, Fig.
1). According to Borrello (1956), bitumen veins of high thermal grade, 2 to 5 cm thick, were
visible there, at the edges of a dike and sill of Tertiary andesite. Similarly, at another locality
(La Francesa), some 2.5 km NNE of La Valenciana, small bitumen veins (up to 2 cm thick)
occupied joints within a large sill of andesite. Thus the evidence in this region is for bitumen

generation during volcanic activity.

Figure 12. A. Westerly panoramic view (N to S), La Valenciana syncline. White outcrops in
foreground are of evaporites (Auquilco Fm). Mountain in background is of intrusive andesite
.B. Remains of La Valenciana Mine. Dark mounds are mine dumps of bitumen and shale,
close to old mine galleries. C. One of main vertical andesitic dykes cutting approximately E-

W through Vaca Muerta Fm. D. Dacite from northern La Valenciana syncline.

Discussion

Evidence for hydrocarbon migration is abundant in the Malargie fold and thrust belt.
Most obvious at the surface are the bitumen mines and veins. Nevertheless, the timing of
generation of the bitumen is still uncertain. From the burial history and assuming a standard
thermal gradient (30°C/km), Parnell and Carey (1995) suggested that oil and therefore
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bitumen veins formed in the Eocene to Oligocene. However, some of our data are inconsistent

with this timing. Furthermore, Kay et al. (2006) have shown that magmatic activity in the
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Figure 13. Results of *Ar-*°Ar dating, La Valenciana area. Spectra are for 20 samples of
volcanic rocks. For analytical procedure, see Ruffet et al. (1995, 1997). Irradiation standard
was sanidine TCR-2 (28.34 Ma, according to Renne et al. 1998). For each temperature, error
bars are at 1o level.

northern Neuquén Basin reached a peak in the Miocene, at a time when the subducting
slab at the Pacific margin became relatively flat.

Bitumen sills of the Malargiie area tend to occur within anticlines as saddle-reefs, a
good example being Mercedes Mine. This is evidence that hydrocarbons were migrating
during a phase of compressional tectonics. Furthermore, the bitumen tends to have a
pencillate internal structure, which suggests progressive opening of veins, as a result of high
fluid pressure (Parnell and Carey 1995). Further evidence for overpressure is the presence of
beef veins along the fold and thrust belt. These bedding-parallel veins of fibrous calcite also
indicate progressive opening, as a result of high fluid overpressure within the enclosing strata,
which commonly are source rocks for petroleum (Rodrigues et al. 2009; Cobbold et al. 2013).
At La Valenciana, curving calcite fibers provide evidence for ongoing deformation, during
opening of the veins. Possibly this was another result of compressional tectonics.

Like previous authors, we have observed that bitumen veins tend to occur near volcanic
intrusive bodies, good examples being at La Valenciana and Minacar mines. This could be
simply a coincidence, but probably it is not. Volcanism could provide the heat that is
necessary for maturation of source rock and especially for the formation of high-grade
pyrobitumen (Abraham 1960). This is all the more likely in that volcanic activity in the
northern Neuquén Basin reached a peak in the Miocene (Kay et al., 2006).

We explain the overpressure, which led to hydraulic fracturing and the formation of bitumen
and beef veins within Vaca Muerta source rock, mainly by a mechanism of chemical
compaction and load transfer (see Swarbrick et al., 2002). However, we would admit that the
presence of evaporite layers might have enhanced the overpressure and retained the
hydrocarbons within the source rock. From what we have seen so far, we would infer that
volcanic activity, compressional tectonics and hydrocarbon generation are probably all of
Miocene age in the Malargue fold-and-thrust belt. Indeed Kay et al. (2006) attributed volcanic
activity and compressional tectonics to flattening of the subducting Pacific slab during the

Miocene.
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Conclusions

(1) In the northern part of the Neuquén Basin, bitumen veins are widespread, especially
within strata of the Mendoza Group, including the VVaca Muerta source rock.

(2) In the Malargiie fold and thrust belt, new argon-argon dating has confirmed Miocene ages
(Langhian to Tortonian) for volcanic rocks, which lie near bitumen veins.

(3) In the La Valenciana area especially, there seems to be a strong link between volcanic
intrusions and the emplacement of bitumen and beef veins.

(4) Bitumen veins and calcite beef veins are a consequence of hydrocarbon generation, which
led to fluid overpressure and hydraulic fracturing. Veins of bitumen and beef formed
during Andean compression in the Tertiary. Like previous authors, we consider that the
bitumen veins and beef veins formed in the Early to Middle Miocene.

(5) In the Miocene, the synchronicity of volcanic activity, compressional tectonics and
hydrocarbon generation may well have been a result of flattening of the subducting Pacific

slab.
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4.1 Introduction

Dans ce Chapitre, nous abordons I’étude que nous avons réalisée dans le bassin
sédimentaire de Magellan a I’extréme sud de I’Amérique du sud. Ce bassin d’avant-pays de la
chaine andine est I’'un des plus épais du monde avec pas moins de 9 km de sédiments a
certains endroits. Ce dernier subit une compression horizontale tres intense qui affecte toute la
série sédimentaire et en particulier la roche mere des hydrocarbures du bassin, la Formation
Rio Jackson. Nous avons donc choisi d’étudier ce bassin pour appréhender les relations entre
la maturation de la matiere organique, les surpressions de fluides, la fracturation hydraulique

et la déformation.

Des études précédentes ont montré que les surpressions de fluides pouvaient totalement
modifier le style de déformation dans les sédiments. Ainsi, Cobbold et al. (2004) montrent
que les décollements a la base de la roche mére dans le delta de I’Amazone sont
vraissemblablement liés a la présence de surpression de fluides. Plus récemment et a la vue
des nouvelles données sur le bassin de Magellan, Cobbold (2005) et Rojas et Mpodozis
(2006) démontrent que les décollements de ce bassin sont situés a la base de la roche mere.
Dans notre étude nous avons donc voulu savoir si des évidences de surpression de fluides
étaient visibles, notamment dans les affleurements de la roche meére d’age Crétacé. Des
données pétrolieres (cartes, coupes sismiques interprétées, et données de maturité) de la
société ENAP, viennent compléter I’étude. Dans ce chapitre nous faisons le rapprochement
entre la génération d’hydrocarbures, la déformation et les surpressions de fluides au sein
méme de la roche mere. Ainsi, dans la région de Vicufia (en Terre de feu, Chili), nous
apportons des données inédites qui attestent de niveaux de décollements a la base de la roche
meére. Les données de maturité, également fournies par ENAP, montrent que les décollements
sont présents aux endroits ou la roche mére est mature et a donc généré des hydrocarbures. De
part la distribution des veines de beef, spécialement aux alentours des chevauchements
connectés aux niveaux de décollements en profondeur, nous avons pu faire le lien entre les

surpressions de fluides et I’apparition des niveaux de décollement dans la roche mere.
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4.2 Article#4 Beef veins and thrust detachments in Early Cretaceous
source rocks, foothills of Magallanes-Austral Basin, southern Chile and
Argentina: structural evidence for fluid overpressure during hydrocarbon

maturation

Notre étude du bassin de Magellan nous a conduit a la rédaction d’un article scientifique
publié dans une édition spéciale de la revue Marine and Petroleum Geology. Cet article est
disponible via le lien suivant :

http://www.sciencedirect.com/science/article/pii/S0264817213002584

4.2.1 Résumé de I’article

Nous décrivons (1) des veines de calcite fibreuse paralleles a la stratification de la roche
(beef) et (2) des niveaux de décollement, tous deux traduisant des évidences de surpression de
fluides dans les roches méres d’hydrocarbures. Nos exemples portent sur des données de
surface ou de subsurface du bassin de Magellan se situant a I’extréme sud de I’Amérique du
sud. Dans ce bassin, les meilleures roches meres sont d’age Crétacé inférieur. Dans les parties
centrales du bassin, les roches meres sont déja surmatures, alors que sur la bordure est de ce
dernier, en onshore et offshore, elles sont actuellement immatures ou en fenétre de génération
d’huile.

En Terre de feu, I’avant-pays des Andes consiste principalement en des roches
sédimentaires affectées par des chevauchements de type ‘thin-skin’. Dans la région de Vicufia
(Chili), les roches meres du Crétacé inférieur atteignent la surface juste au-dessus des niveaux
de déecollement. Ces derniers étant visibles sur les données sismiques et les données de puits.
A la surface, nous avons identifié du ‘beef’, contenant des hydrocarbures (solides et/ou
liquides) dans les formations de Rio Jackson et Vicufia qui ont atteint la fenétre de génération
de gaz humide. Dans la région de Rio Gallegos (Argentine), les roches méres n’ont pas atteint
la surface. Cependant, les données de puits et de sismiques fournissent des évidences en
faveur de chevauchements ‘thin-skin’ au-dessus de niveaux de decollement horizontaux dans
la roche mére d’age Crétacé inférieur, située dans la fenétre a huile. A I’inverse, il n’y a
aucune, ou trés peu, de déformation dans les roches meéres encore immatures. Ainsi, le front
de déformation coincide avec le front de maturité. A proximité des zones centrales du bassin,

ou les roches meéres ont atteint la surface, a I’intérieur de la chaine centrale Andine, ces
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derniéres ont subi un métamorphisme de bas-grade. A I’intérieur de ces roches méres, nous
avons trouvé des veines de ‘beef’, mais cette fois constituées de quartz et non de calcite. A
I’est, a I’intérieur de la chaine d’avant-pays, les données de sismiques et de forages
fournissent des évidences de quelques structures compressives, incluant des décollements
‘thin-skin” dans les roches meres les plus enfouies. Finalement, dans la partie nord du bassin
(province de Santa Cruz, Argentine), ou ce dernier est moins profond, les roches meres ont
atteint la surface dans la zone de la chaine d’avant-pays au dessus de séries de rétro-
chevauchements. Au Lago San Martin, les roches méres sont entrées dans la fenétre a huile et
contiennent du ‘beef’ de calcite.

En conclusion, dans les endroits ou nous avons observé les roches meres d’age Crétacé
inférieur a la surface, celles-ci contenaient toutes du ‘beef’ de calcite (si elles avaient atteint la
fenétre de génération de I’huile ou du gaz humide) ou du ‘beef’ de quartz (si elles étaient
surmatures). Indépendemment, des évidences de surpressions de fluides, sous la forme de
niveaux de décollement, viennent des données de subsurface, en particulier dans la région de
I’extréme sud du bassin ou les roches méres ne sont pas surmatures et que la déformation est
assez intense. De part les observations de cette étude, nous pensons que la genération
d’hydrocarbures a conduit a une surpression de fluides, par le mécanisme de compaction

chimique et le transfert de charge, ou de part des changements de volume, ou les deux.

4.2.2 Article#4
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We describe (1) bedding-parallel veins of fibrous calcite (beef) and (2) thrust detachments, which we
believe provide good evidence for fluid overpressure in source rocks for petroleum. Our examples are
from the surface or subsurface of the Magallanes-Austral Basin, which lies at the southern tip of South
America. There, the best source rocks for petroleum are of Early Cretaceous age. In the central parts of the
basin these source rocks have become overmature, but at the eastern edge, onshore and offshore, they
are today either immature or in the oil window.

In Tierra del Fuego, the foothills of the Andes consist mainly of sedimentary rocks, which have un-
dergone thin-skinned thrusting. In the Vicufia area (Chile), Early Cretaceous source rocks have reached
the surface above thrust detachments, which are visible on seismic data and well data. At the surface, we
have found calcite beef, containing hydrocarbons (solid and/or fluid), in the Rio Jackson and Vicuiia
formations, which have reached the wet gas window. In the Rio Gallegos area (Argentina), the source
rocks have not reached the surface, but seismic and well data provide good evidence for thin-skinned
thrusting above flat-lying detachments in Early Cretaceous source rock, where it is in the early oil
window. In contrast, there is little or no deformation where the source rock is still immature. Thus the
deformation front coincides with the maturity front. Next to the central parts of the basin, where the
source rocks have reached the surface within the Andes proper, they have undergone low-grade
metamorphism. Within these source rocks, we have found beef veins, but of quartz, not calcite. To the
east, within the foreland basin, seismic and well data provide evidence for a few compressional struc-
tures, including thin-skinned detachments in the deeply buried source rock. Finally, in the northern part
of the basin (Santa Cruz province, Argentina), where it is shallower, the source rocks have reached the
surface in the foothills, above a series of back-thrusts. At Lago San Martin, the source rocks have reached
the oil window and they again contain calcite beef.

In conclusion, where we have examined Early Cretaceous source rocks at the surface, they contain
either calcite beef (if they have reached the late oil window or wet gas window) or quartz beef (if they
are overmature). Independent evidence for overpressure, in the form of source-rock detachments, comes
from subsurface data, especially at the southern end of the basin, where the source rocks are not
overmature and deformation is relatively intense. Thus we argue that hydrocarbon generation has led to
overpressure, as a result of chemical compaction and load transfer, or volume changes, or both.

© 2013 Elsevier Ltd. All rights reserved.
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1. Introduction

Over the last few decades, there has been an increasing interest
in mesoscopic structures, which provide evidence for overpressure
within mature source rocks for petroleum. Examples of such
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1999, 2005) or deltas (Cobbold et al., 2004, 2009). Other
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examples are hydrofractures, in other words, dilatant veins, which
formed as a result of fluid overpressure, but filled progressively
with solid material, such as fibrous minerals or bitumen. Physical
modelling of the consequences of fluid overpressure (Cobbold and
Castro, 1999) led to ideas on the importance of seepage forces
(Mourgues and Cobbold, 2003), which can explain why veins form
horizontally, for example parallel to bedding, as a result of fluid
overpressure and tensile fracturing (Cobbold and Rodrigues, 2007).
More recently, we have constructed more complex physical models,
which include source layers of granular material (silica powder),
containing, for example, 50% by volume of organic material
(beeswax microspheres). On placing such models under water and
heating the source layers up to 62 °C, the beeswax melts and the
pressure of the pore fluid increases, from hydrostatic to lithostatic
values, while horizontal hydrofractures form in the mixture and fill
with migrating molten beeswax (Lemrabott and Cobbold, 2009;
Zanella et al, 2010; Zanella and Cobbold, 2011, 2012, 2013;
Zanella et al., 2013). Because the volume change, from solid to
liquid wax, is no more than 15% or so (as it is for catagenesis of
kerogen to oil), we infer that the overpressure is mainly due to load
transfer, from the overburden to the pore fluid, as the solid
framework collapses (compacts), by a process that is physically
analogous to chemical compaction (Swarbrick et al., 2002).

Source rocks of the Neuquén Basin, Argentina, contain bedding-
parallel hydrofractures, which have filled with bitumen (Borrello,
1956). On searching for similar features in the southern part of
this basin, we discovered large numbers of bedding-parallel veins,
not of bitumen, but of fibrous calcite (Rodrigues et al., 2009). Such
veins are also common in the Wessex Basin of SW England, where
in the early 1800s they received the names “beef”, or “cone-in-
cone” (see historical review by Cobbold et al., 2013). Thus, the term
‘beef’ refers to fibrous minerals in bedding-parallel veins, where the
fibres are approximately perpendicular to the margins. It turns out
that calcite beef is also common in many other sedimentary basins
worldwide, especially within layers of shale (Cobbold et al., 2013).
In some examples, such shale layers also happen to be mature
source rocks for petroleum and the beef contains hydrocarbons,
either within fluid inclusions or as solid inclusions of bitumen be-
tween calcite fibres (Rodrigues et al., 2009; Cobbold et al., 2013).

On the strength of this work, we decided to visit the Magallanes-
Austral Basin of Patagonia, one of the foreland basins in which
thrust faults appear to have detached within mature source rock
(Cobbold, 2005; Rojas and Mpodozis, 2006). Our aims were to
confirm those detachments, but also to look for the possible pres-
ence of beef. On searching through the geological literature for the
key words, “beef” or “cone-in-cone”, we discovered a few refer-
ences to the latter within the Magellan Basin (Cobbold et al., 2013,
Table 1). The earliest reference that we found was to cone-in-cone
within Late Cretaceous strata on the western edge of the basin, near
Puerto Natales, Chile (Cecioni, 1957). Later references were to cone-
in-cone in Early Cretaceous source rock (Rio Mayer Fm) of Santa
Cruz province, Argentina, at the northern end of the basin (Aguirre
Urreta and Ramos, 1981; Riccardi et al., 1987). This area therefore
became one of our strategic objectives.

2. Magallanes-Austral Basin

The Magallanes-Austral Basin lies in Patagonia, near the
southern tip of South America (Fig. 1). Even before 1990, the area
had along history of geological exploration, including the search for
petroleum (see, for example, Darwin, 1846; Hatcher, 1897
Windhausen, 1931; Kranck, 1932; Thomas, 1949; Feruglio, 1949;
Katz, 1962, 1963; Scott, 1966; Barker, 1970; Riccardi, 1971; Leanza,
1972; Butterlin, 1972; Natland et al,, 1974; Dalziel et al., 1974,
1979; Suarez and Pettigrew, 1976; Nelson et al., 1980; Riccardi

and Rolleri, 1980; Dalziel, 1981; Caminos et al., 1981; Winslow,
1981, 1982, 1983; Mingramm, 1982; Ramos, 1982, 1989; Wilson
and Dalziel, 1983; Dalziel, 1985; Lesta et al., 1985; Biddle et al.,
1986; Laffitte et al., 1986; Milnes, 1987; Cagnolatti et al., 1987;
Soffia et al., 1988; Dalziel and Brown, 1989).

In southern Patagonia, the Andes curve around, from an N—S to
an E—W trend (Fig. 1). The bend reflects a special plate tectonic
setting, between the Pacific plate in the W, the South American
plate in the E and the Scotia plate in the S (Barker, 1970; Dalziel,
1981; Wilson, 1991). Currently, most of the Magallanes-Austral
Basin lies on the eastern or northern sides of the Andes, but in
the past the basin was wider, before the mountains encroached
upon it, deforming its sedimentary infill. At the surface today, the
infill is mostly of Cenozoic age. However, at depth the strata range
in age from Late Jurassic to Cenozoic. In the central parts of the
basin, near the Magellan Straits, the sedimentary infill is as thick as
8 km or more (Figs. 1B, 2). However, the basin shallows progres-
sively to N and S, as well as to E and W.

The underlying basement, as visible in the Andes and a few deep
wells, consists mainly of Palaeozoic metamorphic rocks, Jurassic
volcanic rocks and plutonic rocks of various ages. In the Early
Cretaceous, a marine transgression, in a tectonic context of rifting,
led to deposition of organic-rich marine shale, which forms the
main petroleum source rock of the basin. In contrast, in the Late
Cretaceous, the basin became subject to multi-phase compression,
in the foreland of the Andes. This context continued throughout the
Tertiary and is ongoing today. As a result, in the western and
southern parts of the basin, thrust faulting, strike-slip faulting and
resulting exhumation have brought basement rocks and cover
rocks to the surface, forming the foothills and main cordillera of the
Andes (for details, see Caminos et al., 1981; Ramos, 1982, 1989,
2005; Lesta et al., 1985; Cagnolatti et al., 1987; Dalziel and Brown,
1989; Cunningham, 1993; Alvarez-Marrén et al., 1993; Kraemer,
1993, 1998, 2003; Uliana et al., 1995; Kraemer and Riccardi, 1997;
Kraemer et al., 2002; Klepeis, 1994a, 1994b; Klepeis and Austin,
1997; Diraison et al., 1996, 1997a, 1997b, 2000; Coutand et al.,
1999; Olivero et al., 1999; Olivero and Malumian, 1999, 2008;
Olivero and Martinioni, 2001; Ghiglione, 2002; Ghiglione et al.,
2002, 2009, 2012; Harambour, 2002; Fildani et al., 2003; Lodolo
et al., 2003; Ghiglione and Ramos, 2005; Tassone et al., 2005;
Ghiglione and Cristallini, 2007; Mpodozis and Rojas, 2006; Rojas
and Mpodozis, 2006; Michel et al., 2008; Hubbard et al., 2008;
Barbeau et al., 2009; Suarez et al., 2000; Torres Carbonell et al.,
2011; Fosdick et al.,, 2011, 2013; Romans et al., 2011; Sanchez
et al,, 2010; Giacosa et al.,, 2012).

3. Petroleum systems

Exploration for petroleum has shown that the main source rocks
in the Magallanes-Austral Basin are Early Cretaceous marine shales
(Lower Palermo Aike or Lower Inoceramus Fm, Pampa Rincén Fm,
Margas Verdes Fm, Rio Mayer Fm, Zapata Fm or Rio Jackson Fm, the
name depending on the area), although a secondary source rock is
lacustrine to marginal marine shale of the upper Jurassic Springhill
Fm (Thomas, 1949; Laffitte et al., 1986; Biddle et al., 1986; Pittion
and Gouadain, 1992; Urien et al., 1995; Pittion and Arbe, 1999;
Zilli et al., 2002; Peroni et al., 2002; Rodriguez and Miller, 2005;
Rodriguez and Cagnolatti, 2008; Rodriguez et al., 2008; Rossello
et al., 2008; Legarreta and Villar, 2011; Ministerio de Planificacién
Federal, 2012). The main conventional reservoirs for oil and gas
are Jurassic sands of the Springhill Fm. Other conventional reser-
voirs are in Upper Cretaceous or even Tertiary formations. For hy-
drocarbons to have reached the Springhill Fm requires either
downward migration, or lateral migration across gently dipping
strata (Pittion and Gouadain, 1992). In offshore Tierra del Fuego,
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Figure 1. Magallanes-Austral Basin. A. Simplified geological map (modified, after Coutand et al., 1999). Inset (centre bottom) shows location of area (rectangle) in southern South
America, against a background of altitude contours. B. Sedimentary thickness. Contours (in m below sea level) are on base Cretaceous (modified, after Ministerio de Planificacion
Federal, 2012). C. Maturity of Lower Cretaceous source rocks (modified, after Legarreta and Villar, 2011).

Argentina, oil production has come mainly from Springhill sands
within a shallow foreland bulge, where Early Cretaceous source
rock is immature. Thus migration must have occurred over hori-
zontal distances of 20—150 km. It is likely that fluid overpressure

w
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within mature source rock assisted such migration. Indeed, some
wells in the southern Magallanes-Austral Basin have encountered
overpressures within conventional reservoirs or within source rock
(see Law and Spencer, 1998; their Fig. 1). Independent evidence for

Figure 2. Geoseismic section, Magallanes-Austral Basin (modified, after Rodriguez et al., 2008). Vertical scale is in seconds, two-way time (TWT). Notice positions of 8 vertical wells,
which provide good control on seismic data. Inset (bottom right) shows location of section (red line). (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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overpressure at depth comes from an abundance of clastic dykes
(sand injectites), for which the source material was Cretaceous
sand at depths of several km (Winslow, 1983). An important
question today is whether or not the Early Cretaceous source rock
qualifies as an unconventional reservoir, containing commercially
significant reserves of oil or gas (Ministerio de Planificacion Federal,
2012).

4. Structures in Early Cretaceous source rock, Tierra del
Fuego, Chile

The island of Tierra del Fuego lies at the southern end of the
Magallanes-Austral Basin, where Early Cretaceous source rocks
have undergone relatively little burial (Fig. 1B). In the foothills of
the Andes, thin-skinned thrusting and exhumation have brought
those same source rocks and their overburden to exposure, or close
to it (Fig. 3A). In contrast, in the foreland, deformation has been less
intense and the strata at the current surface are mostly Cenozoic.
However, many years of hydrocarbon exploration have resulted in
abundant sub-surface data. In the area around Rio Grande,
Argentina, according to sub-surface data, thin-skinned thrusts have
detached within Early Cretaceous source rock (Diraison et al.,

1997b, Fig. 3C). On the strength of maturity data (mainly from
Pittion and Gouadain, 1992), Cobbold (2005) inferred that the
deformation front of the thrusts coincides relatively well with the
maturity front (entry into the oil window), suggesting links be-
tween maturation, overpressure and detachment.

In Chile, on the basis of proprietary data from ENAP (2D seismic
sections and geological maps), Alvarez-Marrén et al. (1993)
described the structure of the thin-skinned fold-and-thrust belt
in the Vicufia area, near the Lago Blanco (Fig. 3B). However, at that
time the authors did not have access to well data. Therefore they
interpreted the seismic profiles by line balancing or area balancing
of cross sections. Although such methods limit the range of
acceptable solutions, they do not provide unique answers. Thus
Alvarez-Marrén et al. (1993) concluded that thin-skinned thrusts in
the Vicufia area detached within Jurassic volcanic rocks of the
Tobifera Fm. In contrast, by analogy with what has happened in
Argentine Tierra del Fuego (Diraison et al., 1997b), Cobbold (2005)
suggested that detachment in the Vicufia area occurred within
Early Cretaceous source rock, as a result of overpressure during
hydrocarbon generation. Rojas and Mpodozis (2006) confirmed
this higher stratigraphical level of detachment, on the strength of
newly available well data.
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In such a context and to search for the possible presence of beef
within source rocks, we visited the Vicufia area in January 2012.
Here the sedimentary sequence (Early Cretaceous to Tertiary) dips
southward, above a series of northward-verging thrust faults
(Figs. 4 to 7A). We paid particular attention to the eastern shoreline
of the Lago Blanco, where the sedimentary sequence and the
structures crop out well. Next to thrust faults (major or minor), we
found veins of beef, parallel or almost parallel to bedding (Fig. 7B).
Under the optical microscope, such beef consists of calcite fibres,
forming bedding-parallel zones or, locally, cone-in-cone structures
(Fig. 7C). The beef also contains fragments of the surrounding host
rock and dark inclusions. On breaking beef samples at outcrop with
a geological hammer, we encountered strong odours of aromatic
and volatile hydrocarbons, odours which are typical of hydrocar-
bons that have reached the wet gas window. In contrast, the sur-
rounding shale did not yield such odours. We infer that the
hydrocarbons were from inclusions within the calcite beef, as in

other oil-producing basins (see Cobbold et al., 2013). Indeed, later
analysis of beef samples from Vicufia, under a scanning electron
microscope, confirmed the presence of hydrocarbons within dark
patches, where carbon was the dominant element (Fig. 7D). In the
future, geochemical analyses may be able to demonstrate whether
or not such hydrocarbons derive from the surrounding Early
Cretaceous shale.

So as better to constrain the geological context of our samples
and our field observations, the Empresa Nacional del Petréleo
(ENAP) provided us with (1) geological maps of the Vicufia area at a
scale of 1:50,000 (e.g. Fig. 4), (2) 3 geological sections, one of which
(Section 4, Fig. 5) follows a regional seismic section and 4 later
wells, and (3) maturity data from one of those wells (Vicufia 2,
Fig. 6). The maps and sections show thrust faults and multiple
detachments, mostly within source rock of the marine Rio Jackson
Fm (Early Cretaceous). At a depth of about 4 km, two major thrusts
(Vicuiia and Bahia Bell) diverge upward. Nearer the surface, these
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Figure 4. Geological map of western Vicufia area, Tierra del Fuego, Chile (data by courtesy of ENAP). Grey area (left) is the Lago Blanco. Black stars indicate localities (mainly along
eastern shore of Lago Blanco) where we found calcite beef (see key). Sample numbers and their GPS coordinates are: b1 (54° 4’ 9.93” S; 68° 57’ 29.12” W), b2 (54° 4’ 31.83" S; 68°
57' 57.90” W; b3 (54° 5/ 16.88" S; 68° 59’ 25.38” W), b4 (54° 5’ 21.76" S; 68° 59’ 30.43” W), b5 (54° 4’ 38.03" S; 68° 54’ 21.97” W). For structural cross sections (3 and 4), see Fig. 5.
Circles indicate locations of wells (Vicufia 1, Vicufia 2, Pampa Guanaco 1, Pietro Grande 1). Inset (bottom left) shows location of map (red box). (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article.)
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Figure 5. Geoseismic Sections 3 and 4, Vicuiia area, Tierra del Fuego, Chile. Data are by courtesy of Empresa Nacional del Petrleo (ENAP). For section lines, see Fig. 4. Section 3
follows eastern shore of Lago Blanco, whereas Section 4 follows a seismic section and 4 steep wells (Pampa Guanaco 1, Pietro Grande 1, Vicuiia 1, Vicufia 2). Major thrust faults have
detached at base of Rio Jackson Fm (Early Cretaceous). Black stars (Section 3) indicate where we found calcite beef (see Fig. 4).
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Figure 6. Maturity of source rock (% vitrinite reflectance) as a function of depth (in m) for Vicuiia 2 well, Vicuiia area, Tierra del Fuego, Chile (data by courtesy of ENAP). For location
of well, see Figures 4 and 5.
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Figure 7. Calcite beef, shore of Lago Blanco, Vicufia area, Tierra del Fuego, Chile. A. View of Early Cretaceous shale and limestone, cropping out along low cliffs, eastern shore of Lago
Blanco (locality b1, Fig. 4). B. Close-up of vein of calcite beef (centre of photograph, beneath coin for scale), within steeply dipping shale (locality b1, Fig. 4). C. Thin section of beef
vein (here horizontal), showing calcite fibres (vertical), horizontal zonation of vein and opaque inclusions of country rock, minerals or hydrocarbons (locality b1, Fig. 4). D.
Composite BSE (back-scattered electrons) and X-ray image showing the composition of part of beef vein (locality b2, Fig. 4). Intensities of colours reveal concentrations of elements
(carbon, sulphur, aluminium, calcium). Concentration of carbon in dark patches is beyond that of calcite and is due to hydrocarbons.

major thrusts branch into a series of minor thrusts and hanging-
wall anticlines. Two of the wells (Vicufia 1 and Vicufia 2) passed
through the Vicufia Thrust and a hanging-wall splay, traversing the
Rio Jackson Fm, before encountering overturned younger rocks
(Section 4, Fig. 5). Thus there can be little doubt as to the structure
and the stratigraphic level of the detachments. Moreover, the
maturity data (vitrinite reflectance) for the Vicuiia 2 well indicate
that the source rock there, in the anticline and beneath the up-
permost thrust (Fig. 5), reached the wet gas window (Fig. 6).
Independently, available maturity data at the scale of the basin
confirm that the source rock in the Vicufia area did indeed reach the
wet gas window (Fig. 1C; Legarreta and Villar, 2011). At nearby Cabo
Nariz (Fig. 3A), Sanchez et al. (2010) showed that the sedimentary
sequence attained maximal burial during the Upper Palaeocene,
when the Cerro Cuchilla Fm accumulated, prior to the onset of
Neogene deformation and exhumation. The Cerro Cuchilla Fm also
occurs, near the top of the sequence, in the southern Vicuiia area
(Figs. 4 and 5), lending credence to the idea of maximal burial, there
as well, during the Upper Palaeocene. At that time, according to the
stratigraphic thicknesses on geoseismic sections (Fig. 5), the Rio
Jackson Fm would have reached a depth of about 4 km, which
would have been enough to generate oil or wet gas, under normal
thermal gradients (30 °C/km). On superimposing our beef localities
and the geoseismic sections (Fig. 5), we found a good correlation
between beef and detachments, all within the Early Cretaceous
source rock. Thus the structural evidence at Vicuiia is in favour of
overpressure development during migration of aqueous fluids and
hydrocarbons.

5. Structures in Early Cretaceous source rock, Lago San Martin

The area around Lago San Martin (49°S, Province of Santa Cruz,
Argentina) is in the foothills of the Andes, at the northern end of the
Magallanes-Austral Basin (Fig. 8A). Here (as in Tierra del Fuego),
Early Cretaceous source rocks have undergone relatively little
burial. According to a recent compilation by Giacosa et al. (2012),
basement-involved faults functioned as thrusts in the Palaeozoic,
reactivated as normal faults during Mesozoic rifting, then reac-
tivated once again as thrusts in the Late Cretaceous to Present
(Fig. 8B). Thus the thrusts have brought to the surface Palaeozoic
metamorphic basement and igneous intrusive rocks of various
ages. Overlying these unconformably are either Jurassic volcanic
rocks (Tobifera Fm), or sedimentary strata of the Magallanes-
Austral Basin. In general, the sedimentary strata dip gently east-
ward (Fig. 8B). However, thrust faults have caused repetitions. At
the surface, many of the thrusts verge westward and involve
basement (Giacosa et al., 2012). However, according to seismic
sections along Lago Viedma, other thrusts would appear to detach
at depth within the Early Cretaceous Rio Mayer Fm, which is the
source rock for this part of the basin (Coutand et al., 1999). For
elsewhere in the area of Lago San Martin, subsurface data are as yet
unavailable to us, so that it is difficult for us to judge how much of
the deformation may be thin-skinned. Further E, next to the Lago
Cardiel, Early Cretaceous shale reaches the surface locally, in the
core of a recumbent anticline, above a W-verging thrust fault. Ac-
cording to Ramos (1982), this fault involves basement. However, at
the surface the fault would appear to dip gently eastward, so that an
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Figure 8. Geological map and section, area between Lago San Martin and Lago Viedma, Santa Cruz province, Argentina (modified, after Giacosa et al., 2012). Inset (top left) shows
location of area (red rectangle). Section (B—B’) is from surface data only. Dark blue star (top right) indicates locality (GPS coordinates 49° 1’ 56.95” S; 72° 11’ 22.36"” W), where we
found calcite beef (see Fig. 9). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

alternative interpretation is that it detaches, at least in part, within
the Early Cretaceous sequence. In the future, new seismic data may
help to define the structure more fully at depth.

To the N of Lago San Martin, near Bahia de La Lancha, the
Cretaceous sequence crops out well, along the side of a wide
glacial valley (Riccardi, 1971; Richiano, 2012; Richiano et al., 2012,
Fig. 8A). In particular, the Early Cretaceous Rio Mayer Fm crops out
along an incised river valley, where it consists of dark laminar
shale and a few beds of limestone (Fig. 9A; Richiano, 2012). In

general, the sequence here dips gently to the E. However, it also
contains asymmetric folds and thrust faults, verging to the W,
which appear to detach within it. At this locality we found several
veins of fibrous calcite (beef), as well as a few veins of bitumen, all
parallel or nearly parallel to bedding (Fig. 9B). Possibly the
bitumen has resulted from abnormal heating, due to igneous
intrusion of basaltic sills and dykes (the Rio Carbén essexite of
Palaeogene age, Fig. 8A; Giacosa et al., 2012). As in the Vicuia area
of Tierra del Fuego, so near Lago San Martin, scanning electron
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Figure 9. Calcite beef and bitumen veins near Bahia La Lancha, Lago San Martin (for map position, see Fig. 8). A. Outcrop of Lower Cretaceous shale (Rio Mayer Fm) in river valley
(GPS coordinates: 49° 1’ 55.90” S; 72°11’ 24.20” W). B. Photograph of beef vein and bitumen vein. C. Composite BSE (back-scattered electrons) and X-ray image showing the
composition of beef vein. Intensities of colours reveal concentrations of elements (carbon, aluminium, silica, calcium). Concentration of carbon in dark patches is beyond that of

calcite and is due to hydrocarbons.

microscopy has revealed that the beef contains hydrocarbons
(Fig. 9C). Thus the evidence at Lago San Martin is for overpressure
development within Early Cretaceous source rock, during migra-
tion of aqueous fluids and hydrocarbons. Independently, available
maturity data at the scale of the basin indicate that the source rock
in this area has reached the late oil window (Fig. 1C; Legarreta and
Villar, 2011).

6. Structures in other parts of the basin and at other
stratigraphical levels

During our reconnaissance of the Magallanes-Austral Basin, we
confirmed the presence of thrust detachments in many areas and
we also found beef at other stratigraphical levels (Fig. 10). In
western areas of the Andean foothills or cordillera, where Early
Cretaceous source rock has reached high levels of maturity (dry
gas window or beyond), we found beef, but of quartz, not of
calcite. The quartz beef is in places somewhat fibrous, although not
as strongly so as the calcite beef. Of the quartz beef that we found,
the most numerous and continuous examples were in the Rio
Jackson Fm of southern Tierra del Fuego, Chile, near the Lago
Fagnano. However, other examples came to light on the mainland,
within the cordillera of Chile and Argentina or to the W of it. Thus
there would seem to be a direct correlation, between the miner-
alogical composition of beef and the maturity of the Early Creta-
ceous host rock.

In those same areas of the foothills or cordillera, on searching at
higher stratigraphical levels, where Late Cretaceous strata have

reached low degrees of maturity, we found calcite beef. According
to the results of scanning electron microscopy (not shown here),
some of that calcite beef contains hydrocarbons, raising obvious
questions. For example, did overpressure and hydrocarbons origi-
nate within Late Cretaceous source rock, or did they form at deeper
stratigraphic levels (within Early Cretaceous source rock) and at
earlier stages of burial? In the future, geochemical studies may help
to answer these questions.

7. Discussion

In general, throughout the Magellan-Austral Basin, we have
found beef of various kinds within Early Cretaceous source rock.
The mineralogical composition of the beef (calcite or quartz) cor-
relates with the maturity of the source rock. Thus calcite beef oc-
curs where the source rock has reached the oil window or the wet
gas window, whereas quartz beef occurs where the source rock has
reached the late gas window or is overmature. At the northern and
southern ends of the basin, calcite beef in source rock contains
hydrocarbons. We have not yet investigated the provenance of
these hydrocarbons, but it is clear that they were migrating
together with aqueous fluids, which were responsible for dissolv-
ing, transporting and precipitating calcite. Thus the evidence is for
overpressure during hydrocarbon migration.

At the southern end of the basin (Vicufia area of Tierra del
Fuego), calcite beef occurs in source rock, together with thrust
detachments, which are visible at the surface and on subsurface
data (from a seismic section and well core). Thus the evidence
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Figure 10. Composition and provenance of beef, by comparison with maturity of Early Cretaceous source rock, Magallanes-Austral Basin. Maturity data (background colours, see
Fig. 1C) are after Legarreta and Villar (2011). For Early Cretaceous source rock, beef is of calcite (dark blue stars) or of quartz (yellow stars), depending on thermal maturity. For Late
Cretaceous shale, beef is of calcite (light blue stars). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

there, for overpressure during hydrocarbon migration, is doubly
strong.

By comparison of our field data with the results of physical
modelling (Zanella et al., 2013), we argue that hydrocarbon gen-
eration in the Magallanes-Austral Basin has led to overpressure as a
result of chemical compaction and load transfer, or volume
changes, or both.

8. Conclusions

Throughout the Magallanes-Austral basin, where we have been
able to examine Early Cretaceous source rocks at the surface, they
contain either calcite beef (if they have reached the late oil window
or wet gas window) or quartz beef (if they are overmature). Inde-
pendent evidence for overpressure, in the form of source-rock de-
tachments, comes from subsurface data, especially at the southern
end of the basin, where the source rocks are not overmature and
deformation is relatively intense. Thus we infer that hydrocarbon
generation has led to overpressure. By comparison with physical
models, we suspect that the mechanism of overpressuring is load
transfer during chemical compaction, although volume changes
probably contributed.
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5.1 Introduction

Dans les précédents chapitres, nous avons pu voir I’étude de différents bassins
sédimentaires. Ces derniers, de part leur position géographique et leur structure géologique,
illustrent bien la complexité des sytémes géologiques sédimentaires. Tout au long de leur
histoire, les bassins sédimentaires sont au cceur de processus physico-chimiques qu’il est tres
difficile d’étudier par des analyses purement analytiques ou des études de terrain, et ce, méme
en intégrant des degrés de complexité extréme. Dans ce contexte, la modélisation analogique
a trouvé sa place dans le monde de la géologie en offrant la possibilité d’observer, d’étudier,
et de prédire (dans certains cas) les phénomeénes géologiques, aussi divers et variés soient-ils.
Cependant, cette technique de modélisation des systemes géologiques ne peut se réaliser en
reproduisant a I’identique la nature. En effet, les processus qui régissent ces systéemes sont
eux aussi complexes et ne peuvent en aucun cas faire I’objet d’une copie intégrale du systeme
naturel concerné. Un modele analogique représente donc un modele d’échelle réduite et tres
simplifié d’un systeme géologique naturel. La simplification de ces systémes découle
également de la technicité des modeles analogiques. En effet, I’un des plus grands défis de
cette méthode est de trouver les matériaux analogues adéquats pour représenter la nature. Une
grande partie des avancées scientifiqgues en modélisation analogique dépend donc de la

découverte de nouveaux matériaux analogues.

Une alternative a la modélisation analogique réside dans la modélisation numérique. Ce
type de modélisation, largement utilisé de nos jours, offre des possibilités d’étude trés larges
dans le monde des Sciences de la Terre et remplace petit a petit la méthode historique de
modélisation que les géologues, en particulier, ont développé depuis presque deux siécles.
Néanmoins, I’utilisation de la modélisation analogique s’avere étre un outil clé dans la
compréhension de certains phénomeénes, comme les systemes sédimentaires en surpression de

fluides dont il est question dans cette partie.
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5.2 Modélisation analogique des systemes en surpression de fluides

Précédemment dans notre étude, nous avons montré que les veines fibreuses paralléles a
la stratification de la roche (beef), ainsi que les veines de bitume, étaient des marqueurs de
paléo-fracturation hydraulique sous I’effet de surpression de fluides au sein des bassins
sédimentaires et plus particulierement au sein des roches meres d’hydrocarbures. Dans cette
partie, nous avons choisi de développer une nouvelle technique de modélisation analogique
pour tenter de comprendre les mécanismes mis en jeu lors de la génération des surpressions

de fluides et de la fracturation hydraulique.

La modélisation des systémes en surpression de fluides en géologie a commencé au
début des années 2000 notamment avec les modeles de Cobbold et al. (2001). Depuis,
plusieurs études ont mis en avant la modélisation analogique dans I’étude des surpressions de
fluides et de la fracturation hydraulique (e.g. Mourgues & Cobbold 2003 ; Cobbold &
Rodrigues 2007 ; Rodrigues et al. 2009). Tous ces modéles ont généré des surpressions de
fluides par un systéme d’injection de fluide (air ou eau) a la base des modéles. Cependant au
regard des chapitres précédents, nous avons constaté que I’origine des fluides qui circulent
dans les bassins sédimentaires peut étre externe ou interne. Dans les fluides internes au
systeme sédimentaire on peut dissocier les fluides aqueux, qui se retrouvent piégés dans les
sédiments lors de la diagenése, mais également ceux qui sont produits au sein méme des
roches. Dans ces derniers il y a les hydrocarbures. Nous avons donc cherché un moyen de
modeéliser les surpressions de fluides dans un systéme capable de générer son propre fluide, et
donc de ne pas utiliser d’injecteurs. Pour ceci, nous sommes partis de I’étude de Lemrabott &
Cobbold (2010). Cette étude a montré que I’utilisation de microbilles de cire d’abeille,
mélangées a de la poudre de silice, constituait un mélange tres adéquat pour représenter une
roche mere. Ainsi, nous avons développé un dispositif analogique d’échelle métrique pour
étudier les mécanismes qui interviennent lors de la génération des surpressions de fluides et
de la fracturation hydraulique. Dans nos modéles, nous nous sommes également intéressés a
I’intéraction entre ces phénomeénes et la déformation. Le but étant de montrer I’effet de ces

processus sur la déformation des bassins sédimentaires.
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5.3 Article#5: Physical modelling of chemical compaction, overpressure
development, hydraulic fracturing and thrust detachments in organic-

rich source rock.

Le travail effectué dans cette partie a abouti a la rédaction d’un article scientifique
publié dans une édition spéciale de la revue Marine and Petroleum Geology. Cet article est
disponible via le lien suivant :

http://www.sciencedirect.com/science/article/pii/S0264817213003231

5.3.1 Résumé de I’article

Les évidences de surpression de fluides sont communes a travers le monde, en
particulier dans les bassins sédimentaires riches en hydrocarbures. Devant I’accroissement de
I’intérét face aux ressources non-conventionnelles, de nouvelles données sont disponibles sur
les roches meéres d’hydrocarbures. Celles-ci montrent que les valeurs anormalement élevées
de pression de fluide aux pores sont communes a travers le monde et particuliérement dans les
roches méres matures, probablement en conséquence de la compaction chimique et des
accroissements de volume durant la génération d’hydrocarbures. Pour tenter d’approcher les
phénomenes que sont la compaction chimique, le développement des surpressions de fluides
et la fracturation hydraulique, nous avons développé de nouvelles techniques de modélisation
analogique en systeme fermé. Dans les premiers stades de notre travail, nous avons construit
et déformé nos modéles dans une petite boite rectangulaire (40x40x10 cm), qui reposait sur
une plaque électrique chauffante. Cependant plus récemment, nous avons utilisé une boite
beaucoup plus grande (77x75x10 cm) afin de pouvoir déformer plus facilement les modeles
par un raccourcissement horizontal. Les modéles consistent en plusieurs couches horizontales
de deux matériaux : (1) un mélange a volume égal de poudre de silice et de microbilles de cire
d’abeille, représentant la roche mére, et (2) de la poudre de silice pure, représentant la
couverture imperméable. En submergeant les matériaux sous eau, nous évitons des surfaces
de tension trop importantes, qui s’expriment notamment a I’intérieur des pores contenant a la
fois de I’air et des liquides. Ainsi, nous avons pu mesurer la pression de fluide aux pores a
I’aide de puits verticaux. Lors du chauffage, la température basale du modele a dépassé le
point de fusion de la cire d’abeille (~62°C), jusqu’a un maximum de 90°C. Pour étudier
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différents contextes tectoniques comme la compression et I’extension, nous avons utilisé un
piston pour appliquer des déplacements horizontaux.

Dans les expériences ou le piston n’était pas présent, la fusion rapide de la cire a
conduit a la compaction verticale de la couche source basale, due au poids de la couverture, et
a une surpression de fluides (lithostatique ou supérieure). Les coupes faites a travers le
modele aprés refroidissement ont montré que la cire fondue avait migré a travers I’espace
poral jusque dans des fractures hydrauliques ouvertes (sills). La plupart de ces sills étaient
horizontaux et induisaient un bombement de la topographie du modéle, probablement en
réponse a une surpression interne et a une perte de la contrainte dans le mélange. Nous avons
aussi constaté que les sills étaient moins nombreux aux alentours des bords du modéle,
vraissemblablement en conséquence des effets de bords. Dans les autres expériences, pour
lesquelles le piston a causé la compression horizontale du modéle, des sills se sont également
formés. Cependant, I’épaisseur de ces derniers était plus importante que celle des sills dans les
expériences sans déformation. De plus, les sills étaient plissés ou faillés. Pour les expériences
ou nous avons cause le raccourcissement horizontal du modéle, avant le commencement de la
fusion de la cire d’abeille, des chevauchements et des rétro-chevauchements se sont
développés a travers toute I’épaisseur du modéle, affectant ainsi toutes les couches prés du
piston et produisant un prisme de haut angle. Au contraire, dés que la cire a commencé a
fondre, une surpression de fluides s’est développée a I’intérieur des couches sources et un
décollement a la base de ces derniéres est apparu. Ainsi, des chevauchements ‘thin-skin’ se
sont propagés plus loin dans le modeéle, produisant un prisme de bas angle. Dans quelques
expériences, des corps de cire se sont formés dans des zones imbriquées a I’intérieur des
couches sources.

Ainsi dans nos expériences, c’est la transformation, de la cire solide a la cire liquide, qui
a conduit a la compaction chimique, au développement de surpression de fluides et a la
fracturation hydraulique. Tous ces mécanismes se sont développés dans un systeme fermé.
Les mesures de surpression de fluides indiquent que le transfert de charge a été le principal
mécanisme, mais que les changements de volumes ont aussi contribué, produisant ainsi des
surpressions de fluides supérieures a la valeur lithostatique et ainsi provoqué la fracturation en

tension du mélange.

5.3.2 Article#5
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Geological evidence for overpressure is common worldwide, especially in petroleum-rich sedimentary
basins. As a result of an increasing emphasis on unconventional resources, new data are becoming
available for source rocks. Abnormally high values of pore fluid pressure are especially common within
mature source rock, probably as a result of chemical compaction and increases in volume during hy-
drocarbon generation. To investigate processes of chemical compaction, overpressure development and
hydraulic fracturing, we have developed new techniques of physical modelling in a closed system. During
the early stages of our work, we built and deformed models in a small rectangular box (40 x 40 x 10 cm),
which rested on an electric flatbed heater; but more recently, in order to accommodate large amounts of
horizontal shortening, we used a wider box (77 x 75 x 10 cm). Models consisted of horizontal layers of
two materials: (1) a mixture of equal initial volumes of silica powder and beeswax micro-spheres,
representing source rock, and (2) pure silica powder, representing overburden. By submerging these
materials in water, we avoided the high surface tensions, which otherwise develop within pores con-
taining both air and liquids. Also we were able to measure pore fluid pressure in a model well. During
heating, the basal temperature of the model surpassed the melting point of beeswax ( ~ 62 °C), reaching a
maximum of 90 °C. To investigate tectonic contexts of compression or extension, we used a piston to
apply horizontal displacements.

In experiments where the piston was static, rapid melting led to vertical compaction of the source
layer, under the weight of overburden, and to high fluid overpressure (lithostatic or greater). Cross-
sections of the models, after cooling, revealed that molten wax had migrated through pore space and
into open hydraulic fractures (sills). Most of these sills were horizontal and their roofs bulged upwards,
as far as the free surface, presumably in response to internal overpressure and loss of strength of the
mixture. We also found that sills were less numerous towards the sides of the box, presumably as a result
of boundary effects. In other experiments, in which the piston moved inward, causing compression of the
model, sills also formed. However, these were thicker than in static models and some of them were
subject to folding or faulting. For experiments, in which we imposed some horizontal shortening, before
the wax had started to melt, fore-thrusts and back-thrusts developed across all of the layers near the
piston, producing a high-angle prism. In contrast, as soon as the wax melted, overpressure developed
within the source layer and a basal detachment appeared beneath it. As a result, thin-skinned thrusts
propagated further into the model, producing a low-angle prism. In some experiments, bodies of wax
formed imbricate zones within the source layer.

Thus, in these experiments, it was the transformation, from solid wax to liquid wax, which led to
chemical compaction, overpressure development and hydraulic fracturing, all within a closed system.
According to the measurements of overpressure, load transfer was the main mechanism, but volume
changes also contributed, producing supra-lithostatic overpressure and therefore tensile failure of the
mixture.

© 2014 Elsevier Ltd. All rights reserved.
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1. Introduction

Fluid overpressures are common worldwide, especially within
petroleum-rich sedimentary basins (Swarbrick et al, 2002).
Osborne and Swarbrick (1997) described three main mechanisms
for the generation of fluid overpressures in sedimentary basins:
diagenetic reactions, disequilibrium compaction and hydrocarbon
generation. Several authors have described geological hydro-
fractures within source rocks for petroleum, these fractures having
filled with solid materials, such as pyrobitumen or fibrous calcite.
The solid infills have therefore preserved the fractures. Good ex-
amples come from the ‘Vaca Muerta’ source rock of the Neuquén
Basin, western Argentina. In the northern part of this basin,
bitumen veins are relatively common and tend to be parallel to
bedding (Borrello, 1956; Abraham, 1960); whereas in the southern
part, veins are commonly of fibrous calcite, but may also contain
hydrocarbons (Parnell and Carey, 1995; Parnell et al, 2000;
Rodrigues et al., 2009). In general, calcite veins that are parallel to
bedding go under the name of “beef” (see historical and worldwide
review by Cobbold et al., 2013). Cobbold and Rodrigues (2007)
managed to reproduce open horizontal fractures in physical
models, attributing them to the action of seepage forces, which
result from vertical gradients in overpressure.

More generally, in the last decade or so, techniques of physical
modelling have evolved, so as to take into account pore fluids and
overpressures within granular materials and their structural effects
(e.g. Cobbold and Castro, 1999; Cobbold et al., 2001; Mourgues and
Cobbold, 2003; Cobbold and Rodrigues, 2007; Rodrigues et al.,
2009). Other authors have used physical models to study pro-
cesses of magmatic intrusion, especially during horizontal short-
ening (Benn et al., 1998; Galland et al., 2003, 2006, 2007; Gressier
et al., 2010; Roman-Berdiel, 1999). However, in all of these phys-
ical models, the fluid pressures came from outside, via injectors.
This technique has the advantage of allowing good controls on
boundary conditions of pressure and flow rate, but it cannot
investigate the causes of overpressure or the possible feedback
between overpressure generation and hydrofracturing. For this
purpose, Lemrabott and Cobbold (2010) developed another tech-
nique, in which model materials were of solid particles, of which
some (beeswax microspheres) were able to melt, thus simulating
the catagenesis of kerogen to hydrocarbons. The experiments
resulted in fluid overpressure, partly as a result of volume changes
(15% for beeswax), but more as a result of load transfer, from the
solid overburden to the pore fluid, during a process that was
physically analogous to the chemical compaction of Swarbrick et al.,
2002.

In what follows, we describe the results of similar experiments,
but involving new apparatus and more detailed observations. We
have studied the effects of overpressure development in various
tectonic settings, in particular that of horizontal shortening, so as to
simulate what happens to fold and thrust belts within foreland
basins. A relevant example is the Magellan (Magallanes—Austral)
Basin of southern Patagonia, South America, where detachments
have occurred within source rock (Diraison et al., 1997; Cobbold,
2005; Rojas and Mpodozis, 2006; Zanella et al., 2013).

2. Experimental materials

In all of our physical models, the scaling was such that 1 cm in
the model represented something between 100 m and 1 km in
nature. To model brittle rock, we therefore used weak frictional
material, which failed according to a Mohr-Coulomb envelope.
However, we required two such materials, one representing a
source rock, the other representing an overburden of low
permeability.

As an analogue material for the overburden, we used a pure
silica powder (Millisil C4, available from Sifraco, Compiégne,
France). This material has a grain size of less than 150 pm, a porosity
of about 40%, a bulk density of about 1.34 g/cm® and an intrinsic
permeability of about 1.6 Darcy (Table 1B; see also Rodrigues et al.,
2009, their Table 2A). Because the grains are angular, they tend to
lock together, so that the dry material is cohesive. It fails according
to a Coulomb criterion, the cohesive strength being about 300 Pa
and the angle of internal friction about 40° (see Galland et al., 2006;
their Table 1B). In tension, the material has a strength of about
100 Pa and fails by forming open fractures. However, in our ex-
periments, we saturated the silica powder with water, by fully
submerging it. Thus we avoided the high surface tensions, which
otherwise develop within pores that simultaneously contain air
and one or more liquids, rendering the material cohesive (as in sand
castles on a beach). As yet, we have not measured the mechanical
properties of the silica powder in an under water state. However,
Graveleau et al. (2011, Table 1B) have done so, for a similar silica
powder. In their tests, capillary cohesion was absent or very small
and the behaviour of the water-saturated material was analogous to
that when it was dry. Currently, we are developing new techniques
for measuring the mechanical properties of silica powder or similar
materials, when fully under water.

For the source rock, following Lemrabott and Cobbold (2010),
we used a mixture of silica powder and beeswax microspheres
(Table 1). The microspheres (about 1 mm in diameter) are readily
available in France for making candles and pharmaceutical prod-
ucts. The variety that we used (cire d’abeille blanche en microbilles,
from La Marchande de Couleurs) is solid at room temperature, but
melts at 62—64 °C to a liquid of low viscosity (14 x 10~3 Pa s,
Table 1B). The density of the solid beeswax is 0.95 g/cm® and the
density of the melt is 0.82 g/cm? at 80 °C. Melting therefore implies
a decrease in density and an increase in volume. The coefficient of
linear expansion is 350 x 1078/°C, corresponding to a volume
change of no more than 15% or so (similar to that for catagenesis of
kerogen to oil). These properties mean that the beeswax is a useful
analogue material for organic matter in sediment. For the mixture,
we used equal initial volumes of beeswax and of silica powder.
However, the initial porosity of the beeswax powder was about 40%
and the microspheres were much larger than the particles of silica,
so that, on mixing the two materials, much of the silica occupied
the original pore space between the microspheres. Thus the volume
percentage of beeswax in the final mixture was about 40%.

3. First experiments (Series I)
3.1. Apparatus and experimental procedure

During the early stages of our work on the development of fluid
overpressures, we built our models in a small apparatus, similar to
that of Lemrabott and Cobbold (2010). It consisted mainly of a
rectangular plastic box, 30 cm long, 20 cm wide and 10 cm high
(Fig. 1). The aim was to heat the model from the base, until the
temperature of the beeswax exceeded its melting point (~62—
64 °C). The baseplate of the box was therefore of aluminium, to
facilitate transfer of heat, whereas the sidewalls were of trans-
parent plastic, for better observation and thermal insulation
(Fig. 1). The box rested on a flatbed electric heater, which was able
to deliver a maximum power of 1 W/m?. In our experiments, we
used only 30% of this power, in order to reach a maximum tem-
perature of 90 °C. To investigate the influence of tectonic
compression or extension, we used a piston to apply horizontal
displacements.

We built each model in three layers. The two basal layers, each
1 cm thick, consisted of a mixture of coloured silica powder (blue or

Please cite this article in press as: Zanella, A., et al., Physical modelling of chemical compaction, overpressure development, hydraulic fracturing
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Table 1

Properties of the modelling materials. A. Properties of beeswax microspheres, as used in this study. B. Mechanical properties of dry silica powder (from Rodrigues et al. (2009)).

A. Beeswax microspheres

Material Grain Melting  Density Density (liquid), g cm > Viscosity Thermal expansion Thermal Latent heat
size, ym  point, °C  (solid), g cm—> (liquid), Pa. s coefficient, °C~! conductivity, of fusion, J g~!
Wm™ K
Beeswax microspheres =1000 =62—64 0.95(at20°C) 0.82 (at80 °C) 14 x 1073 (at 80°C) 350 x 10°° 04 175.8
B. Silica powder
Material Variety Roughness Grain size, um d10, pm d50, pum d90, pm Particle Bulk Permeability to Intrinsic Intrinsic
density, g cm® density, g cm 3 water, m? Pa~' s! permeability, m? permeability,
Darcy
Silica powder Millisil C4 Angular ~ 0—150 177 64 8.8 2.65 1.34 8.00 x 1078 1.6 x 10712 1.621

yellow) and beeswax microspheres, whereas the overlying third
layer, 1.5 cm thick, was of pure silica powder. We deposited each
layer carefully and then scraped its surface flat. Thereby, the total
thickness of the model was 3.5 cm. Finally we submerged the
model, by slowly pouring water onto its surface, in one corner of
the box, until the water level was 1 cm above the top of the third
layer. Before heating or deforming the model, we waited for several
hours, so that any air bubbles would have time to rise to the surface.

During each experiment, we used several vertical wells (glass
tubes), to measure the pore fluid pressure at depth. In fact, we
recorded the hydraulic head (difference in water level, inside and
outside the tubes). The tubes were at the sides of the models, in
order to minimize disturbances (which might have triggered hor-
izontal hydraulic fractures). We also plugged the bottom of each
tube with a piece of metallic mesh, to prevent any solid particles

from penetrating it. Temperatures were recorded (with a precision
of +0.1 °C) by transducers or thermocouples in three positions: (1)
the heater itself, (2) within the aluminium plate and (3) at the base
of the model.

After each experiment, we drained the model and left it for one
night to dry on a hot plate at 50 °C. Then, before cutting the model,
we impregnated it with gelatine solution and dried it again. With a
knife we then cut cross-sections every 2 cm. This technique has the
advantage of preserving the slices for long periods of time.

3.2. Results of experiments

With this first apparatus we did 11 experiments. The results
were consistent and here we will describe four representative ex-
amples (Fig. 2).

Figure 1. A. Photograph of the first (small) apparatus. Plastic box (30 cm x 20 cm x 10 cm) with an aluminium baseplate rests on an electric heater. Piston (left) can deform model
horizontally. During heating, beeswax microspheres melt. Vertical well (not visible) measures pore fluid pressure at base of model. For description of layers, see Figure 2. B.
Photograph (3D view) of the new (large) apparatus. Outer plastic box (1 m x 1 m) rests on aluminium table and has three hot plates beneath it. C. 3D view of outer and inner plastic
boxes of the new apparatus. Inner box (77 cm x 75 cm) houses models. Piston (top left), driven by two electric motors, can deform model horizontally.

Please cite this article in press as: Zanella, A., et al., Physical modelling of chemical compaction, overpressure development, hydraulic fracturing
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Figure 2. Results of 4 experiments with first apparatus. Graphs show variation with time (in minutes) of temperature (at 3 points, see text for details) and fluid pressure (at base of
model) since beginning of each experiment. Photographs show longitudinal sections. Results are for no organic matter and no overall deformation (A. Experiment 11 — Series 1);
organic matter and no overall deformation (B. Experiment 1 — Series I); organic matter and extensional deformation (C. Experiment 4 — Series I); or organic matter and
compressional deformation (D. Experiment 8 — Series I). For Experiment 4, piston was at right and moved outward (to right) at 2.5 cm/h; whereas, for Experiment 8, piston was at

left and moved inward (to right) at 2.5 cm/h.

3.2.1. Experiment 1 (containing ‘organic matter’, but with no overall
tectonic deformation)

In Experiment 1 (Fig. 2B) the lower two layers contained
beeswax and the boundaries were static, so that the model did not
change shape externally. During heating, the temperature rose over
a period of 400 min to a maximum of 74 °C at the base of the model.
By also measuring the temperature at the surface of the model, we
deduced a vertical thermal gradient of 10 °C/cm at the centre of the
model. Some 80 min after the temperature at the base surpassed

the melting point of wax (~62—64 °C), the hydrostatic head (dif-
ference in water level, inside and outside the glass tube) began to
increase. After another 3 h or so, the hydrostatic head had reached a
value of 12 mm. This was comparable to the vertical stress, due to
the weight of overburden and source layers, at the base of the
model. Indeed, if we assume for the granular material an average
density (when dry) of 1.3 g/cm?, subtract the density of water (1 g/
cm?), to account for buoyancy, then take a total thickness of 3.5 cm,
this yields a vertical stress of 10.5 g/cm? (about 100 Pa), which is
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equivalent to the weight of 10 mm of water. We therefore infer that
melting produced an approximately lithostatic overpressure at the
base of the model. Indeed, cross-sections (Fig. 2B) showed hori-
zontal bodies (sills) of wax, which formed by horizontal hydraulic
fracturing within the yellow layer. In addition, by this stage the blue
layer had become thinner than the yellow layer, although originally
the thicknesses of the two layers were the same. This thinning
(compaction) of the blue layer was thus due to loss of beeswax by
melting and upward migration.

3.2.2. Experiment 11 (no ‘organic matter’ and no ‘tectonic’
deformation)

Here the conditions were the same as in Experiment 1, except
that there was no wax in either of the two basal layers (Fig. 2A). The
temperature rose in a similar way, but the water level in the glass
tube remained steady (2 mm of hydrostatic head). We suspect that
this small value may have been due to a wax plug at the base of the
tube. On cross-sections (Fig. 2A), no internal structures were visible
and the thicknesses of the various layers did not change.

3.2.3. Experiment 4 (‘organic matter’ and extensional deformation)

In Experiment 4 (Fig. 2C), we used a piston to induce horizontal
extension. The piston velocity was 2.5 cm/h. We decided to start it
moving only after the wax had begun to melt, to see if extension
might have an effect on fluid overpressure. We heated the model as
in both previous experiments. Just after the wax began to melt, the
hydrostatic head started to increase within the glass tube. When
extension began, the hydrostatic head continued to increase, but
more slowly than in Experiment 1. On cross-sections (Fig. 2C),
various structures were visible. Near the piston there were several
wax dykes, steeply dipping or vertical, whereas away from the
piston there were some small sills (a few mm long) at the base of
the yellow layer.

3.2.4. Experiment 8 (‘organic matter’ and compressional
deformation)

For Experiment 8 we used the piston to apply horizontal
shortening at a velocity of 2.5 cm/h (Fig. 2D). As in the previous two
experiments, melting of the wax led to a hydrostatic head, which
we attribute to fluid overpressure at the base of the model. How-
ever, when horizontal compressional started, the hydrostatic head
rose at a rate that was faster than in the previous experiments, to a
value of 23 mm. Thus we infer that shortening contributed to
overpressure, perhaps via horizontal tectonic compaction. The
cross-sections (Fig. 2D) show that sills of wax became thicker and
longer than those in Experiment 1 (involving no ‘tectonic’ defor-
mation). Moreover, the sills were subject to folding and reverse
faulting, especially near the piston. The blue layer became slightly
thinner than the yellow layer, as a result of compaction.

3.3. Conclusions for first experiments

From the first four experiments (Series I), we infer that it was
the transformation from solid to liquid wax that resulted in fluid
overpressure and horizontal hydraulic fracturing. Indeed, such
overpressure arose when there were source layers in the model
(Fig. 2B, C, D), but not when source layers were absent (Fig. 2A).
Because the volume change, from solid to liquid wax, was no more
than about 15%, we attribute the overpressure to a mechanism of
load transfer, from the overburden to the pore fluid, as the solid
framework collapsed and compacted. The molten wax migrated
through pore space and into open hydraulic fractures, where it
solidified, when the temperature was low enough. Compressional
deformation had an amplifying effect on this process (Experiment

8, Fig. 2D) and produced more complex structures (folds and faults)
around the hydrofractures.

4. New experiments (Series II)

Although the results for the first apparatus were encouraging,
we did observe some edge effects along the transparent sidewalls,
especially when the piston advanced, producing compressional
deformation. These effects we attribute to high friction against the
sidewalls. In order to avoid this and to be able to model larger
amounts of horizontal deformation, we decided to build a longer
and wider box (Fig. 1).

4.1. Apparatus and experimental procedure

The new apparatus consists of a square box, 1 m wide and 10 cm
high, resting on an aluminium table (Fig. 1B). The size of the model
is 77 x 75 cm (dimensions of the internal box, Fig. 1C). For such a
large box, we were unable to find a single electric heater that was
powerful enough. Instead, we mounted one circular heating plate
(15 cm in diameter) beneath the centre of the model and two
identical rectangular plates, 75 cm long and 37.5 cm wide, beneath
each half of the model. Each of these heating plates can deliver 1 W/
m?, as in the first apparatus, and has its own electrical control
system, incorporating several thermocouples.

As before, we built the models with two source layers (1 cm
thick) and one overlying layer of pure silica powder (1.5 cm thick).
In all the experiments, the models were under water. For details of
construction, See part 3.1. In one experiment, where a piston was to
cause horizontal shortening of the model, we added a basal black
layer of quartz sand (e.g. Fig. 9B) and strips of pure silica powder at
the sides of the mode. Because the black sand contained no wax,
heating did not lead to an internal increase in fluid overpressure
and therefore the frictional resistance of the material remained
high. In contrast, along the sides of the model, the frictional resis-
tance of the silica powder, when under water, was much lower than
that of the mixture of sand and beeswax microspheres. Because the
models were so large, we did not impregnate them with a gelatine
solution. Instead, we wet them with water, cut serial cross-sections
(every 2 cm) with a knife, and made a panoramic image of each
section, using a sequence of overlapping photographs (Figs. 4
and 9).

As before, we used vertical wells, to measure the pressure in the
model. To record the temperature, we used thermocouples, but in
three positions at the base of the model: (1) at the centre; (2) at
20 cm from the edge; and (3) at the edge. The aim was to check for
horizontal thermal gradients during the experiments.

4.2. Results of experiments

So far, we have done 8 experiments with this new apparatus,
under conditions of (1) no ‘tectonic’ deformation or (2) horizontal
shortening (compressional deformation). In what follows, we will
describe one example from each context, giving particular atten-
tion to Experiment 4, for which we used a gOcad 3D modeller to
define the shapes of layers and wax bodies.

4.2.1. No tectonic deformation

Of the experiments that we did under static conditions (no
applied horizontal deformation), Experiment 4 was the one that
yielded the most data. To estimate the pore fluid pressure, we
recorded the hydrostatic head in five wells, which penetrated both
source layers to different depths (every 0.5 cm, from the base to the
top; Fig. 3). To record the temperature, we placed thermocouples at
3 different horizontal positions along the base of the model. About
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=450 min

Figure 3. Photographs of top surface, Experiment 4 — Series II, (A) before deformation (t = 0) and (B) after 450 min. Five vertical glass tubes (A, top) are for measuring pore fluid
pressure (every 5 cm, from bottom to top of source layer). After deformation (B), wax migrated into central horizontal hydraulic fracture, uplifting surface of model. Runnels, visible
at the surface, formed by runoff of water during submerging of the model and do not have any effects at depth.

Section 16
at 36 cm -

= I R e

Section 17

Section 20
at 44 cm

Section 21
at 46 cm

Figure 4. Selection of 8 full-length serial cross-sections, Experiment 4 — Series II (no applied horizontal deformation). For number and position of each section, see key (top left). Wax
has migrated upward (and laterally) through pore space, from basal blue source layer and into open horizontal hydraulic fractures, forming sills (white) upon solidifying. At centre of
model, sills are most numerous and thick within yellow layer; whereas, near edges of model, some sills are visible in blue basal source layer. Large bulges at top of model are above thick
sills within source layers. Scale bar is 7 cm long. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Figure 5. Three views of 3-D model, Experiment 4 — Series II. A. Oblique view of upper surface of layer L1. Colours and contours indicate altitudes (see key at bottom right). Notice
central depression (red or green colours) and surrounding bulges (blue, pink or white). B. Similar view of upper surface, layer L2, showing central bulge (white). C. Cross-section of
centre of model and adjacent views of three upper surfaces (layers L1 to L3). Large wax body (tan, with white contour) is immediately beneath bulges (at top L2 and top L3) and at
centre of annular lateral depression (at top L3). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

200 min from the beginning of heating, a central bulge appeared at
the surface. The visibility was even greater after drying the model,
because this avoided the optical distortions due to the water, which
initially covered the model. Surrounding the central bulge was a
local depression of the top surface (Fig. 3B). Other bulges, similar in
shape but smaller, formed a circular pattern around the centre of
the model, at about 20 cm from its edges. These structures were
discernable, in part at the surface, but more so on cross-sections
and in the 3D model (Figs. 6 and 7). Also visible at the surface
were some shallow runnels, which formed during the progressive
wetting of the model (Fig. 3). However, these did not have any ef-
fects at depth.

The temperature data revealed a horizontal thermal gradient
within the model, which stabilized at about 0.6 °C/cm during much
of the experiment. We attribute this gradient to loss of heat by
conduction through the sidewalls of the box and/or radiation from
their outer surfaces. After melting of the wax, the hydrostatic heads
in the glass tubes increased (to 2 mm), but then they appeared to
stop. We suspect that this may have been due to wax, which
penetrated the tubes when molten and then solidified.

At the end of the experiment, serial cross-sections of the entire
model (every 2 cm) revealed many sills of wax (white, Fig. 4). The
thickest and widest formed in the yellow source layer, in the central
part of the model, but thinner and smaller sills formed in both the
blue and yellow layers.

Another change was in the thickness of the basal blue layer. A
wide depression formed at the centre of the model, beneath the
main wax sill. Local irregularities in the thickness of the yellow

layer also developed, but mainly during submerging of the model,
when water penetrated the mixture of silica powder and beeswax
microspheres.

4.2.11. 3D reconstruction of model, experiment 4. The cross-
sections yielded only sparse information on the three-
dimensional shapes of layers and wax bodies. Unfortunately, on
trying to cut sections at a closer spacing, we found that the inter-
vening slabs tended to deform. Thus, for Experiment 4 (which
involved no overall horizontal shortening), we decided instead to
use a numerical method (gOcad 3D geomodeller; Mallet, 2002), to
reconstruct the shapes of the layer interfaces and to calculate the
volumes of wax bodies and layers (see Appendix for method).

According to the results of this gOcad modelling, the layers
developed topographic bulges and depressions, which formed a
broadly axisymmetric pattern about the centre of the model. We
attribute this pattern to the thermal gradient, acting horizontally
across the model. The upper surface of layer L1 (5A) had a central
depression (20 cm wide, 2 mm deep) and a surrounding ring of
minor bulges (2 mm high); whereas the upper surfaces of layers L2
(Fig. 5B) and L3 (Fig. 5C) had central bulges (13 cm wide, 9 mm
high), as well as surrounding inner rings of depressions (2 mm
deep) and outer rings of bulges (2 mm high).

Sectioning and 3D modelling also revealed a large number of
wax bodies in the model. About 750 of these bodies were small
(only a few mm wide), whereas about 65 of them were larger (more
than 10 mm wide) and had shapes like magmatic sills. The latter
formed only in layers L1 and L2. In L1, a few sills were at the base,
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Figure 6. Three views of main wax body, Experiment 4 — Series Il. A. Oblique photograph of upper surface and cross sections, after removal of surrounding silica powder. In its
original position, base of body was gently dipping (see Fig. 6C). B. Oblique view (3D model) after gOcad reconstruction (model 1, small parts disconnected, see Appendix). By
comparison with A, notice that many second-order deflections are missing. C. New cross-section of entire model (including layer boundaries). For line of section, see B. Main wax
body appears to root locally into top of layer L1 (centre right) and to spread elsewhere within layer L2 (as in true sections, Fig. 4).

reflecting local melting, but most of them were close to the top.
Some of them developed within L1, inducing bulges at the top of
that layer. Other sills were larger and developed, partly at the top of
L1, but more so within L2. Beneath them depressions formed (at the
top of L1), whereas above them bulges formed (at the tops of both
L2 and L3). This was particularly true in the centre of the model,
where a large wax body (130 x 150 x 20 mm; Fig. 6) developed.

4.2.1.2. Calculation of volumes. The layers in the model underwent
changes in volume (Table 2A), as a result of two main processes: (1)
vertical compaction, during submersion under water, and (2)
migration and intrusion of wax and consequent deformation.

For layer L3, which contained no original wax microspheres and
was not subject to intrusion by wax, the volume change (ca. 20%,
Table 2A) was due to compaction during wetting. In contrast, for
each of layers L1 and L2, volume changes were due to compaction,
intrusion, or both. However, on considering both layers (L1 and L2)
together, the wax remained within the system. Thus the overall
volume change was due to compaction only. However its value
(1.4%, Table 2A) was significantly smaller than for layer L3. A
possible explanation is that the density of the wax (ca. 0.95 g/cm?)
was smaller than that of water, so that its buoyancy impeded
compaction.

On removing the effects of compaction from layers L1 and L2
(assuming an even distribution within each layer), it is possible to
estimate the volume changes, due to migration and intrusion of
wax. According to the results, layer L1 lost about 500 cm? of wax,
whereas L2 gained the same amount (Table 2B). Alternatively, 3D
modelling, using the gOcad 3D modeller, yields the total volumes of
wax bodies in each layer (Table 2C). We have investigated two such
3D models, which assume different degrees of connectivity be-
tween cross-sections (see Appendix). The first model, which as-
sumes no connectivity, yields a total volume of 500 cm? (215 cm? in

L1 and 285 cm? in L2); whereas the second model, which assumes
connectivity, yields a larger total volume of 810 cm? (380 cm? in L1
and 430 cm? in L2). The difference in results between the two
models reflects the difficulty of reconstructing complex objects
from cross-sections alone. Taking into account the uncertainties in
calculating volumes (ca. 150 cm?>, see Appendix), the volumes of
wax bodies for both models (Table 2C) are comparable to the vol-
ume changes estimated from the gOcad modelling for layers L1 and
L2 (Table 2B).

Finally, amongst the wax bodies, we may distinguish those that
we consider as “intrusive” from those that were not. Most of the
small wax bodies developed within L1 resulted from in-situ
melting of one or more microspheres and were therefore not
intrusive. In contrast, larger bodies resulted from migration of
molten wax. Conservatively, we consider as intrusive those wax
bodies that traversed the interface between the two layers, L1 and
L2, or those in L1 that led to bulging at the top of the layer. We have
chosen not to list or illustrate these intrusive bodies, because they
number as many as 100. However, on taking them into account,
Model 2, which assumes connectivity between the wax bodies
visible in the sections and thereby predicts a total intrusive volume
of 550 + 50 cm? (Table 2C), would appear to be more realistic than
Model 1.

4.2.1.3. Interpretation. Wax bodies within layer L1 produced over-
lying bulges, which were visible at the end of the experiment. In
contrast, bodies that developed within both layers (L1 and L2)
produced depressions at the top of L1 and bulges at the top of L2,
these structures resulting from intrusion. For L2, the similarity
(within the range of uncertainty), between (1) the volume change
of the entire layer and (2) the volumes of wax bodies, supports the
idea that those bodies were mainly intrusive and that they derived
from the melting of wax in layer L1 (where the temperature was
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t=170 min

Figure 7. Photographs of top surface, Experiment 5 — Series II (compressional deformation), before deformation (A, t = 0) and at two later stages (B, t = 30 min; C, t = 170 min).
Before melting of wax and consequent generation of fluid overpressure (until t = 30 min, B), compressional deformation resulted in formation of a high-angle prism, next to piston
and deformation front was straight. Subsequently the deformation front migrated more rapidly away from piston and began to curve, migrating fastest in centre of model, where

temperature was highest (see text for details).

hotter) and its subsequent migration. This happened especially, but
not only, in the centre of the model. Local intrusion resulted in
deflation of layer L1 (and a resulting depression at its top), together
with inflation of layer L2 (and a bulge at its top), as previously
mentioned.

Finally, from the results it is possible to derive the fraction of
melt. Assuming (1) a volume of intrusion of 550 + 50 cm?, (2) that
this originated mainly in layer L1, (3) an initial porosity of 30% for
layer L1 (neglecting compaction), and (4) an initial wax content of
50% for layer L1, we calculate that the melt fraction was between 25
and 30%. However, because it is likely that some of the intrusive
wax originated also in layer L2, a melt fraction of 25% would appear
to be more realistic.

4.2.2. Compressional deformation

In Experiment 5 (Series II), a piston caused horizontal short-
ening of the model. This was the first experiment of the kind that
we performed in the large box. So as not to disturb the model, we
avoided using vertical wells to measure the pore fluid pressure. The
aim of the experiment was to observe the effects of the generation
of overpressure in a source material on the development of folds
and thrusts. Thus we activated the piston at the beginning of
heating. During the first hour of the experiment, the temperature at

the base of the model did not exceed the melting point of wax
(~62—64 °C) and shortening resulted in the formation of a high-
angle wedge (next to the piston), which contained a series of fore
thrusts and a single back thrust (Fig. 7B). At this stage, the struc-
tures had relatively straight traces. However, after one hour of
experiment, once melting had occurred, the style of deformation
began to change. In the central part of the model, the deformation
front migrated very quickly, away from the piston, and it also began
to curve. By the end of the experiment (after 170 min), the curva-
ture was greater than one might expect as a result of boundary
friction alone (Fig. 7C).

After deformation, serial cross-sections of the model revealed
that the high-angle wedge, which had formed near the piston
during the earliest stages of the experiment, was thick-skinned, in
the sense that it involved all the layers in the model, including the
basal layer of black sand (Fig. 8). The wedge contained a major back
thrust and several steep fore thrusts. Toward the centre of the
model, thrusts were less steep. They were also thin-skinned, in that
they affected, not so much the basal black layer, as the source layers
(yellow and blue) or the overburden (white). The gently dipping
thrusts detached at the base of the yellow source layer (Fig. 8).
Within that same layer, some small gently dipping wax lenses
appeared (Figs 8 and 9B). We infer that they formed by hydraulic
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Figure 8. Selection of 8 full-length serial cross-sections (13—22), Experiment 5 — Series II (compressional deformation). Piston (at left) has moved inward (to right). From bottom to
top, black layer is of sand, yellow and blue layers are source layers (equal initial volumes of wax microspheres and of silica powder); and white layer is of pure silica powder. Near
piston (left) fore thrusts and back thrusts (thick-skinned deformation) were responsible for formation of a high-angle wedge, affecting all layers; whereas further away (right),
deformation was thin-skinned, above detachment at base of yellow layer, producing low-angle wedge in uppermost three layers. Thrust offsets decreased away from piston. Some
imbricate zones formed in source layers. Small wax bodies (white) also formed, especially in yellow layer. Scale bar (bottom right) is 7 cm long. (For interpretation of the references

to colour in this figure legend, the reader is referred to the web version of this article.)

fracturing during thrust development (top to right, Fig. 9B). These
results were reproducible.

4.3. Conclusions for experiments in the large apparatus (Series II)

In the larger apparatus, edge effects were less widespread than
they were in the smaller apparatus. Furthermore, the deformation
was easier to study. However, wax bodies formed widely
throughout the models. As for the experiments in the smaller
apparatus, we infer that the melting of wax (and so the generation
of more liquid) led to load transfer from the solid framework to the
pore fluid. Under the resulting overpressure gradient, the wax
migrated through pore space. Some of it filled the horizontal hy-
draulic fractures, as they opened. Then the wax solidified, upon
cooling. In Experiment 4 (no applied horizontal deformation), the
horizontal hydraulic fractures clearly opened in tensile mode,
locally uplifting parts of the blue source layer (Fig. 9A).

The gOcad 3-D geomodeller allowed us to define shapes and to
estimate volumes, on the basis of sections alone. It therefore helped
us to understand (1) the migration of fluid from areas of generation
to ‘reservoirs’ and (2) the distribution of compaction. In our ex-
periments, wax appeared to have migrated from the basal warmest
area, at the centre of the model, to colder areas above and at the
sides. Thus the 3D model has revealed both vertical and lateral
migration of wax.

In experiments where a piston caused horizontal shortening
(compressional deformation) of a model, the deformation was
thick-skinned before the melting of wax, but changed to thin-
skinned during the melting of wax and the development of fluid
overpressure. Thrusts propagated into the model by detaching at
the base of the source layers and the deformation front became
strongly curved (Fig. 9B). We infer that detachment was easier in
the centre of the model, because there the temperatures were
higher and so was the overpressure.

5. Discussion

Most previous physical modelling of the structural effects of
overpressure in sedimentary basins made use of external fluid in-
jectors (Cobbold et al., 2001; Mourgues and Cobbold, 2003;
Cobbold and Rodrigues, 2007). In contrast, in our experiments, an
overpressured fluid arose by transformation from a solid to a liquid
phase (in fact, by melting). For this purpose, following Lemrabott
and Cobbold (2010), we used microspheres of beeswax.

In all experiments where source layers were present, we
observed the development of fluid overpressure and hydraulic
fracturing within them. In contrast, when no source layers were
present, no fluid overpressure or hydraulic fractures developed. In
other words, it was the production of liquid wax (from solid wax),
which led to the generation of fluid overpressure and hydraulic
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Figure 9. Close-up views of two models, illustrating structural details. A. Central part of cross-section number 16, Experiment 4 — Series Il (no applied horizontal deformation).
Main wax sill (white) is clearly visible (centre) and attests to tensile opening (arrows) of horizontal hydraulic fracture. Upward bulging of white and yellow layers corresponds to
opening of fracture. Basal blue layer has compacted, due to collapse of solid framework, as wax melted and migrated upwards. However, area of compaction is wider than length of
main wax body. B. Part of model near piston, after horizontal shortening (Experiment 5 — Series II). Deformation is thick-skinned, near piston (left) and thin-skinned, away from
piston (right). Flat-lying detachment is visible at base of yellow source layer. This layer also contains an imbricate thrust zone and several gently dipping wax bodies, which we
interpret as having formed during horizontal simple shear (top to right). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)

fracturing in our models. During melting, the volume change did
not exceed 15% and this was not enough to explain the supra-
lithostatic overpressure. However, the melting led to collapse of
the solid load-supporting framework and therefore, inevitably, to
load transfer from the overburden to the fluid, this process being
mechanically analogous to chemical compaction (Swarbrick et al.,
2002). Finally, the overpressure gradient was enough to initiate
hydraulic fractures, which filled with liquid wax.

In those experiments, for which we also imposed a compres-
sional deformation, some hydraulic fractures formed and filled
with molten wax. However, the main features were faults. Before
any overpressure developed, the deformation was thick-skinned
and produced a high-angle wedge, containing fore thrusts and
back thrusts; whereas, when melting started, the deformation

Table 2
Data for Experiment 4 — Series Il (according to gOcad 3D modeller). A. Compaction
data. B. Volume changes. C. Volumes of wax bodies.

A. Compaction data for Experiment 4 — Series Il

Layer Initial wax Intrusion Initial Final volume, cm® Compaction, %

or melting volume, cm?

L3 No No 8662 6944 19.8
L1 + L2 Yes Yes 11550 11394 14

B. Volume changes in Experiment 4 — Series Il

Layer Initial Volume after Final volume, cm®>  Volume
volume, cm®>  compaction, cm® change, cm®

L2 5775 5697 6201 +504 (gain)

L1 5775 5697 5193 —504 (loss)

C. Volumes of wax bodies in Experiment 4 — Series II

Total volume, cm? Volume in L1, cm? Volume in L2, cm?

Model 1 500 215 285
Model 2 810 380 430

became thin-skinned, above detachments in the source layers (and
not the underlying black layer), leading to the formation of a low-
angle wedge. Analogous features are visible in the Magallanes—
Austral Basin, where Zanella et al. (2013) have found bedding-
parallel veins of fibrous calcite (beef), due to hydraulic fracturing,
as well as thrust detachments, all within mature source rock of
Early Cretaceous age, lying upon Jurassic volcanic rocks or Palae-
ozoic basement.

In the future, we anticipate that it will useful to model what
happens in other tectonic contexts (such as strike-slip). It will also
be important to study in more detail the mechanical properties of
the various materials used in the experiments, especially when the
amount of pore fluid increases and intrusion becomes significant.

6. Conclusions

In sedimentary basins worldwide, abnormally high values of
pore fluid pressure are common within mature source rock. This
phenomenon is probably the result of chemical compaction and
increases in volume during hydrocarbon generation. To investigate
processes of chemical compaction, overpressure development and
hydraulic fracturing, we have used physical models, which are able
to generate a fluid from solid particles (beeswax microspheres)
within a closed system. In our experiments, it was the trans-
formation, from solid wax to liquid wax, which led to internal
compaction, overpressure development and hydraulic fracturing,
all within a physical model of a source rock. In experiments where
the piston was static, rapid melting led to vertical compaction of the
source layer, under the weight of overburden, and to high fluid
overpressure (lithostatic or greater). Cross-sections of the models,
after cooling, revealed that molten wax had migrated through pore
space and into open hydraulic fractures (sills). Under conditions of
horizontal shortening and compressional deformation, sills also
formed. However, these were thicker than in static models and
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some of them were subject to folding or faulting. For experiments,
in which horizontal shortening started, before the wax had melted,
overpressure development had a large effect on the style and speed
of propagation of thrusting, which changed from thick-skinned to
thin-skinned, above detachments within the source layers. Ac-
cording to our measurements of overpressure, load transfer was the
main mechanism of overpressure development, but volume
changes also contributed, producing supra-lithostatic overpressure
and therefore tensile failure of the mixture.

Acknowledgements

We are grateful to Statoil for funding the PhD project of Alain
Zanella. Jean-Jacques Kermarrec, Ingénieur d’études au CNRS, and
Pascal Roland, technician at the University of Rennes 1, helped to
build the first apparatus. Alain Zanella thanks the engineers and
technicians of the Centre Commun de Mécanique, Institut National
des Sciences Appliquées (INSA) de Rennes, especially Patrick
Weber, for their professional and technical help in designing and
building the new apparatus.

Appendix. gOcad 3D modelling
The gOcad 3D modeller and the available data

We used the gOcad 3D numerical modeller (Mallet, 2002) to
reconstruct the shapes of layer boundaries and to estimate the
volumes of intrusive bodies and layers. GOcad modelling is a purely
geometrical form of computer-assisted design, which provides a
discrete representation of geological objects in terms of regular
meshes (grids) or irregular meshes (polygonal curves, triangulated
surfaces, or tetrahedralized solids; Mallet, 2002). Triangulated
surfaces appeared to be particularly relevant for representing
closed surfaces, such as those of the wax bodies. The 3D recon-
struction of geological structures from the data is by Discrete
Smooth Interpolation (DSI; Mallet, 1992, 2002).

For our purposes, we digitized the contours of objects on the 29
cross sections of Experiment 4, imported the data into gOcad and
removed the optical distortions that were due to photography.
Cross-sections lie in the X-Z plane, so that the Y axis is normal to
them. The modelling yielded two kinds of polygonal lines, (1) open
lines, representing the interfaces between the main layers, and (2)
closed lines, representing molten wax bodies.

3D modelling process

Reconstructing a surface from cross-sections alone is a common
need, for example in geological or bio-medical imaging (Boissonnat
and Memari, 2007; Liu et al., 2008). When building 3D objects from
2D sections, two potential problems arise. First, the sections imply
data anisotropy, more information being available along the sec-
tions than transversely. To reduce this problem, we smoothed the
data and this implied a choice of smoothing parameters. Second,
the reconstruction of 3D shapes from cross-sections requires cor-
relation from one section to another. This is more difficult for
bodies that are small, in comparison with the spacing of sections
(the “cut section effects” of Higgins, 2000). The dimensions of the
bodies, as visible on sections, may not be representative of their
true sizes in three dimensions and the sections are more likely to
intersect small bodies than large ones, because the latter are more
numerous. Therefore, we adopted the following procedure.

1. To reconstruct the layer boundaries, we used Discrete Smooth
Interpolation, so obtaining continuous triangulated surfaces
from the sections.

2. For the wax bodies, we used an implicit method (Frank et al.,
2007), which is robust and able to handle arbitrary shapes
(e.g. holes or bifurcations). An implicit method reconstructs a
surface from an equipotential of a 3D implicit scalar function. In
general, this function is obtained from the data by interpolation
on a 3D grid (see review by Frank et al., 2007). In our application
of this method, we interpolated the implicit function on a 3-D
grid with corner-point hexahedral cells, using the DSI method.
Then, we extracted triangulated surfaces, corresponding to wax
bodies, as isovalues of the 3D grid. Because hexahedral grids
have limited adaptativity, we improved the fit of the obtained
surfaces to the wax contours, using the DSI method.

3. In order to estimate the degree of connection of the wax bodies,
we tried 2 end-member models, using implicit methods. The
first model reconstructs only the largest wax bodies, for which
connections are clear. For small bodies the model estimates
volumes, assuming that they are separate ellipsoids. This first
model clearly underestimates the total volume of wax bodies.
Thus we tried a second model, which includes contours for all
wax bodies. This model tends to result in more connections
between small bodies and therefore yields a larger estimate for
the total volume of wax bodies.
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Dans ce travail de these, nous avons démontré I’importance des surpressions de fluides
et de la fracturation hydraulique dans les bassins sédimentaires, en particulier dans les roches
meéres d’hydrocarbures, au moyen d’études de terrain et de la modélisation analogique. Pour
ceci, nous avons étudié des veines fibreuses paralleles a la stratification de la roche (beef) et
des veines de bitume. Ces deux objets géologiques matérialisent en effet les fractures
hydrauliques d’une roche qui se sont développées en contexte de surpression de fluides.

Par une étude de grande échelle, menée essentiellement sur les évidences de veines
fibreuses paralleles a la stratification de la roche (beef), nous avons illustré la grande étendue
des processus de surpression de fluides et de fracturation hydraulique dans les bassins
sédimentaires. Ainsi, nous montrons que les composants majeurs de ces veines minéralisées
sont le gypse, la calcite ou le quartz. Cependant, quelques minéraux plus accessoires peuvent
se retrouver dans ces veines comme I’or, I’émeraude ou I’uranium par exemple. La
composition des beef est essentiellement due a la disponibilité des éléments chimiques
disséminés a proximité ou au sein méme de la roche encaissante. Ainsi, dans les roches
carbonatées les beef sont constitués essentiellement de calcite. Mais ceci ne semble pas étre le
seul facteur. La température du fluide qui circule dans les roches est également un parameétre
important. En effet, les températures de formation des trois différents constituants majeurs du
beef sont différentes : jusqu’a 60°C pour le gypse ; de 70°C a 120°C pour la calcite ; et de
200°C a 350°C pour le quartz.

Afin de mieux comprendre la formation des fractures hydrauliques, nous avons
également étudié trois bassins sédimentaires différents. Dans le cas du bassin du Wessex, en
Angleterre du sud, nous avons pu mettre en évidence que le beef était beaucoup plus répandu
que ce qui était déja documenté dans la littérature. En effet, nous avons observé qu’il était
présent dans de nombreuses formations argileuses de la série sédimentaire mésozoique, et
plus particulierement dans, ou aux alentours, des trois roches meres potentielles du bassin. La
présence d’hydrocarbures dans le beef montre qu’il existe une synchronicité entre la
migration des hydrocarbures et la formation du beef. Concernant le timing de formation de ce
dernier, nous proposons que ces deux phénomeénes aient lieu en méme temps durant la
réactivation en inversion du bassin. En effet, nous avons constaté que les filons de beef étaient

structuralement synchrones de la déformation compressive. Plus précisément, et en nous
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appuyant sur les données déja publiées, nous envisageons que ces phénomenes soient d’age
Tertiaire.

L’étude du nord du bassin de Neuquén, dans la Province de Mendoza en Argentine,
nous a permis d’appréhender le développement des surpressions de fluides et de la
fracturation hydraulique dans le contexte d’un bassin sédimentaire d’avant-pays. Dans cette
partie du bassin, les veines de bitume et de beef constituent deux évidences de surpression de
fluides et de fracturation hydraulique. Bien que d’échelles complétement différentes, ces
objets géologiques sont régis par les mémes processus de mise en place. En effet méme si les
veines de bitume dérivent de la maturation de la matiére organique et le beef de la
cristallisation d’un fluide aqueux, tous deux se sont mis en place dans un contexte de
surpression de fluides. A partir des fragments de bitume se retrouvant dans le beef, nous
avons pu déterminer que les deux événements de génération étaient synchrones. Beef et
bitume se sont formés pendant la tectonique compressive du bassin. Nous avons également pu
mettre en avant une particularité dans le nord du bassin de Neuquén : le volcanisme. En effet,
cette région est trés affectée par ce dernier et nous montrons qu’il semble exister une
corrélation entre les emplacements des veines de bitume et la position des roches volcanigues.
Dans cette région, la maturation de la matiere est probablement favorisée par la chaleur
apportée lors des évenements volcaniques. Nous avons daté le volcanisme par la méthode
OAr/Ar et obtenu des ages Miocéne moyen (de 14 & 9,5 Ma). D’aprés les arguments
structuraux, nous envisageons une mise en place des veines de bitume et de beef au Miocéne.

Dans le dernier cas d’étude, nous nous sommes intéressés au bassin de Magellan, se
situant entre I’Argentine et le Chili. Dans ce bassin, la composition de beef est fonction du
degré de maturité de la roche mere. Les filons de beef sont principalement constitués de
calcite et contiennent des hydrocarbures. Cependant, dans les zones ou la roche mere est
surmature, les filons sont constitués de quartz et sont dépourvus d’hydrocarbures. Nous
montrons aussi que le style de déformation dans le bassin est contrélé par la géneration des
hydrocarbures. En effet, les décollements sont nombreux dans ce bassin et apparaissent a la
base de la roche meére. Les décollements se propagent en chevauchement, ce qui amene la
roche mere a la surface. C’est en particulier dans ces zones déformées que le beef est présent.
Au regard de cette étude, nous pensons donc que la génération d’hydrocarbures a conduit a la
génération de surpression de fluides, ce qui a favorisé la mise en place des décollements a la
base de la roche mére.
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Lors de ce travail nous avons également développé la modélisation analogique, afin de
mieux comprendre les mécanismes de génération des surpressions de fluides et de la
fracturation hydraulique. Nous avons donc construit un appareillage permettant d’étudier les
surpressions de fluides et la fracturation hydraulique sans aucun systeme d’injection de fluide.
Dans ce nouveau dispositif c’est la transformation d’un solide en liquide qui généere notre
fluide, le tout ce faisant sous eau. Pour ceci, nous avons utilisé les mémes matériaux que
Lemrabott et Cobbold 2010, a savoir de la poudre de silice (matériau faiblement perméable)
et des microbilles de cire d’abeille. Dans nos modeles, la transformation de solide a liquide de
la cire d’abeille permet d’obtenir des pressions de fluide équivalentes au moins a la pression
lithostatique. En I’absence de contraintes horizontales externes, des fractures hydrauliques
horizontales remplies de cire se sont formées au cours des expériences. Ainsi par un processus
analogue a la compaction chimique, nous montrons qu’il est possible d’obtenir de tres fortes
surpressions de fluides (équivalentes a la valeur lithostatique) au sein méme du matériau qui
génere le fluide. Dans les expériences ou nous avons ajouté une déformation compressive,
nous montrons que des décollements se forment a la base de la couche source, seulement dans
les parties ou la cire d’abeille est en fusion. Nous avons donc constaté que lors de la
génération des surpressions de fluides, la déeformation passe du type thick-skin au type thin-
skin grace aux décollements a la base des couches sources. Ces résultats de modélisation

corroborent les observations de terrain que nous avons faites précédemment.

Ce travail de thése a permis de mettre en évidence le développement de surpression de
fluides durant la génération d’hydrocarbures au sein des roches meéres. Ces surpressions
s’expriment notamment par I’apparition de fractures hydrauliques, matérialisées par le beef
et/ou les veines de bitume dans notre étude. Pour expliquer ces phénoménes, nous pensons
donc que la transformation de solide & liquide de la matiere organique lors la maturation, ainsi
que I’augmentation de volume associé, conduit par un mécanisme de transfert de charge a la

fracturation hydraulique de la roche.

Ce travail a soulevé beaucoup de questions également. L’une d’entre elles attire
particulierement notre attention. Nous avons pu voir qu’a I’intérieur méme des filons de beef
des structures de type cone-in-cone pouvaient étre générées. Ces structures restent sans

réponses aujourd’hui face aux mécanismes qui en sont a leur origine. Nous savons

137



Conclusions générales

actuellement que ces structures sont délimitées par des fines couches d’argiles, qui semblent
avoir été déformées lors de la croissance des fibres de calcite et donc au cours de I’ouverture
de la veine. Mais celles-ci ne sont pas toujours présentes dans le beef. Dans une étude future,
il serait intéressant de déterminer la cause de la formation des cone-in-cone. En effet, nous
pensons que ces derniers peuvent nous renseigner d’avantage sur la propagation des

surpressions de fluides au sein des roches meres.
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