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RESUMEN

Los intrusivos ígneos juegan un papel importante en la maduración, migración y entrampamiento 
de hidrocarburos. La Cuenca Neuquina, por ejemplo, alberga varios yacimientos productores de 
hidrocarburos que están directamente asociados a estas rocas. La última década de investigación 
se concentró en el impacto térmico de estas intrusiones. Esta contribución tiene como objetivo 
demostrar que los intrusivos también tienen impacto estructural significativo a diferentes escalas 
en las secuencias sedimentarias donde se emplazan, con implicancias de primer orden para el 
flujo y entrampamiento de fluidos, utilizando ejemplos de la Cuenca Neuquina. En primer lugar, a 
pequeña escala, el emplazamiento del magma produce la fractura y daño de las rocas de caja. 
Se presentarán observaciones estructurales detalladas de campo de filones expuestos en Las 
Loicas. Allí, tanto los filones como las estructuras en la roca de caja se pueden mapear en detalle, 
destacándose cómo las fracturas y el daño están controlados por la forma de las intrusiones, 
es decir, steps y puntas. Estas observaciones están respaldadas por modelos de laboratorio 
bidimensionales cuantitativos del emplazamiento del magma en la corteza frágil. En segundo 
lugar, a gran escala, el emplazamiento de intrusiones tabulares como filones y lacolitos provocan 
el domamiento de las capas suprayacentes: si el domo es suave, la estructura puede ser una 
buena trampa, mientras que un domo más prominente puede conducir a fallamiento y, por lo 
tanto, a la fuga de fluidos o  desarrollo de un yacimiento fracturado. Se presentarán los resultados 
del estudio del lacolito Pampa Amarilla, y se mostrará cómo la integración de observaciones de 
campo, datos de pozos y sísmica es crucial para una caracterización estructural adecuada del 
domo inducido por el lacolito. Además, los modelos de laboratorio de emplazamiento de magma 
muestran cómo la forma de la intrusión controla el estilo estructural del domo asociado. Finalmente, 
la deformación frágil dentro de las rocas ígneas asociada a su emplazamiento, también puede 
desempeñar un papel fundamental en la migración de fluidos. Se reportarán observaciones 
de campo del Cerro Alquitrán (domo andesítico), en cuyo borde se observa un manadero de 
petróleo. El mapeo de campo muestra que la migración del petróleo está controlada por brechas 
y bandas de fractura que resultan de la deformación frágil del magma durante su emplazamiento. 
Estos estudios integrados de campo y modelado muestran que una comprensión profunda de las 
implicancias estructurales de las intrusiones ígneas es crucial para la evaluación de los sistemas 
petroleros en cuencas volcánicas.
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INTRODUCTION

Igneous intrusions emplaced in sedimentary basins play a major role for hydrocarbon 

maturation, migration and trap (Senger et al. 2017, and references therein). The main known 

effects of igneous intrusions petroleum systems are: (1) increasing thermal maturity of organic-

rich host rocks and stimulating hydrocarbon generation, (2) inducing fractures in response to the 

circulation of over-pressurized, hydrothermal fluids, which can act as migration pathways for fluid 

flow, (3) forming hydrothermal vents systems that can release these fluids to the atmosphere, and 

(4) forming structures induced by the emplacement process, such as forced-folds, that can act as 

hydrocarbon traps. 

The Neuquén basin hosts several producing oil and gas fields that are directly associated with 

subsurface igneous intrusions (González and Aragón 2000; Comeron et al. 2002; Bermúdez and 

Delpino 2008; Rodriguez Monreal et al. 2009; Witte et al. 2012; Schiuma and Llambías 2014; 

Fuentes et al. 2016; de la Cal et al. 2018; Spacapan et al. 2020). Hydrocarbon fields in other 

Argentinian basins also appear to be affected by igneous intrusions (Plazibat et al. 2019). The last 

decade of research has mostly focused on the thermal impacts of igneous intrusions, especially the 

contact metamorphism induced by sills emplaced in organic-rich shale formations (Spacapan et al. 

2018). However, recent research also highlights the first-order structural implications of igneous 

intrusions on fluid flow, and in particular on hydrocarbon systems, at different scales. The aim 

of this contribution is to provide a brief multidisciplinary review of our understanding of the 

structural impacts of igneous intrusions on petroleum systems (Fig. 1).

This review paper is organized in the following structure:

-	 In a first section, we describe small-scale (tip-scale) structural impacts of igneous intrusions 

on the surrounding sedimentary rock formations.

-	 In a second section, we describe large-scale (intrusion-scale) structural impacts of igneous 

intrusions on the surrounding sedimentary rock formations.

-	 In a third section, we describe how structures within igneous intrusions play a major role 

on fluid flow.

-	 Finally, in a fourth section, we list the fracturing processes that develop in igneous complexes 

emplaced in organic-rich shale, both within the intrusions and the metamorphic aureoles.

SMALL-SCALE STRUCTURAL IMPACTS OF IGNEOUS INTRUSIONS

Magma propagates in a forceful manner, such that magma propagations occurs by damaging 

and failing the host rock (Fig. 1A). This process is expected to produce numerous fractures and 

structures in the near vicinity of igneous intrusions, which can have significant impacts on fluid 

flow. Understanding the distribution, density and connectivity of these small-scale structures, and 
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their fluid flow implications, require a solid knowledge of the propagation mechanisms of the 

intrusion.

Igneous sheet and tabular intrusions, such as dykes, sills and laccoliths, are the most 

fundamental igneous bodies observed in sedimentary basins (Petford et al. 2000; Cartwright 

and Hansen 2006; Magee et al. 2016; Galland et al. 2018). In particular, the last two decades 

of research have highlighted that voluminous sill complexes accommodate extensive lateral and 

vertical magma transport and emplacement in sedimentary basins worldwide (Magee et al. 2016; 

Galland et al. 2018). Most mechanical models of sill emplacement consider sills and laccoliths 

Figure 1. Examples illustrating the structural implications of igneous intrusions 
on their host rock. A. Schematic drawing of igneous sill and mechanical impli-
cations on sedimentary host rock. Intrusion-scale doming, or forced folds, can 
be hydrocarbon traps, whereas small-scale fractures and damage can be fluid 
pathways. B. Schematic drawing of various degrees of overburden deformation 
associated thin sills, domes laccoliths and punched laccoliths. Modified from 
Delpino et al. (2014). C. 3D seismic block of the Tulipan sill and the associated 
structures in its overburden, Møre Basin, offshore Norway. From Schmiedel et 
al. (2017b).
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as continuous igneous sheets, emplacing and propagating as hydraulic fractures (Pollard 1973; 

Bunger and Cruden 2011; Galland and Scheibert 2013). These models assume that the host 

rock behaves as a purely elastic medium, and that there is a single peripheral propagating edge. 

However, in many basins, igneous sills are preferentially emplaced into formations of certain 

lithologies, often shale (Rossello et al. 2002; Rodriguez Monreal et al. 2009; Witte et al. 2012; 

Spacapan et al. 2018), which exhibit inelastic behaviours (Pollard et al. 1975; Schofield et al. 2012; 

Wilson et al. 2016; Spacapan et al. 2017). This strongly questions the applicability of the purely 

elastic models to address the emplacement of sills in weak rock formations, particularly in shale 

(Scheibert et al. 2017). Addressing the structural consequences of igneous intrusions requires (1) 

Figure 2. A. Orthorectified image of outcrop studied at Las Loicas, Mendoza 
province, computed using 126 drone photographs. B. Structural interpretation of 
orthorectified image of A. Faults are indicated as bold black lines. C. Schematic 
3D block diagram (right) and corresponding cross sections (left) drawings of the 
emplacement scenario of the sill and fingers and associated damage at La Loicas, 
Mendoza province. From Galland et al. (2019).
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detailed geological observations from well-exposed intrusions and their host rock, and (2) models 

that account for inelastic properties of the host rock.

Field observations: the Las Loicas (southern Mendoza province) case study

Galland et al. (2019) presented results of detailed structural mapping of an exceptional, easily 

accessible 1-km long outcrop at Las Loicas, located in the Neuquén Basin, Argentina (Figure 2), 

which exhibits a sill composed of a string of igneous fingers, their contacts and the structures in the 

finely layered sedimentary host rock. This outcrop (1) reveals how the host rock accommodates the 

emplacement of the fingers, and (2) provides direct structural evidence of magma flow direction 

through the studied fingers.

The conclusions of Galland et al. (2019)’s study are (see Figure 2): (1) The sill is made of 

segments emplaced at distinct stratigraphic levels. These segments subsequently grew, either 

inflating to distinct fingers, or coalescing to a stepped sill. (2) Sharp vertical contacts between 

fingers could incorrectly be interpreted as tectonic fault offsets, however Galland et al. (2019) 

demonstrate that they are in fact primary emplacement features and result from the coalescence of 

fingers. (3) The segmented nature of the intrusion shows that its overall sheet shape does not result 

from the emplacement of a single sheet, as assumed by most models, but from the coalescence 

of fingers. (4) The edges of the fingers are blunt and their propagation occurred by pushing aside 

the host rock, leading to intense shortening, rock wedging, and even squeezing of the host rock 

in between the fingers. This shows that the inelastic properties of crustal rocks are of primary 

importance on the emplacement of magma intrusions in the shallow brittle crust. (5) These small-

scale structural observations carried out on a seismic-scale outcrop should considerably aid the 

structural interpretation of seismic imaging of igneous sills, filling the gap between outcrop-scale 

field observations and seismic-scale geophysical data.

2-dimensional laboratory modelling

2D laboratory experiments have been designed to map and quantify the damage induced by 

propagating igneous intrusions (Abdelmalak et al. 2012; Guldstrand et al. submitted). In particular, 

these studies aim at assessing how the host rock’s brittle properties affect damage distribution.

Host rock consists of 4 different mixes of silica flour (SF) and glass microbeads (GB) 

(Guldstrand et al., submitted). These two fine-grained materials fail according to a Mohr-Coulomb 

criterion (Abdelmalak et al. 2016). The GB flour is nearly cohesionless as it collapses under its own 

weight. SF is cohesive when compacted: it does not collapse under its own weight and sustains 

vertical walls (Galland et al. 2006). Abdelmalak et al. (2016) showed that the cohesion of GB/SF 

mixes follows a near linear trend with respect to mixing proportion, so that these mixes allow us 
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to explore the effect of variable cohesion on the modeled processes. The magma analogue was 

glucose syrup (Golden Syrup in Norway) of viscosity ~55 Pa s and density ~1440 kg m-3 at 21°C. 

The experimental setup consists of a thick 2D hele-shaw cell with dimensions 80 cm wide, 50 cm 

high and 3 cm thick (Fig.3). An interchangeable inlet is placed at the bottom of the cell to inject 

the Golden Syrup. The viscous Golden Syrup was put into a syringe, which was then put into 

a syringe pump and connected to the inlet with a T-connector in-between pump and inlet. The 

experiments were done at constant flow rate of 0.5 ml min-1 for all experiments.

The emplacement of the Golden Syrup in the models was observable from the sides through 

the glass plates, and monitored using a DSLR camera. Digital image correlation between successive 

images was implemented to compute displacement maps in the host. Shear strain maps are 

subsequently calculated to highlight the development of small-scale structures associated with the 

propagation of the Golden Syrup, highlighting the incremental evolution of inelastic damage in 

relation to syrup propagation (Fig. 4).

The main conclusions are (see Figure 4): (1) Continuous sheet intrusions form in high-

cohesion hosts, whereas discontinuous finger-shaped intrusions form in low-cohesion hosts; 

(2) In all experiments, inelastic shear damage with, and uplift of, the host accommodate partly 

the emplacement of the model magma; (3) Sheet intrusions in high-cohesion hosts grow 

dominantly by dilation and opening along the entire length of the intrusion. In contrast, finger-

shaped intrusions only thicken near the propagating tip of the intrusion; (4) The propagation 

Figure 3. Drawing of the 2D experimental setup to model magma emplacement in 
the brittle crust. From Guldstrand et al. (submitted).
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Figure 4. Shear strain maps monitored during 2D experiments of magma emplacement. The 
rows show intrusions (black) into mixes of 90/10 (A), 80/20 (B), 50/50 (C) and 0/100 (D). Co-
lumns show experiment photos at an initial, intermediate and late time step. The computed 
shear strain in A and B extends from the intrusion already at depth until ultimately causing 
critical failure of the overburden. C & D show smaller zones of shear associated with the 
intrusion tip. The scale has been adjusted to enhance smaller shear strains at depth. From 
Guldstrand et al. (submitted).

of the fingers’ tips is accommodated by significant shear damage bands, showing that the 

fingers dominantly propagate by pushing their host rock ahead, in agreement with the so-called 

viscous indenter model. Conversely, shear damage is much less prominent near the tip of sheet 

intrusions, which dominantly propagate like fractures; (5) All in all, the experiments shows that 

intrusion-induced damage distribution strongly differs depending on the magma emplacement 

mechanism.
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LARGE-SCALE STRUCTURAL IMPACTS OF IGNEOUS INTRUSIONS

The emplacement of sills and laccoliths leads to the formation of dome-structures (Trude et al. 

2003; Magee et al. 2014; Agirrezabala 2015), which can have tremendous implications for fluid trap 

(Orchuela et al. 2003). The mechanisms controlling magma accumulation and overburden doming, 

and so the resulting structures within the dome, depend to a great extent on the deformation 

mechanism of the overburden (Fig. 1B)(Corry 1988). Assessing whether sill- or laccolith-induced 

domes act as traps, fractured reservoirs or leaks relies on understanding the mechanics of sill and 

laccolith fluid emplacement.

Figure 5. A. Satellite image locating the study area including the Agua Botada block (black solid lines polygon) and surroundings 
main structures (base image is a LANDSAT7+ satellite image (RGB741 band combination)). Black dashed rectangle locates map 
of B. Modified from (Barrionuevo et al. 2019). B. Main geologic units and structures in the Agua Botada area. Modified from 
Barrionuevo et al. (2019). Blue dashed rectangle locates 3D seismic survey used in this study. Black box locates the detailed geo-
logical map of Figure 6. Blue segments locate geological cross sections of Figure 7.

One end-member model of laccolith-induced doming is based on the elastic bending of 

overlying strata, which are considered as a thin, stiff plate (Pollard and Johnson 1973). This model 

end-member is widely implemented, as the mathematical formulation of a thin, stiff bending plate 

is relatively easy. This model end-member formulation is valid only for very shallow laccoliths 

(depth-to-diameter ratio H/D<0.1) with low thickness-to-diameter aspect ratios of the intrusions 
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(T/D<0.02) (Ventsel and Krauthammer 2002). However, most laccoliths documented on Earth do 

not fulfil these geometrical conditions (Corry 1988; Cruden et al. 2018), as most laccoliths exhibit 

higher values of H/D, and some intrusions are almost as thick as they are wide (Jackson and 

Pollard 1990; Rodriguez Monreal et al. 2009; Mattsson et al. 2018). In addition, field observations 

show that significant fracturing and faulting (i.e., inelastic deformation) can accommodate doming 

of laccolith overburdens (Wilson et al. 2016; Mattsson et al. 2018), as accounted for in the end-

member “punched laccolith” model where the overburden lifts up like a rigid piston (Corry 1988; 

Schmiedel et al. 2019). 

Figure 6. A. Geological map of the Pampa 
Amarilla dome (see location in Figure 5) 
showing structural field measurements, 
seismic profiles (see B and C) and geologi-
cal cross sections (Fig. 7). Topography data 
were calculated from photogrammetric dro-
ne surveys. The coordinate system of the 
map is the Campo Inchauspe / Argentina 2 
EPSG:22192. B and C. Examples of seismic 
profiles across the Pampa Amarilla dome 
(see locations on Figure 5) with interpreted 
tops of the Huitrín (orange lines) and Cha-
chao (light blue lines) formations. B. W-E 
profile showing a gently-dipping monocli-
nal structure. A forced fold is located on 
the eastern edge of the profile, where the 
seismic data is incoherent. C. NS profile 
showing a gently-dipping monoclinal struc-
ture to the south and horizontal layering to 
the north. A forced fold occurs in the midd-
le of the profile, where the seismic data is 
incoherent. It is impossible to reconstruct 
the structure of the dome and the shape and 
extent of the underlying intrusion on both 
the EW and NS lines. From Galland et al. 
(2022).
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Field observations: Pampa Amarilla (southern Mendoza province) case study

Galland et al. (2022) describe the detail structure of a laccolith-induced dome by integrating 

geological field mapping, 3D seismic data and borehole data. This case study is the Pampa Amarilla 

dome structure, located in the Malargüe fold-and-thrust belt in the northern Neuquén Basin, 

southern Mendoza province, Argentina, ~50 km to the south of the town of Malargüe and 20 km 

to the east of the village of Bardas Blancas (Fig. 5). A thick igneous body at Pampa Amarilla, in 

the Agua Botada area, has been known since 1937 after the drilling of well PA.x-2, which crossed 

~100 meters of andesite without reaching the bottom of the intrusion. Barrionuevo et al. (2019) 

proposed that doming of Neuquén basin strata at Pampa Amarilla was the result of the intrusion 

of the andesite found in well PA.x-2.

Galland et al. (2022) completed detailed field structural mapping of the Pampa Amarilla dome, 

which intersects the thin Mesozoic Huitrín and Rayoso Fms. of the Neuquén Basin, in addition 

to the uppermost Agrio Fm. and the lowermost Neuquén Gr. (Fig. 5). The level of exposure and 

outcrop quality allowed to map several stratigraphic contacts almost continuously: Top Agrio 

Fm./base Huitrín Fm., Huitrín gypsum/La Tosca Mb., Top La Tosca Mb./base Rayoso Fm., and 

Top Rayoso Fm./base Neuquén Gr.

Figure 7. Cross sections of Pampa Amarilla dome and laccolith. Cross sections are located on Figure 5B. Segments of the cross 
sections A-A’ and B-B’ are located on geological map of Figure 6. The locations of wells PA.x-2 and PA.x-6 are indicated on Pro-
file L390. The locations of the intersections with other cross sections are indicated on each profile. From Galland et al. (2022).
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The study of Galland et al. (2022) integrates surface geological observations with subsurface 

3D seismic and well data (Figure 6). The conclusions of this study are: (1) The Pampa Amarilla 

dome formed due to the emplacement of a ~400 m thick subsurface laccolithic intrusion, with 

a thickness-to-length ratio T/D~0.13. (2) The dome exhibits a trapdoor structure, with faulting 

along the western, northwestern and southerwestern edges, and gentle tilting of the overburden 

to the east. The trapdoor tilting of the laccolith’s overburden was the main mechanism that 

controlled the thickening of the laccolith. (3) Minor faulting in the centre of the dome is attributed 

to 3D stretching of the overburden. (4) The reconstructed subsurface Pampa Amarilla laccolith 

is elliptical in map view, with a 3 km-long E-W axis and a 2 km-long N-S axis. Along E-W cross 

section, the laccolith is wedge shaped with maximum thickness near its western edge, and exhibits 

gradual thinning toward the east. 

Given that numerous laccolithic intrusions exhibit similar values of T/D to that of Pampa 

Amarilla laccolith, the study of Galland et al. (2022) suggests that numerous laccoliths on Earth 

grew by faulting of their overburden. This result implies that the established mechanical models 

of laccolith emplacement based on elastic bending of the overburden may apply only to few, 

thin laccoliths/thick sills. Finally, this study highlights the necessity and value of integrating 

field geological measurements with subsurface 3D seismic and borehole data for structural 

reconstructions of subsurface laccolith intrusions.

3-dimensional laboratory modelling

The 3D experimental method is similar to that presented by Schmiedel et al. (2017a). The model 

rock and model consist of dry Mohr-Coulomb granular materials of variable cohesion (Galland 

et al. 2006; Abdelmalak et al. 2016), and molten vegetable oil, respectively (Fig. 8). Similarly to 

the 2-dimensional experiments described above, the granular materials used in this study consist 

of a mix of (1) a high cohesion fine-grained crystalline silica flour (SF; cohesion of ~600 Pa), and 

(2) a low cohesion micro glass beads (GB; cohesion of ~100 Pa; Fig. 8). These granular mixtures 

simulate a wide range of brittle rocks, from strong, competent rocks (e.g. limestone) to weak rocks 

(e.g. shale). A flexible net located within the granular material just above the inlet simulates a 

rock layer (Fig. 8). In these experiments, the model magma (vegetable oil) is injected at a constant 

volumetric flow rate Q of 40 ml min-1 (= 5.110-7 m3 s-1). Because the net is located just at 

the inlet (Fig. 8B), the oil directly flows horizontally along the flexible net to form a sill before 

propagating upwards.

The experiments produced variable intrusion geometries with varying experimental parameters. 

In high cohesion experiments, the intrusions were typical thin saucer-shaped intrusions, with 

circular, flat, horizontal inner sill and outer inclined sheets (Fig. 8C). In contrast, in low cohesion 
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Figure 8. A. Photographs of granular materials used to model brittle rocks. Left: high cohesion, fine-grained crystalline silica 
flour to model competent rocks. Right: low cohesion, fine-grained glass beads to model loose rocks. B. Drawing of the 3D expe-
rimental setup to model magma emplacement in the brittle crust. Four synchronized cameras monitor the evolution of the mo-
del surface. C. Block diagram plotting digital elevation model (DEM) (colour) of model surface and underlying saucer-shaped 
intrusion from a characteristic 3D experiment in a high-cohesion experiment. The DEM evidences low amplitude, smooth uplift 
above the intrusion. D. Block diagram plotting digital elevation model (DEM) (colour) of model surface and underlying saucer-
shaped intrusion from a characteristic 3D experiment in a low-cohesion experiment. The DEM evidence high amplitude, blocky 
uplift above the intrusion. From Schmiedel et al. (2019).

experiments, the intrusions were massive, piston-like intrusions, with sub-vertical sidewalls (Fig. 

8C). Finally, in experiments with intermediate cohesions, the intrusions exhibit mostly inclined 

sheets, with a sub-horizontal bottom intrusion of radius smaller than those of intrusions emplaced 

in the high-cohesion experiments (Schmiedel et al. 2017a). The sheets in intermediate-cohesion 

experiments appear thicker than those in the high-cohesion experiments.

An important aspect of the trapping properties of forced folds induced by igneous sills and 

laccoliths is fracture development. Visual observation on orthorectified images of the model 

surfaces highlights the formation of surface discontinuities, i.e. fractures (Fig. 8C) (Schmiedel et al. 

2019). In the middle of the uplifted area, a few open, dilating cracks are clearly visible, while at the 

edges of the uplifted area fractures accommodating shortening are visible (Fig. 8C). Such a fracture 

pattern is compatible with stress distribution across a dome induced by a shallow intrusion (e.g. 

Pollard and Johnson 1973; Galland and Scheibert 2013).
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Figure 9. Schematic drawing of the two-stage evolution for horizontal igneous 
intrusions depending on the failure mode of the host rock. Left: scenario for 
a low cohesion overburden. Right: scenario for a higher cohesion overburden. 
From Schmiedel et al. (2019).

These models are the first able to address the inelastic damage and fracture patterns 

accommodating the emplacement of igneous intrusions in sedimentary sequences. In particular, 

they show that intrusions of distinct morphologies are associated with domes of very distinct 

structures. The models also show that even thin sills can trigger significant inelastic damage, and 

so potential fluid pathways. These results thus bring essential new geomechanical insights with 

respect to classic elastic models of magma emplacement, which and are unable to model and 

predict the inelastic damage and fractures observed in the field. 

Another key question arising from Schmiedel et al. (2017a)’s experiments is: what are 

the processes that lead to drastically distinct final intrusion morphologies, and in particular 

the thickness-to-diameter (T/D) aspect ratio? The main variable parameter in Schmiedel et al. 
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(2017a)’s experiments is the Mohr-Coulomb properties of the intrusion’s overburden: the higher 

the cohesion, the lower T/D, and so the thinner the intrusion appears. What about the magma 

viscosity? Schmiedel et al. (2019) derived a simple analytical model to address the effect of magma 

viscosity. They argue that the growth of a tabular intrusion results from the balance between the 

energy dissipation due to viscous flow within the magma on a one hand, and the energy dissipation 

due to brittle failure and uplift of the overburden on the other hand. This model shows that high-

viscosity magma, such as felsic magmas, favors intrusions with higher T/D aspect ratios, which are 

necessarily associated with more inelastic damage and faulting in the overburden (Fig 9, Stage 3, 

Figure 10. A. Landsat image locating the study area, on the northern part of the Neuquén Basin. Location map, north of Ma-
largüe. B. Orthorectified image of Cerro Alquitrán computed from photographs shot from drone survey. Map displays major 
active and inactive seeps, and minor inactive seeps, that cluster around and within the igneous body. It displays also structural 
measurements of brittle magmatic fabric. C-E. Characteristic manifestations of bitumen seep at Cerro Alquitrán. C. Tar pit. D. 
Ropy flow complex. E. Detail of ropy flow. From Galland et al. (in preparation).
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left). Conversely, low-viscosity magma such as mafic magma can flow easily along conduits with 

lower T/D aspect ratios, favoring the formation of thin sills associated with little to moderate 

damage and faulting in the overburden (Fig 9, Stage 3, right). These theoretical predictions are in 

good agreement with geological observations (e.g., Delpino et al. 2014).

STRUCTURES WITHIN IGNEOUS INTRUSIONS: THE CERRO ALQUITRÁN CASE STUDY

Galland et al. (in preparation) described an outstanding geological case study in the Neuquén 

Basin, Argentina, that demonstrates how ancient subvolcanic intrusions deeply affect regional-

scale fluid flow. This natural laboratory is an exhumed 10.7±0.5 million-year-old subvolcanic 

intrusion, Cerro Alquitrán, located at the foothills of the Andes mountains, Argentina (Fig. 10) 

(Nullo et al. 2002). It is an intrusion of andesitic composition emplaced through the Mesozoic and 

Cenozoic sedimentary formations of the northern Neuquén Basin (Boll et al. 2014). The shape of 

the intrusion is inferred to exhibit a thick laccolithic to plug shape (Dessanti 1959). 

The peculiarity of Cerro Alquitrán is the presence of large natural bitumen seeps along the 

edges of the igneous body (Fig. 10). Note that the Cerro Alquitrán intrusion is one body out of a 

whole complex of subvolcanic intrusions, where other, less voluminous bitumen seeps have also 

been documented (Dessanti 1959).The major bitumen seeps occur in various forms, from tar pits 

to long bitumen flows (Fig. 10). The surface of the bitumen flows often exhibits ropy structures 

that mimic basaltic Pahoehoe lava flows. Several undocumented seeps have been located around 

the intrusion. Three old and currently inactive seeps were exploited along the western edge of the 

andesite body (Fig. 10)(Galland et al., in preparation). A major active seep at the SW tip of the 

intrusion was discovered. In all these localities, the fluids seep out through the soil that covers 

the geological structures associated with the andesite body. Finally, new active seeps in a gully on 

the SE part of the intrusion were discovered, in addition to numerous minor inactive seeps in the 

middle of the igneous body (Fig. 10). In these latter discoveries, the bitumen seeps out directly 

from the magmatic rock (Fig. 10). On map view, the overall distribution of the major seeps follows 

the edge of the intrusion (Fig. 10), showing a clear structural relationship between the intrusion 

and the fluid migration pathways. 

Galland et al. (in preparation) investigated the internal structure of the subvolcanic intrusion 

to reveal its relationship with the bitumen flow. The igneous body exhibits a prominent brittle 

fabric close to the edges of the intrusion, consisting of gentle to steep outward-dipping planes 

(Fig. 11). In-between these planes, the andesite rock is affected by intense fracturing perpendicular 

to the planes (Fig. 11). Subsequently, we will refer to these fractured domains as fracture bands 

(Mattsson et al. 2018). Locally, the fracturing is so intense that the andesite exhibits bands of 

brecciated material, in which kinematic indicators highlight that the inner part of the intrusion 

moved upward with respect to the outer part (Fig. 11). The strike directions of these bands are 
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Figure 11. Characteristic structures within andesite of Cerro Alquitrán (see 
locations in Figure 10). A. Strongly outward-dipping fracture bands (deli-
mited by dashed lines), with intense fracturing perpendicular to the bands. 
B. Sub-vertical breccia with fault gauge indicating upward movement of 
the interior of the intrusion. C. Bitumen seeping out from breccia zone. D. 
Sup surface of fracture band showing intense fracturing and local bitumen 
seep from fractures. E. Schematic model of structure of Cerro Alquitrán 
intrusive and its implications for hydrocarbon migration. From Galland et 
al. (in preparation).

overall concentric (Fig. 11). These observations suggest that the structural grain in the igneous 

body results from syn-emplacement brittle deformation of the magma. Close to the intrusion’s 

contacts, shearing of the andesite was such that the deformation mode crossed the ductile-brittle 

transition, i.e. the andesite could not flow but was instead deforming by breaking (Cordonnier et 

al. 2012; Pistone et al.2015). Very similar structures have been observed at other exhumed felsic 

intrusions (Mattsson et al. 2018; Burchardt et al. 2019) and felsic active volcanic conduits (Lavallée 

et al. 2008; Hornby et al. 2019). The concentric distribution of the brittle flow fabric confirms 

that Cerro Alquitrán is a steep-sided laccolithic intrusion (Fig. 11). The steeper fabric and the 

presence of breccia bands along the SE flank of the intrusion suggests that the intrusive body 

was asymmetrical, with intense strain localization along the SE flank. Finally, the shallowing of 

the fabric toward the inner parts of the body indicates that the exposed level is likely close to the 

paleo-roof of the intrusion (Fig. 11).
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Galland et al. (in preparation) observed in the field that the syn-emplacement brittle structures 

are the main pathways for the bitumen migration. In the SE gully, the bitumen seeps out from 

sub-vertical breccia bands and dense fracture bands (Fig. 11). The breccia bands appear aligned 

with seep lines, subparallel to the intrusion’s edge. Locally, the porosity within the breccia and 

parts of the fracture bands is impregnated with bitumen. The syn-emplacement brittle structures 

of the andesite, therefore, act as the main primary pathways for bitumen migration (Fig. 11). 

Geological observations reveal how extinct subvolcanic intrusions have long-term consequences 

on subsurface fluid circulations in volcanic basins (Galland et al., in preparation).

FRACTURING PROCESSES ASSOCIATED WITH SILLS EMPLACED IN ORGANIC-RICH 

SHALE

Rabbel et al. (2021) provide a very detailed field study of the fracturing processes and associated 

fracture distribution in an igneous petroleum system consisting of andesite sills emplaced in 

organic-rich shale. The studied outcrop is located at El Manzano, southern Mendoza province. 

It is the exposed equivalent of the Los Cavaos, Los Volcanoes, and Río Grande oil fields, where 

sills are fractured reservoirs (Rabbel et al. 2018; Spacapan et al. 2020). A proper understanding of 

the reservoir properties requires a solid description of fracture types and their distribution within 

the petroleum system.

The result of the fracture mapping is summarized in Figure 12 (Rabbel et al. 2021). The 

conclusions are listed in the following paragraphs:

•	 Four different fracture types present in sills, driven by a broad spectrum of physical 

processes, were identified. These include (1) cooling joints created by thermal contraction, 

(2) faults and associated tectonic fractures, (3) bitumen dykes and bituminous shale 

injection structures, and (4) hydrothermal veins, likely due to hydrofracturing initiated in 

the metamorphic aureole. 

•	 Except for tectonic fractures, the fracture network is established during the early phase 

of magma cooling, dominated by a high-temperature environment. Evidence shows that 

in this phase, generated hydrocarbons may be mobilized and migrate into the intrusion 

and experience temperatures of several hundreds of degrees, where in-situ combustion of 

volatiles and graphitization of solid bitumen takes place. 

•	 The different fracture types are observed throughout the outcrop, but they do not occur 

spatially homogenous. Instead, the fracture network properties exhibit strong lateral 

changes on the scale of some tens to hundreds of meters, depending on the number and 

intensity of processes involved. Local fracture pattern variations seem to be correlated 

with local morphological features of the intrusions, such as steps between intrusive 

segments, showing that a detailed knowledge of intrusion shapes is key for assessing 
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fracture distribution variability. Such changes involve locally increased fracture density, 

wider orientation distribution, higher connectivity and a variable length distribution. 

•	 Comparison of different mathematical distributions of fractures within the intrusions, i.e. 

cooling joints, shows that fracture lengths are best represented through a spatially varying 

log-normal distribution, although even this is not overall satisfactory. The analysis also 

demonstrates that previously suggested power-law behavior is very unlikely and difficult 

to justify considering the various physical processes at work. 

Figure 12. Top. Field photograph of part of the El Manzano outcrop (Rabbel et al. 2018; Rabbel et al. 2021), exposing an-
desitic sills (brown cliffs) emplaced into organic-rich shale. Bottom. Schematic summary of fracture types, underlying me-
chanisms and fracture network variations interpreted from field evidence presented in this paper. Central image visualizes 
the large-scale features, including intrusion architecture and its relation to spatial fracture network variations. Insets (a–f) 
highlight specific fracture types and potential implications for igneous reservoirs. From Rabbel et al. (2021)
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•	 Bitumen-filled fractures in the host rock result from fast maturation of the organic matter 

contained in the host organic-rich shale. The fast generation of hydrocarbons in the very 

low-permeability rocks triggers large fluid pressure build up, which leads to the growth a 

connected fracture network (Kobchenko et al. 2013; Kobchenko et al. 2014; Rabbel et al. 

2020). This contact metamorphic process is expected only if the host rock is an organic-

rich shale Fm., but very unlikely in other host rock lithologies (Townsend et al. 2015; 

Galerne and Hasenclever 2019).

•	 Strong variations in fracture network properties imply similar heterogeneities for 

petrophysical and geophysical properties, such as locally enhanced storage capacity and 

fracture permeability or reduced seismic velocities. 

Overall, the study of Rabbel et al. (2021) extends our understanding of fracture networks 

in igneous intrusions acting as petroleum reservoirs and provides numerous field examples and 

quantitative data. The El Manzano field analogue can thus be used to help geoscientists of all 

disciplines to better constrain modeling efforts and develop a more practical understanding of 

subsurface igneous petroleum systems. 

CONCLUDING REMARKS

This review highlights that igneous intrusions have tremendous mechanical and structural 

impacts on sedimentary formations, with implications for fluid flow at various scales. The structural 

impacts are related to both syn-emplacement and post-emplacement of igneous intrusions, and at 

different scales. The following paragraphs summarize these processes.

Syn-emplacement, within the intrusion: syn-emplacement fracturing and brecciation of the 

magma, especially of felsic composition, can create high-permeability pathways along the margins 

of intrusions;

Syn-emplacement, in the host rock, small scale: damage and rock failure induced by the 

propagation of intrusion tips. Distinct modes of propagations lead to distinct damage distributions.

Syn-emplacement, in the host rock, large scale: the growth of sills and laccoliths trigger uplift 

and doming of their overburden. Whether this doming occurs by elastic bending or by inelastic 

faulting has major consequences on fluid trap of on the development of fractured reservoirs. 

Post-emplacement, in the host rock and intrusion: cooling of intrusions leads to the 

development of cooling fractures, the distribution and connectivity of which is greatly influenced 

by the detailed shapes of intrusions, with major consequences for igneous fractured reservoirs. 

Conversely, the heating of organic-rich shale in metamorphic aureoles around cooling sills lead 

to fast maturation of the organic matter, fluid pressure build-up, and in situ growth of fracture 

network transporting hydrocarbon. Such fractures can lead to the injection of large bitumen 

dykes.
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This review summaries our understanding of the mechanical and structural implications of 

igneous intrusions, and lists the main structural and mechanical aspects to address when exploring 

hydrocarbons in the near vicinity of igneous intrusions emplaced in hydrocarbon-bearing basins.
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