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Laccolith emplacement and growth are controlled by doming of overburden rocks. Understanding the mechanics
and structural evolution of laccolith-induced doming is therefore essential for revealing the emplacement dy-
namics and growth of laccoliths. In this paper, we present a 3D reconstruction of a subsurface laccolithic intru-
sion through the structural reconstruction of a well-exposed dome at Pampa Amarilla, Neuquén Basin, southern
Mendoza province, Argentina. The 3D reconstruction was made possible by the unique integration of surface ge-
ological data and subsurface 3D seismic and borehole data. We estimate that the Pampa Amarilla laccolith is
~400 m thick, ~3 km and 2.5 km long in the E-W and N-S directions, respectively. Along an E-W cross section,
the laccolith exhibits a wedge shape with maximum thickness near its western edge and gradual thinning toward
the east. The structure of the dome is typical of a trapdoor, with faulting along the western, northwestern and
southwestern edges, and tilting of the overburden to the east. The trapdoor tilting of the laccolith's overburden
was the main mechanism controlling the thickening and growth of the Pampa Amarilla laccolith, which exhibits
a relatively high thickness-to-length ratio T/D ~ 0.13. Numerous laccolithic intrusions exhibit similar values of
T/D, and our study suggests that faulting commonly controls emplacement of laccoliths with T/D > 0.1; con-
versely, our study suggests that the established mechanical models of laccolith emplacement based on elastic
bending of the overburden applies only to thin laccoliths. Finally, our study highlights the necessity and value of
integrating field geological measurements with subsurface 3D seismic and borehole data for structural recon-
structions of subsurface laccolith intrusions.

Donnadieu and Merle, 2001; Kennedy et al., 2012; van Wyk de Vries et
al., 2014; Castro et al., 2016; Magee et al., 2017).

1. Introduction

The dynamics of volcanic plumbing systems control the transport of
magma through the crust, and condition whether magma erupts or not
at the Earth's surface (Hogan et al., 1998; Burchardt and Galland, 2016;
Burchardt, 2018). Sub-vertical magma conduits such as dykes and pipes
transport magma upward, whereas sub-horizontal conduits such as sills
and laccoliths lead to substantial lateral transport, storage or stalling of
magma (Castro et al., 2016; Magee et al., 2016; Galland et al., 2018),
which can eventually evolve and form shallow magma reservoirs
(Rocchi et al., 2002; Rocchi et al., 2010; Sigmarsson et al., 2011; Castro
etal., 2016). The emplacement of sills and laccoliths also trigger signifi-
cant deformation of the Earth's surface (Minakami et al., 1951;
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The mechanisms controlling magma accumulation and storage in
laccoliths depend to a great extent on the deformation mechanism of
the overburden (Corry, 1988). One end-member model proposed to ex-
plain the emplacement of laccoliths is based on the elastic bending of
overlying strata, which are considered as a thin, stiff plate (e.g., Pollard
and Johnson, 1973; Koch et al., 1981; Kerr and Pollard, 1998; Bunger
and Cruden, 2011; Michaut, 2011; Scheibert et al., 2017). This model
end-member is widely implemented as the mathematical formulation of
a thin, stiff bending plate is relatively easy to address. This model end-
member formulation is valid only for very shallow laccoliths (depth-to-
diameter ratio H/D < 0.1) with low thickness-to-diameter aspect ratios
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of the intrusions (T/D < 0.02) (Ventsel and Krauthammer, 2002).
However, most laccoliths documented on Earth do not fulfill these geo-
metrical conditions (Corry, 1988; Cruden et al., 2018), as most laccol-
iths exhibit higher values of H/D, and some intrusions are almost as
thick as they are wide (e.g., Minakami et al., 1951; Jackson and Pollard,
1990; Jackson, 1997; Rodriguez Monreal et al., 2009; van Wyk de Vries
et al., 2014; Mattsson et al., 2018; Burchardt et al., 2019). In addition,
field observations show that significant fracturing and faulting (i.e., in-
elastic deformation) can accommodate doming of laccolith overbur-
dens (de Saint-Blanquat et al., 2006; Stevenson et al., 2007; Wilson et
al., 2016; Mattsson et al., 2018), as accounted for in the end-member
“punched laccolith” model where the overburden lifts up like a rigid
piston (Gilbert, 1877; Corry, 1988; Schmiedel et al., 2019).

Classical views and mechanical models of sill and laccolith-induced
doming, also called forced folding, typically consider symmetrical dom-
ing of the overburden (Corry, 1988; Jackson and Pollard, 1990; Bunger
and Cruden, 2011; Magee et al., 2017; Scheibert et al., 2017). Neverthe-
less, geological observations (Witkind, 1973; Roman-Berdiel et al.,
1995; de Saint-Blanquat et al., 2006; Stevenson et al., 2007) and geo-
detic measurements (Amelung et al., 2000; Jonsson et al., 2005) sug-
gest that uplift of the intrusion overburdens can be strongly asymmetri-
cal and accommodated by a peripheral fault on one side of the dome,
the so-called trapdoor mechanism. However, little constraints are
known about the structure of laccolith-induced trapdoor dome.

Reconstructing the structure of both a laccolith and its associated
overburden dome is challenging because they occur at scales of several
kilometers (Rocchi et al., 2002; Michel et al., 2008; Leuthold et al.,
2012; Westerman et al., 2018). Field studies are limited by exposure
conditions, where only parts of the intrusion or parts of the dome of the
overburden are exposed (Fig. 1; de Saint-Blanquat et al., 2006;
Stevenson et al., 2007; Wilson et al., 2016; Mattsson et al., 2018). Re-
cently, seismic data has been used extensively to explore the structure
of volcanic plumbing systems, in particular sills and laccoliths and their
associated domes, due to its ability to image kilometer-scale subsurface
structures at a resolution of some tens of meters (Trude et al., 2003;
Hansen and Cartwright, 2006; Jackson et al., 2013; Magee et al., 2013;
Schmiedel et al., 2017b; Reynolds et al., 2021). Nevertheless, even
though seismic data allows good imaging of sills, thin laccoliths and
simple dome structures, it is less effective for imaging thicker laccoliths
associated with high amplitude and structurally complex domes (Fig. 1;
Rodriguez Monreal et al., 2009; Delpino et al., 2014; Mark et al., 2018).

In this paper, we describe the structure of a laccolith-induced dome
by integrating geological field mapping, 3D seismic data and borehole
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Fig. 1. Sketch illustrating the goal of the manuscript, which is to integrate sur-
face geological data and subsurface data to constrain the shape and extent of
an igneous intrusion and its associated dome. The figure also illustrates the
challenge of such data integration: (1) surface data are not sufficient to recon-
struct the subsurface structure, especially the shape of the intrusion; (2) the po-
tentially complex structure of the forced fold leads to incoherent seismic data.
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data. The case study we present is the Pampa Amarilla dome structure,
located in the Malargiie fold-and-thrust belt in the northern Neuquén
Basin, Argentina. We highlight the added value of integrating field ob-
servations with subsurface data, which allowed us to propose a robust
reconstruction of the dome and of its underlying laccolith.

2. Geological setting of Pampa Amarilla
2.1. Geological evolution of the northern Neuquén Basin

The Pampa Amarilla structure is located in the northern Neuquén
Basin, southern Mendoza province, ~50 km to the south of the town of
Malargiie and 20 km to the east of the village of Bardas Blancas (Fig.
2A). The Neuquén Basin evolved from an extensional basin in the Trias-
sic-Jurassic-Early Cretaceous to a foreland basin in the Late Cretaceous,
and comprises a prolific hydrocarbon province with various proven hy-
drocarbon plays (Vergani et al., 1995; Howell et al., 2005; Veiga et al.,
2020), including producing andesitic sills emplaced in organic-rich
shales (Spacapan et al., 2020).

The geodynamic evolution of the Neuquén basin occurred in three
main phases. Initiation of the basin started in the Triassic-Jurassic as a
series of elongated rifts forming isolated depocentres (Vergani et al.,
1995; Yagupsky et al., 2008) (Fig. 3). During the early Jurassic, the Rift-
ing phase subsequently transformed into a back-arc basin dominated by
regional thermal subsidence (Sag phase; Fig. 3). This led to the deposi-
tion of marine sediments of the Mendoza group, which includes or-
ganic-rich shales of the Vaca Muerta and Agrio Fms. These formations
constitute two of the main source rocks of the basin. The Vaca Muerta
and Agrio Fms. are separated in the study area by the carbonaceous
Chachao Fm. (Fig. 3). The end of the Sag phase is marked by the deposi-
tion of the Rayoso Gr., which includes gypsum of the Huitrin Fm. The
Huitrin Fm. is topped by a 5- to 10-m thick limestone of the La Tosca
Mb, and claystone and fine-grained sandstone of the Rayoso Fm. (Fig.
3).

In the late Cretaceous, the tectonic regime changed to compression,
initiating a foreland basin phase marked by the deposition of the thick
continental sandstones and conglomerates of the Neuquén Gr. (Fig. 3).
This stage created a series of fold-and-thrust belts including the
Malargiie fold-and-thrust belt through reactivation and inversion of the
rift-related normal faults as well as older basement faults (Manceda and
Figueroa, 1995; Giambiagi et al., 2009; Mescua and Giambiagi, 2012;
Mescua et al., 2014; Barrionuevo et al., 2019; Fennell et al., 2020). The
study area is located on the gently-dipping western limb of the
Malargiie Anticline (Fig. 2B).

During the Foreland basin stage, particularly the northern part of
the Neuquén Basin experienced repeated episodes of extensive volcan-
ism and magmatic intrusion of the sedimentary succession (Nullo et al.,
2002; Kay et al., 2006). Magmatic activity in the eastern Malargiie fold-
and-thrust belt has been separated into two cycles: a late Oligocene to
middle Miocene Molle Eruptive Cycle and a middle Miocene to Pliocene
Huincén Eruptive Cycle (Fig. 3). The Molle Eruptive Cycle is associated
with retroarc volcanism and the Huincan Eruptive Cycle to arc volcan-
ism (Groeber, 1946; Baldauf et al., 1997; Nullo et al., 2002; Combina
and Nullo, 2011; Litvak et al., 2015). Both cycles are characterized by
predominantly basaltic and andesitic lava flow sequences and subvol-
canic bodies such as sills, dykes and laccoliths (Baldauf et al., 1997;
Combina and Nullo, 2011; Spacapan et al., 2016, 2017; Spacapan et al.,
2020). The youngest volcanism is located toward the east, in the Qua-
ternary Payenia Basaltic Province (Galland et al., 2007; Ramos and
Folguera, 2011; Sgager et al., 2013).

Magmatism in the Neuquén Basin has substantial economic implica-
tions, as it deeply affected local petroleum systems in several ways.
First, it provided the necessary heat to generate hydrocarbons from the
Vaca Muerta and Agrio Fms., which are mainly immature in the study
area (Rodriguez Monreal et al., 2009; Spacapan et al., 2018a; Spacapan
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Fig. 2. A. Satellite image locating the study area including the Agua Botada block (black solid lines polygon) and surroundings main structures (base image is a
LANDSATY7 + satellite image (RGB741 band combination)). Black dashed rectangle locates map of B. Modified from Barrionuevo et al. (2019). B. Main geologic units
and structures in the Agua Botada area. Based on YPF (1976). Modified from Barrionuevo et al. (2019). Blue dashed rectangle locates 3D seismic survey used in this
study. Black box locates the detailed geological map of Fig. 6. Blue segments locate geological cross sections of Fig. 10. (For interpretation of the references to colour

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

et al., 2020). Secondly, the intrusions themselves act as naturally frac-
tured reservoirs, constituting atypical petroleum systems such as the
Rio Grande Valley (RGV) oil fields, south of the study area (Schiuma
and Llambias, 2014; Rodriguez Monreal et al., 2009; Witte et al., 2012;
Spacapan et al., 2020).

2.2. The Pampa Amarilla structure

A thick igneous body at Pampa Amarilla, in the Agua Botada area,
has been known since 1937 after the drilling of well PA.x-2, which
crossed ~100 m of andesite without reaching the bottom of the intru-
sion. The first clear documentation of an anticline structure at Pampa
Amarilla was on a geological map by a geologist commission of YPF
(1976) (YPF is the national Argentinian oil company Yacimientos
Petroliferos Fiscales). The map displayed outward-dipping bedding
measurements (Fig. 2B), as well as a subcircular outcrop pattern of the
Huitrin and Agrio Fms. in the core of the anticline, surrounded by out-
crops of red beds of the Neuquén Gr. (Fig. 2B). The geological map of
YPF (1976) provided sparse bedding measurements (Fig. 2B), which
does not permit the extent, shape and amplitude of the structure to be
well constrained.

The map of YPF (1976) highlighted that the Pampa Amarilla struc-
ture is located at the boundary between two structural domains: to the
north, bedding in the Neuquén Gr. dips gently toward the west,
whereas to the south, bedding in the Neuquén Gr. dips gently toward
the south (Fig. 2). Probably on this basis, Kraemer et al. (2011) inter-
preted this structure as a “satellite back-thrust structure developed at
the southern plunge of the Malargiie anticline” of tectonic origin. How-
ever, the study area is also located along the Bardas Blancas tectonic
lineament, which is an inherited structural discontinuity between two
Jurassic half-grabens (Manceda and Figueroa, 1993; Yagupsky et al.,
2007), and along the NW-trending Huemul lineament, which
Barrionuevo et al. (2019) interpret as recording strike-slip movement

during the Miocene. Barrionuevo et al. (2019) proposed that doming of
Neuquén basin strata at Pampa Amarilla was the result of the intrusion
of the andesite found in well PA.x-2. Our study further demonstrates
that the Pampa Amarilla structure is dominantly a laccolith-induced
dome, even if we cannot rule out that a minor tectonic component con-
tributed to its development.

In the Agua Botada sector, Cenozoic intrusive rocks correspond to
sills, subvolcanic bodies and dykes with predominantly intermediate
compositions (Schiuma, 1994). Available K/Ar ages on dykes in the
study area yielded early- to middle-Miocene ages (17.3 = 0.8 and
14.4 + 0.7 Ma; Valencio et al., 1970). Andesitic and basaltic andesite
sills are predominantly emplaced in units with fine-grained sedimen-
tary intervals, particularly in the organic-rich shale of the Vaca Muerta
and Agrio Fms. (Schiuma, 1994; Spacapan et al., 2017; Spacapan et al.,
2018b; Barrionuevo et al., 2019; Spacapan et al., 2020). Miocene to
Quaternary andesitic and basaltic subvertical dykes are abundant in the
easternmost Malargiie fold-and-thrust belt, especially those radiating
from the Cerro (Mount) Tronquimalal and Cerro Mirano intrusive com-
plexes (Fig. 2B). Away from these intrusive centers, dykes outcropping
in the study area exhibit mainly NW-SE and E-W orientations
(Bermidez and Delpino, 1989; Spacapan et al., 2016; Barrionuevo et
al., 2019), suggesting that their emplacement was controlled by pre-
existing faults and syn-emplacement tectonic stresses, folding and fault-
ing (Spacapan et al., 2016; Barrionuevo et al., 2019).

Note that the Neuquén Basin stratigraphy includes two evaporite
formations (Late Jurassic Auquilco Fm. and Lower Cretaceous Huitrin
Fm.; Fig. 3). Evaporite sequences are notoriously associated with salt
tectonics, including salt diapirs that can trigger doming similar to that
observed at Pampa Amarilla (e.g., Alsop et al., 2000). However, we can
rule out that salt tectonics is responsible for the Pampa Amarilla dome
for the following arguments: the Huitrin Fm. is included in the struc-
ture, indicating that if it was a salt diapir, it would be rooted in the
Auquilco Fm. However, Pampa Amarilla is located in proximal parts of
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Fig. 3. Center. Stratigraphic column showing the sedimentary units, and the main tectonic phases of the Neuquén Basin and Malargiie fold-and-thrust belt (Modi-
fied from Giambiagi et al., 2008; Mescua et al., 2014; Horton et al., 2016; Barrionuevo et al., 2019). Left and right. Characteristic field photographs of the outcrop-
ping sedimentary units in the study area. Note the unique half a meter thick finely laminated of gypsum within the Huitrin Fm. (lower left photograph).

the Neuquén Basin where the Auquilco Fm. is thin (thickness < 25 m;
Fig. 5) and laterally replaced by carbonates.

3. Methods and data
3.1. Field mapping and drone surveys

We completed detailed field structural mapping of the well exposed
Pampa Amarilla structure, which intersects the thin Mesozoic Huitrin
and Rayoso Fms. of the Neuquén Basin, in addition to the uppermost
Agrio Fm. and the lowermost Neuquén Gr. (Fig. 3). The level of expo-
sure and outcrop quality allowed us to map several stratigraphic con-
tacts almost continuously: Top Agrio Fm./base Huitrin Fm., Huitrin
gypsum/La Tosca Mb., Top La Tosca Mb./base Rayoso Fm., and Top
Rayoso Fm./base Neuquén Gr. The competent La Tosca Mb. is resistant
to erosion, and crops out extensively. We also identified a unique strati-
graphic marker within the gypsum of the Huitrin Fm., namely
a ~ 50 cm-thick layer of hard, finely laminated gypsum, which sepa-
rates yellowish (below) and white (above) gypsum deposits (Fig. 3). We
collected numerous bedding measurements, notably along the margins
of the structure in order to detect sharp bedding changes potentially as-
sociated with faulting.

Photogrammetric drone surveys were carried out over the whole
Pampa Amarilla structure using a Phantom3 Advanced drone (built-in
camera, 12 megapixels). The resulting photographs were processed us-
ing Structure-from-Motion photogrammetry software to compute (1) a
high-resolution orthorectified image, and (2) a high-resolution Digital
Elevation Model (DEM) of the study area (topographic data in Fig. 6).
This data was essential for interpretation and lateral interpolation of
the field observations.

3.2. Seismic and well data

The western half of the Pampa Amarilla dome is covered by a 3D
seismic survey associated with hydrocarbon exploration in the Agua
Botada block (Fig. 2B). This high-quality seismic data allows a good re-
construction of the subsurface structure north, west and south of the
Pampa Amarilla dome (Fig. 4). To the north and to the west, bedding in
Mesozoic units dips gently to the west. To the south, Mesozoic units dip
gently to the south, as documented in the YPF (1976) map (Fig. 2B). At
the location of the Pampa Amarilla dome, the seismic data loses co-
herency, likely due to imaging difficulties related to the dome structural
complexity combined with near-surface high velocity layers (carbon-
ates and evaporites) (Fig. 4). Note that the structure of the Mesozoic
units outside the Pampa Amarilla dome is simple with no evidence of
faulting. In particular, there is neither seismic nor field evidence of a
thrust fault as indicated by YPF (1976) and Barrionuevo et al. (2019)
(the proposed Casa de Piedra Thrust).

In addition to the 3D seismic data, geophysical borehole data from
two wells have been included in the study (PA.x-2 and PA.x-6; see loca-
tions on Fig. 2). Well PA.x-6 displays various geophysical measure-
ments which were used to pick the depth of stratigraphic formation tops
with great accuracy (Fig. 5). In addition, this well is within the 3D seis-
mic block, which is convenient to apply a simple vertical geometric
scaling of the seismic data (see section 5). We took the data from well
PA x-6 to constrain the thickness and depth of the sedimentary units af-
fected by the Pampa Amarilla dome. We extrapolated the thicknesses of
the Mesozoic units measured in well PA.x-6 to the rest of the study area.
Given the relatively small extent of the study area, we consider this to
be valid first order approximation.
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Fig. 4. Examples of seismic profiles across the Pampa Amarilla dome (see locations on Fig. 2B) with interpreted tops of the Huitrin (orange lines) and Chachao
(light blue lines) formations. A. EW profile showing a gently-dipping monoclinal structure. A forced fold is located on the eastern edge of the profile, where the
seismic data is incoherent. B. NS profile showing a gently-dipping monoclinal structure to the south and horizontal layering to the north. A forced fold occurs in
the middle of the profile, where the seismic data is incoherent. It is impossible to reconstruct the structure of the dome and the shape and extent of the underlying
intrusion on both the EW and NS lines. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

In contrast to well PA.x-6, well PA.x-2 is old (1937-1938), without
geophysical log measurements, and the interpretation of the unit thick-
ness and depth was only derived from rock chip cuttings. Even though
this well is located in the middle of the dome structure, the uncertain-
ties in the unit depths are too large for it to be useful for reconstruction
of the Pampa Amarilla dome. The only data we used from this well is
the depth of the roof of the igneous body at 416 m, which is seen as a
major transition in the rock chip cuttings data.

4. Geological observations
4.1. Main stratigraphic contacts

The lithological contrasts between the exposed units at the Pampa
Amarilla dome, in addition to the good outcrop quality (Fig. 3), makes
mapping of stratigraphic contacts relatively easy. The core of the dome
is dissected by an almost E-W trending valley, subsequently referred to
as the “Central Valley” (Fig. 6). These exposed stratigraphic units are,
from bottom to top, (1) the Agrio Fm. that consists of distal carbonate-
rich pelite deposits, (2) the Huitrin Fm. that consists of gypsum deposits
topped by limestones of the La Tosca Mb., and (3) the Rayoso Fm. com-

prising light brown clay to very fine-grained sand deposits (Fig. 3).
These units are covered by coarse red sandstone and conglomerate of
the Neuquén Gr.

Stratigraphic contacts between these units are easily mapped along
the northwestern, northern, and eastern edges of the dome, but are cov-
ered by Quaternary deposits on the southeastern edge of the dome (Fig.
6). The main stratigraphic marker in the study area is the thin carbon-
ate of the La Tosca Mb., which controls the most prominent topographic
features of the dome. From there, we mapped the Top La Tosca Mb./
base Rayoso Fm. contact in detail. The fine-grained Rayoso Fm. out-
crops poorly, but the transition between the top Rayoso Fm./base
Neuquén Gr. is well marked by a dark grey conglomerate bed, which
can be followed in the landscape.

4.2. Mapping of bedding

We collected a high density of bedding plane measurements, espe-
cially where bedding orientation is observed to change sharply (Fig. 6).
Such measurements are not equally straightforward in all the units ex-
posed in the area, where sandstone to conglomerate beds of the
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Fig. 5. Geophysical borehole data from well PA.x-6 (see location on Fig. 2B).
SP: spontaneous potential (millivolts); GR: Gamma Ray (API units); LLD/SN:
resistivity (Ohms); DT: transit time (microseconds per foot). Formation tops
can be identified from sharp variations of geophysical borehole data.

Neuquén Gr. are highly irregular and very few well-defined beds are ex-
posed in the Rayoso Fm.

Due to the scale of the mapping the structure above the intrusion
was characterized in greater detail than previous studies, documenting
sharp variations in bedding orientation. Steeply-dipping bedding planes
were measured along the western edge of the dome (up to 70°; Fig. 7E),
in good agreement with the narrow outcrop width of the Rayoso Fm.
(Fig. 6). Along the western edge of the dome, bedding transitions from
steeply to gently-dipping (<15°) over a distance of 200-300 m only.
Sub-vertical layers of the Agrio Fm. (84°) are observed close to the cen-
ter of the dome, a few tens of meters from the gently-dipping La Tosca
Mb. in the southern limb of the dome (Fig. 6). In contrast, bedding in
the eastern limb dip very gently, in agreement with large outcrop width
of the La Tosca Mb and Rayoso Fm. (Fig. 6). The bedding measurements
indicate that the Pampa Amarilla dome is strongly asymmetric.

The carbonate layers of the La Tosca Mb. exhibit numerous short
wavelength (<10 m) folds. We inferred that these structures could not
be related to larger-scale deformation, but instead related to folding
due to the detachment of the beds of La Tosca Mb. with respect to the
underlying gypsum of the Huitrin Fm.

4.3. Deformational structures

A number of deformational structures in the Mesozoic sedimentary
formations are associated with the Pampa Amarilla dome structure.
These structures provide insights on the shape and deformational style
of the dome.

Faults. An E-W striking, steeply northward-dipping normal fault
with an offset of several meters is observed continuously along the
northern scarp of the Central Valley (Fig. 7B). We interpreted several
other faults based on breaks in stratigraphy and sharp variations in bed-
ding dips (Figs. 6 and 7).
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Folds. Folds can be observed at different scales. At relatively large
scale (>100 m), on the western edge of the dome, an eastward in-
crease in dip from ~10° to ~60° indicates substantial dome-parallel
bending of the strata of the Agrio to Rayoso Fm. Dome-parallel, ENE-
WSW trending meter-scale folds occur in the Rayoso Fm. (Fig. 7F,G).

Ductile foliation. A ductile foliation is observed in the gypsum of the
Huitrin Fm. (Fig. 7D). Such ductile deformation was only observed
along the western edge of the dome, i.e. where the bedding is the
steepest (Fig. 6). The foliation planes contain a down-dip lineation in-
dicating E-W stretching perpendicular to the edge of the dome at this
locality. Because of the very local expression of this ductile deforma-
tion, we interpret these structures as a result of shearing along the
gypsum during dome growth.

4.4. Igneous intrusions

A number of E-W trending, variably exposed, fine-grained andesitic
dykes are observed traversing the dome (Fig. 6) (Barrionuevo et al.,
2019). A few sills are also observed in the Mesozoic sedimentary units.
The most prominent sill is located at the eastern edge of the dome (Fig.
6). It is made of a very coarse-grained andesite, with several centime-
ters size amphibole phenocrysts. It was emplaced at the contact be-
tween the top La Tosca Mb. and the base Rayoso Fm., clearly controlled
by the lithological contrast between these two formations. Its thickness
is challenging to estimate, because the sill and the La Tosca/Rayoso
stratigraphic contacts are almost parallel to the topography. The dis-
tinct phenocrysts sizes in the dykes and the sill show that the magmas
were injected during distinct pulses of magmas of distinct differentia-
tion histories.

4.5. Summary of geological observations

The main conclusions from our geological observations are the fol-
lowing:

- Deformation of the Mesozoic units is restricted to the vicinity of
the dome. From this we conclude that the Pampa Amarilla dome is
a local structure associated with an underlying igneous intrusion,
and not a tectonic structure;

- The dome has an asymmetric structure, with a steeply-dipping
western edge and a shallow-dipping eastern edge;

- Several faults dissect the center of the dome. There may be many
more faults in the central part that are not exposed.

These geological observations are not sufficient to constrain the
shape, extent and thickness of the underlying intrusion responsible for
the formation of the Pampa Amarilla dome. The geological data are in-
tegrated with 3D seismic and well data below to construct structural
cross sections.

5. Structural cross sections

We constructed four cross sections across the Pampa Amarilla dome.
The E-W and N-S oriented cross sections follow the in-line 390 and
cross-line 354 seismic profiles, respectively. The SW-NE Profilel and
NW-SE Profile2 were chosen to intersect the approximate center of the
dome. Note that the E-W L390 profile is located 100 to 200 m south of
wells PA.x-2 and PA.x-6. We chose this location to incorporate the
faults and observed stratigraphic contacts south of the Quaternary
cover of the Central Valley (Fig. 6). Note that the structure at the loca-
tion of well PA.x-6 is simple, with gently dipping strata to the west
(Figs. 2B and 4). Therefore, the depths of the formation tops in well
PA.x-6 can be confidently extrapolated to the location of E-W cross sec-
tion L390.
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Fig. 6. Geological map of the Pampa Amarilla dome (see location in Fig. 2) showing structural field measurements, locations of structural observations (Fig. 7),
seismic profiles (Fig. 4) and geological cross sections (Fig. 10). Topography data were calculated from photogrammetric drone surveys. The coordinate system

of the map is the Campo Inchauspe / Argentina 2 EPSG:22192.
5.1. Vertical scaling of seismic data

Since the seismic data are only available in two-way travel time, we
performed a time-to-depth conversion in order to be able to integrate it
with the field data. Note that where abundant borehole and check-shot
survey data are available, this conversion is typically performed using
advanced seismic interpretation software. However, because only one
modern well is available, we carried out a manual vertical scaling, us-
ing the following steps (summarized in Fig. 8):

- A high-resolution topographic map of the area was computed

from the photogrammetric drone survey images.

Topographic profiles were constructed along the seismic profiles

going through well PA.x-6, and the depth of the top Huitrin Fm. in

the well was integrated with the topographic data (Fig. 8, upper
left).

- In a seismic interpretation program, the topographic map was
converted into time to be integrated with the 3D seismic cube.
Thus, topographic profiles can be incorporated into seismic
profiles (Fig. 8, lower left).

- The prominent top Huitrin Fm. reflector was interpreted on the

selected seismic profiles (orange line Fig. 8, lower left).

The vertical scales of these seismic profiles were linearly

transformed such that both (1) the time-converted topography

matched the true topography and (2) the position of the top

Huitrin Fm. reflector matched the depth of top Huitrin Fm. in the

well (Fig. 8, right);

We used the seismic profile at the location of the well to adjust the

vertical scale of the other profiles used to construct the four cross

sections.

Given that the various lithologies of the local stratigraphy have dis-
tinct geophysical properties, this linear transformation of the vertical
scale of the seismic data is a crude approximation of reality. However,
the structure to the west of the dome is a simple monocline and the cal-
culated dip angle of the reflectors match the bedding surface measure-
ments very well (~15° Figs. 2B and 8). Furthermore, the aim of this re-
scaling of the seismic data is not to calculate the depth of all units, but
to constrain the structure (i.e. the dip angle) of the main stratigraphic
contacts.

5.2. Construction of the structural cross sections

Construction of the structural cross sections followed 5 main steps,
which are illustrated with cross section L390 (Fig. 9).

Step 1. Vertical scaling of the seismic profile, following the method
described in Section 5.1 and Fig. 8 (Fig. 9A).

Step 2. On the topographic profile of the cross section, we placed the
mapped stratigraphic contacts and the bedding measurements. In addi-
tion, the locations of the faults crossed by the section are also marked (F
on Fig. 9B).

Step 3. Using a vertical stratigraphic column defined by the thick-
ness of the units logged in well PA.x-6 (see Fig. 5), and assuming that
the unit thicknesses remain constant across the study area, we extrapo-
late the depth of the unit contacts along the cross sections (Fig. 9C). The
same procedure was applied to the Top Huitrin Fm. seismic reflector
outside the Pampa Amarilla dome (Fig. 9C).

Step 4. We laterally interpolated the geological horizons to recon-
struct part of the structure (Fig. 9D).

Step 5. The geometry of the dome and the underlying intrusion are
interpreted at the final step. This step is the most interpretative. First,
well PA.x-2 data indicates that the roof of the Pampa Amarilla igneous
body is located near the bottom contact of the Vaca Muerta Fm. In the



O. Galland et al. Tectonophysics xxx (xxxx) 229418

e TS

. , Base r:rauquéﬁ G

Fig. 7. A. Overview field photograph of the Central Valley, in the middle of the Pampa Amarilla dome. View toward SE. B. Photograph of normal fault affecting
Huitrin Fm., northern edge of Central Valley (see location on Fig. 6). C. Photograph of steeply dipping limestone of La Tosca Mb., western edge of the dome (see lo-
cation on Fig. 6). D. Detailed photograph of ductile foliation within gypsum of Huitrin Fm., western edge of the dome (see location on Fig. 6). E. Photograph of
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dome (see location on Fig. 6).
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« steeply dipping sandstone bank of Neuquén Gr., northwestern edge of the dome (see location on Fig. 6). F. Tight folds in the Rayoso F., northwestern edge of the
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Fig. 8. Drawing illustrating the qualitative method implemented to integrate field and borehole (in meters) and seismic (in seconds) data. Top left: topographic pro-
file calculated from drone surveys, with location of well PA.x-6 and identified depth of top Huitrin Fm. (see Fig. 5). Units in meters. Bottom left: seismic profile pass-
ing through well PA.x-6, with interpreted tops of the Huitrin Fm. (orange) and the Chachao Fm. (light blue). The red line is topography calculated from the drone
survey, converted into time. Units in seconds. Right: vertical scale of seismic profile is adjusted such that the top Huitrin and topography match in both meter-scale
and second-scale. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

cross section displayed in Fig. 9D, it is clear that the entire stratigraphic
succession in the dome is significantly uplifted with respect to the suc-
cession west of the dome, but the base of the intrusion is not resolved.
We filled this interpretation gap by correlating this cross section with
the other cross sections, especially the N-S trending X354 cross section,
on which the top Huitrin Fm. reflector is well resolved on the northern
and southern sides of the dome (Fig. 5B). Along profile X354, we ap-
plied Step 1 to Step 4 of the procedure described above, and we interpo-
lated the base Vaca Muerta Fm. between both sides of the dome, assum-
ing that the base of the intrusion coincides with the base Vaca Muerta
Fm. The depth of the intrusion's base contact on cross section X354, at
the crossing point between cross sections L390 and X354, defines a
marker point for the basal contact of the intrusion on cross section
L390.

5.3. Cross sections

Fig. 2 shows the locations of the cross sections presented in Fig. 10.

Cross section cross-line 354. This cross section N-S oriented
crosses the dome near its centre. There is no significant depth differ-
ence of the Vaca Muerta, Chachao and Agrio Formations between the
northern and the southern domains of the dome. Although there is a
gentle dip difference between the southern and northern parts of the
dome, it is not possible to identify a vertical offset. This strongly sug-
gests that the deformation observed in the study area is only related
to the emplacement of the laccolith.

When compared to the known thickness of the Agrio to Vaca Muerta
Fms., the depth of the roof of the intrusion drilled in well Pa.x-2 sug-
gests that the laccolith was emplaced close to the bottom of the Vaca
Muerta Fm. By interpolating the bottom of the Vaca Muerta Fm. from
north to south, it is possible to estimate the amplitude of the dome,
which is considered to be a good proxy for the thickness of the laccolith,
close to 400 m. This allows the depth of the bottom of the intrusion to
be estimated, which is consistent with the interpolated base of the Vaca
Muerta Fm. across the dome.

The seismic data and the geological map indicate a ~ 400 m depth
difference of the top Huitrin Fm., which suggests that the northern edge
of the dome is faulted. This interpretation is supported by the local fold-
ing and faulting observed in the Rayoso Fm. (Fig. 7F,G).

The exact structure of the southern edge of the dome is unclear. No
evidence of faulting is observed at the surface. The structure of this part
of the dome is the least constrained of the study area. Nevertheless, the
~400 m depth difference between the top Huitrin Fm. mapped in the
field and that identified in the subsurface data indicate significant dif-
ferential uplift over a small distance, implying that the overlaying
strata experienced significant shear strain, likely accommodated by
faulting. This indirect evidence of deformation makes the distribution
of deformational structures quite speculative due to the lack of exposed
structures.

The observed deformation and the cross sections suggest that the N-
S dimension of the laccolith is ~2 km.

Cross section in-line 390. The structure of the dome along this
E-W cross section is asymmetric, with a strongly deformed western
edge and a gently-dipping eastern edge (Fig. 10). The significant de-
formation and the sharp depth difference of the Mesozoic units at the
western edge of the dome strongly suggests that it is faulted along
one major fault or several smaller faults.

The Mesozoic units at the eastern edge of the dome are structurally
higher than to the west of the dome (Fig. 10), suggesting that the laccol-
ith extends beyond the mapped area to the east. The asymmetric defor-
mation of the dome strongly suggests that the uplift was accommodated
by a trapdoor mechanism: most of the uplift was accommodated by the
fault at the western edge, while the overburden to the east was rotated
upward and only gently deformed.

The cross section suggests that the E-W dimension of the laccolith is
at least 3 km. Compared to the N-S profile along cross-line 354, we infer
that the laccolith is elliptical in shape on map view, with a 3 km long
axis trending E-W and a 2 km short axis trending N-S.

Profilel and Profile 2. These profiles confirm the interpretations of
cross sections L390 and X354. The faults observed in the field suggest
that the trapdoor structure at the western and southwestern edges of
the dome has been accommodated by several faults.

6. Interpretation
6.1. Laccolith shape and deformation style of overburden

The main assumption for reconstructing the shape of the subsurface
Pampa Amarilla laccolith is that there was no significant compaction of
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Fig. 9. Schematic drawing illustrating the main steps for constructing the structural cross sections.

the overburden associated with the emplacement. This assumption is
supported by the fact that the emplacement depth of the laccolith was
between 3000 m and 4000 m at the time of emplacement, i.e. before
folding and uplift of the Malargiie anticline (Barrionuevo et al., 2019).
At these depths, the host rock formations would have been already

The shape of the Pa

10

compacted. However, we cannot rule out some minor syn-emplacement
and post-emplacement compaction, which might affect the reconstruc-
tion of the Pampa Amarilla dome and underlying laccolith.

mpa Amarilla laccolith is inferred to be asym-

metrical, with a maximum T ~ 400 m thickness in its western part, and
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thinning toward the east with a wedge shape (Figs. 10 and 11). With a
minimum E-W length of D ~ 3 km, the laccolith exhibits a thickness-to-
length ratio T/D ~ 0.13, which is in the typical range for felsic laccol-
iths (Fig. 12) (Corry, 1988; Cruden et al., 2018). This aspect ratio is one
to two orders of magnitude higher than most sheet intrusions, such as

11

dykes and mafic sills, the typical values of T/D ranging between 10-2
and 10~* (Fig. 12) (Rubin, 1995; Bunger and Cruden, 2011; Cruden et
al., 2018). This value of T/D ~ 0.13 indicates that the Pampa Amarilla
laccolith is much fatter (i.e., higher thickness-to-diameter aspect ratio)
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Fig. 11. Sketch summarizing the structure of the Pampa Amarilla laccolith and trapdoor dome.
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Fig. 12. Plot of thickness (in meters) of laccoliths (blue circles), felsic sills (orange circles) and mafic sills (blue circles) and the Pampa Amarilla laccolith (red dia-
mond) as a function of their length (in kilometers). Data from Cruden et al. (2018). (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

than sheet-shaped sills, and suggests that its emplacement results from
a different mechanism than that of sills.

This value of T/D is compatible with the observed intense deforma-
tion of the overburden, given that 400 m of uplift must be accommo-
dated over <3 km. The overall structure of the dome is typical of a
trapdoor, with a clear peripheral fault cross cutting its western, north-
western and southwestern edges (Figs. 10 and 11). The very minor de-
formation observed in the central part of the dome strongly suggests
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that it was titled to the east as a result of differential thickening of the
underlying laccolith.

The main boundary fault of the dome is visible at its western edge.
However, it is likely that the northern and southern edges of the domes
are partly faulted, even if faults are not exposed at the surface. We can
estimate whether a fault can be expected by defining the local vertical
shear strain y, = Ah/Ax along the edges of the dome, where Ah is the
uplift difference and Ax is the distance over which Ah is accommo-
dated. On the N-S striking section (Fig. 10), the differential uplift at the
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northern edge of the dome is estimated to be Ah ~ 200 m, accommo-
dated over a short distance Ax < 200 m (Fig. 10), leading to an esti-
mate of y, ~ 100%. Such shear strain value cannot be accommodated
by elastic bending, and faulting is expected, as evidenced by the tight
folds observed in the Rayoso Fm. at the expected fault location (Fig.
7F,G). The southern edge of the dome on the N-S striking section is less
pronounced than the northern edge, with a differential uplift
Ah ~ 300 m accommodated over a distance Ax ~ 700 m, leading to es-
timate of y, ~ 50%. Although this local shear strain value is lower than
that estimated at the northern boundary, it is much higher than critical
strain required for rock failure (<1%; e.g., Jaeger et al., 2009; Renard
et al., 2019). We thus expect faulting, or distributed damage, to affect
the southern edge of the dome. Nevertheless, our geological observa-
tions and subsurface data are not sufficient to constrain the shape of the
southern boundary fault.

Both the N-S and E-W cross sections provide very different pictures
of the structure of the laccolith and associated dome (Fig. 10): the E-W
cross section highlights a very asymmetrical trapdoor structure,
whereas the N-S cross section displays a more symmetrical structure
with both edges likely faulted. Such a difference reflects the complex 3-
dimensional geometry of both the laccolith and the associated dome,
which cannot be captured by a single cross section.

Gypsum within the Huitrin Fm. exhibits prominent ductile deforma-
tion along the western edge of the dome, i.e. where it is the most de-
formed. The foliation within the gypsum is parallel to the strata tilted
by the doming, consistent with shearing associated with differential up-
lift of the dome with respect to the surrounding strata. There is no tec-
tonic structure that can be linked with such foliation in the study area
(Fig. 2)(Barrionuevo et al., 2019). We therefore interpret this ductile fo-
liation to be a result of dome growth during the emplacement of the lac-
colith. This suggests that the gypsum of the Huitrin Fm. may have acted
as a local detachment that decoupled the Agrio Fm. from the overlaying
Rayoso Fm. and Neuquén Gr., which may have in turn affected the
growth of the dome. This interpretation is supported by tectonic studies
in the Neuquén Basin, which have recognized that the detachment po-
tential of the Huitrin Fm. deeply affected the style of tectonic deforma-
tion (e.g., Cobbold and Rossello, 2003). Therefore, our field observa-
tions show that ductile deformation can occur at time scales of magma
emplacement, as discussed in Section 6.2.

6.2. Laccolith ellipticity and feeder dyke

The orientation of the long axis of the reconstructed Pampa Amarilla
laccolith is similar to the orientation of most dykes observed in the
study area (Figs. 2 and 6) (Barrionuevo et al., 2019), suggesting that the
feeder of the laccolith was an E-W-striking dyke. Such a relationship be-
tween the long axis of elliptical tabular intrusions and their feeder
dykes has been documented for mafic sills (Galerne et al., 2011; Magee
et al.,, 2016). However, we acknowledge that other processes like
magma cooling during emplacement (Currier and Marsh, 2015) can
also affect the ellipticity of laccoliths.

The orientation of a potential E-W-striking feeder dyke is compati-
ble with the regional compressional stresses associated with Andean
tectonics. To estimate the time-scale of emplacement of the Pampa
Amarilla laccolith, we assume that the laccolith was fed by a L = 3-km
long (the length of the Pampa Amarilla laccolith) and t = 3-m thick
dyke, which is a characteristic dyke thickness in the study area
(Barrionuevo et al., 2019). Typical values of andesitic magma velocities
are v = 0.01 to 0.1 m s~1, thus the volumetric flow rate provided by the
feeder dyke would be Q = L X t X v between 90 and 900 m3 s~1. We
estimate the laccolith volume from V = zR2T, where T = 300 m is an
average value for the laccolith thickness, yielding V ~ 2.1 x 10° m3.
The time scale of emplacement T = V/Q thus yields a time-scale be-
tween ~1 year and ~ 1 month, assuming it formed during one magma
pulse. Such results are in good agreement with observations of laccolith
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emplacement at active volcanoes (Minakami et al., 1951; Castro et al.,
2016). Even if this analysis is simplistic, it shows that the ductile defor-
mation observed in the gypsum of the Huitrin Fm. occurred at time
scales orders of magnitude shorter than tectonic deformation time
scales.

7. Discussion
7.1. Magma emplacement mechanics

The trapdoor structure of the Pampa Amarilla dome highlights that
the growth of the laccolith is dominantly controlled by faulting and tilt-
ing of the overburden. This structure is in good agreement with obser-
vations of trapdoor emplacement of laccoliths, such as the Barker Quad-
rangle laccoliths, Montana (Witkind, 1973; Roman-Berdiel et al.,
1995), the Black Mesa laccolith, Henry Mountains, Utah (de Saint-
Blanquat et al., 2006), the Eastern Mourne pluton, Northern Ireland
(Stevenson et al., 2007), or the Sandfell laccolith, eastern Iceland
(Hawkes and Hawkes, 1933; Mattsson et al., 2018). These observations
are also in agreement with the models of laccolith and sill emplacement
based on the Coulomb failure of the overburden (Roman-Berdiel et al.,
1995; Haug et al., 2017; Schmiedel et al., 2017a; Haug et al., 2018;
Schmiedel et al., 2019). These models assume that shear failure of the
overburden occurs when the intrusion reaches a critical diameter that
depends on (1) the depth of the intrusion, (2) the strength and friction
angle of the overburden, and (3) the viscosity and volumetric flow rate
of the magma. Once the overburden fails, the intrusion can either
thicken by pushing the overburden upward along ring faults if the
magma is highly viscous, forming a punched laccolith, or propagate
along the planes of weakness of the faults if the magma is of low viscos-
ity to form saucer-shaped intrusions (Schmiedel et al., 2019). At the
Pampa Amarilla laccolith, we expect the magma to have been highly
viscous, favouring a punched laccolith.

The geometric characteristics of the Pampa Amarilla laccolith are in
disagreement with the end member mechanical model of laccolith em-
placement based on elastic bending of the overburden (Murdoch, 2002;
Bunger and Cruden, 2011; Michaut, 2011; Thorey and Michaut, 2014),
which builds on the seminal papers of Johnson and Pollard (1973) and
Pollard and Johnson (1973). The main assumptions of these models are
the following: (1) the overburden of the intrusion bends elastically as a
response of magma overpressure in the intrusion; (2) the basement of
the intrusion is rigid. The overburden can be either rigidly attached to
the basement (Pollard and Johnson, 1973; Bunger and Cruden, 2011)
or attached to the basement through a deformable elastic layer (Kerr
and Pollard, 1998; Galland and Scheibert, 2013; Scheibert et al., 2017).
In these models, the mathematical formulation of the bending overbur-
den is based on the thin, stiff elastic plate approximation. This model
formulation is derived assuming the two following conditions: (1) the
thickness of the deforming plate is small with respect to its length, and
(2) the deflection of the bending plate is small with respect to the plate
thickness (Timoshenko and Woinowsky-Krieger, 1959; Ventsel and
Krauthammer, 2002).

Applied to laccoliths, these conditions translate to: (1) the depth (H)
of the intrusion is small with respect to its diameter (D) (H/D < 0.1)
and (2) the thickness of the intrusion (T) is small with respect to its
depth (T/H < 0.2). The combination of these two conditions implies
that the thickness of the intrusion should be much thinner than its di-
ameter (T/D < 0.02). Even though models can technically implement
thicker and deeper laccoliths (e.g., Scaillet et al., 1995; Bunger and
Cruden, 2011), the resulting deformation in the overburden would not
respect the models' assumptions, questioning the physical interpreta-
tion of these results.

The geometrical characteristics of the Pampa Amarilla laccolith
(H/D = 1.3 and T/D = 0.13) do not fulfill the physical assumptions of
the laccolith models based on the thin, stiff elastic plate approximation.
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This mismatch between the models' assumptions and these geometrical
characteristics is in good agreement with our observations that the
growth of the laccolith is controlled dominantly by faulting of the intru-
sion's overburden. The data of Fig. 12 (Cruden et al., 2018) show that
numerous laccoliths on Earth share similar geometric characteristics as
that of the Pampa Amarilla laccolith. For most laccoliths included in
Fig. 12, the deformation of their overburden is poorly constrained
(Corry, 1988, and references therein). The Pampa Amarilla case study
suggests that the growth of thick laccoliths may commonly be con-
trolled by faulting of their overburden.

The difference between the end member models based on elastic
bending and those based on faulting of the overburden implies distinct
scenarios for laccolith growth. The elastic bending model implies that
the thickening of the intrusion only happens if the intrusion keeps
spreading (Fig. 13, left) (Murdoch, 2002; Bunger and Cruden, 2011;
Galland and Scheibert, 2013; Currier and Marsh, 2015; Kavanagh et al.,
2015; Scheibert et al., 2017; Kavanagh et al., 2018), even when cooling
effects can temporarily halt the lateral spreading (Currier and Marsh,
2015; Thorey and Michaut, 2016). Conversely, in models based on
faulting of the overburden, an initial sill thickens and spreads horizon-
tally until reaching a critical diameter, at which point the overburden
fails (Fig. 13, right) (Haug et al., 2017; Schmiedel et al., 2017a; Haug et
al., 2018; Schmiedel et al., 2019). Subsequently, the intrusion ceases to
spread horizontally, and the magma influx is only accommodated by
vertical thickening (Fig. 13, right).

The Pampa Amarilla laccolith was emplaced near the bottom of the
Vaca Muerta Fm., which is an organic-rich shale formation. Several
studies show that the emplacement of igneous intrusions into shale for-
mations in the Neuquén Basin (Vaca Muerta F., Agrio Fm.) is accommo-
dated by shear failure and ductile flow of the host shale (Spacapan et
al., 2017; Galland et al., 2019; Magee et al., 2019). These studies show
that the tips of sheet-shaped sills propagate by pushing the host rock
like an indenter, in disagreement with the main models of sill emplace-
ment based on Linear Elastic Fracture Mechanics (Pollard, 1973; Rubin,
1993). Such a mechanism dominated by inelastic deformation was
likely at work during the early phase of emplacement of a sill before the
overburden failed and the laccolith thickened. As demonstrated by
Roman-Berdiel et al. (1995), the emplacement of magma in weak, duc-
tile host formations can greatly control the development of laccoliths.

Note that our study only investigates the structure of the dome in-
duced by the Pampa Amarilla laccolith, which is not exposed. We there-
fore cannot investigate whether the Pampa Amarilla laccolith formed as
a result of emplacement of a single magma pulse or several, successive
magma injections, as documented at several laccoliths (de Saint-
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Blanquat et al., 2006; Leuthold et al., 2012; Wilson et al., 2016;
Morgan, 2018; Ruggles et al., 2021). The borehole data from well PA.x-
2 shows that above the main andesitic body, a few thin sills were
crossed by the well. This suggests that the Pampa Amarilla laccolith
might have been emplaced as a result of several successive injections of
magma. The number, duration, timing, and volume of each magma
pulse cannot be determined.

7.2. Internal deformation of the dome

Even though the main faulting occurs along the western peripheral
fault of the Pampa Amarilla dome, structural mapping shows that mi-
nor faulting also affects the central part of the dome (Figs. 6 and 7).
Most evident is an E-W striking normal fault that is subparallel to the
long axis of the dome. The distribution of such minor faults is consistent
with crestal graben structures occurring above thick shallow intrusions
(van Wyk de Vries et al., 2014, and references therein). Similar minor
structures associated with magma-induced doming are systematically
observed in laboratory models of dome resurgence (Acocella et al.,
2001; Acocella and Mulugeta, 2002), laccolith emplacement (Roméan-
Berdiel et al., 1995; Schmiedel et al., 2017a; Schmiedel et al., 2019)
and even sill emplacement (Galland, 2012; Schmiedel et al., 2017a).
These structures show that outer-arc stretching due to bending oc-
curred in the central parts of the dome, even though the uplift was ac-
commodated by the western boundary fault.

These minor faults show that the structure of the Pampa Amarilla
dome is not simple. However, characterization of the detailed structure
of the dome would require much better exposure conditions in the cen-
tral part of the dome, which is hidden by Quaternary deposits. An indi-
rect method for reconstructing the structure of the dome would be
through balanced cross sections. However, the main methods for restor-
ing balanced cross sections have been applied to tectonic structures
such as rifts and fold-and-thrust belts (Giambiagi et al., 2012; Mescua
and Giambiagi, 2012; Lopez-Mir, 2019), where (1) the structures are
triggered by horizontal tectonic movements and (2) the structures are
dominantly cylindrical and so 2-dimensional profiles perpendicular to
the strike of the structures are good approximations. A dome induced
by a laccolith is very different: the structure is accommodated by verti-
cal movements of crustal blocks, and the dome is concentric, such that
the third dimension becomes an issue for the reconstruction and cylin-
drical deformation, i.e. perpendicular to the radial profiles, is likely to
occur.
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7.3. Integrated surface and subsurface data

Determining the structure of the Pampa Amarilla laccolith and
dome would have not been possible using the subsurface data or the
surface geological mapping alone. For example, even if a structure is
noticeable on the seismic data, the seismic signal is incoherent (Fig. 4),
so that neither the dome nor the intrusion are imaged. In general, our
study highlights the need for caution when interpreting seismic data of
igneous intrusions (Schofield et al., 2015; Rabbel et al., 2018), even if
high-quality data locally reveals complex structures (Bischoff et al.,
2020; Reynolds et al., 2021). On the other hand, even though surface
geological mapping at Pampa Amarilla indicates the extent of the dome
and its trapdoor characteristics, it was necessary to integrate these ob-
servations with borehole and seismic data to quantify the amplitude of
the dome, and so the thickness of the underlying intrusion. Our study
highlights the added value of integrating geological and geophysical
data for reconstruction of large igneous intrusions and their associated
structures.

8. Conclusions

We have described a detailed 3-dimensional structural reconstruc-
tion of the Pampa Amarilla dome and the associated subsurface Pampa
Amarilla laccolithic intrusion. Our study integrates surface geological
observations with subsurface 3D seismic and well data. The conclusions
of our study are:

e The Pampa Amarilla dome formed due to the emplacement of a
thick subsurface laccolithic intrusion.
e Structural cross sections across the dome were used to estimate
that the maximum amplitude of the dome and maximum thickness
of the laccolith is ~400 m.
The dome exhibits a trapdoor structure, with faulting along the
western, northwestern and southerwestern edges, and gentle
tilting of the overburden to the east. The trapdoor tilting of the
laccolith's overburden was the main mechanism that controlled
the thickening of the laccolith.
Minor faulting in the centre of the dome is attributed to 3D
stretching of the overburden.
e The reconstructed subsurface Pampa Amarilla laccolith is
elliptical in map view, with a 3 km-long E-W axis and a 2 km-long
N-S axis. Along E-W cross section, the laccolith is wedge shaped
with maximum thickness near its western edge, and exhibits
gradual thinning toward the east.
The emplacement of the relatively thick Pampa Amarilla
laccolith, with a thickness-to-length ratio T/D ~ 0.13, was mostly
accommodated by faulting of the overburden units.
Given that numerous laccolithic intrusions exhibit similar values
of T/D, our study suggests that the established mechanical models
of laccolith emplacement based on elastic bending of the
overburden applies only to few, thin laccoliths/thick sills.

Finally, our study highlights the necessity and value of integrating
field geological measurements with subsurface 3D seismic and borehole
data for structural reconstructions of subsurface laccolith intrusions.
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