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Abstract 29 

The last two decades of research have highlighted that volcanism occurring in 30 

sedimentary basins can have substantial effects on sedimentary formations. In 31 

particular, igneous intrusions can trigger the generation of large amounts of 32 

greenhouse gases in organic-rich host rocks, leading to dramatic climate change and 33 

mass extinctions. Volcanism can also have significant impacts on hydrocarbon-34 

bearing sedimentary basins. The Neuquén Basin, Argentina, is an outstanding 35 

example of hydrocarbon-producing sedimentary basin hosting massive volcanism. 36 

The combination of substantial industry subsurface data and outstanding outcrops 37 

makes the Neuquén Basin a world-class geological object to study magma-38 

sedimentary rock interactions and their implications to hydrocarbon systems. This 39 

contribution reviews well-studied examples from the Neuquén Basin that illustrate: (1) 40 

thermal effects of sills on maturation of the organic matter of the source rock, (2) 41 

fracturing processes in igneous intrusions and the host rock, (3) sills as producing 42 

fractured reservoirs, (4) intrusion-induced doming as structural trap or as potential 43 

fractured reservoir, (5) fluid migration along igneous intrusions, (6) reservoir 44 

compartmentalization induced by dykes, (7) generation of bitumen dykes in vicinity of 45 

intrusions, and (8) improvement of geophysical imaging using large-scale outcrops. 46 

All in all, our review (1) documents various effects of magma-rock interactions in 47 

hydrocarbon-bearing sedimentary basins, and (2) highlights the great scientific value 48 

of the Neuquén Basin as a world-class case study for unravelling processes of 49 

magma-rock interactions in hydrocarbon-bearing sedimentary basins. 50 

  51 
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1 Introduction 52 

Sedimentary basins have been major providers of geological resources for mankind, 53 

such as oil, gas, coal, drinking water, geothermal warm water, minerals, building 54 

materials (e.g., Kilhams et al., 2024, and references therein). Conventional geological 55 

knowledge motivating resource exploration in sedimentary basins principally involves 56 

sedimentology and tectonics (Howell et al., 2005; Hudec and Jackson, 2007). 57 

Nevertheless, research has highlighted that numerous sedimentary basins host 58 

significant volcanic activity, the so-called volcanic basins (Rohrman, 2007; Senger et 59 

al., 2017; Jerram et al., 2022; Kilhams et al., 2024; and references therein). The 60 

impacts of volcanism on sedimentary basins are tremendous, with implications for 61 

hydrocarbons exploration (Petford and McCaffrey, 2003; Schutter, 2003; Rohrman, 62 

2007; Delpino and Bermúdez, 2009; Senger et al., 2017), groundwater (Chevallier et 63 

al., 2001; Chevallier et al., 2004), geothermal energy (e.g., Bischoff et al., 2025) and 64 

carbon storage (e.g., Schmitt et al., 2023; Johannesen et al., 2025). In addition, the 65 

magma/sediment interactions during the Earth's history lead to the release of large 66 

amounts of greenhouse and poisonous gases in the atmosphere, leading to dramatic 67 

climate changes and mass extinctions (Courtillot and Renne, 2003; Svensen et al., 68 

2004; Svensen et al., 2007; Svensen et al., 2009).  69 

 This paper focuses on the impacts of volcanism on hydrocarbon-bearing 70 

sedimentary basins. Hydrocarbon accumulations are associated with igneous rocks in 71 

more than 100 countries across the globe (Schutter, 2003), however very few volcanic 72 

basins have been subject to commercial production. Examples include the Mesozoic-73 

Cenozoic basins of eastern China (Gu et al., 2002; Wu et al., 2006; Jiaqi et al., 2012), 74 

the Mesozoic Neuquén Basin in Argentina (e.g., Rodriguez Monreal et al., 2009; Witte 75 

et al., 2012; Spacapan et al., 2020a), tuffaceous reservoirs in Tierra del Fuego, 76 

Argentina (Feinstein et al., 2022; D'Elia et al., 2023) and West Java (Farooqui et al., 77 

2009), intrusion hosted reservoirs in Thailand (Schutter, 2003), and the Parnaiba 78 

Basin, Brazil (de Miranda et al., 2018). In addition, magmatic activity has played a key 79 

role in the petroleum systems of many other basins worldwide (Senger et al., 2017). 80 

 Delpino and Bermúdez (2009) defined two main types of petroleum systems 81 

associated with igneous rocks. Type I igneous petroleum system corresponds to 82 

igneous rocks intruded into a potential source rock. Type I includes three sub-types 83 

corresponding to the degree of maturation of the source rock at the time of 84 
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emplacement of the magma. In Type IA, the source rock is immature to early mature, 85 

in Type IB the source rock is mature, whereas in Type IC the host rock is postmature 86 

when magma is emplaced. These different subtypes lead to different scenarios in 87 

terms of hydrocarbon generation. Type II igneous petroleum systems are defined 88 

when the igneous rocks are intruded in host rock layers that are not source rocks. 89 

Similarly to Type I, Type II igneous petroleum systems are subdivided in three 90 

subtypes. In Type IIA, sills and laccoliths were emplaced in host rocks that are well 91 

known productive formations in the basin, generally sandstones or carbonates. In Type 92 

IIB, the host rock is a tight formation, and the intrusion-related fracturing can improve 93 

reservoir quality. In Type IIC, feeders such as dykes can act as barriers that can be 94 

part of a trap or compartmentalise a reservoir. We will see in this paper that this 95 

classification is incomplete, as intermediate scenarios can also be documented. 96 

 There are numerous challenges for studying the impacts of volcanism on 97 

hydrocarbon-bearing sedimentary basins. First, numerous volcanic basins are 98 

offshore (Senger et al., 2017), e.g. the North Atlantic Margin (e.g., Svensen et al., 99 

2004; Thomson, 2007; Fjeldskaar et al., 2008; Rateau et al., 2013; Mark et al., 2018), 100 

offshore Australia (Jackson et al., 2013b; Magee and Jackson, 2020), South Atlantic 101 

(Abdelmalak et al., 2025), offshore New Zealand (Bischoff et al., 2017; Morley, 2018; 102 

Bischoff et al., 2020) and China Sea (Liu et al., 2017; Sun et al., 2019), such that 103 

geological processes can only be studied through seismic data or borehole data. The 104 

resolution of, and imaging challenges associated with, seismic data are insufficient to 105 

address the complex structure geometries and processes of volcanic features 106 

emplaced in sedimentary basins, and borehole data only provide 1D, very expensive 107 

data. Similar challenges are faced in onshore volcanic basins that are not exhumed, 108 

such as the Tarim Basin, China (Yao et al., 2018) and the Parnaiba Basin, Brazil (de 109 

Miranda et al., 2018). Other volcanic basins are well exposed, such as the Karoo-110 

Ferrar Basins (e.g., Svensen et al., 2007; Jerram et al., 2010; Polteau et al., 2010; 111 

Muirhead et al., 2012; Svensen et al., 2012), the Tunguska Basin, Siberia (Svensen 112 

et al., 2009), Utah-Colorado (Gilbert, 1877; Jackson, 1997; de Saint-Blanquat et al., 113 

2006; Wilson et al., 2016; Kjenes et al., 2024), Namibia (Jerram D et al., 2000; Bauer 114 

et al., 2003), the Oslo Rift, Norway (Poppe et al., 2020; Neumann et al., 2025), such 115 

that geological field studies can be conducted. However, these basins have not been 116 

prospective for hydrocarbons, so that very limited subsurface data have been 117 

collected.  118 
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 The Neuquén Basin, Argentina, is a unique hydrocarbon-bearing volcanic basin 119 

that provides both (1) large subsurface seismic and borehole data thanks to 120 

commercial hydrocarbon production from igneous petroleum systems and (2) 121 

exceptional outcrop analogues resulting from the combination of Andean tectonics and 122 

semi-arid climate. In this paper, we provide a review of geological case studies in the 123 

Neuquén Basin that illustrate numerous aspects of the impacts of volcanism on 124 

hydrocarbon-bearing sedimentary basin. Our review shows that the Neuquén Basin is 125 

an easily accessible, world-class case study for studying the impacts of volcanism on 126 

hydrocarbon systems, with values for academic and applied research, as well as for 127 

education of geoscientists. 128 

 The described case study examples will allow addressing the following 129 

processes and challenges (Figure 1): 130 

• the thermal impacts of igneous intrusions on source rock formations, based on 131 

(i) subsurface data from productive oil fields and (ii) surface geological 132 

observations from an exhumed field analogue; 133 

• The structural impacts of igneous intrusions. We will describe (i) how sills can 134 

be complex fractured reservoirs, (ii) how an intrusive complex generated crustal 135 

doming that acts as hydrocarbon trap, and (iii) how faulting along the edge of a 136 

laccolith-induced doming can be a target for a fractured reservoir; 137 

• The impacts of igneous intrusions on fluid migrations. We will describe (i) how 138 

cooling igneous intrusions generate high-grade hydrocarbons and affect their 139 

migration, (ii) how cooled, fractured igneous intrusions represent long-term 140 

high-permeability pathways that may control large-scale hydrocarbon 141 

migration, and (iii) how impermeable igneous intrusions may represent seals 142 

and barriers that can compartmentalise conventional reservoirs; 143 

• The role of volcanism on the formation of bitumen veins, which are peculiar 144 

geological structures that accommodate sudden migration of large volumes of 145 

hydrocarbons; 146 

• The impacts of volcanism on geophysical imaging in volcanic basins. We will 147 

describe examples of (i) how realistic seismic modelling of sill complexes can 148 

help interpreting seismic data of basins hosting igneous sills, (ii) how to image 149 

subvertical igneous dykes from 3D seismic data, (iii) how to improve 150 
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subvolcanic seismic imaging, and (iv) how to use AMT surveys to image 151 

igneous intrusions emplaced in source rock formations.  152 

 153 

 154 

Figure 1. The volcanic plumbing system from the deep intrusive roots to the shallow intrusions 155 

and eruptive products (modified from Jerram, 2021). The Neuquén Basin provides a number 156 

of windows into the aspects of the volcanic plumbing system. The magma pathway through a 157 

sedimentary basin will permanently alter the basin's structure and properties. Modelling of the 158 

effects of intrusions and their seismic expression can help understand this impact (e.g. El 159 

Manzano – Rio Grande; Rabbel et al., 2018; see Section 7; Spacapan et al., 2018; see Section 160 

3). There is a direct effect on the porosity and permeability pathways through igneous effected 161 

basin, as highlighted at Cerro Alquitrán and surrounding intrusions (Galland et al., 2023; 162 

Galland et al., 2024; see Section 5). Active volcanoes such as Auca Mahuida are shown to 163 

have domed structures linked to their shallow and deep plumbing systems (Delpino et al., 164 

2014b; Basaldúa and Cristallini, 2022; see Section 5). In eroded volcanic centres such as El 165 

Trapial, the detail provided by both surface and subsuface data can reveal key elements of 166 

the structure and intrusive network beneath such volcanoes (Lombardo et al., 2024; see 167 

Section 4; Lombardo et al., under review; see Section 7). 168 

 169 
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2 Geological setting: the Neuquén Basin 170 

2.1 Formation and evolution of the Neuquén Basin 171 

The Neuquén Basin is located on the eastern flank of the Andes in Argentina and 172 

central Chile, between latitudes 32°S and 40°S (Figure 2). The basin encompasses 173 

sedimentary sequences dating from Late Triassic to early Cenozoic (Figure 3), 174 

covering an area of more than 120 000 km2, and containing up to 6000 m of preserved 175 

marine and continental deposits (Gulisano and Gutiérrez Pleimling, 1995; Vergani et 176 

al., 1995; Cobbold and Rossello, 2003). The marine sedimentary layers consist 177 

primarily of shale, sandstone and carbonate (Figure 3), reflecting the varying 178 

depositional environments in the basin over time. Extensive volcanic deposits and 179 

intrusive complexes developed primarily in the back-arc region during the evolution of 180 

the Andean subduction zone throughout the Eocene and Miocene (Kay et al., 2006a). 181 

 The evolution of the Neuquén Basin can be summarized in three stages 182 

(Vergani et al., 1995; Howell et al., 2005; Veiga et al., 2020): (1) rift stage or synrift 183 

stage (Late Triassic–Early Jurassic), (2) thermal subsidence stage (sag stage) or 184 

postrift phase (late Early Jurassic–Early Cretaceous), and (3) foreland stage (Late 185 

Cretaceous-Neogene), related to Andean uplift (Figure 3). The rift stage is 186 

characterized by the formation of isolated rift depocenters during the Late Triassic, 187 

which were filled with synrift deposits associated with the Precuyano Cycle. During the 188 

subsequent sag stage, the previously isolated depocenters merged, forming a more 189 

extensive basin that was filled with characteristic sedimentary deposits of the Neuquén 190 

Basin. This sag phase led to the deposition of the Cuyo, Lotena, and Mendoza Groups 191 

(Figure 3). The Mendoza Group comprises: the early Tithonian-early Valanginian Vaca 192 

Muerta Formation (~1,250–1,400 m thick), characterized by bituminous mudstones 193 

deposited under anoxic conditions (Sylwan, 2014; Brisson et al., 2020; Minisini et al., 194 

2020), and the late Valanginian-early Barremian Agrio Formation (~2,509–3,000 m 195 

thick), consisting of transgressive, organic-rich marlstones (Sylwan, 2014). Note that 196 

locally the Agrio Formation is deposited directly upon the Vaca Muerta Formation, 197 

however usually the middle Valanginian Mulichinco or Chachao Formations is 198 

intercalated between them (Figure 3). The Mulichinco Formation, found in central and 199 

southern part of the basin, are sandstone deposited in a mixed wave and tidal flat 200 

environment (Schwarz and Howell, 2005; Sleveland et al., 2020). Conversely, the 201 
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Chachao Formation, found in the northern part of the basin, represents a carbonate 202 

ramp rich in biogenic material (Kozlowski et al., 1993b; Brisson and Veiga, 1998). 203 

Subsequent deposition occurred in restricted hypersaline marine environments, 204 

resulting in the evaporitic Huitrín Formation, followed by continental fluvial and 205 

lacustrine deposits of the Rayoso Formation (Figure 3)(Vergani et al., 1995). During 206 

the Early Cretaceous, the tectonic regime gradually shifted to a compressive setting 207 

due to a decrease in the subduction angle of the Nazca Plate. This marked the end of 208 

the retroarc-sag stage and the onset of the foreland phase associated with the Andean 209 

orogeny (Cobbold and Rossello, 2003; Ramos et al., 2010), evidenced by the 210 

deposition of the Late Cretaceous synorogenic continental red beds of the Neuquén 211 

Group unconformably overlying previous Mesozoic units (Tunik et al., 2010; Fennell 212 

et al., 2017). 213 

 214 

2.2 The petroleum systems of the Neuquén Basin 215 

From the Lower Jurassic to the Lower-Late Cretaceous, three main petroleum systems 216 

developed (Urien and Zambrano, 1994). Their names are derived from the formation 217 

of the source rock, followed by the name of the major reservoir rock. In chronological 218 

order, they are: Los Molles-Lajas (Cuyo Group), Vaca Muerta-Tordillo, and Agrio-Avilé 219 

(Figure 3). 220 

 According to Villar et al. (2005), the source rocks of the Los Molles, Vaca 221 

Muerta, and Agrio formations primarily consist of organic-rich black shales deposited 222 

in basinal and outer-shelf marine environments, each with varying hydrocarbon 223 

generation potential. The clastic rocks of the Lajas, Tordillo, and Avilé formations are 224 

predominantly sandstones deposited in shallow-water deltaic and marine settings 225 

(Maretto et al., 2002; Masarik, 2002; McHilroy et al., 2005). These sandstone bodies, 226 

together with shallow-marine carbonate rocks, constitute most of the reservoir rock. 227 

Thick evaporite deposits, mainly gypsum and halite, frequently act as regional seals. 228 

The Vaca Muerta Formation is the main source rock in the Neuquén Basin. Together 229 

with the Quintuco Formation, it forms the Vaca Muerta-Quintuco system, which has 230 

attracted increasing interest due to its quality as an unconventional reservoir (Sagasti 231 

et al., 2014; Zeller et al., 2015; Acevedo and Bande, 2018; Estrada et al., 2018; Ukar 232 

et al., 2020). 233 
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 The numerous andesitic to basaltic sills, predominantly emplaced in the source 234 

rock formations of the Mendoza Group, serve as the main fractured reservoirs of the 235 

hydrocarbon fields along the Río Grande Valley (Schiuma, 1994; Witte et al., 2012; 236 

Spacapan et al., 2020a; Rabbel et al., 2021). Meanwhile, in the Huantraico region, 237 

large-scale doming of the Mesozoic strata associated with magma emplacement forms 238 

the structural trap of the El Trapial oil field, one of the most prolific in the Neuquén 239 

Basin (González and Aragón, 2000; Orchuela et al., 2003; Lombardo et al., 2024). 240 

 241 

2.3 Cenozoic igneous activity in the Neuquén Basin 242 

Over the past 65 million years, the evolution of the active Andean convergent margin 243 

has played a key role in shaping the timing and distribution of igneous activity 244 

throughout the Neuquén Basin. The subduction of the oceanic Nazca Plate beneath 245 

the continental South American Plate has produced a magmatic arc that runs roughly 246 

parallel to the margin. At the surface, this subduction-driven volcanism forms a 247 

volcanic arc, whose width has shifted multiple times in an east–west direction, as well 248 

as voluminous back-arc volcanism (Kay et al., 2006a). Kay et al. (2006a) attribute 249 

these variations to changes in the age and subduction angle of the oceanic plate. In 250 

the subsurface, this volcanic activity is expressed through a series of shallow intrusive 251 

bodies with diverse compositions and geometries, including dioritic and granodioritic 252 

laccoliths, doleritic sills, and swarms of both felsic and mafic dykes. 253 

 The first significant episode of volcanic activity spread between Chos Malal and 254 

Zapala, and west of Chos Malal during Eocene. This episode resulted in the diorite 255 

intrusive complexes of the Collipilli Formation (Llambías and Rapela, 1988), consisting 256 

of dykes, sills, laccoliths and plugs emplaced in the source rock formations of the 257 

Mendoza Group, and the andesitic volcanic deposits of the Cayanta Formation (Kay 258 

et al., 2006a). The geochemistry of the igneous rocks emplaced during this episode 259 

exhibits characteristic arc composition. Given the location of these arc-related igneous 260 

rocks, the subducting slab was interpreted to dip 30 degrees (Kay et al., 2006a). 261 

 In Lower Miocene, an active volcanic arc remained at a similar position as that 262 

in the Eocene (Kay et al., 2006a). However, extensive retro-arc magmatism occurred 263 

through large portions of the Neuquén Basin. In the northern sector of the basin (Figure 264 

2), volcanism produced extensive lava flow sequences (Nullo et al., 2002; Dyhr et al., 265 

2013b; Søager et al., 2013) along with numerous basaltic to andesite sills, dikes and 266 
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laccoliths (e.g. Pampa Amarilla laccolith, see sections 4.3 and 7.4)(Barrionuevo et al., 267 

2019; Galland et al., 2022), primarily intruded into the source rock formations of the 268 

Mendoza Group. The sills hosted within these organic-rich formations represent the 269 

primary fractured reservoirs for hydrocarbon fields along the Río Grande Valley 270 

(Schiuma, 1994; Witte et al., 2012; Spacapan et al., 2020a) and at the Altiplanicie del 271 

Payún (Rodriguez Monreal et al., 2009; Delpino et al., 2014a). Exposed analogues of 272 

these igneous petroleum systems are found at El Manzano (Rabbel et al., 2018; 273 

Rabbel et al., 2023)(see sections 3.1, 4.1, 5.1 and 7.1), the Sierra de Cara Cura 274 

(Palma et al., 2024b)(see sections 3.2 and 5.1) and the Cuesta del Chihuido intrusive 275 

complexes (Spacapan et al., 2016, 2017; Barrionuevo et al., 2019). In this area, this 276 

volcanism has been assigned to a volcanic cycle named Molle Volcanic Cycle (Nullo 277 

et al., 2002). 278 

 South of Río Colorado, in the northern part of Neuquén Province, significant 279 

Lower Miocene retroarc volcanism occurs within the Huantraico region (Ramos and 280 

Barbieri, 1988), situated between the Tromen volcanic massif to the west and the Auca 281 

Mahuida volcano to the east (Figure 2). The first volcanic activity of the area resulted 282 

in felsic tuff, followed by thick intercalations of basalts and tuffs that constitute the 283 

volcanic pile of the Sierra de Huantraico (Palaoco Formation; Groeber, 1946; 284 

Holmberg, 1975; Ramos and Barbieri, 1988). These eruptive products were likely fed, 285 

at least partly, by large radial dyke swarms of Cerro Bayo de la Sierra Negra (CBSN, 286 

also called Cerro Bayo Trapial; see section 4.2) and around Sierra de Huantraico 287 

(Ramos and Barbieri, 1988). During the Lower Miocene, the geochemical 288 

compositions of the basalts exhibit an upward increasing arc component in the 289 

volcanostratigraphy, suggesting a gradual shallowing of the subducting slab (Kay and 290 

Copeland, 2006; Dyhr et al., 2013a; Dyhr et al., 2013b). 291 

 During Upper Miocene, the shallowing of the subducting slab resulted in arc, 292 

typical andesitic volcanism. In the southern part of the Neuquén Basin, this activity 293 

resulted in the build-up of Chachahuén Volcano (Holmberg, 1962; Kay et al., 2006b; 294 

Palma et al., 2024a) and an intrusive complex north of Chos Malal (Cerro Negro de 295 

Tricao Malal; Kay et al., 2006a; Gürer et al., 2015). In the northern sector of the 296 

Neuquén Basin, this Upper Miocene arc volcanism resulted in shallow laccoliths of the 297 

La Brea andesitic formation (Nullo et al., 2002), which includes the Cerro Alquitrán and 298 

Cerro La Paloma intrusions, from which large amounts of bitumen seep naturally (see 299 

section 5.2)(Galland et al. 2023; 2024). The volcanic activity associated with the La 300 
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Brea andesitic magmatism has been assigned to a volcanic cycle named Huincán 301 

Volcanic Cycle (Nullo et al., 2002). 302 

 Finally, widespread Pliocene–Quaternary back-arc volcanism, associated with 303 

the steepening of the slab, spread through the Neuquén Basin with the build-up of the 304 

Auca Mahuida (see section 5.3)(Rossello et al., 2002; Pallares et al., 2016; Basaldúa 305 

and Cristallini, 2022), Payun Matrú (Ramos and Folguera, 2011; Søager et al., 2013) 306 

and Tromen volcanoes (Galland et al., 2007). The emplacement of these large back-307 

arc volcanic systems lead to the emplacement of sills and laccoliths within the organic-308 

rich shale formations of the basin (Rossello et al., 2002; Basaldúa and Cristallini, 2022) 309 

and likely large dyke complexes. 310 

 Note that the Neogene volcanism is restricted to the north of a crustal-scale 311 

structural lineament, the so-called Cortaderas Lineament (Figure 2)(Cobbold and 312 

Rossello, 2003; Kay et al., 2006a). 313 

 314 



 12 

 315 

Figure 2. Simplified geological map of the Neuquén Basin locating main volcanic systems and 316 

case studies developed in this paper. Modified from Palma et al. (2024b). 317 
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 318 

Figure 3. Synthetic stratigraphic column of the Neuquén Basin. Modified from Barrionuevo et 319 

al. (2019) and Galland et al. (2022). 320 

 321 

 322 

 323 
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 324 

Figure 4. A. Field photograph of oil field of the Río Grande Valley (see sections 3.1, 4.1 and 325 

7.1). B. Field photograph of sills emplaced in organic-rich shale of Agrio Formation, Las Loicas 326 

(modified from Galland et al., 2019). C. Field photograph of andesitic sills emplaced in organic-327 

rich shale of Agrio Formation, El Manzano (see sections 5.1, Error! Reference source not 328 

found. and 7.1). D. Drone photograph of part of Cara Cura range (see section 3.2). Locations 329 

of field localities are indicated in map of Figure 2. E. Satellite image locating localities of A-D 330 

and oil fields with igneous intrusions. F. Geological cross section across Sierra Azul and Río 331 

Grande Valley, located in E (Spacapan et al., 2018; Rabbel et al., 2023).  332 
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 333 

3 Thermal impact of igneous intrusions on source rock 334 

maturation 335 

3.1 Maturation at producing hydrocarbon fields 336 

A key element of maturation of the organic matter in source rocks is heat. In 337 

conventional petroleum systems, the heat input results from burial and maturation 338 

takes place over millions of years. However, intrusions emplaced in organic-rich shale 339 

formations add immense amounts of heat at a time scale that is almost instantaneous 340 

with respect to geological time scales. Numerous studies have investigated the 341 

thermal effects of sills on their organic-rich host rock formations in numerous basins 342 

worldwide (Einsele et al., 1980; Svensen et al., 2004; Fjeldskaar et al., 2008; Svensen 343 

et al., 2009; Aarnes et al., 2010; Aarnes et al., 2011; Iyer et al., 2013; Galerne and 344 

Hasenclever, 2019), but none of them investigated producing petroleum systems. In 345 

this section, we address the thermal impact of sills emplaced within the organic-rich 346 

shale formations of the Vaca Muerta and Agrio formations, and how this additional 347 

heat was beneficial for the petroleum system in the Neuquén Basin. 348 

 The case study used here is the producing oil fields of the Río Grande Valley, 349 

southern Mendoza Province, south of the Bardas Blancas village (see location in 350 

Figure 2). The Río Grande Valley fields are typical Type I igneous petroleum systems, 351 

with sills emplaced in the Vaca Muerta and Agrio source rock formations of the basin. 352 

Note as well that the sills in these fields are the main reservoir rocks (see section 4.1). 353 

The valley is a morphologic depression with N-S orientation, bounded to the West by 354 

the basement-cored anticline of the Sierra Azul – Puntilla del Huincán and to the East 355 

by the Palauco, Cara Cura and Reyes ranges (Figure 4E)(Kozlowski et al., 1993a). 356 

The volcanic activity in the study area mainly occurred during the Late Oligocene-357 

Middle Miocene Molle Eruptive Cycle (MEC) and the Late Miocene-Pliocene Huincán 358 

Eruptive Cycle (HEC), defined by Bettini (1982) and Combina and Nullo (2011). These 359 

eruptive cycles resulted in thick lava flow sequences, as well as numerous andesitic 360 

to basaltic sills dominantly emplaced in the source rock formations of the Mendoza 361 

Group.  362 

 Spacapan et al. (2018) performed basin models to test the thermal effects of 363 

the sills in the Río Grande Valley oil fields. The test consisted of comparing two end 364 
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member scenarios: a scenario that only accounts for regional burial but not for sill 365 

emplacement, and conversely a scenario that accounts for both regional burial and sill 366 

emplacement. The models with and without intrusions show drastic differences in 367 

temperature and maturation patterns.  368 

 In the model without intrusion, the shallowest maturation depth at present day 369 

is the base of the Huitrín Formation, with values of 0.55 to 0.7 %Ro, indicating early 370 

oil generation in Vaca Muerta and Agrio formations (Figure 5). In addition, only a very 371 

limited percentage of organic matter is transformed to hydrocarbons (TR 30% on 372 

average) in the Vaca Muerta Formation (Figure 5).  373 

 In the model with intrusions, however, the Vaca Muerta and Agrio formations 374 

reach the main oil to dry gas maturation windows (Figure 5). The highest degrees of 375 

maturity and the highest transformation ratios (80 % to 100 %) are concentrated in the 376 

surroundings of the sills. Further from the intrusions, the Vaca Muerta and Agrio 377 

formations exhibit lower degrees of maturation and lower transformation ratios, 378 

ranging 2-25 % (Figure 5). These results show that the source-rock maturation in the 379 

Río Grande Valley fields was dominated by the igneous intrusions, and that the 380 

maturation of the source rock formations was constrained to the intruded domains. 381 

Without sills, the source rock formations would be immature to marginally mature. 382 

 The models of Spacapan et al. (2018) also show that the thermal impact of sill-383 

complexes depends on the sill-complex architecture. Parameters such as number of 384 

sills, sill spacing, sill thickness, sill composition and timing of emplacement, greatly 385 

affect the temperature distribution in the basin. The emplacement of several sills 386 

vertically superposed enhances source-rock maturation between the sills, and the 387 

extent of the maturation aureole is enhanced by the local number of intrusions (Figure 388 

5). In addition, the coeval emplacement of several sills has larger thermal impact than 389 

successive sill emplacement, where each sill has time to cool down before the 390 

emplacement of the next sill (Spacapan et al., 2018). Also, the host rock background 391 

temperature, prior to the sill emplacement, has a significant impact on the extent and 392 

degree of host rock maturation. Therefore, the knowledge of the burial history of the 393 

organic-rich formations is essential for quantifying the thermal and maturation impacts 394 

of the sill-complex. 395 

 Because the seismic imaging of the sill-complex in the Río Grande Valley fields 396 

is challenging (see section 7.1), the mapping of the sills was done through correlation 397 

between wells along E-W and N-S transects (Figure 5A). This mapping evidences that 398 
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the sill-complex of the RGV is not continuous, but consists of several local sill-clusters 399 

with gaps of intrusions between them (Spacapan et al., 2020a). Their average lateral 400 

extension is more than 4.5 km in E-W direction, and they can extend over 11.5 km in 401 

N-S direction. Such heterogeneous distribution of sills implies heterogeneous 402 

maturation of the source rock in the Río Grande Valley petroleum system.  403 

 404 

 405 

Figure 5. Summary figure illustrating maturation induced by igneous intrusions in the Río 406 

Grande Valley oil field (Spacapan et al., 2018). See location in Figure 4E. A. Geological cross 407 

section across Río Grande Valley oil field constructed from four wells. Cross section contains 408 

two and four sills emplaced in Vaca Muerta Formation and Agrio Formation, respectively. B. 409 

Thermal modelling of Río Grande Valley without sill showing low maturation of the Vaca Muerta 410 

and Agrio formations. C. Thermal modelling of Río Grande Valley with sills showing substantial 411 

maturation of the Vaca Muerta and Agrio formations. 412 
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 413 

3.2 Maturation documented on field analogue 414 

The key challenges in studying the igneous petroleum system of the Río Grande Valley 415 

oil fields are that (1) seismic imaging is poor (see section 7.1)(Rabbel et al., 2018), 416 

and (2) geological studies can mostly be done through wireline well data, with very 417 

seldom rock samples (Witte et al., 2012; Spacapan et al., 2018; Spacapan et al., 418 

2020a). 419 

 In the Neuquén Basin, Andean tectonics brought to surface geological 420 

analogues of the igneous petroleum systems of the Río Grande Valley oil fields. The 421 

best examples are a 4-km long section at El Manzano, West of Río Grande Valley 422 

(Figure 4)(Rabbel et al., 2021), and Sierra de Cara Cura, south of Río Grande Valley 423 

(Figure 4)(Palma et al., 2024b). In this section, we will focus on results collected in the 424 

Sierra de Cara Cura range.  425 

 Sierra de Cara Cura is located in the northern sector of the Neuquén Basin, in 426 

southern Mendoza Province (Figure 2). It is part of the southern edge of the Malargüe 427 

Fold-and-Thrust Belt. The Cara Cura range is formed by two asymmetric anticlines 428 

with a NNE-SSW strike and W vergence (Figure 6A). At Sierra de Cara Cura, the 429 

whole stratigraphic section of the basin from basement to Late Cenozoic deposits and 430 

an entire 10-15 km long intrusive complex are exposed (Figure 6A). Remarkably, this 431 

corresponds to the characteristic extent of the producing subsurface oil fields in the 432 

Río Grande Valley (Spacapan et al., 2020a; Spacapan et al., 2020b).  433 

 Palma et al. (2024b) performed pyrolisis analyses and organic petrology on 434 

samples collected along transects across the exposed Vaca Muerta and Agrio 435 

formations (location on Figure 6) for quantifying the thermal impact of the multiple sills 436 

on the TOC (Total Organic Content), HI (Hydrogen Index), Tmax (Maximum 437 

Temperature) and TR (Transformation Ratio). The pyrolysis data shed light on the 438 

thermal impact of the intrusions on the source rock. The data exhibit clear 439 

compositional differences between the organic-rich shale in the vicinity of the 440 

intrusions (low TOC, low HI, high TR close to 100%, variable Tmax) with respect to 441 

the shale away from the intrusions (higher TOC, high IH, low TR, constant Tmax) 442 

(Figure 6C,D).  443 

 The pyrolysis data of Palma et al. (2024b) show that ~80% of the thickness of 444 

the Vaca Muerta Formation is thermally affected by magmatic intrusions, whereas 445 
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~40% of the Agrio Formation is thermally affected, based on TR values (Figure 6C,D). 446 

The data does not show a clear relationship between sills thickness and aureole 447 

thickness. Generally, the aureole thickness is more than twice the sill thickness. Where 448 

the vertical distance between two sills is smaller than the aureole thickness, the 449 

thermal aureoles overlap. This is consistent with the results of Spacapan et al. (2018), 450 

who demonstrate that where sills clusters are located, the thermal aureoles of each 451 

individual sill overlap, leading to a non-linear relationship between the intrusion 452 

thickness and their thermal effects (see section 3.1; Figure 5).  453 

 The results of Palma et al. (2024b) suggest that the best parameter to define 454 

the extent of the thermal aureole is the HI, which was used to separate between 455 

thermally altered and unaltered samples. This is consistent with former studies in the 456 

northern Neuquén Basin, because HI values appear rather homogeneous in the 457 

unaltered Agrio and Vaca Muerta Formations, and so HI anomalies can be more 458 

confidently interpreted in terms of local thermal effects (Spacapan et al., 2020a; 459 

Rabbel et al., 2021). Conversely, TOC content in the Vaca Muerta and Agrio Formation 460 

can be quite variable, and so identifying the thermal effects of igneous sills based on 461 

TOC can be challenging. The unaltered samples show %Ro values of ~0.67, i.e., 462 

below the peak of the oil window (Figure 6F). In the aureole, the high TR values close 463 

to 100% suggest that most of the organic matter has been transformed to 464 

hydrocarbons. Also, altered samples show a carbonized organic matter (Figure 6C,D). 465 

The Tmax value is not a suitable parameter to determine the size of thermal aureole 466 

generated during the emplacement of sills (Palma et al., 2024b).  467 

 Note that the pyrolysis analyses were carried out on samples collected in the 468 

field. In most former studies of the thermal impacts of igneous intrusions on organic-469 

rich shale, pyrolysis analyses were carried out on subsurface samples, either cores or 470 

cuttings, which are supposed to be unaffected by surface weathering. The pyrolysis 471 

results presented by Rabbel et al. (2021) and Palma et al. (2024b) are qualitatively 472 

very similar to those obtained from subsurface samples (Iyer et al., 2018; Spacapan 473 

et al., 2018; Spacapan et al., 2019; Spacapan et al., 2020a): the TOC content 474 

systematically decreases, and the HI index systematically increases, toward the 475 

intrusions with similar values. This shows that pyrolysis analyses on field shale 476 

samples, if properly collected, provide meaningful results that are not much affected 477 

by weathering. Such a result opens the door for more field-based sampling campaigns 478 

to study the thermal evolution of organic-rich shale, which is much less costly than well 479 
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samples. For a more quantitative comparison between field and borehole samples, 480 

one needs to account for the burial history of both our study area and the areas where 481 

well data have been analysed. 482 

 483 

 484 

Figure 6. Summary figure illustrating maturation of igneous intrusions from the Cara Cura 485 

range field analogue (Palma et al., 2024b). A. Geological map of the Cara Cura range. Map 486 

indicates sill names (SVM1, SVM2, SVM3, SA1, SA2 and SA3) and geochemical transects od 487 

C and F. B. Field photograph of sills SVM2 and SVM3 emplaced in Vaca Muerta Formation. 488 

C. Plot of profiles of TOC, TR, HI and Tmax measured across Vaca Muerta Formation 489 

(Transect1, see location in A). D. Plot of profiles of TOC, TR, HI and Tmax measured across 490 

Agrio Formation (Transect2, see location in A). Red dashed lines represent the estimated 491 

boundary of the thermal aureole around the sills. E and F. Images from organic petrology. 492 
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Vitrinite reflectance (%Ro; left), thermal alteration index of organic matter (TAI) in transmitted 493 

light (centre) and fluorescence light (right) in the base of Upper Agrio (E), and in Lower Agrio 494 

(F).  495 
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4 Structural impacts of igneous intrusions 496 

4.1 Sills as fractured reservoirs 497 

Sills have traditionally been viewed as impermeable features, acting as barriers and 498 

baffles against fluid flow (Rateau et al., 2013; de Miranda et al., 2018), potentially 499 

leading to overall negative impacts on petroleum systems. However, the sills in the 500 

Río Grande Valley have shown that sills may not only have beneficial effects on 501 

maturation (Section 3.1) but can also represent fractured hydrocarbon reservoirs of 502 

economic relevance. In this section, we describe these fractured reservoirs which have 503 

been characterized using both subsurface data from RGV and direct outcrop 504 

analogues. Note that the reservoir sills are sealed by the low-permeability shale of 505 

their host rock.  506 

 Spacapan et al. (2020a) characterised the reservoir properties of the sills. Oil 507 

production curves for magmatic sills located in Huitrín, Agrio and Vaca Muerta 508 

formations show that they are essentially fracture-dominated reservoirs with a minor 509 

influence of matrix porosity, with fast initial production rate rapidly decaying to much 510 

lower production rate. Capillary pressure and porosity-permeability plots for magmatic 511 

intrusions show the coexistence of essentially two groups of reservoir properties: one 512 

of moderate-to-low reservoir quality, and a second one of good reservoir quality. Some 513 

degree of variability may arise from the coexistence of intervals with different fracture 514 

intensity, aperture, connectivity, degree of cementation and tortuosity, or more likely, a 515 

combination of several of these factors. 516 

 The analysis of Spacapan et al. (2020a) was based on rock cores from the oil-517 

producing sills. However, the available core material was rather limited to derive a 518 

complete picture of the fracture natures and distribution. Rabbel et al. (2021) and 519 

Palma et al. (2024b) complemented the analysis of Spacapan et al. (2020a) through 520 

the extensive field mapping of seismic-scale outcrop analogues. The outcrop studied 521 

by Rabbel et al. (2021) at El Manzano is the westward extension of the subsurface 522 

petroleum system of the Río Grande Valley fields, brought to the surface by thrusting. 523 

The structural analysis of Rabbel et al. (2021) evidence multiple fracture types driven 524 

by a broad spectrum of physical processes and associated with different fracture 525 

distributions. In addition to tectonic fractures, these fracture types include cooling 526 
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joints, bitumen veins and hydrothermal veins that formed in high-temperature 527 

environment, i.e. during the cooling of the sills. 528 

 The most prominent fracture type are cooling joints created by thermal 529 

contraction of the sill. The exposed sills exhibit complex distributions of cooling joints 530 

within the igneous intrusions (Figure 7). The innermost domains of sills exhibit 531 

fractures that are perpendicular to the intrusion’s walls, typically called columnar joints, 532 

as they fracture the sills in columns perpendicular to the contacts with the host rocks 533 

(Figure 7)(Bermúdez and Delpino, 2008; Rabbel et al., 2021). Within the columns, one 534 

can find fractures that are perpendicular to the columns, and so parallel to the 535 

intrusion’s contact, named transverse joints (Bermúdez and Delpino, 2008). Along 536 

straight sill segments, the cooling joint pattern is regular. Nevertheless, irregularities 537 

in sill shape, such as steps or broken bridge, are associated with prominent 538 

perturbation of the cooling joint pattern (Figure 7). 539 

 Other types of fractures associated with the sills are graphitic bitumen veins 540 

and bituminous shale injection structures. These features result from the rapid 541 

maturation of the organic matter in the contact aureole of the sills. Such fast maturation 542 

lead to fast generation of hydrocarbons, leading to fast fluid pressure build-up. Given 543 

that the shale has very low permeability, this fluid pressure build-up could only be 544 

released through hydrofracturing or fluidisation of the shale, leading to injection of 545 

either organic-rich fluids or fluidised bituminous shale.  546 

 Large hydrothermal veins were also found to cut through both the sills and the 547 

host rock. The veins occur both at sill tips, and along the more central part of sills and 548 

may crosscut, or be crosscut by, bitumen dykes (Figure 7D). The mutual crosscutting 549 

relationships demonstrate that these processes are coeval. Commonly, these features 550 

are several centimeters to a meter wide, tens to hundreds of meters long, and include 551 

arrays of branching veins, and carry fragments of host rock. Millimeter- to centimeter-552 

scale macropores are very common and often filled with bitumen (Figure 7D). 553 

 Spacapan et al. (2020a) noticed that the sill clusters of the Río Grande Valley 554 

fields are located in tectonically deformed areas. Post-emplacement tectonic stress 555 

and deformation eventually lead to the faulting of the sills (Figure 7D). Pre-existing 556 

cooling fractures are reactivated, or new faults are created, leading to additional 557 

secondary porosity. Larger faults crosscut the entire sedimentary column. 558 

 In summary, the fracture distribution within the igneous reservoir rocks of the 559 

Río Grande Valley fields exhibits strong lateral changes on the scale of some tens to 560 
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hundreds of meters, depending on the number and intensity of processes involved. 561 

Such changes involve locally increased fracture density, wider orientation distribution, 562 

higher connectivity and a variable length distribution. For modelling these fracture 563 

systems, Rabbel et al. (2021) showed that the fracture length is best described using 564 

a log-normal distribution, not by a power law. 565 

 Note that reservoir quality is strongly influenced by the degree of cement 566 

precipitation, which impacts fluid flow and reservoir capability. In the Río Grande Valley 567 

fields, core observations allow establishing the following sequence of cement 568 

precipitation in fractures: (1) first growth of a zeolite phase, made of large spherulitic 569 

zeolites, from the fracture walls to the centre; (2) formation of secondary zeolites, filling 570 

the pores generated by dissolution of primary zeolite, and secondary calcite, growing 571 

between primary zeolite crystals, occluding partially to totally the fracture porosity. The 572 

observations of Spacapan et al. (2020a) are a clear example of how the number, 573 

nature and intensity of cement phases controls the probability of fracture porosity 574 

occurrence and, hence, the storage capacity and fluid transmissibility of the igneous 575 

body. 576 

 577 
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 578 

Figure 7. Figure summarising characteristic of igneous fractured reservoirs (Rabbel et al., 579 

2021). A. Orthorectified image of one sill at El Manzano outcrop (see location in Figure 4C). 580 

B. 2D fracture mapping of image A. C. Map of fracture intensity (P21) of fracture map of B 581 

using open-source FracPaQ toolbox (Healy et al., 2017). D. Schematic summary of fracture 582 

types of sill fractured reservoir in organic-rich shale, underlying mechanisms and fracture 583 

network variations interpreted from field evidence. Central image visualizes large-scale 584 
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features, including intrusion architecture and its relation to spatial fracture network variations. 585 

Insets (a–f) highlight specific fracture types and potential implications for igneous reservoirs. 586 

 587 

4.2 Gentle doming as structural trap 588 

Doming associated with igneous intrusions in sedimentary basins occurs when 589 

magma intrudes into the layers, causing them to bend upwards into a broad, 4-way 590 

closure dome-like structure (Pollard and Johnson, 1973; Jackson and Pollard, 1990; 591 

Trude et al., 2003; Hansen and Cartwright, 2006; Jackson et al., 2013b; Magee et al., 592 

2014). In hydrocarbon-bearing basins, these dome structures can trap oil and gas 593 

(Schmiedel et al., 2017), creating effective structural traps. 594 

 The Cerro Bayo de la Sierra Negra intrusive complex, located in the central part 595 

of the Neuquén Basin (see El Trapial in Figure 2), is a prime example of how an 596 

intrusive complex can influence hydrocarbon-bearing sedimentary basins. This 597 

intrusive complex, also known as Cerro Bayo-Trapial, constitutes the shallow plumbing 598 

system of an eroded Lower Miocene volcanic complex (González and Aragón, 2000). 599 

It is surrounded by the large oil fields of El Trapial and Chihuido de la Sierra Negra 600 

(Lombardo et al., 2024). The main structural trap at El Trapial is a large-scale dome of 601 

the Mesozoic strata. In this section, we will describe in detail the link between the dome 602 

and the intrusive complex. 603 

 At the surface, the intrusive complex consists of a swarm of radial dykes and a 604 

few sills emplaced in the red sedimentary rocks of the Neuquén Group. The dykes 605 

converge toward the central part of the complex, which consists of a gentle subcircular 606 

hill (Cerro Bayo) with a diameter of roughly 3 km, culminating at approximately 1360 607 

meters above sea level. An initial interpretation of Cerro Bayo was that it consists of a 608 

plug feeding a Christmas tree laccolith (González and Aragón, 2000), but Lombardo 609 

et al. (2024) show that the Cerro Bayo hill is made of gently tilted strata of the Neuquén 610 

Group, which are heavily intruded by the radial dykes.  611 

 The subsurface structure of the Cerro Bayo de la Sierra Negra intrusive 612 

complex was revealed through the integration of high-quality 3D seismic data, 613 

numerous well logs, and field observations. Seismic data revealed key features, 614 

including sills, dykes, and faults. Sills were identified as sub-horizontal, high-615 

impedance reflections, often concentrated in the Quintuco-Vaca Muerta interval 616 
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(Figure 8C). Annular faults were recognized in seismic data and exhibit inward-dipping 617 

reverse fault patterns. The mapped subsurface sill complex exhibits a subcircular 618 

distribution, with a radius of ~10 kilometres.  619 

 The El Trapial dome results from the superimposition of two different scales of 620 

doming: a large-scale dome (~10 km radius), and several smaller-scale domes (~3 km 621 

radius) clustered around the central axis (Figure 8). The large-scale dome affects all 622 

the Mesozoic formations, including the Jurassic Tordillo Formation and the formations 623 

below. The small-scale domes are associated with annular inward-dipping reverse 624 

faults that accommodate their growth, which are rooted in the Vaca Muerta Formation 625 

and only affect shallower formations (Figure 8). The amplitude of the El Trapial dome 626 

is estimated to be approximately 500 meters, with the shallow, small-scale domes 627 

contributing around 200 meters of uplift. The remaining 300 metres of uplift are rooted 628 

deeper. 629 

 There is a perfect correlation between the dome structure and the intrusive 630 

complex. The centre and the extent of the dome coincide precisely with the centre and 631 

the extent of the intrusive complex (Figure 8B and D). In addition, Lombardo et al. 632 

(2024) show that the amplitude and distribution of the shallow, small-scale domes 633 

correlate with the distribution of the sills emplaced within the Vaca Muerta Formation. 634 

Such correlation shows that the doming has resulted from the emplacement of the 635 

plumbing system of the Cerro Bayo de la Sierra Negra volcanic complex at different 636 

crustal levels. 637 

 638 
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 639 

Figure 8. Synthetic figure illustrating El Trapial dome structure induced by Cerro Bayo de la 640 

Sierra Negra intrusive complex (Lombardo et al., 2024). A. Satellite image of Cero Bayo de la 641 

Sierra Negra intrusive complex, showing radial dyke swarm (red), exposed sills (white dashed 642 

lines) and oil fields (each white dot on satellite image is a well pad. Black line locates seismic 643 

section of C. B. Map of igneous intrusions mapped in subsurface data. The bodies in colors 644 

represent all the sills at subsurface identified on the seismic volume though the different 645 

attributes described on this contribution. The orange and red lines represent the dykes at 646 

surface and subsurface, respectively. The dashed red circle represents the outer boundary of 647 

all the igneous bodies. C. Interpreted East-West seismic section in time (see location in A) 648 

crossing the dome structure of Cerro Bayo complex. Notice igneous sills intruding 649 

predominantly the Quintuco-Vaca Muerta section. D. Map of estimated uplift of El Trapial dome 650 

structure. E. 3D block diagram of the El Trapial dome associated with the Cerro Bayo de la 651 

Sierra Negra intrusive complex. 652 

 653 
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4.3 Faulted laccolith-induced doming as fractured reservoir 654 

The emplacement of laccoliths leads to the formation of dome-structures, deforming 655 

and potentially, fracturing the overburden rocks (Corry, 1988; Trude et al., 2003; 656 

Magee et al., 2014; Agirrezabala, 2015). These rocks, including the laccolith itself, may 657 

act as traps, fractured reservoirs, or migration path for hydrocarbons, depending on 658 

the mechanics of laccolith fluid emplacement. The El Trapial dome case study 659 

described in Section 4.2 is a perfect trap because the intrusion-induced dome is 660 

gentle, typically associated with intrusions of low thickness-to-diameter ratios, such as 661 

wide thin sills (Pollard and Johnson, 1973; Galland and Scheibert, 2013). However, 662 

intrusions of significantly higher thickness-to-diameter ratios, such as laccoliths, are 663 

common (Corry, 1988; Cruden et al., 2018). The inflation of laccoliths is expected to 664 

significantly deform their overburden, triggering fracturing, stretching, and even 665 

faulting of the overburden (so-called "punched laccolith" mechanism) (Koch et al., 666 

1981; Wilson et al., 2016; Schmiedel et al., 2019). The resulting structures are 667 

expected to significantly affect permeability architecture of the deformed sedimentary 668 

strata (Delpino et al., 2014a). 669 

 In this section, we present a case study of an intrusion-induced dome 670 

associated with a thick laccolith at Pampa Amarilla (see location in Figure 2)(Galland 671 

et al., 2022), where integrated field mapping and subsurface data interpretation 672 

allowed for a 3D modelling of this subsurface laccolith through a structural 673 

reconstruction. The Pampa Amarilla dome structure is located in the Malargüe fold-674 

and-thrust belt in the northern Neuquén Basin, southern Mendoza province, Argentina, 675 

~50 km south of Malargüe city and 20 km east of Bardas Blancas town (Figure 2). In 676 

the study area, Upper Cretaceous continental deposits of the Neuquén Group crop out 677 

regionally, except for a sub-circular outcrop of deeper marine sediments from the mid 678 

Cretaceous to Lower Cretaceous formations of the Huitrín and Agrio Formations, 679 

respectively (Figure 9A). In the subsurface, beneath the sub-circular outcrop, the 680 

presence of a thick igneous body has been known since 1937, following the drilling of 681 

well PA.x-2 (Pampa Amarilla), which encountered over 100 m of andesite without 682 

reaching the bottom of the intrusion. During the drilling of this well, several 683 

hydrocarbon manifestations occurred while crossing the overburden rocks and the 684 

igneous body. 685 
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 High-quality seismic data enabled a good reconstruction of the subsurface 686 

structure to the north, west, and south of the Pampa Amarilla dome (Figure 9B). 687 

However, the eastern part lacked 3D seismic coverage, and seismic data loses 688 

coherence at the dome's location due to imaging difficulties related to the structural 689 

complexity of the dome. Additionally, well logs and cutting description of two wells 690 

(PA.x-2 and PA.x-6, see locations in Profile L390, Figure 9C) were included in the 691 

study to determine the depths of stratigraphic formation tops and to apply a simple 692 

vertical geometric scaling of the seismic data. 693 

 Integrating field, borehole, and seismic data, Galland et al. (2022) produced a 694 

structural model of both the dome and the underlying intrusion (Figure 9C), which 695 

shows that the Pampa Amarilla dome formed due to the emplacement of a ~400 m 696 

thick subsurface laccolithic intrusion, with a thickness-to-length ratio T/D~0.13. 697 

Furthermore, the dome exhibits a trapdoor structure, with faulting along the western, 698 

northwestern, and southwestern edges, and gentle tilting of the overburden to the east 699 

(Figure 9D). The trapdoor tilting of the laccolith’s overburden was the main mechanism 700 

controlling the thickening of the laccolith.  701 

 The reconstructed subsurface Pampa Amarilla laccolith is elliptical in map view, 702 

with a 3 km-long east-west axis and a 2 km-long north-south axis. Along east-west 703 

cross section, the laccolith is wedge shaped with maximum thickness near its western 704 

edge and gradual thinning towards the east (Figure 9C). According to these results 705 

and considering that numerous laccolithic intrusions exhibit similar T/D values to that 706 

of the Pampa Amarilla laccolith (Cruden and Weinberg, 2018), this study suggests that 707 

numerous laccoliths on Earth grew by faulting of their overburden. This result implies 708 

that the established mechanical models of laccolith emplacement based on elastic 709 

bending of the overburden (Pollard and Johnson, 1973; Kerr and Pollard, 1998; 710 

Bunger and Cruden, 2011; Galland and Scheibert, 2013) may apply only to a few thin 711 

laccoliths or thick sills. 712 

 The study Galland et al. (2022) highlights the necessity and value of integrating 713 

field geological measurements with subsurface (3D seismic and borehole) data for 714 

structural reconstructions of subsurface laccolith intrusions and for delineating the 715 

damage zones generated in potential hydrocarbon reservoir rocks (Figure 9D). In the 716 

case of Pampa Amarilla laccolith and dome, the faulted edges of the dome are the 717 

main exploration targets as fractured reservoirs. 718 

 719 
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 720 

Figure 9. Figure illustrating laccolith-induced faulted dome as potential fractured reservoir, 721 

using Pampa Amarilla laccolith case study (Galland et al., 2022). A. Geological map of the 722 

Pampa Amarilla dome (see location in Figure 2) showing structural field measurements, 723 

seismic profiles (in B) and geological cross sections (in C). The coordinate system of the map 724 

is the Campo Inchauspe / Argentina 2 EPSG:22192. B. EW (L390, top) and NS (X354, bottom) 725 

seismic profiles across the Pampa Amarilla dome (see locations of A-A' and B-B' on map in A) 726 

with interpreted tops of the Huitrín (orange lines) and Chachao (light blue lines) formations. 727 

Note that the seismic data is incoherent at the location of the dome. C. Geological cross 728 

sections A-A’ (L390, top) and B-B’ (X354, bottom), located on geological map of A. The 729 

locations of wells PA.x-2 and PA.x-6 are indicated on Profile L390. D. Sketch summarizing the 730 

structure of the Pampa Amarilla laccolith and faulted, trapdoor dome, locating potential 731 

fractured reservoir. 732 

 733 

 734 

  735 
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 736 

5 Impacts of igneous intrusions on hydrocarbon migration 737 

5.1 Syn-cooling fluid migration 738 

Sections 3.1 and 3.2 describe the thermal effects of igneous sills on organic-rich shale 739 

formation, and in particular on the maturation of the organic matter. Fast maturation 740 

triggers fast generation of hydrocarbons and associated fluid pressure build-up. 741 

Rabbel et al. (2023) show that the hydrocarbon generation during the cooling of the 742 

intrusions leads to significant hydrocarbon migration under high grade conditions. 743 

 Rabbel et al. (2023) collected geological observations from several localities in 744 

the Neuquén Basin (El Manzano, see section 4.1; Cuesta del Chihuido; see locations 745 

in Figure 2). These authors systematically observed occurrence of veins with solid, 746 

strongly graphitized bitumen, as well as cooling joints filled with solid bitumen or 747 

organic-rich shale (Figure 10). These observations evidence transport of hydrocarbon-748 

rich fluids and liquefied sediments into the sills in a high-temperature (probably 749 

>350°C), high-pressure environment. These phenomena happen within years to 750 

several decades after solidification. 751 

 The hydrocarbons generated in such a short time scale cannot migrate by 752 

Darcy porous flow through very low-permeability shale. Instead, the resulting pressure 753 

build-up is so high that hydrocarbons migrate by in-situ fracturing of the shale, the so-754 

called primary migration (Kobchenko et al., 2011; Kobchenko et al., 2014; Rabbel et 755 

al., 2020). This process is responsible for the bitumen veins observed in the field, 756 

which can be injected both within the shale host rock and the intrusions (see Section 757 

4.1). In addition, elevated pore pressures also resulted in local shale fluidization under 758 

the sills (Figure 10). 759 

 Observations of high-grade bituminous material in cooling joints inside the sills 760 

suggest that sills become permeable long before complete cooling (Rabbel et al., 761 

2023). However, numerical studies of hydrothermal circulations induced by the cooling 762 

of a sill commonly assume that sills are impermeable barriers (Fjeldskaar et al., 2008; 763 

Iyer et al., 2017). Consequently, these simulations modelled high fluid overpressures 764 

below the sills, leading almost systematically to the nucleation of hydrothermal vent 765 

complexes at the tips of the sills as a mechanism of fluid pressure dissipation. 766 
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Nevertheless, no hydrothermal vent complex is observed in the Neuquén Basin, and 767 

another mechanism is expected to be at work. 768 

 The field observations from the Neuquén Basin motivated novel numerical 769 

modelling of hydrothermal circulations that account for sills becoming permeable 770 

during cooling (Rabbel et al., 2023). The modelling results show that three distinct 771 

phases of fluid flow occur around the cooling sills (Figure 10). (1) before solidification, 772 

the sill is still impermeable, fluid pressure builds up under the sill, and fluid flow is 773 

parallel to the sill contacts. (2) Cooling of the sill leads to the generation of cooling 774 

joints, which make the sill permeable. Fluid flow suddenly change to vertical, while the 775 

fluids can cross the newly permeable sill. This step considerably reduces fluid 776 

overpressure under the sill in comparison to models with impermeable sills. (3) A 777 

plume of hydrocarbon slowly rises above the sill, instead of hydrothermal vent 778 

complexes generating at the tips of the sills like in models with impermeable sills 779 

(Fjeldskaar et al., 2008; Iyer et al., 2017). 780 

 These models show that the flow of methane through the sill occurs at 781 

temperatures >400°C, which meet the conditions for hydrothermal graphitization, in 782 

good agreement with the field observations. This result shows that flow of 783 

hydrocarbons into newly formed cooling joints is likely not a viable migration/charge 784 

mechanism for sill reservoirs in the Río Grande Valley fields (see section 4.1), as the 785 

intrusions are too hot for survival of liquid hydrocarbons. This suggests instead that 786 

the charge of the sill reservoirs occur later when the sill has cooled down (see Section 787 

5.2), and the hydrocarbons likely migrated from the large maturation aureoles at the 788 

scale of the sill complexes (see Section 3.1).  789 

 790 
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 791 

Figure 10. Summary figure illustrating syn-cooling fluid migration (modifed from Rabbel et al., 792 

2023). A. Field photograph of upwelling dikelets of liquefied shale and bitumen entering the 793 

cooling joint network of a thin sill at Cuesta del Chihuido (ca. 30 cm thick, side view). B. Field 794 

photograph of top view of sill from A demonstrating black bituminous fill in polygonal cooling 795 

joints. C. Field photograph of graphitic, fibrous bituminous vein near a sill at El Manzano 796 

outcrop. D. Cross section maps from numerical simulations of hydrothermal circulations 797 

associated with a cooling sill emplaced in otganic-rich shale. Top row: methane concentrations 798 
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after 1 year (left), 64 years (centre) and 1000 years after sill emplacement. Bottom row: flow 799 

velocity of hydrothermal fluids. Arrows indicate flow directions. E. Plot of methane fraction in 800 

sill (solid line) and average sill temperature (dashed line) through time computed from 801 

numerical simulations. 802 

 803 

5.2 Post-cooling fluid migration 804 

In the northern part of the Neuquén Basin, middle Miocene to Pliocene arc volcanism 805 

is represented by the igneous La Brea Formation, which consists of exhumed massive 806 

shallow, andesite subvolcanic intrusions (Baldauf et al., 1997; Nullo et al., 2002; Araujo 807 

et al., 2019). The La Brea magmatic suite illustrates a clear link between igneous 808 

intrusions and hydrocarbons, as ‘La Brea’ means “tar” in Spanish. The reason is that 809 

bitumen seeps have been documented near one of these intrusions, Cerro Alquitrán, 810 

back in 1833 (Yrigoyen, 1983) and represent a historical landmark in the hydrocarbon 811 

geology of the Neuquén Basin. Other nearby intrusions, such as Cerro La Paloma, are 812 

also associated with large bitumen seeps (Dessanti, 1959; Galland et al., 2024). 813 

 The Cerro Alquitrán is an exhumed 10.7±0.5 million-year-old subvolcanic 814 

intrusion, located at the foothills of the Andes mountains, Argentina (Nullo et al., 2002) 815 

(Figure 2). It is an intrusion of andesitic composition emplaced through the Mesozoic 816 

and Cenozoic sedimentary formations of the northern Neuquén Basin (Nullo et al., 817 

2002; Boll et al., 2014). The shape of the intrusion is inferred to exhibit a thick 818 

laccolithic to plug shape (Dessanti, 1959). The Cerro Alquitrán intrusion is located in 819 

the eastern border of the Neuquén basin, where thin and proximal late Jurassic to 820 

Paleocene strata were deposited. As a consequence, the Vaca Muerta and Agrio 821 

formations at the location of Cerro Alquitrán are not rich in organic matter and did not 822 

experience burial maturation. 823 

 The peculiarity of Cerro Alquitrán is the presence of large natural bitumen seeps 824 

clustering around the igneous body (Figure 11) (Dessanti, 1959). The major surface 825 

bitumen seeps occur in various forms, from tar pits to long bitumen flows (Figure 11B). 826 

The surface of the bitumen flows often exhibits ropy structures that mimic basaltic 827 

pahoehoe lava flows. On map view, the overall distribution of the major seeps follows 828 

the edge of the intrusion (Figure 11C), suggesting relationship between the intrusion 829 

and fluid migration pathways. 830 
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 The andesite hill of Cerro Alquitrán exhibits sub-circular shape on map view 831 

(Figure 11C). The contacts of the intrusion are nowhere exposed, making it challenging 832 

to constrain its overall shape. Nevertheless, it is likely that the intrusive contacts are 833 

relatively close to the outer edges of the outcropping andesite, suggesting a rounded 834 

massive intrusion type laccolith or plug. This hypothesis is supported by the structure 835 

of the neighbouring Cerro La Paloma intrusion, where vertical intrusion contacts are 836 

well exposed (Galland et al., 2024). The igneous body exhibits a concentric structural 837 

architecture, with three main structural patterns (Figure 11). The most prominent 838 

structures are brecciated andesite (Figure 11), distributed along bands (Figure 11C). 839 

Locally, kinematic indicators within the breccia highlight that the inner part of the 840 

intrusion moved upward with respect to the outer part. Structures of less intensity are 841 

fracture bands (Figure 11D), which contain thousands of fractures that are sub-842 

perpendicular to the top surface of the fracture band (Figure 11). Finally, the core of 843 

the andesite body consists of massive andesitic rock affected by a very few fractures 844 

(Figure 11). The concentric distribution and systematic outward-dipping nature of the 845 

structures in the andesite suggest that the fracturing and brecciation resulted from syn-846 

emplacement brittle deformation of the andesite due to fast shearing near the intrusive 847 

contacts. 848 

 There are clear relationships between the andesite structures and the bitumen 849 

seeps. Both at Cerro Alquitrán and Cerro La Paloma, the main bitumen are located 850 

near the intrusive contact, and where the andesite is the most fractured and 851 

brecciated. At Cerro La Paloma, a string of seeps is parallel to the intrusive contact, 852 

and the bitumen seeps from the brecciated andesite, not from the host rock of the 853 

contact itself (Galland et al., 2024). Locally, it is possible to observe the breccia 854 

impregnated with the bitumen that seeps out (Figure 11).  855 

 Organic geochemical analyses demonstrate that the bitumen seeping out at 856 

Cerro Alquitrán and Cerro La Paloma is not of local origin (Galland et al., 2023; Galland 857 

et al., 2024). Instead, it is expected that it has migrated from a regional kitchen 10-20 858 

km to the west of the area. The presence of numerous sills emplaced in the organic-859 

rich shale formations between the source of the bitumen and its seeping location 860 

suggest that subsurface network of igneous intrusions might have channelled, at least 861 

partly, regional fluid migration. 862 



 37 

 All in all, the demonstrative Cerro Alquitrán case study highlights the great 863 

relevance of igneous intrusions on subsurface fluid migration long time after the 864 

cooling of the magma.  865 

 866 

 867 

Figure 11. Figure illustrating post-magma emplacement hydrocarbon migration, using Cerro 868 

Alquitrán laccolith case study (Galland et al., 2023; Galland et al., 2024). A. Drone photograph 869 

of eastern seep illustrating the extent of the bitumen seep. B. Field photograph of bitumen 870 

ropy flow complex. C. Map of Cerro Alquitrán intrusion locating zones of breccia bands (red), 871 
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fracture bands (yellow) and poorly fractured andesite (green), as well as bitumen seeps. D. 872 

Field photograph of steep outward-dipping fracture bands near the SE edge of Cerro Alquitrán 873 

andesite. E. Sub-vertical breccia with fault gauge indicating upward movement of the interior 874 

of the intrusion. F. Schematic model of structure of Cerro Alquitrán and surrounding intrusions 875 

and its implications for hydrocarbon migration. 876 

 877 

5.3 Reservoir compartmentalisation 878 

Sections 4.1 and 5.2 show that igneous intrusions can represent high-permeability 879 

fluid pathways and fractured reservoirs. Conversely, other studies suggest that 880 

igneous intrusions can also be low-permeability barriers (Senger et al., 2017), leading 881 

to seal (de Miranda et al., 2018) or compartmentalisation of reservoirs (Rateau et al., 882 

2013; Schofield et al., 2015).  883 

 The Volcán Auca Mahuida, Risco Alto and Las Manadas oil fields provide an 884 

example of how intrusive bodies emplaced in conventional reservoir rocks can have 885 

adverse effects. This sector is located on the Auca Mahuida volcano, in the 886 

northeastern Neuquén Basin (Figure 2 and Figure 12A). This eruptive center, part of 887 

the Payenia Volcanic Province (Pleistocene-Holocene)(Rossello et al., 2002; Ramos 888 

and Folguera, 2011), has interacted with a complex tectonic and sedimentary history, 889 

significantly impacting the formations it was emplaced through (Basaldúa and 890 

Cristallini, 2022). The structural complexity associated with this volcano and the 891 

petroleum significance of the region have motivated numerous studies and models 892 

aimed at explaining its evolution (Ventura et al., 2013; Delpino et al., 2014b; Pallares 893 

et al., 2016; Longo, 2017). In this area, conventional hydrocarbon reservoirs consist 894 

of sandstones from the Rayoso (Barremian-Aptian), Centenario (Upper Valanginian-895 

Lower Aptian), Mulichinco (Lower Valanginian-Upper Valanginian), and Quintuco (Late 896 

Berriasian-Early Valanginian) formations, with the Mulichinco Formation being the 897 

primary reservoir. Meanwhile, the source rock corresponds to the Vaca Muerta 898 

Formation (Figure 12C). 899 

 Chiacchiera et al. (2022) analyzed data (well logs, borehole images, fluid 900 

testing, and a VSP Walkaway) from nine wells to investigate the effects of dykes on a 901 

sector northeast of the main crater of the Auca Mahuida volcano (Figure 12B). While 902 

some areas of the volcano have seismic data, the fields near the top crater lack such 903 

data, mainly due to the complex topography and the significant thickness of basaltic 904 
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cover. Transects were performed, and variations in fluid types (liquid hydrocarbons, 905 

gas, and water) were analyzed to identify hydraulic disconnections (Chiacchiera et al., 906 

2022). 907 

 Chiacchiera et al. (2022) concluded that subsurface dykes exhibit NE-SW and 908 

E-W orientations with dips of 60°-70° towards the south and southwest. These 909 

orientations coincide with surface faults and those described in the literature, 910 

suggesting that intrusions propagated through pre-existing structural discontinuities 911 

(Spacapan et al., 2016), affecting hydrocarbon connectivity (Senger et al., 2017).  912 

 Another impact associated with igneous intrusions is reservoir 913 

compartmentalization. Structural and fluid analyses revealed that, within the same 914 

stratigraphic levels, neighboring wells contain different fluids, indicating a lack of 915 

connectivity between them (Chiacchiera et al., 2022). This led to the identification of 916 

four hydraulically independent blocks (Figure 12B). A similar impact was observed at 917 

other stratigraphic levels in the same oilfield (Delpino et al., 2014b). This type of 918 

compartmentalization corresponds to the Box-Work type described by Holford et al. 919 

(2013) and Eide et al. (2016). As igneous bodies in the Mulichinco Formation do not 920 

exhibit fracturing that could allow them to act as reservoirs, they instead act as physical 921 

barriers to fluid flow. From a petrophysical perspective, intrusions and their associated 922 

hydrothermal activity may have reduced the permeability of the Mulichinco Formation, 923 

which could explain the high-water saturation in the sandstones surrounding the 924 

laccolith in fluid tests. 925 

 The analysis of these complex processes enhances the understanding of the 926 

interaction between intrusive bodies and productive sedimentary basins. However, 927 

further investigation is needed regarding the intersection zones between dykes and 928 

sills, as well as sill doming within reservoirs, to determine whether these structures 929 

can generate traps in other areas. Finally, VSP Walkaway (Figure 12D) data, such as 930 

those from Sigismondi (2012), provide evidence of intrusions in underlying source 931 

rocks, which could have reservoir potential when present in these lithologies, as 932 

previously discussed in this contribution. 933 

 934 

 935 
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 936 

Figure 12. A. Satellite image of the Auca Mahuida volcano, with oilfields involved in this study 937 

outlined in white. B. Image of the study area, where the four hydraulically disconnected blocks 938 

discussed in this work are highlighted in different colors (Image obtained from Google Earth). 939 

C. Schematic cross-section of the upper portion of the Auca Mahuida volcano, showing 940 

formations intersected, created with well data and modified from Delpino et al. (2014b). D. 941 

Left: VSP Walkaway in the E-W direction, showing faults indicated by red lines. Intrusive 942 

bodies highlighted within dashed ellipses. Taken and modified from Roth (2017). Right: A 943 

fragment of an image log from well AM-8, showing an intrusion. 944 

 945 
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 946 

6 Bitumen veins and volcanism 947 

The Neuquén Basin hosts hundreds of peculiar veins of solid hydrocarbon (bitumen), 948 

which resembles coal (Parnell and Carey, 1995; Cobbold et al., 2014). However, this 949 

material is not coal, as the veins are mostly steep dykes, which crosscut (and therefore 950 

post-date) the strata (Figure 13). The veins presumably intruded their host rocks, while 951 

the organic material within them was liquid oil or asphalt. Later the material solidified, 952 

probably by loss of volatile components. Generally, throughout the northern Neuquén 953 

Basin, many of the bitumen veins occur within, above, or even just below the Vaca 954 

Muerta Formation (Cobbold et al., 2014). Many workers have suggested that the Vaca 955 

Muerta Formation was the main source rock for the bitumen veins (e.g., Parnell and 956 

Carey, 1995; Cobbold et al., 1999). The idea is that the bitumen resulted from heating 957 

of organic-rich shale, producing oil that migrated into veins and subsequently 958 

solidified. Parnell and Carey (1995) described evidence for progressive opening of the 959 

veins, as a result of overpressure or tectonic stress. Note that some bitumen sills, as 960 

well as dykes, occur within shale of the Agrio Formation. Thus there is a possibility that 961 

the Agrio shale was also a source rock for some of the bitumen.  962 

 In the Mendoza Province, many bitumen veins are sills, parallel to sedimentary 963 

strata (Zanella et al., 2015). In contrast, in the provinces of Neuquén and southernmost 964 

Mendoza, most bitumen veins are steep, crosscutting dykes (Figure 13). At the 965 

surface, individual dykes tend to be continuous, over distances of hundreds of metres 966 

or even kilometres (Figure 13E), and they also tend to be parallel, when in swarms 967 

(Figure 13A). Many of the bitumen dykes crosscut structures in the Agrio fold belt, 968 

which has developed since Late Cretaceous times (Cobbold and Rossello, 2003). Also 969 

the dykes crosscut all sedimentary formations, from Jurassic to Palaeocene in age. 970 

 The origin of the bitumen veins remains controversial. Early workers stated that 971 

the bitumen veins were always “linked to volcanic centres” and that heating was due 972 

mainly to magmatic activity, rather than to burial alone (Keidel, 1910; Groeber, 1923). 973 

Conversely, Parnell and Carey (1995) favoured a model of progressive heating during 974 

Eocene burial. More recently, Cobbold et al. (2014) synthetised all published data with 975 

new data, and suggest that early geologists were right, based on the following 976 

arguments. 977 
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 First, in the provinces of Neuquén and southern Mendoza, most of the bitumen 978 

veins occur around Tromen volcano, within 70 km of its crater (Figure 13A). A few 979 

other veins crop out on the SE flank of Auca Mahuida Volcano (Cobbold et al., 2014), 980 

or along the Colorado River were Plio-Pleistocene volcanism occurred (Figure 13B). 981 

Around Tromen volcano, many bitumen dykes appear to be radial and point towards 982 

the current summit or previous craters of Tromen (Figure 13A). These radial 983 

arrangements of the bitumen dykes appear to correlate with the relief and with locally 984 

abnormal directions of current greatest horizontal stress to the SE of Tromen volcano, 985 

according to data from borehole breakouts (Guzmán et al., 2007). In addition, with 986 

distance from the crater of Tromen, some of the radiating bitumen dykes tend to 987 

become progressively thinner and even to bifurcate. Their greatest thicknesses (as 988 

much as 9.5 m) tend to occur near the foot of the volcano, especially within host rocks 989 

that are resistant to fracturing. 990 

 Second, the maturity of the bitumen varies regionally. In the domain that is the 991 

furthest from Tromen volcano, the bitumen is systematically less mature than in some 992 

parts of domains closer to Tromen (Cobbold et al., 2014). In addition, at Curacó Mine 993 

(Figure 13E,F), the bitumen within the veins reached higher temperature than the 994 

surrounding organic-rich shale (Cobbold et al., 2014). Thus the evidence is for 995 

injection of hot oil, forming the dykes. 996 

 The correlation between the main volcanic centres and the distribution of the 997 

bitumen veins, and the documented anomalously elevated temperatures of the 998 

bitumen within the bitumen veins, highlight the potential effect of magmatic activity on 999 

the formation of the bitumen veins. Cobbold et al. (2014) concluded that many bitumen 1000 

veins, in the provinces of northern Neuquén and southernmost Mendoza, formed in 1001 

Pliocene or Pleistocene times, when large volcanoes (Tromen and Auca Mahuida) 1002 

were active.  1003 

 Nevertheless, the exact mechanism of how magmatic activity controlled the 1004 

formation of the bitumen veins remain poorly understood. Cobbold et al. (2014) 1005 

proposed that heat advection by hydrothermal fluids generated oil, which intruded 1006 

adjacent rocks as veins. This mechanism implies regional, distributed effect of 1007 

magmatic activity. Conversely, geological observations at the locality of El Manzano 1008 

(Figure 7D)(Rabbel et al., 2021) and at a large bitumen mine near Malargüe (La 1009 

Valenciana mine; Zanella et al., 2015) suggest that bitumen veins can form in the 1010 

contact metamorphic aureoles of igneous sills emplaced into organic-rich shale 1011 
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formations. More research is needed to fully understand the origin of these peculiar 1012 

geological objects. 1013 

 1014 

 1015 

Figure 13. A. Satellite image showing the distribution of bitumen dykes and sills in Central 1016 

Neuquén Basin. Modified from Cobbold et al. (2014). Black squares locate Toribia bitumen 1017 

mine (B-D) and La Salvada and Curacó bitumen mines. B. Satellite image of area around 1018 

Toribia and Fortuna IV bitumen mines. C and D. Field photographs of Toribia Mine. E. Satellite 1019 

image of area around Auquilco Lake. F. Field photograph of Curacó Mine. 1020 

 1021 

  1022 
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 1023 

7 Geophysical imaging in volcanic basins 1024 

Igneous systems emplaced in sedimentary basins show a wide range of different rock 1025 

properties and distributions. Acoustic impedance of magmatic rocks is typically much 1026 

higher than for siliciclastic sedimentary rocks, but can be in the same range as acoustic 1027 

impedance of carbonates and evaporites. Igneous intrusions are commonly discordant 1028 

and steeply dipping, and volcanic deposits exhibit highly heterogeneous lithologies. 1029 

Conventional geophysical imaging techniques are commonly poorly adapted to these 1030 

complexities, making geophysical imaging of volcanic and subvolcanic systems 1031 

challenging. In the following sections, we list some case study examples from the 1032 

Neuquén Basin that highlights how geological data can help improving geophysical 1033 

imaging of volcanic systems emplaced in sedimentary basins. 1034 

 1035 

7.1 Seismic modelling of sill complexes 1036 

3D seismic reflection data are often the primary source for the mapping and 1037 

characterization of large-scale intrusive complexes (Planke et al., 2005; Jackson et 1038 

al., 2013a; Magee et al., 2013; Schofield et al., 2015; Schmiedel et al., 2017; Bischoff 1039 

et al., 2020; Kroeger et al., 2022). A key factor for the advances in seismic mapping of 1040 

intrusions is that they commonly represent prominent high amplitude reflectors which 1041 

are easy to map geophysically (Planke et al., 2005; Planke et al., 2015). However, a 1042 

variety of problems are related to the seismic imaging of igneous intrusions in 1043 

sedimentary basins. With respect to a typical seismic wavelength, sills often represent 1044 

thin geological layers of high seismic velocity (Planke et al., 2015). Importantly, recent 1045 

studies indicate that many sills are too thin to be recognised in seismic images and up 1046 

to 88% of sills could be missing when interpreting seismic data in volcanic basins 1047 

(Magee et al., 2015, Schofield et al., 2015). This makes the validation of observations 1048 

from seismic data difficult in many cases.  1049 

 Seismic modelling of field analogues is therefore of high importance for 1050 

improving seismic interpretation of intrusive complexes, because it creates a vital link 1051 

between geological field observations at the outcrop scale and their expression in 1052 

seismic data (Lecomte et al., 2016). Realistic seismic modelling requires (1) high-1053 

resolution, seismic-scale geological interpretations to provide structural input for the 1054 
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model geometry, (2) strong constraints on the elastic properties of both intrusions and 1055 

their host rocks, and (3) use of an adequate modelling technique that correctly 1056 

implements the 2(3)D resolution and illumination conditions in the subsurface 1057 

(Lecomte et al., 2016).  1058 

 Rabbel et al. (2018) presented a study of the hydrocarbon-producing andesitic 1059 

sills of the Río Grande Valley (see sections 3.1 and 4.1), to illustrate an integrated 1060 

approach to seismic modelling of field analogues of intrusive complexes. These 1061 

authors integrated (1) geological interpretation of an andesitic sill complex emplaced 1062 

in organic-rich shale of the Agrio Formation, exposed along a 4-km long, 400-m high 1063 

outcrop (Figure 4C and Figure 14B) at the El Manzano locality (see location in Figure 1064 

2) and (2) borehole data through sills emplaced in organic-rich shale from the 1065 

neighbouring Río Grande Valley oil fields to populate the elastic properties of both the 1066 

intrusions and the host rock (Figure 14A and C). 1067 

 The seismic models of Rabbel et al. (2018) produced complex interference 1068 

patterns and their link to the interplay of intrusion geometry and host rock layering that 1069 

cause them. Such waveform patterns include splitting and transgressive reflections, 1070 

braided reflections and reflection offsets that could be mistaken for small-scale faults. 1071 

Comparison to real seismic data shows that these waveforms may be used as 1072 

indicators for the presence of multiple, potentially stacked and interconnected sills, or 1073 

intruded intervals that may otherwise not be identified. The individual sills causing such 1074 

patterns may be less than 10 metres thick in some cases.  1075 

 Nevertheless, the results of Rabbel et al. (2018) show that each individual sill 1076 

is not resolved in the seismic model, and only thick sills that are layer-discordant and 1077 

cause a strong impedance contrast to the surrounding host rock can be mapped with 1078 

high confidence. The other sills are challenging to detect and are merged in frequency-1079 

dependent interference of reflections from host rock layers and intrusions. Features at 1080 

the scale within the 1/30-wavelength limit of detectability may cause characteristic 1081 

interference patterns, especially when closely stacked. 1082 

 Former seismic modelling studies have accounted either for homogeneous host 1083 

rock (Rohrman, 2007; Magee et al., 2015; Eide et al., 2018) or for a single sill intrusion 1084 

(Kjenes et al., 2024). In addition, these studies assume systematic high-impedance 1085 

contrast between the intrusions and their host rock. However, the borehole data 1086 

presented by Rabbel et al. (2018) show that the impedance contrast can be much 1087 

lower, if not inverted, in the Río Grande Valley fields. In order to test the relevance a 1088 
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realistic layered host rock and impedance contrast values, Rabbel et al. (2018) 1089 

compared seismic models with homogeneous and layered host rocks of realistic 1090 

impedance measured from borehole (Figure 14). This comparison shows that the 1091 

seismic model with layered host rock of realistic impedance contrast with the intrusions 1092 

is much more realistic with respect to the real seismic data from the Río Grande Valley 1093 

fields (compare Figure 14G and C). The study of Rabbel et al. (2018) thus shows that 1094 

detailed calibration of geometry and properties of both intrusions and host rock is the 1095 

key for realistic seismic modelling of sill complexes in sedimentary basins. 1096 

 1097 
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 1098 

Figure 14. Figure summarising seismic modelling of a sill complex (modified from Rabbel et 1099 

al., 2018). A. Characteristic geological cross section through the Río Grande oil field and the 1100 

Sierra Azul, locating the El Manzano outcrop. B. Field photograph of the El Manzano sill 1101 

complex outcrop. C. Top: Characteristic seismic profile (top) of sill complex in the Río Grande 1102 

oil fields. Sills (black rectangles) were identified in borehole data. Bottom: interpretation of 1103 

seismic profile above. D. Orthorectified image of the El Manzano outcrop with interpreted sills. 1104 

Box locates photograph of B. E. Seismic model of the El Manzano sill complex with 1105 

homogeneous host rock. F. Seismic model of the El Manzano sill complex with layered host 1106 
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rock. The acoustic properties of host rock are typical of layered siliciclastic deposits with low 1107 

acoustic impedance. G. Seismic model of the El Manzano sill complex with layered host rock. 1108 

The acoustic properties of host rock are those measured in borehole of in the Río Grande 1109 

Valley oil fields, including shales, carbonates, and gypsum of the Mendoza Group. 1110 

 1111 

7.2 Seismic imaging of subvertical dykes 1112 

The seismic data, due to its acquisition characteristics, has primarily been used to 1113 

image sub-horizontal igneous bodies like volcanic stratigraphy, sills and thin laccoliths 1114 

(Planke et al., 2000; Thomson and Hutton, 2004; Planke et al., 2005; Bischoff et al., 1115 

2020; Bischoff et al., 2021). Conversely, imaging vertical features such as dykes has 1116 

received less attention because sub-vertical features are harder to detect in reflection 1117 

seismic volumes (Magee and Jackson, 2020). However, dykes are crucial in volcanic 1118 

plumbing systems because: (1) their 3D geometry indicates magma transport 1119 

dynamics from deep to shallow crustal levels, (2) they highlight zones of varying 1120 

magma flux, and (3) they significantly impact fluid flow in volcanic basins, affecting 1121 

reservoir compartmentalization (see section 5.3)(Orchuela et al., 2003; Chiacchiera 1122 

Lobos, 2019) and/or seal by-pass (Senger et al., 2013; Senger et al., 2017). Imaging 1123 

dykes is further complicated by their thinness, often below the seismic detection 1124 

threshold. 1125 

 Lombardo et al. (submitted) proposed a seismic analysis workflow for imaging 1126 

and extracting subvertical dykes emplaced in sedimentary formations. The case study 1127 

described by Lombardo et al. (submitted) is the eastern part of the extensive Lower 1128 

Miocene Huantraico volcanic complex, located in the central Neuquén Basin, 1129 

Argentina (Figure 15). The remnants of the Huantraico Volcanic Complex consist of a 1130 

gently folded volcanic plateau (the Huantraico Syncline) and a radial dyke swarm of 1131 

~40 km in diameter emplaced in the Mesozoic sedimentary substratum of the volcanic 1132 

plateau (Figure 15)(Ramos and Barbieri, 1988). The radial dykes are basaltic in 1133 

composition and reach several kilometers in length and between 10 and 15 m in 1134 

thickness. Most of the exposed dykes were emplaced in the red sedimentary rocks of 1135 

the Neuquén Group, such that dykes appear as prominent brown ridges in the red 1136 

landscape (Figure 15). 1137 

 The data used by Lombardo et al. (submitted) uses large subsurface data set 1138 

(3D seismic reflection data, borehole data) gathered during the development of the El 1139 
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Trapial oil field (see section 4.2)(Lombardo et al., 2024). The workflow described by 1140 

Lombardo et al. (submitted) is based on seismic reflection data using an on-shore, 1141 

zero-phase, time-migrated, 3D seismic reflection survey (340 km2), a post stack 1142 

seismic inversion volume (P-impedance). Vertical igneous intrusions in sedimentary 1143 

sequences disrupt the host rock stratigraphy and interrupt the lateral continuity of the 1144 

layers. If this perturbation is big enough it is expected to affect the continuity of the 1145 

reflectors of the sedimentary host-rock, resulting in a subtle but measurable seismic 1146 

response (Figure 15)(Magee and Jackson, 2020). 1147 

 The workflow consists of extracting two complementary attributes from the 3D 1148 

seismic data. The first attribute is “Amplitude Contrast”, which is a measure of 1149 

amplitude similarity or difference between adjacent traces in 2D or 3D seismic 1150 

volumes. High attribute value means high amplitude contrast, and can indicate faults 1151 

or fracture corridors, or dykes and dyke swarms. The presence of a vertical dyke 1152 

locally distorts the horizon reflected amplitude, creating a traceable anomaly on map 1153 

view (Figure 15).  1154 

 The second attribute results from successive implementation of "Variance" and 1155 

"Ant Tracking". The first step involves calculating an attribute which enhances the 1156 

spatial discontinuities in the seismic volume (Variance). Variance is a commonly used 1157 

seismic edge detection attribute that measures variability between seismic traces 1158 

waveforms in three dimensions. It is designed to highlight discontinuities of layers, 1159 

such as faults and any other sharp contrast in the seismic volume (Figure 15). The 1160 

second step consists of delineating the discontinuities highlighted by the Variance 1161 

attribute using Ant Tracking, which suppresses the noise and enhances the lateral 1162 

continuity of the features. Running Ant Tracking on Variance volume data thus 1163 

enhances subtle structural discontinuities and accentuates planar features, favoring 1164 

their extraction from the input 3D volume. 1165 

 This workflow applied to the data from the Huantraico Volcanic Complex (Figure 1166 

15) highlights linear features on map view in Amplitude Contrast maps and vertical 1167 

planar features on Ant Tracking volume. The extraction from the Ant Tracking volume 1168 

(Figure 15) highlights that these anomalies correspond to planar subvertical structures 1169 

that extend across part of the Mesozoic stratigraphy in the study area, and in part can 1170 

be traced to dykes at the surface where outcrops allow. Outcropping dykes exhibit the 1171 

same distribution as those of the subsurface linear discontinuities highlighted by the 1172 



 50 

seismic workflow of Lombardo et al. (submitted), strongly suggesting that these 1173 

discontinuities correspond to dykes in the subsurface. 1174 

 1175 

 1176 

Figure 15. Figure summarising seismic imaging of dykes (Lombardo et al., under review). A. 1177 

Satellite image of southern Huantraico region, including geology of Cenozoic volcanic 1178 

deposits, outcropping radial dykes, location of 3D seismic cube (polygon with blue dashed 1179 

line), locations of B and C, and El Trapial and Loma del Molle blocks (solid white lines); 1180 

modified from Ramos and Barbieri (1988), Kay and Copeland (2006), Garrido et al. (2012) 1181 

and Turienzo et al. (2020). B. Detailed satellite image of vertical dyke, located in A. C. Field 1182 
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photograph of a characteristic vertical dyke. D. Left: Amplitude extraction, representing the 1183 

raw and unprocessed amplitude over the Tordillo reflector. The inset displays a detailed 1184 

vertical seismic section of the amplitude volume, showing a bell-shaped perturbation of the 1185 

Tordillo reflector. Centre left: Amplitude contrast, providing better shape delineation. Centre 1186 

right: Variance. Right: Ant tracking applied on Variance volume, showing good performance in 1187 

feature delineation. The vertical section is a combination of the Amplitude volume and the Ant 1188 

Tracking volume. E. Amplitude Contrast map extracted over Tordillo reflector and dykes 1189 

cropping out at surface interpreted on satellite image (red lines). Amplitude Contrast map 1190 

highlights linear features (numbered) interpreted as dykes. F. Oblique view of a 3D block 1191 

diagram integrating map of Amplitude Contrast extracted over Tordillo reflector, dyke 1192 

extractions from the Ant Tracking volume (blue planar features) and satellite image (vertical 1193 

scale exaggerated x20 for visualization purpose). 1194 

 1195 

7.3 Sub-volcanic seismic imaging 1196 

Numerous sedimentary basins host significant piles of extrusive lava flows. Such 1197 

sequences have highly heterogeneous geological structures that cause high 1198 

impedance contrasts between the layers that make up the sequence. However, the 1199 

rough interfaces of the individual lava flows significantly degrades the seismic signal 1200 

(Maresh et al., 2006; Nelson et al., 2015; Schuler et al., 2015). This results in major 1201 

challenges in imaging the internal structure of the basalt sequence, constraining its 1202 

total thickness and limiting the ability to quantify the sub-basalt geology (Sanford et 1203 

al., 2023). 1204 

 The Loma del Molle Norte (LDMN) block, which includes the Huantraico 1205 

Volcanic Complex, features complex volcanic geology and topography (see Section 1206 

7.2). Large areas of the LDMN block include the eruptive products of the Lower 1207 

Miocene Huantraico Volcanic Complex, preserved in the gently folded Huantraico 1208 

Syncline. The volcanic cover forms a plateau approximately 600 metres higher than 1209 

the surrounding terrains. Under this volcanic cover, laccoliths and sills could potentially 1210 

serve as the structural and trapping mechanism for conventional oil and gas 1211 

reservoirs, similar to those found in the El Trapial Field (see Section 4.2) and Auca 1212 

Mahuida Volcano (see Section 5.3). However, no commercial accumulations of 1213 

conventional oil and gas have been discovered yet. The presence of the Vaca Muerta 1214 
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formation with good organic facies drives the detailed study of the Loma del Molle 1215 

Norte intrusive complex.  1216 

 At the surface, the plumbing system of the Huantraico Volcanic Complex is 1217 

exposed outside the volcanic plateau, i.e. where the volcanic cover has been eroded, 1218 

and consists of a swarm of radial dykes and a few sills emplaced in the red 1219 

sedimentary rocks of the Neuquén Group (Figure 16A)(see Section 7.2). The dykes 1220 

converge toward the central part of the complex, near the middle of the volcanic 1221 

plateau (yellow star in Figure 16A).  1222 

 3D seismic data has been acquired 20 years ago, focusing on conventional 1223 

reservoirs. However, the structure of both the plumbing system and the sedimentary 1224 

host rock below the volcanic cover was not revealed through conventional seismic 1225 

processing (Figure 16C). Motivated to better understand the drilling risks of the 1226 

volcanic complex, a 24 Hz Full Waveform Inversion (FWI) was done to better resolve 1227 

the near-surface and deep velocity complexities (Figure 16D). Therefore, iterative ray-1228 

based reflection tomography and well calibration were performed to provide a good 1229 

starting velocity model for FWI inversion and improved seismic imaging at the reservoir 1230 

level. 1231 

 Reprocessed seismic data revealed key features, including laccoliths, sills, 1232 

dykes, and faults (Figure 16E), and better delineates their geological extension. Sills 1233 

were identified as sub-horizontal, high-impedance reflections. The single-iteration 1234 

Least-Square Migration with curvelet-domain application improves the illumination 1235 

issues, reduces migration artifacts, and provides an image with better continuity for 1236 

structural and quantitative studies compared to conventional Pre-Stack Depth 1237 

Migration (PSDM).  1238 

 Ultimately, the FWI image provides a more detailed image of the subsurface 1239 

compared to the migration image by highlighting fine structural details such as dykes 1240 

and laccoliths (Figure 16E), which can be hardly observed in the migration image. 1241 

 1242 



 53 

 1243 

Figure 16. A. Satellite image of Huantraico Volcanic complex locating radial dykes (blue lines), 1244 

the boundary of the Loma del Molle Norte block (black solid polygon), the extent of the map 1245 

of B, the centre of the volcanic complex (yellow star) and the location of seismic section of E 1246 

(yellow line). Dark rocks correspond to Lower Miocene volcanic plateau. B. Depth map of Top 1247 

Mulichinco Formation computed from 3D seismic data (see location in A). C. Seismic profile 1248 
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from old LDMN seismic data. D. Seismic profile at same location as that of C after FWI 1249 

processing. E. Ground truthing of seismic data with field observations. 1250 

 1251 

7.4 Imaging igneous intrusions using remote geophysical methods 1252 

Even though igneous intrusions commonly exhibit significantly higher acoustic 1253 

impedance than their sedimentary host rock (e.g., Magee et al., 2018), the literature 1254 

highlights that seismic imaging of igneous intrusions in sedimentary basins can be 1255 

challenging (Mark et al., 2018; Rabbel et al., 2018). Examples in the Neuquén Basin 1256 

support this statement, such as the sill complex in the Río Grande Valley oil fields or 1257 

the Pampa Amarilla laccolith, which only appear as local perturbances of the 1258 

stratigraphic reflectors (Figure 9B and Figure 14C; see Section 7.1)(Rabbel et al., 1259 

2018; Galland et al., 2022). Conversely, mapping igneous intrusions by well correlation 1260 

may be valuable, but well data provide only 1D data and are very costly. 1261 

 Nevertheless, a combination of different geophysical methods (seismic, gravity, 1262 

magnetics, magneto telluric, etc) in combination with outstanding outcrop control 1263 

within the Neuquén Basin may allow to fully reveal the impact of volcanic plumbing 1264 

systems on the petroleum system. As new data is collected, this can be used to not 1265 

only study the sedimentary structure but also to reveal the distribution and geometries 1266 

associated with volcanic plumbing systems. 1267 

 The magnetotelluric (MT) method explores the Earth's subsurface conductivity 1268 

by measuring time-varying electric and magnetic fields. The audiomagnetotelluric 1269 

(AMT) method, an extension of MT with a higher frequency range (1 Hz to 1 MHz), is 1270 

particularly useful for imaging the shallowest hundreds of meters (Simpson and Bahr, 1271 

2005). In recent years, electromagnetic methods have been widely used to 1272 

characterize cover geology, estimate basement depth, and constrain igneous intrusive 1273 

bodies (Tabod et al., 2006; Zhao et al., 2019; Subbarao et al., 2023; Jiang et al., 2024). 1274 

 In this section, we present the results from an exploratory controlled-source 1275 

AMT (CSAMT) survey, which uses artificially generated signals from a controlled-1276 

source transmitter (10 Hz to 100 kHz). We performed the AMT survey across the well-1277 

constrained Pampa Amarilla dome structure (see Section 4.3 and Figure 9) (Galland 1278 

et al., 2022), to assess the potential of the method for resolving shallow intrusion 1279 

geometry. 1280 
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 The CSAMT profile consisted of 12 survey sites, spaced 500–1000 m apart 1281 

(Figure 17A). AMT responses were distorted by cultural and geological noise, 1282 

mitigated using tensor decomposition and strike analysis (Groom and Bailey, 1989; 1283 

McNeice and Jones, 2001; Caldwell et al., 2004). This technique also determines 1284 

subsurface dimensionality, classifying AMT data as 1D (horizontally homogeneous 1285 

layers), 2D (layering varying in two directions), or 3D (complex variations in all 1286 

directions). 1287 

 The acquired data were of high quality, except for AMT stations 1 and 9, which 1288 

exhibited distortions. Frequencies above 1000 Hz showed high distortion, indicating 1289 

reduced reliability in shallow zones, while frequencies below 1000 Hz provided more 1290 

reliable deep subsurface data. Geoelectric strike analysis indicated a complex 1291 

structure with conductivity variations in all directions. Noise and static shift distortions 1292 

were corrected using WinGLink software, yielding final phase and apparent resistivity 1293 

curves. For 2D modeling, an initial grid incorporated prior geological and geophysical 1294 

constraints (Figure 9C; Section 4.3)(Galland et al., 2022). Resistivities and 1295 

thicknesses of geological units were estimated based on LLD/NS log records from the 1296 

PA.x-6 borehole (Roch S.A.) and seismic line L390 (see well and seismic line locations 1297 

in Figure 17A): Vaca Muerta Formation (thickness: 225 m; resistivity: 80  m), Agrio 1298 

Formation (thickness: 250 m; resistivity: 60  m), Neuquén Group (outcropping; 1299 

resistivity: 38  m), laccolith (thickness: 400 m; resistivity: 1600  m). 1300 

 The best-fitting model was selected based on correlations between observed 1301 

and inverted data (Figure 17C). Two distinct domains were identified: a resistive 1302 

eastern domain and a conductive western domain. Skin depth analysis revealed that 1303 

deeper electrical structures were better resolved in the eastern domain than in the 1304 

western domain. The AMT model identified eight geoelectric units correlated with 1305 

major geological formations based on boreholes PA.x-6 and PA.x-2 (Figure 17D): 1306 

• Neuquén Group: shallow western sector (geoelectric zones b, h, d), with 1307 

resistivities between <16 and 150 ·m. 1308 

• Agrio, Chachao, and Vaca Muerta formations: 600–1000 m depth (geoelectric 1309 

zone g), resistivities <16 ·m. 1310 

• Laccolith: Eastern sector, depths >400 m (geoelectric zone e), resistivities 500–1311 

1000 ·m, correlating with dioritic andesites (PA.x-2 borehole). 1312 
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 The geological units in the western geoelectric domain dip ~30° to the west 1313 

(Figure 17C), in agreement with the seismic and geological interpretation (Galland et 1314 

al., 2022). In the central sector, an abrupt lateral resistivity change was interpreted as 1315 

a high-angle normal fault, consistent with western bounding fault of the trapdoor dome 1316 

of the Pampa Amarilla Laccolith (Galland et al., 2022). 1317 

 The 2D AMT model reveals a high-resistivity, tabular body (500–1000 ·m) in 1318 

the eastern sector, corresponding to the laccolith. The modelled top surface is ~400 m 1319 

below ground level, aligning with the structural reconstruction of Galland et al. (2022) 1320 

(Figure 17C), who inferred an asymmetrical shape with a 400 m thickness in the west, 1321 

tapering eastward. However, the AMT model suggests a uniform thickness with a base 1322 

extending to ~900 m or deeper (method limitations apply). The AMT model also 1323 

suggests that the intrusive body extends ~500 m further west than the structural 1324 

interpretation of Galland et al. (2022) (Figure 17C). 1325 

 All in all, the AMT inversion is in good agreement with the integrated 1326 

seismic/structural study of the Pampa Amarilla laccolith (Section 4.3) (Galland et al., 1327 

2022). This shows the relevance and robustness of AMT survey to constrain 1328 

subsurface distribution of igneous intrusions in sedimentary basins. In addition, the 1329 

AMT data reveal some difference with respect to the structural interpretation of Galland 1330 

et al. (2022), suggesting that combining geophysics and structural approach may be 1331 

complementary, and so provide better results. 1332 

 1333 

 1334 
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 1335 

Figure 17. A. Simplified geological map of Pampa Amarilla dome locating the measurement 1336 

stations (green dots), the section L390 (blue line), and wells PA.x-6 and PA.x-2 (pink dots), 1337 

modified from Galland et al. (2022) and Figure 9. Cross section L390 has a similar orientation 1338 

as that of AMT profile. B. AMT 2D inverted model by software WinGLink, with superimposed 1339 

geological cross section of upper Figure 9C (Galland et al., 2022). C. Interpreted AMT model 1340 

highlighting geoelectrical domains (letters, see text for explanation), with superimposed 1341 

geological cross section of upper Figure 9C. 1342 

 1343 
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8 Concluding remarks and future research directions 1344 

8.1 The Neuquén Basin, a world class case study 1345 

The Neuquén Basin is a unique volcanic basin that offers (1) substantial industry 1346 

subsurface data of buried igneous petroleum systems and (2) outstanding seismic-1347 

scale outcrops of exhumed igneous petroleum systems. As such, the Neuquén Basin 1348 

represents a unique case study for advancing our understanding of magma-1349 

sedimentary rock interactions, and more precisely of the impacts of volcanism on the 1350 

petroleum system. 1351 

 Many case study examples described in this paper could not have been 1352 

possible without academia-industry collaborations (see sections 3.1, 4.1, 4.2, 4.3, 5.3 1353 

and 7). The added value of such collaborations is that industry partners gave access 1354 

to substantial subsurface data (seismic, borehole) that are not affordable for academic 1355 

institutions, whereas the scientific problems provided by industry partners are of high 1356 

academic values to understand fundamental processes of magma-sedimentary rock 1357 

interactions. Our review thus highlights that high-quality academic research and 1358 

applied research are not excluding each other, and that working hand-in-hand can 1359 

boost research frontiers and quality. 1360 

 Both the published subsurface data from producing hydrocarbon fields 1361 

associated with volcanic systems and the easy access to outstanding outcrops make 1362 

the Neuquén Basin a very valuable educational object for training academia and 1363 

industry geoscientists on the relevance of volcanic basins.  1364 

 1365 

8.2 Implications for igneous petroleum systems 1366 

Our review shows that the classification of Delpino and Bermúdez (2009) based on 1367 

Type I and Type II igneous petroleum systems, is somehow too restrictive. Type I 1368 

igneous petroleum systems, i.e. when igneous intrusions are emplaced into a source 1369 

rock, mostly addresses hydrocarbon generation with respect to the thermal state of 1370 

the system. Conversely, Type II igneous petroleum systems, i.e. when igneous 1371 

intrusions are emplaced in other rock formations, mostly addresses the local 1372 

mechanical effects of igneous intrusions on fluid migrations or storage. However, the 1373 

El Trapial oil field (section 4.2) and Pampa Amarilla laccolith-induced doming (section 1374 

4.3) examples fall in-between Type I and Type II igneous petroleum systems. In both 1375 
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cases, the igneous intrusions were emplaced into the source rock of the Vaca Muerta 1376 

Formation, but the structural effects on reservoir properties are effective in other rock 1377 

formations (potential Chachao limestone fractured reservoir at Pampa Amarilla, 1378 

Galland et al., 2022; conventional Troncoso sandstone reservoir in El Trapial field, 1379 

Lombardo et al., 2024). The Type I and Type II defined by Delpino and Bermúdez 1380 

(2009) only account for local effects of igneous intrusions, i.e. in the contact aureole 1381 

or the intrusion itself. Our review paper shows that volcanic systems can have larger 1382 

effects that extend beyond the contact aureole.  1383 

 Finally, the generation of bitumen dykes in the Neuquén Basin (Section 6) 1384 

suggests that volcanism can affect hydrocarbon generation and migration over large 1385 

areas of the basin. 1386 

 1387 

8.3 Implications for improving geophysical imaging in volcanic 1388 

basins 1389 

Numerous volcanic basins worldwide are not eroded and are only accessible through 1390 

geophysical imaging. Major issues of interpreting geophysical data are (1) low 1391 

resolution that is not sufficient to capture the metre- to decametre-scale processes, 1392 

which are characteristic of most igneous intrusions and magma/sedimentary rock 1393 

interactions, and (2) the non-uniqueness of the interpretation.  1394 

 Examples described in Section 7 highlight the added value of integrating 1395 

outcrop data to improve the robustness and the geological relevance of geophysical 1396 

data interpretation. In addition, the geophysical-scale outcrops of volcanic plumbing 1397 

systems emplaced in sedimentary sequences throughout the basin can be used to 1398 

calibrate geophysical methods, either through forward geophysical modelling (see 1399 

Section 7.1), or ground-truthing of geophysical data inversion (see Section 7.4). 1400 

Outcrops of the Neuquén Basin thus offer world-class opportunities to improve 1401 

geophysical imaging of buried volcanic basins.  1402 

 1403 

8.4 Future research questions 1404 

This review highlights several, still unresolved, research directions on the effects of 1405 

volcanism on hydrocarbon-bearing sedimentary basins. 1406 
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• It is necessary to understand in which conditions igneous intrusions are high-1407 

permeability, fractured reservoirs or low-permeability, seal or 1408 

compartmentalising layers. This not only has profound implications for fluid flow 1409 

within the basin it is also important regarding potential carbon storage. 1410 

• The high-permeability intrusions documented in this paper highlight local 1411 

migration of hydrocarbons (see Cerro Alquitrán, Section 5.2). Nevertheless, in 1412 

numerous basins, igneous sill complexes are extensive, sometime across the 1413 

entire basin that hosts them. It is thus important to understand to which extent 1414 

extensive sill complexes control and impact basin-scale subsurface fluid 1415 

migration, which would be key for basin models; 1416 

• Section 6 highlights a correlation between the distributions of bitumen veins 1417 

throughout the Neuquén Basin and volcanism, however the detailed 1418 

mechanism of how volcanic activity can stimulate the generation of bitumen 1419 

veins remains to be revealed. 1420 

Further research in the Neuquén Basin has the potential to provide the necessary data 1421 

to address these fundamental questions. 1422 

 1423 

8.5 Other applications of magma/sedimentary rock interactions 1424 

The research conducted in the Neuquén Basin addresses fundamental processes of 1425 

magma/sedimentary rock interactions and fluid migrations. So far, the main application 1426 

of this knowledge in the Neuquén Basin has been focused on hydrocarbon industry, 1427 

as the basin has been a major producer of oil and gas for decades. This focus has, on 1428 

the flip side, provided valuable detailed subsurface data-sets, without which many of 1429 

the fundamental research questions on the effects of the volcanic system in the 1430 

sedimentary basin setting would still remain unanswered. This built up knowledge on, 1431 

e.g. fluid migration, reservoir structure, magma-sediment interactions, thermal 1432 

stimulation of fluid migration, that has been facilitated through these Neuquén Basin 1433 

studies, can also be applied to other processes involving fluid flow and trapping, such 1434 

as ground water exploration, CO2 storage in both volcanic and sedimentary rocks, 1435 

exploration of critical minerals (e.g. graphite in contact aureoles of sills emplaced in 1436 

organic-rich shale, REE in bitumen veins, etc). Thus the legacy of the Neuquén Basin 1437 

as a window into the impacts of volcanism on hydrocarbon-bearing sedimentary 1438 
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basins, extends beyond the basin and towards a world-class case study and reference 1439 

point. 1440 
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and Møre basins, in: Doré, A.G., Vining, B.A. (Eds.), Petroleum Geology: North-West 1904 
Europe and Global Perspectives—Proceedings of the 6th Petroleum Geology 1905 
Conference. Geological Society, London, London, pp. 833-844. 1906 

Planke, S., Svensen, H., Myklebust, R., Bannister, S., Manton, B., Lorenz, L., 2015. 1907 
Geophysics and Remote Sensing, in: Breitkreuz, C., Rocchi, S. (Eds.), Advances in 1908 
Volcanology. Springer Berlin Heidelberg, pp. 1-16, doi: doi: 10.1007/11157_2014_6. 1909 

Planke, S., Symonds, P.A., Alvestad, E., Skogseid, J., 2000. Seismic 1910 
volcanostratigraphy of large-igneous basaltic extrusive complexes on rifted margins. 1911 
J. Geophys. Res. 105, 19335-19351. 1912 

Pollard, D.D., Johnson, A.M., 1973. Mechanics of growth of some laccolithic intrusions 1913 
in the Henry Mountains, Utah, II. Bending and failure of overburden layers and sill 1914 
formation. Tectonophysics 18, 311-354. 1915 

Polteau, S., Corfu, F., Svensen, H., Planke, S., 2010. Rapid emplacement of the Karoo 1916 
Basin sill complex during the Toarcian revealed by U-Pb dating of zircons, Vienna. 1917 

Poppe, S., Galland, O., de Winter, N.J., Goderis, S., Claeys, P., Debaille, V., Boulvais, 1918 
P., Kervyn, M., 2020. Structural and Geochemical Interactions Between Magma and 1919 
Sedimentary Host Rock: The Hovedøya Case, Oslo Rift, Norway. G3 21, doi: 1920 
10.1029/2019GC008685. 1921 

https://doi.org/10.1016/j.jvolgeores.2016.04.043
https://doi.org/10.1016/j.jsames.2024.104900
https://doi.org/10.1144/SP547-2023-119


 75 

Rabbel, O., Galland, O., Mair, K., Lecomte, I., Senger, K., Spacapan, J.B., Manceda, 1922 
R., 2018. From field analogues to realistic seismic modelling: a case study of an oil-1923 
producing andesitic sill complex in the Neuquén Basin, Argentina. J. Geol. Soc., doi: 1924 
10.1144/jgs2017-116. 1925 

Rabbel, O., Hasenclever, J., Galerne, C.Y., Galland, O., Mair, K., Palma, O., 2023. 1926 
Impact of permeability evolution in igneous sills on hydrothermal flow and hydrocarbon 1927 
transport in volcanic sedimentary basins. Solid Earth 14, 625-646, doi: 10.5194/se-14-1928 
625-2023. 1929 

Rabbel, O., Mair, K., Galland, O., Grühser, C., Meier, T., 2020. Numerical Modeling of 1930 
Fracture Network Evolution in Organic-Rich Shale With Rapid Internal Fluid 1931 
Generation. J. Geophys. Res. 125, e2020JB019445, doi: 1932 
https://doi.org/10.1029/2020JB019445. 1933 

Rabbel, O., Palma, J.O., Mair, K., Galland, O., Spacapan, J.B., Senger, K., 2021. 1934 
Fracture networks in shale-hosted igneous intrusions: Processes, distribution and 1935 
implications for igneous petroleum systems. J. Struct. Geol. 150, 104403, doi: 1936 
https://doi.org/10.1016/j.jsg.2021.104403. 1937 

Ramos, V.A., Barbieri, M., 1988. El volcanismo cenozoico de Huantraico: edad y 1938 
relaciones isotopicas iniciales, provincia del Neuquen. Asociacion Geologica 1939 
Argentina 43, 210-223. 1940 

Ramos, V.A., Folguera, A., 2011. Payenia volcanic province in the Southern Andes: 1941 
An appraisal of an exceptional Quaternary tectonic setting. J. Volcanol. Geotherm. 1942 
Res. 201, 53-64, doi: https://doi.org/10.1016/j.jvolgeores.2010.09.008. 1943 

Ramos, V.A., Vujovich, G., Martino, R., Otamendi, J., 2010. Pampia: A large cratonic 1944 
block missing in the Rodinia supercontinent. J. Geodyn. 50, 243-255, doi: 1945 
https://doi.org/10.1016/j.jog.2010.01.019. 1946 

Rateau, R., Schofield, N., Smith, M., 2013. The potential role of igneous intrusions on 1947 
hydrocarbon migration, West of Shetland. Petroleum Geoscience 19, 259-272, doi: 1948 
10.1144/petgeo2012-035. 1949 

Rodriguez Monreal, F., Villar, H.J., Baudino, R., Delpino, D., Zencich, S., 2009. 1950 
Modeling an atypical petroleum system: A case study of hydrocarbon generation, 1951 
migration and accumulation related to igneous intrusions in the Neuquén Basin, 1952 
Argentina. Mar. Pet. Geol. 26, 590-605, doi: 1953 
http://dx.doi.org/10.1016/j.marpetgeo.2009.01.005. 1954 

Rohrman, M., 2007. Prospectivity of volcanic basins: Trap delineation and acreage de-1955 
risking. AAPG Bull. 91, 915-939, doi: 10.1306/12150606017. 1956 

https://doi.org/10.1029/2020JB019445
https://doi.org/10.1016/j.jsg.2021.104403
https://doi.org/10.1016/j.jvolgeores.2010.09.008
https://doi.org/10.1016/j.jog.2010.01.019
http://dx.doi.org/10.1016/j.marpetgeo.2009.01.005


 76 

Rossello, E.A., Cobbold, P.R., Diraison, M., Arnaud, N., 2002. Auca Mahuida 1957 
(Neuquén basin, Argentina): A Quaternary shield volcano on a hydrocarbon-producing 1958 
substrate, 5th ISAG, Extended Abstracts, Toulouse, pp. 549-552. 1959 

Roth, R.L., 2017. Volcán Auca Mahuida—ADQUISICIÓN ZVSP - WALKAWAY (p. 1.6) 1960 
- Internal Report. YPF. 1961 

Sanford, O.G., Hobbs, R.W., Brown, R.J., Schofield, N., 2023. Uncertainties in Ray-1962 
Tracing Tomography Models Used for Sub-Basalt Seismic Imaging. Pure Appl. 1963 
Geophys. 180, 145-156, doi: 10.1007/s00024-022-03199-2. 1964 

Schiuma, M.F., 1994. Intrusivos del valle del Río Grande, provincia de Mendoza, su 1965 
importancia como productores de hidrocarburos, Facultad de Ciencias Naturales y 1966 
Museo. Universidad Nacional de La Plata, La Plata. 1967 

Schmiedel, T., Galland, O., Haug, Ø.T., Dumazer, G., Breitkreuz, C., 2019. Coulomb 1968 
failure of Earth's brittle crust controls growth, emplacement and shapes of igneous 1969 
sills, saucer-shaped sills and laccoliths. Earth Planet. Sci. Lett. 510, 161-172, doi: 1970 
https://doi.org/10.1016/j.epsl.2019.01.011. 1971 

Schmiedel, T., Kjoberg, S., Planke, S., Magee, C., Galland, O., Schofield, N., Jackson, 1972 
C.A.-L., Jerram, D.A., 2017. Mechanisms of overburden deformation associated with 1973 
the emplacement of the Tulipan sill, mid-Norwegian margin. Interpretation 5, SK23-1974 
SK38, doi: 10.1190/int-2016-0155.1. 1975 

Schmitt, R.R., Andrews, G.D.M., Moore, J.G., Paronish, T., Workman, S., Gumowski, 1976 
L.M., Brown, S.R., Crandall, D., Neubaum, J., 2023. Self-sealing mafic sills for carbon 1977 
and hydrogen storage, Enabling Secure Subsurface Storage in Future Energy 1978 
Systems. Geological Society of London, p. 0, doi: 10.1144/SP528-2022-43. 1979 

Schofield, N., Holford, S.P., Millett, J., Brown, D.J., Jolley, D., Passey, S.R., Muirhead, 1980 
D., Grove, C., Magee, C., Murray, J., Hole, M., Jackson, C.A.L., Stevenson, C.T., 2015. 1981 
Regional magma plumbing and emplacement mechanisms of the Faroe-Shetland Sill 1982 
Complex: implications for magma transport and petroleum systems within sedimentary 1983 
basins. Basin Res., doi: 10.1111/bre.12164. 1984 

Schuler, J., Christie, P.A.F., White, R.S., 2015. Effect of flood basalt stratigraphy on 1985 
the phase of seismic waveforms recorded offshore Faroe Islands. Geophysics 80, 1986 
D265-D279, doi: 10.1190/geo2014-0308.1. 1987 

Schutter, S.R., 2003. Occurrences of hydrocarbons in and around igneous rocks. 1988 
Geol. Soc. London. Spec. Pub. 214, 35-68, doi: 10.1144/gsl.sp.2003.214.01.03. 1989 

Schwarz, E., Howell, J.A., 2005. Sedimentary evolution and depositional architecture 1990 
of a lowstand sequence set: the Lower Cretaceous Mulichinco Formation, Neuquén 1991 
Basin, Argentina. Geol. Soc. London. Spec. Pub. 252, 109-138, doi: 1992 
10.1144/gsl.sp.2005.252.01.06. 1993 

https://doi.org/10.1016/j.epsl.2019.01.011


 77 

Senger, K., Millett, J., Planke, S., Ogata, K., Eide, C.H., Festøy, M., Galland, O., 1994 
Jerram, D.A., 2017. Effects of igneous intrusions on the petroleum system: a review. 1995 
First Break 35, 47-56, doi: 10.3997/1365-2397.2017011. 1996 

Senger, K., Roy, S., Braathen, A., Buckley, S.J., Bælum, K., Gernigon, L., Mjelde, R., 1997 
Noormets, R., Ogata, K., Olaussen, S., Planke, S., Ruud, B.O., Tveranger, J., 2013. 1998 
Geometries of doleritic intrusions in central Spitsbergen, Svalbard: an integrated study 1999 
of an onshore-offshore magmatic province with implications for CO2 sequestration. 2000 
Norwegian Journal of Geology 93, 143-166. 2001 

Sigismondi, M.E., 2012. Estudio de la deformación litosférica de la cuenca Neuquina: 2002 
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	Abstract
	The last two decades of research have highlighted that volcanism occurring in sedimentary basins can have substantial effects on sedimentary formations. In particular, igneous intrusions can trigger the generation of large amounts of greenhouse gases ...
	All in all, our review (1) documents various effects of magma-rock interactions in hydrocarbon-bearing sedimentary basins, and (2) highlights the great scientific value of the Neuquén Basin as a world-class case study for unravelling processes of magm...
	1 Introduction
	Sedimentary basins have been major providers of geological resources for mankind, such as oil, gas, coal, drinking water, geothermal warm water, minerals, building materials (e.g., Kilhams et al., 2024, and references therein). Conventional geological...
	This paper focuses on the impacts of volcanism on hydrocarbon-bearing sedimentary basins. Hydrocarbon accumulations are associated with igneous rocks in more than 100 countries across the globe (Schutter, 2003), however very few volcanic basins have ...
	Delpino and Bermúdez (2009) defined two main types of petroleum systems associated with igneous rocks. Type I igneous petroleum system corresponds to igneous rocks intruded into a potential source rock. Type I includes three sub-types corresponding t...
	There are numerous challenges for studying the impacts of volcanism on hydrocarbon-bearing sedimentary basins. First, numerous volcanic basins are offshore (Senger et al., 2017), e.g. the North Atlantic Margin (e.g., Svensen et al., 2004; Thomson, 20...
	The Neuquén Basin, Argentina, is a unique hydrocarbon-bearing volcanic basin that provides both (1) large subsurface seismic and borehole data thanks to commercial hydrocarbon production from igneous petroleum systems and (2) exceptional outcrop anal...
	The described case study examples will allow addressing the following processes and challenges (Figure 1):
	• the thermal impacts of igneous intrusions on source rock formations, based on (i) subsurface data from productive oil fields and (ii) surface geological observations from an exhumed field analogue;
	• The structural impacts of igneous intrusions. We will describe (i) how sills can be complex fractured reservoirs, (ii) how an intrusive complex generated crustal doming that acts as hydrocarbon trap, and (iii) how faulting along the edge of a laccol...
	• The impacts of igneous intrusions on fluid migrations. We will describe (i) how cooling igneous intrusions generate high-grade hydrocarbons and affect their migration, (ii) how cooled, fractured igneous intrusions represent long-term high-permeabili...
	• The role of volcanism on the formation of bitumen veins, which are peculiar geological structures that accommodate sudden migration of large volumes of hydrocarbons;
	• The impacts of volcanism on geophysical imaging in volcanic basins. We will describe examples of (i) how realistic seismic modelling of sill complexes can help interpreting seismic data of basins hosting igneous sills, (ii) how to image subvertical ...
	Figure 1. The volcanic plumbing system from the deep intrusive roots to the shallow intrusions and eruptive products (modified from Jerram, 2021). The Neuquén Basin provides a number of windows into the aspects of the volcanic plumbing system. The mag...
	2 Geological setting: the Neuquén Basin
	2.1 Formation and evolution of the Neuquén Basin

	The Neuquén Basin is located on the eastern flank of the Andes in Argentina and central Chile, between latitudes 32 S and 40 S (Figure 2). The basin encompasses sedimentary sequences dating from Late Triassic to early Cenozoic (Figure 3), covering an ...
	The evolution of the Neuquén Basin can be summarized in three stages (Vergani et al., 1995; Howell et al., 2005; Veiga et al., 2020): (1) rift stage or synrift stage (Late Triassic–Early Jurassic), (2) thermal subsidence stage (sag stage) or postrift...
	2.2 The petroleum systems of the Neuquén Basin

	From the Lower Jurassic to the Lower-Late Cretaceous, three main petroleum systems developed (Urien and Zambrano, 1994). Their names are derived from the formation of the source rock, followed by the name of the major reservoir rock. In chronological ...
	According to Villar et al. (2005), the source rocks of the Los Molles, Vaca Muerta, and Agrio formations primarily consist of organic-rich black shales deposited in basinal and outer-shelf marine environments, each with varying hydrocarbon generation...
	The numerous andesitic to basaltic sills, predominantly emplaced in the source rock formations of the Mendoza Group, serve as the main fractured reservoirs of the hydrocarbon fields along the Río Grande Valley (Schiuma, 1994; Witte et al., 2012; Spac...
	2.3 Cenozoic igneous activity in the Neuquén Basin

	Over the past 65 million years, the evolution of the active Andean convergent margin has played a key role in shaping the timing and distribution of igneous activity throughout the Neuquén Basin. The subduction of the oceanic Nazca Plate beneath the c...
	The first significant episode of volcanic activity spread between Chos Malal and Zapala, and west of Chos Malal during Eocene. This episode resulted in the diorite intrusive complexes of the Collipilli Formation (Llambías and Rapela, 1988), consistin...
	In Lower Miocene, an active volcanic arc remained at a similar position as that in the Eocene (Kay et al., 2006a). However, extensive retro-arc magmatism occurred through large portions of the Neuquén Basin. In the northern sector of the basin (Figur...
	South of Río Colorado, in the northern part of Neuquén Province, significant Lower Miocene retroarc volcanism occurs within the Huantraico region (Ramos and Barbieri, 1988), situated between the Tromen volcanic massif to the west and the Auca Mahuida...
	During Upper Miocene, the shallowing of the subducting slab resulted in arc, typical andesitic volcanism. In the southern part of the Neuquén Basin, this activity resulted in the build-up of Chachahuén Volcano (Holmberg, 1962; Kay et al., 2006b; Palm...
	Finally, widespread Pliocene–Quaternary back-arc volcanism, associated with the steepening of the slab, spread through the Neuquén Basin with the build-up of the Auca Mahuida (see section ‎5.3)(Rossello et al., 2002; Pallares et al., 2016; Basaldúa a...
	Note that the Neogene volcanism is restricted to the north of a crustal-scale structural lineament, the so-called Cortaderas Lineament (Figure 2)(Cobbold and Rossello, 2003; Kay et al., 2006a).
	Figure 2. Simplified geological map of the Neuquén Basin locating main volcanic systems and case studies developed in this paper. Modified from Palma et al. (2024b).
	Figure 3. Synthetic stratigraphic column of the Neuquén Basin. Modified from Barrionuevo et al. (2019) and Galland et al. (2022).
	Figure 4. A. Field photograph of oil field of the Río Grande Valley (see sections ‎3.1, ‎4.1 and ‎7.1). B. Field photograph of sills emplaced in organic-rich shale of Agrio Formation, Las Loicas (modified from Galland et al., 2019). C. Field photograp...
	3 Thermal impact of igneous intrusions on source rock maturation
	3.1 Maturation at producing hydrocarbon fields

	A key element of maturation of the organic matter in source rocks is heat. In conventional petroleum systems, the heat input results from burial and maturation takes place over millions of years. However, intrusions emplaced in organic-rich shale form...
	The case study used here is the producing oil fields of the Río Grande Valley, southern Mendoza Province, south of the Bardas Blancas village (see location in Figure 2). The Río Grande Valley fields are typical Type I igneous petroleum systems, with ...
	Spacapan et al. (2018) performed basin models to test the thermal effects of the sills in the Río Grande Valley oil fields. The test consisted of comparing two end member scenarios: a scenario that only accounts for regional burial but not for sill e...
	In the model without intrusion, the shallowest maturation depth at present day is the base of the Huitrín Formation, with values of 0.55 to 0.7 %Ro, indicating early oil generation in Vaca Muerta and Agrio formations (Figure 5). In addition, only a v...
	In the model with intrusions, however, the Vaca Muerta and Agrio formations reach the main oil to dry gas maturation windows (Figure 5). The highest degrees of maturity and the highest transformation ratios (80 % to 100 %) are concentrated in the sur...
	The models of Spacapan et al. (2018) also show that the thermal impact of sill-complexes depends on the sill-complex architecture. Parameters such as number of sills, sill spacing, sill thickness, sill composition and timing of emplacement, greatly a...
	Because the seismic imaging of the sill-complex in the Río Grande Valley fields is challenging (see section ‎7.1), the mapping of the sills was done through correlation between wells along E-W and N-S transects (Figure 5A). This mapping evidences tha...
	Figure 5. Summary figure illustrating maturation induced by igneous intrusions in the Río Grande Valley oil field (Spacapan et al., 2018). See location in Figure 4E. A. Geological cross section across Río Grande Valley oil field constructed from four ...
	3.2 Maturation documented on field analogue

	The key challenges in studying the igneous petroleum system of the Río Grande Valley oil fields are that (1) seismic imaging is poor (see section ‎7.1)(Rabbel et al., 2018), and (2) geological studies can mostly be done through wireline well data, wit...
	In the Neuquén Basin, Andean tectonics brought to surface geological analogues of the igneous petroleum systems of the Río Grande Valley oil fields. The best examples are a 4-km long section at El Manzano, West of Río Grande Valley (Figure 4)(Rabbel ...
	Sierra de Cara Cura is located in the northern sector of the Neuquén Basin, in southern Mendoza Province (Figure 2). It is part of the southern edge of the Malargüe Fold-and-Thrust Belt. The Cara Cura range is formed by two asymmetric anticlines with...
	Palma et al. (2024b) performed pyrolisis analyses and organic petrology on samples collected along transects across the exposed Vaca Muerta and Agrio formations (location on Figure 6) for quantifying the thermal impact of the multiple sills on the TO...
	The pyrolysis data of Palma et al. (2024b) show that ~80% of the thickness of the Vaca Muerta Formation is thermally affected by magmatic intrusions, whereas ~40% of the Agrio Formation is thermally affected, based on TR values (Figure 6C,D). The dat...
	The results of Palma et al. (2024b) suggest that the best parameter to define the extent of the thermal aureole is the HI, which was used to separate between thermally altered and unaltered samples. This is consistent with former studies in the north...
	Note that the pyrolysis analyses were carried out on samples collected in the field. In most former studies of the thermal impacts of igneous intrusions on organic-rich shale, pyrolysis analyses were carried out on subsurface samples, either cores or...
	Figure 6. Summary figure illustrating maturation of igneous intrusions from the Cara Cura range field analogue (Palma et al., 2024b). A. Geological map of the Cara Cura range. Map indicates sill names (SVM1, SVM2, SVM3, SA1, SA2 and SA3) and geochemic...
	4 Structural impacts of igneous intrusions
	4.1 Sills as fractured reservoirs

	Sills have traditionally been viewed as impermeable features, acting as barriers and baffles against fluid flow (Rateau et al., 2013; de Miranda et al., 2018), potentially leading to overall negative impacts on petroleum systems. However, the sills in...
	Spacapan et al. (2020a) characterised the reservoir properties of the sills. Oil production curves for magmatic sills located in Huitrín, Agrio and Vaca Muerta formations show that they are essentially fracture-dominated reservoirs with a minor influ...
	The analysis of Spacapan et al. (2020a) was based on rock cores from the oil-producing sills. However, the available core material was rather limited to derive a complete picture of the fracture natures and distribution. Rabbel et al. (2021) and Palm...
	The most prominent fracture type are cooling joints created by thermal contraction of the sill. The exposed sills exhibit complex distributions of cooling joints within the igneous intrusions (Figure 7). The innermost domains of sills exhibit fractur...
	Other types of fractures associated with the sills are graphitic bitumen veins and bituminous shale injection structures. These features result from the rapid maturation of the organic matter in the contact aureole of the sills. Such fast maturation ...
	Large hydrothermal veins were also found to cut through both the sills and the host rock. The veins occur both at sill tips, and along the more central part of sills and may crosscut, or be crosscut by, bitumen dykes (Figure 7D). The mutual crosscutt...
	Spacapan et al. (2020a) noticed that the sill clusters of the Río Grande Valley fields are located in tectonically deformed areas. Post-emplacement tectonic stress and deformation eventually lead to the faulting of the sills (Figure 7D). Pre-existing...
	In summary, the fracture distribution within the igneous reservoir rocks of the Río Grande Valley fields exhibits strong lateral changes on the scale of some tens to hundreds of meters, depending on the number and intensity of processes involved. Suc...
	Note that reservoir quality is strongly influenced by the degree of cement precipitation, which impacts fluid flow and reservoir capability. In the Río Grande Valley fields, core observations allow establishing the following sequence of cement precip...
	Figure 7. Figure summarising characteristic of igneous fractured reservoirs (Rabbel et al., 2021). A. Orthorectified image of one sill at El Manzano outcrop (see location in Figure 4C). B. 2D fracture mapping of image A. C. Map of fracture intensity (...
	4.2 Gentle doming as structural trap

	Doming associated with igneous intrusions in sedimentary basins occurs when magma intrudes into the layers, causing them to bend upwards into a broad, 4-way closure dome-like structure (Pollard and Johnson, 1973; Jackson and Pollard, 1990; Trude et al...
	The Cerro Bayo de la Sierra Negra intrusive complex, located in the central part of the Neuquén Basin (see El Trapial in Figure 2), is a prime example of how an intrusive complex can influence hydrocarbon-bearing sedimentary basins. This intrusive co...
	At the surface, the intrusive complex consists of a swarm of radial dykes and a few sills emplaced in the red sedimentary rocks of the Neuquén Group. The dykes converge toward the central part of the complex, which consists of a gentle subcircular hi...
	The subsurface structure of the Cerro Bayo de la Sierra Negra intrusive complex was revealed through the integration of high-quality 3D seismic data, numerous well logs, and field observations. Seismic data revealed key features, including sills, dyk...
	The El Trapial dome results from the superimposition of two different scales of doming: a large-scale dome (~10 km radius), and several smaller-scale domes (~3 km radius) clustered around the central axis (Figure 8). The large-scale dome affects all ...
	There is a perfect correlation between the dome structure and the intrusive complex. The centre and the extent of the dome coincide precisely with the centre and the extent of the intrusive complex (Figure 8B and D). In addition, Lombardo et al. (202...
	Figure 8. Synthetic figure illustrating El Trapial dome structure induced by Cerro Bayo de la Sierra Negra intrusive complex (Lombardo et al., 2024). A. Satellite image of Cero Bayo de la Sierra Negra intrusive complex, showing radial dyke swarm (red)...
	4.3 Faulted laccolith-induced doming as fractured reservoir

	The emplacement of laccoliths leads to the formation of dome-structures, deforming and potentially, fracturing the overburden rocks (Corry, 1988; Trude et al., 2003; Magee et al., 2014; Agirrezabala, 2015). These rocks, including the laccolith itself,...
	In this section, we present a case study of an intrusion-induced dome associated with a thick laccolith at Pampa Amarilla (see location in Figure 2)(Galland et al., 2022), where integrated field mapping and subsurface data interpretation allowed for ...
	High-quality seismic data enabled a good reconstruction of the subsurface structure to the north, west, and south of the Pampa Amarilla dome (Figure 9B). However, the eastern part lacked 3D seismic coverage, and seismic data loses coherence at the do...
	Integrating field, borehole, and seismic data, Galland et al. (2022) produced a structural model of both the dome and the underlying intrusion (Figure 9C), which shows that the Pampa Amarilla dome formed due to the emplacement of a ~400 m thick subsu...
	The reconstructed subsurface Pampa Amarilla laccolith is elliptical in map view, with a 3 km-long east-west axis and a 2 km-long north-south axis. Along east-west cross section, the laccolith is wedge shaped with maximum thickness near its western ed...
	The study Galland et al. (2022) highlights the necessity and value of integrating field geological measurements with subsurface (3D seismic and borehole) data for structural reconstructions of subsurface laccolith intrusions and for delineating the d...
	Figure 9. Figure illustrating laccolith-induced faulted dome as potential fractured reservoir, using Pampa Amarilla laccolith case study (Galland et al., 2022). A. Geological map of the Pampa Amarilla dome (see location in Figure 2) showing structural...
	5 Impacts of igneous intrusions on hydrocarbon migration
	5.1 Syn-cooling fluid migration

	Sections ‎3.1 and ‎3.2 describe the thermal effects of igneous sills on organic-rich shale formation, and in particular on the maturation of the organic matter. Fast maturation triggers fast generation of hydrocarbons and associated fluid pressure bui...
	Rabbel et al. (2023) collected geological observations from several localities in the Neuquén Basin (El Manzano, see section ‎4.1; Cuesta del Chihuido; see locations in Figure 2). These authors systematically observed occurrence of veins with solid, ...
	The hydrocarbons generated in such a short time scale cannot migrate by Darcy porous flow through very low-permeability shale. Instead, the resulting pressure build-up is so high that hydrocarbons migrate by in-situ fracturing of the shale, the so-ca...
	Observations of high-grade bituminous material in cooling joints inside the sills suggest that sills become permeable long before complete cooling (Rabbel et al., 2023). However, numerical studies of hydrothermal circulations induced by the cooling o...
	The field observations from the Neuquén Basin motivated novel numerical modelling of hydrothermal circulations that account for sills becoming permeable during cooling (Rabbel et al., 2023). The modelling results show that three distinct phases of fl...
	These models show that the flow of methane through the sill occurs at temperatures >400 C, which meet the conditions for hydrothermal graphitization, in good agreement with the field observations. This result shows that flow of hydrocarbons into newl...
	Figure 10. Summary figure illustrating syn-cooling fluid migration (modifed from Rabbel et al., 2023). A. Field photograph of upwelling dikelets of liquefied shale and bitumen entering the cooling joint network of a thin sill at Cuesta del Chihuido (c...
	5.2 Post-cooling fluid migration

	In the northern part of the Neuquén Basin, middle Miocene to Pliocene arc volcanism is represented by the igneous La Brea Formation, which consists of exhumed massive shallow, andesite subvolcanic intrusions (Baldauf et al., 1997; Nullo et al., 2002; ...
	The Cerro Alquitrán is an exhumed 10.7±0.5 million-year-old subvolcanic intrusion, located at the foothills of the Andes mountains, Argentina (Nullo et al., 2002) (Figure 2). It is an intrusion of andesitic composition emplaced through the Mesozoic a...
	The peculiarity of Cerro Alquitrán is the presence of large natural bitumen seeps clustering around the igneous body (Figure 11) (Dessanti, 1959). The major surface bitumen seeps occur in various forms, from tar pits to long bitumen flows (Figure 11B...
	The andesite hill of Cerro Alquitrán exhibits sub-circular shape on map view (Figure 11C). The contacts of the intrusion are nowhere exposed, making it challenging to constrain its overall shape. Nevertheless, it is likely that the intrusive contacts...
	There are clear relationships between the andesite structures and the bitumen seeps. Both at Cerro Alquitrán and Cerro La Paloma, the main bitumen are located near the intrusive contact, and where the andesite is the most fractured and brecciated. At...
	Organic geochemical analyses demonstrate that the bitumen seeping out at Cerro Alquitrán and Cerro La Paloma is not of local origin (Galland et al., 2023; Galland et al., 2024). Instead, it is expected that it has migrated from a regional kitchen 10-...
	All in all, the demonstrative Cerro Alquitrán case study highlights the great relevance of igneous intrusions on subsurface fluid migration long time after the cooling of the magma.
	Figure 11. Figure illustrating post-magma emplacement hydrocarbon migration, using Cerro Alquitrán laccolith case study (Galland et al., 2023; Galland et al., 2024). A. Drone photograph of eastern seep illustrating the extent of the bitumen seep. B. F...
	5.3 Reservoir compartmentalisation

	Sections ‎4.1 and ‎5.2 show that igneous intrusions can represent high-permeability fluid pathways and fractured reservoirs. Conversely, other studies suggest that igneous intrusions can also be low-permeability barriers (Senger et al., 2017), leading...
	The Volcán Auca Mahuida, Risco Alto and Las Manadas oil fields provide an example of how intrusive bodies emplaced in conventional reservoir rocks can have adverse effects. This sector is located on the Auca Mahuida volcano, in the northeastern Neuqu...
	Chiacchiera et al. (2022) analyzed data (well logs, borehole images, fluid testing, and a VSP Walkaway) from nine wells to investigate the effects of dykes on a sector northeast of the main crater of the Auca Mahuida volcano (Figure 12B). While some ...
	Chiacchiera et al. (2022) concluded that subsurface dykes exhibit NE-SW and E-W orientations with dips of 60 -70  towards the south and southwest. These orientations coincide with surface faults and those described in the literature, suggesting that ...
	Another impact associated with igneous intrusions is reservoir compartmentalization. Structural and fluid analyses revealed that, within the same stratigraphic levels, neighboring wells contain different fluids, indicating a lack of connectivity betw...
	The analysis of these complex processes enhances the understanding of the interaction between intrusive bodies and productive sedimentary basins. However, further investigation is needed regarding the intersection zones between dykes and sills, as we...
	Figure 12. A. Satellite image of the Auca Mahuida volcano, with oilfields involved in this study outlined in white. B. Image of the study area, where the four hydraulically disconnected blocks discussed in this work are highlighted in different colors...
	6 Bitumen veins and volcanism
	The Neuquén Basin hosts hundreds of peculiar veins of solid hydrocarbon (bitumen), which resembles coal (Parnell and Carey, 1995; Cobbold et al., 2014). However, this material is not coal, as the veins are mostly steep dykes, which crosscut (and there...
	In the Mendoza Province, many bitumen veins are sills, parallel to sedimentary strata (Zanella et al., 2015). In contrast, in the provinces of Neuquén and southernmost Mendoza, most bitumen veins are steep, crosscutting dykes (Figure 13). At the surf...
	The origin of the bitumen veins remains controversial. Early workers stated that the bitumen veins were always “linked to volcanic centres” and that heating was due mainly to magmatic activity, rather than to burial alone (Keidel, 1910; Groeber, 1923...
	First, in the provinces of Neuquén and southern Mendoza, most of the bitumen veins occur around Tromen volcano, within 70 km of its crater (Figure 13A). A few other veins crop out on the SE flank of Auca Mahuida Volcano (Cobbold et al., 2014), or alo...
	Second, the maturity of the bitumen varies regionally. In the domain that is the furthest from Tromen volcano, the bitumen is systematically less mature than in some parts of domains closer to Tromen (Cobbold et al., 2014). In addition, at Curacó Min...
	The correlation between the main volcanic centres and the distribution of the bitumen veins, and the documented anomalously elevated temperatures of the bitumen within the bitumen veins, highlight the potential effect of magmatic activity on the form...
	Nevertheless, the exact mechanism of how magmatic activity controlled the formation of the bitumen veins remain poorly understood. Cobbold et al. (2014) proposed that heat advection by hydrothermal fluids generated oil, which intruded adjacent rocks ...
	Figure 13. A. Satellite image showing the distribution of bitumen dykes and sills in Central Neuquén Basin. Modified from Cobbold et al. (2014). Black squares locate Toribia bitumen mine (B-D) and La Salvada and Curacó bitumen mines. B. Satellite imag...
	7 Geophysical imaging in volcanic basins
	Igneous systems emplaced in sedimentary basins show a wide range of different rock properties and distributions. Acoustic impedance of magmatic rocks is typically much higher than for siliciclastic sedimentary rocks, but can be in the same range as ac...
	7.1 Seismic modelling of sill complexes

	3D seismic reflection data are often the primary source for the mapping and characterization of large-scale intrusive complexes (Planke et al., 2005; Jackson et al., 2013a; Magee et al., 2013; Schofield et al., 2015; Schmiedel et al., 2017; Bischoff e...
	Seismic modelling of field analogues is therefore of high importance for improving seismic interpretation of intrusive complexes, because it creates a vital link between geological field observations at the outcrop scale and their expression in seism...
	Rabbel et al. (2018) presented a study of the hydrocarbon-producing andesitic sills of the Río Grande Valley (see sections ‎3.1 and ‎4.1), to illustrate an integrated approach to seismic modelling of field analogues of intrusive complexes. These auth...
	The seismic models of Rabbel et al. (2018) produced complex interference patterns and their link to the interplay of intrusion geometry and host rock layering that cause them. Such waveform patterns include splitting and transgressive reflections, br...
	Nevertheless, the results of Rabbel et al. (2018) show that each individual sill is not resolved in the seismic model, and only thick sills that are layer-discordant and cause a strong impedance contrast to the surrounding host rock can be mapped wit...
	Former seismic modelling studies have accounted either for homogeneous host rock (Rohrman, 2007; Magee et al., 2015; Eide et al., 2018) or for a single sill intrusion (Kjenes et al., 2024). In addition, these studies assume systematic high-impedance ...
	Figure 14. Figure summarising seismic modelling of a sill complex (modified from Rabbel et al., 2018). A. Characteristic geological cross section through the Río Grande oil field and the Sierra Azul, locating the El Manzano outcrop. B. Field photograp...
	7.2 Seismic imaging of subvertical dykes

	The seismic data, due to its acquisition characteristics, has primarily been used to image sub-horizontal igneous bodies like volcanic stratigraphy, sills and thin laccoliths (Planke et al., 2000; Thomson and Hutton, 2004; Planke et al., 2005; Bischof...
	Lombardo et al. (submitted) proposed a seismic analysis workflow for imaging and extracting subvertical dykes emplaced in sedimentary formations. The case study described by Lombardo et al. (submitted) is the eastern part of the extensive Lower Mioce...
	The data used by Lombardo et al. (submitted) uses large subsurface data set (3D seismic reflection data, borehole data) gathered during the development of the El Trapial oil field (see section ‎4.2)(Lombardo et al., 2024). The workflow described by L...
	The workflow consists of extracting two complementary attributes from the 3D seismic data. The first attribute is “Amplitude Contrast”, which is a measure of amplitude similarity or difference between adjacent traces in 2D or 3D seismic volumes. High...
	The second attribute results from successive implementation of "Variance" and "Ant Tracking". The first step involves calculating an attribute which enhances the spatial discontinuities in the seismic volume (Variance). Variance is a commonly used se...
	This workflow applied to the data from the Huantraico Volcanic Complex (Figure 15) highlights linear features on map view in Amplitude Contrast maps and vertical planar features on Ant Tracking volume. The extraction from the Ant Tracking volume (Fig...
	Figure 15. Figure summarising seismic imaging of dykes (Lombardo et al., under review). A. Satellite image of southern Huantraico region, including geology of Cenozoic volcanic deposits, outcropping radial dykes, location of 3D seismic cube (polygon w...
	7.3 Sub-volcanic seismic imaging

	Numerous sedimentary basins host significant piles of extrusive lava flows. Such sequences have highly heterogeneous geological structures that cause high impedance contrasts between the layers that make up the sequence. However, the rough interfaces ...
	The Loma del Molle Norte (LDMN) block, which includes the Huantraico Volcanic Complex, features complex volcanic geology and topography (see Section ‎7.2). Large areas of the LDMN block include the eruptive products of the Lower Miocene Huantraico Vo...
	At the surface, the plumbing system of the Huantraico Volcanic Complex is exposed outside the volcanic plateau, i.e. where the volcanic cover has been eroded, and consists of a swarm of radial dykes and a few sills emplaced in the red sedimentary roc...
	3D seismic data has been acquired 20 years ago, focusing on conventional reservoirs. However, the structure of both the plumbing system and the sedimentary host rock below the volcanic cover was not revealed through conventional seismic processing (F...
	Reprocessed seismic data revealed key features, including laccoliths, sills, dykes, and faults (Figure 16E), and better delineates their geological extension. Sills were identified as sub-horizontal, high-impedance reflections. The single-iteration L...
	Ultimately, the FWI image provides a more detailed image of the subsurface compared to the migration image by highlighting fine structural details such as dykes and laccoliths (Figure 16E), which can be hardly observed in the migration image.
	Figure 16. A. Satellite image of Huantraico Volcanic complex locating radial dykes (blue lines), the boundary of the Loma del Molle Norte block (black solid polygon), the extent of the map of B, the centre of the volcanic complex (yellow star) and the...
	7.4 Imaging igneous intrusions using remote geophysical methods

	Even though igneous intrusions commonly exhibit significantly higher acoustic impedance than their sedimentary host rock (e.g., Magee et al., 2018), the literature highlights that seismic imaging of igneous intrusions in sedimentary basins can be chal...
	Nevertheless, a combination of different geophysical methods (seismic, gravity, magnetics, magneto telluric, etc) in combination with outstanding outcrop control within the Neuquén Basin may allow to fully reveal the impact of volcanic plumbing syste...
	The magnetotelluric (MT) method explores the Earth's subsurface conductivity by measuring time-varying electric and magnetic fields. The audiomagnetotelluric (AMT) method, an extension of MT with a higher frequency range (1 Hz to 1 MHz), is particula...
	In this section, we present the results from an exploratory controlled-source AMT (CSAMT) survey, which uses artificially generated signals from a controlled-source transmitter (10 Hz to 100 kHz). We performed the AMT survey across the well-constrain...
	The CSAMT profile consisted of 12 survey sites, spaced 500–1000 m apart (Figure 17A). AMT responses were distorted by cultural and geological noise, mitigated using tensor decomposition and strike analysis (Groom and Bailey, 1989; McNeice and Jones, ...
	The acquired data were of high quality, except for AMT stations 1 and 9, which exhibited distortions. Frequencies above 1000 Hz showed high distortion, indicating reduced reliability in shallow zones, while frequencies below 1000 Hz provided more rel...
	The best-fitting model was selected based on correlations between observed and inverted data (Figure 17C). Two distinct domains were identified: a resistive eastern domain and a conductive western domain. Skin depth analysis revealed that deeper elec...
	• Neuquén Group: shallow western sector (geoelectric zones b, h, d), with resistivities between <16 and 150  m.
	• Agrio, Chachao, and Vaca Muerta formations: 600–1000 m depth (geoelectric zone g), resistivities <16  m.
	• Laccolith: Eastern sector, depths >400 m (geoelectric zone e), resistivities 500–1000  m, correlating with dioritic andesites (PA.x-2 borehole).
	The geological units in the western geoelectric domain dip ~30  to the west (Figure 17C), in agreement with the seismic and geological interpretation (Galland et al., 2022). In the central sector, an abrupt lateral resistivity change was interpreted ...
	The 2D AMT model reveals a high-resistivity, tabular body (500–1000  m) in the eastern sector, corresponding to the laccolith. The modelled top surface is ~400 m below ground level, aligning with the structural reconstruction of Galland et al. (2022...
	All in all, the AMT inversion is in good agreement with the integrated seismic/structural study of the Pampa Amarilla laccolith (Section ‎4.3) (Galland et al., 2022). This shows the relevance and robustness of AMT survey to constrain subsurface distr...
	Figure 17. A. Simplified geological map of Pampa Amarilla dome locating the measurement stations (green dots), the section L390 (blue line), and wells PA.x-6 and PA.x-2 (pink dots), modified from Galland et al. (2022) and Figure 9. Cross section L390 ...
	8 Concluding remarks and future research directions
	8.1 The Neuquén Basin, a world class case study

	The Neuquén Basin is a unique volcanic basin that offers (1) substantial industry subsurface data of buried igneous petroleum systems and (2) outstanding seismic-scale outcrops of exhumed igneous petroleum systems. As such, the Neuquén Basin represent...
	Many case study examples described in this paper could not have been possible without academia-industry collaborations (see sections ‎3.1, ‎4.1, ‎4.2, ‎4.3, ‎5.3 and ‎7). The added value of such collaborations is that industry partners gave access to...
	Both the published subsurface data from producing hydrocarbon fields associated with volcanic systems and the easy access to outstanding outcrops make the Neuquén Basin a very valuable educational object for training academia and industry geoscientis...
	8.2 Implications for igneous petroleum systems

	Our review shows that the classification of Delpino and Bermúdez (2009) based on Type I and Type II igneous petroleum systems, is somehow too restrictive. Type I igneous petroleum systems, i.e. when igneous intrusions are emplaced into a source rock, ...
	Finally, the generation of bitumen dykes in the Neuquén Basin (Section ‎6) suggests that volcanism can affect hydrocarbon generation and migration over large areas of the basin.
	8.3 Implications for improving geophysical imaging in volcanic basins

	Numerous volcanic basins worldwide are not eroded and are only accessible through geophysical imaging. Major issues of interpreting geophysical data are (1) low resolution that is not sufficient to capture the metre- to decametre-scale processes, whic...
	Examples described in Section ‎7 highlight the added value of integrating outcrop data to improve the robustness and the geological relevance of geophysical data interpretation. In addition, the geophysical-scale outcrops of volcanic plumbing systems...
	8.4 Future research questions

	This review highlights several, still unresolved, research directions on the effects of volcanism on hydrocarbon-bearing sedimentary basins.
	• It is necessary to understand in which conditions igneous intrusions are high-permeability, fractured reservoirs or low-permeability, seal or compartmentalising layers. This not only has profound implications for fluid flow within the basin it is al...
	• The high-permeability intrusions documented in this paper highlight local migration of hydrocarbons (see Cerro Alquitrán, Section ‎5.2). Nevertheless, in numerous basins, igneous sill complexes are extensive, sometime across the entire basin that ho...
	• Section ‎6 highlights a correlation between the distributions of bitumen veins throughout the Neuquén Basin and volcanism, however the detailed mechanism of how volcanic activity can stimulate the generation of bitumen veins remains to be revealed.
	Further research in the Neuquén Basin has the potential to provide the necessary data to address these fundamental questions.
	8.5 Other applications of magma/sedimentary rock interactions

	The research conducted in the Neuquén Basin addresses fundamental processes of magma/sedimentary rock interactions and fluid migrations. So far, the main application of this knowledge in the Neuquén Basin has been focused on hydrocarbon industry, as t...
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