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Abstract Previous thermomechanical modeling studies indicated that variations in the temperature and
strength of the crystalline crust might be responsible for the juxtaposition of domains with thin-skinned
and thick-skinned crustal deformation along strike the foreland of the central Andes. However, there is no
evidence supporting this hypothesis from data-integrative models. We aim to derive the density structure
of the lithosphere by means of integrated 3-D density modeling, in order to provide a new basis for
discussions of compositional variations within the crust and for future thermal and rheological modeling
studies. Therefore, we utilize available geological and geophysical data to obtain a structural and density
model of the uppermost 200 km of the Earth. The derived model is consistent with the observed Bouguer
gravity field. Our results indicate that the crystalline crust in northern Argentina can be represented by a
lighter upper crust (2,800 kg/m3) and a denser lower crust (3,100 kg/m3). We find new evidence for high
bulk crustal densities >3,000 kg/m3 in the northern Pampia terrane. These could originate from subducted
Puncoviscana wackes or pelites that ponded to the base of the crystalline crust in the late Proterozoic
or indicate increasing bulk content of mafic material. The precise composition of the northern foreland
crust, whether mafic or felsic, has significant implications for further thermomechanical models and the
rheological behavior of the lithosphere. A detailed sensitivity analysis of the input parameters indicates that
the model results are robust with respect to the given uncertainties of the input data.

1. Introduction

The foreland of the central Andes is characterized by a change of deformation styles at about 23∘S latitude
(e.g., Jordan et al., 1983). North of this latitude, thin-skinned deformation dominates, where shortening is
accommodated by déollements in thick Paleozoic to Tertiary sedimentary strata. In contrast, to the south,
thick-skinned deformation with deep-seated reverse faults leads to spatially and temporally disparate uplift
of basement-cored ranges. The mechanisms causing this change in deformation style have been a matter of
discussion for more than two decades.

Early studies investigating the mechanisms causing this change pointed out the spatial coincidence of flat slab
subduction (Jordan et al., 1983) and the absence of thick sedimentary strata (Allmendinger et al., 1983) in the
thick-skinned provinces of the Andean foreland. Further mechanisms proposed are lithospheric thickening
(e.g., Kley et al., 1999) and variations in the temperature and strength of the crystalline crust (e.g., Babeyko &
Sobolev, 2005; Mon, 1979).

Although modeling by Babeyko and Sobolev (2005) confirmed the possibility of crustal strength variations
as a cause for varying foreland deformation styles, there is little evidence for this hypothesis from inte-
grated modeling. A data-integrative approach requires a model of the lithosphere and therefore profound
knowledge of its composition and internal architecture. The structure and composition of the crust in par-
ticular are crucial parameters for the temperature distribution in the lithosphere and are therefore important
factors influencing its rheological and geodynamic behavior (e.g., Burov et al., 1998; Scheck-Wenderoth
et al., 2014).
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Several studies have revealed the existence of different tectonic terranes constituting the crystalline crust
beneath the Andean foreland basin; however, especially the boundary between the Río de la Plata craton and
the Pampia terrane is still a matter of debate (e.g., Chernicoff & Zappettini, 2004; Peri et al., 2013, 2015; Ramos
et al., 2010). Although some wells reach basement rocks (e.g., Marengo, 2015), the intracrustal structure and
composition remain poorly constrained.

Well-mapped terrane boundaries also help provide an understanding of the nature of intraplate earthquakes,
such as the 1811 earthquakes in New Madrid in the United States (Johnston & Schweig, 1996). With respect
to the mainly east-west trending stress field in northern Argentina (e.g., Assumpcao, 1992), a north-south or
northeast-southwest trending boundary between the Pampia terrane and Río de la Plata craton has signifi-
cantly different implications on the seismic potential of the region. Given these problems, gravity-constrained
density modeling is a method well suited for obtaining better insight into the compositional structure of the
crystalline crust.

Density modeling utilizes the observed gravity field of the Earth to gain insight into its interior density struc-
ture. The deviations from the expected gravity field, the gravity anomalies, contain valuable information on
the distribution of masses in the Earth’s subsurface. However, direct inversion of observed gravity anomalies
without additional data constraints does not yield a unique density distribution. To minimize this nonunique-
ness of the density models, we integrated constraints on densities of major geological units and on the
configuration of the first-order density interfaces within the lithosphere. First-order density interfaces gen-
erally exist between the atmosphere and the Earth’s surface (topography), water bodies and the solid Earth
(bathymetry), sediments and crystalline crust (basement), and at the crust-mantle boundary (Fowler, 1990).

Previously published gravity-constrained models of the central Andes and their foreland (Tassara, 2006;
Tassara & Echaurren, 2012) have used approaches that filter the observed gravity field to obtain the geome-
tries of these interfaces. However, although deep-seated density contrasts create long-wavelength anomalies
in the observed gravity field, the argument that long-wavelength anomalies solely originate from deep-seated
density contrasts is not straightforward. This is due to the fact that gravity anomalies are nonunique, and the
superposition of density variations of different shapes can produce the same gravity anomaly if placed at
different depths.

In light of these complexities, in this study we attempted to integrate observations that define the major den-
sity interfaces (between sediments, crystalline crust, and lithospheric mantle) a priori and derive the geometry
of present-day intracrustal interfaces using three-dimensional density modeling. We assessed the validity of
the inferred crustal density structure by performing a detailed sensitivity analysis of the model. The results
of this study enable further evaluation of the thermal field and the rheological behavior of the lithosphere,
so that primary mechanisms responsible for deformation style variations in the foreland of the central Andes
can be identified.

1.1. Geological Setting
The South American continent is an amalgamation of Archean to Proterozoic terranes (Figure 1) that were
accreted to its western margin in the Paleozoic (Almeida et al., 2000; Charrier et al., 2015; Ramos, 1988). Dur-
ing the formation of western Gondwana at around 620 Ma, the amalgamation of a series of terranes led to
the 6,000 km long Transbrasiliano-Kandi mega shear zone (Cordani et al., 2013). In northern Argentina and
Paraguay the Transbrasiliano Lineament (Figure 1), which is the southern manifestation of this shear zone,
has been inferred to separate the Pampia terrane from the Río de la Plata craton (Cordani & Sato, 1999).
The precise trajectory of this lineament in northern Argentina has been a matter of debate (Chernicoff &
Zappettini, 2004; Ramos et al., 2010), but recently magnetotelluric studies (Peri et al., 2013, 2015) have favored
the hypothesis posited by Ramos et al. (2010).

From the Ediacaran to the early Cambrian, the Puncoviscana formation, which consists of predominantly sili-
ciclastic turbidites, deposited at the western margin of the Pampia terrane. The formation is found at present
day in northern Argentina west of−64∘E within a 200 km wide band from the Bolivian border to Tucumán. The
depositional setting of this formation has been a matter of debate, but geochemical analyses indicate that it
originates from arc-like volcanic rocks, which has recently led Escayola et al. (2011) to propose a deposition
west of a coeval arc terrane.

The amalgamation of continents was followed by a phase of extension during the early Paleozoic, when
several basins formed along the Transbrasiliano Lineament, e.g., the Las Breñas half graben in northern
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Figure 1. Map overview showing a simplified geology (Schenk et al., 2000), terranes, and the modeling area. The index map at the top right shows the map
extent as a black rectangle. The density model area is outlined by the red box. Bold black dashed lines separate terranes and cratons that are in bold letters
(Chernicoff & Zappettini, 2004). The thick dashed line marked TBL represents the Transbrasiliano Lineament (Peri et al., 2015; Ramos et al., 2010). The Las Breñas
trough is marked by (1). The blue dash-dotted line marks the western extent of the Serra Geral flood basalts (Pezzi & Mozetic, 1989). Black/white diamonds
indicate basement rock types observed in boreholes (Rapela et al., 2007; Winn & Steinmetz, 1998), green diamond is the sample location of lower crustal
xenoliths (Lucassen et al., 1999).
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Argentina (Figure 1 and Nr. 2 in Figure 2b). The Las Breñas formation that was deposited in the half graben
consists of quartzites, siltstones, and claystones (Chebli et al., 1999) and, at present day, is situated at depths
between 5 and 7.2 km. During the late Cambrian to the early Ordovician, thick sequences of gabbronorites
and diorites were emplaced into metasedimentary sequences at the western margin of the Famatinian terrane
(Otamendi et al., 2009). Back-arc extension during Ordovician to Silurian times marked the first phase of areally
extensive subsidence and sediment accumulation and initiated the Chaco-Paraná (CPB, Figure 1) and Paraná
Basins (Milani & Zalan, 1999; Padula & Mingramm, 1963; Winn & Steinmetz, 1998). Both basins share a common
evolution until the Late Cretaceous (Milani & Zalan, 1999). The present-day expression of the Neopaleozoic
to Mesozoic depocenter of the CPB (Nr. 3 in Figure 2b) is a north-south elongated basin filled with up to 6 km
of sediments.

At the beginning of the Silurian, during the Famatinian orogenic cycle, the northwestern Chaco plain was
probably an integral part of a foreland basin (Mpodozis & Ramos, 1990; Winn & Steinmetz, 1998). The
present-day manifestation of this paleo-foreland basin is a southwest to northeast trending basin up to 7 km
deep that is limited to the west by the Andean orogenic wedge (1a and 1b in Figure 2b). The basin is mainly
filled with quartzitic sandstones and micaceous shales (Chebli et al., 1999; Milani & Zalan, 1999). Deposits of
the Gondwana I supersequence record the sedimentation history of the Paraná and Chaco-Paraná Basin from
the late Carboniferous to the early Triassic (Milani & Zalan, 1999). The sequence comprises glacigenic sedi-
ments, conglomerates, sandstones to shales, and minor amounts of limestones and evaporites (Milani & Zalan,
1999). In the CPB, sediments equivalent to Gondwana I are dominated by siliciclastic deposits (Chebli et al.,
1999; Milani & Zalan, 1999). Rifting and, ultimately, the opening of the South Atlantic during the Late Jurassic
led to the formation of the conjugate margins of South America and southern Africa (e.g., Heine et al., 2013;
Nürnberg & Müller, 1991). This episode was associated with the widespread extrusion of the Serra Geral flood
basalts (Figure 1) in the Chaco-Paraná and Paraná Basins (Winn & Steinmetz, 1998). The basalts reach a thick-
ness of up to 1.2 km in the east and gradually thin out westward (Chebli et al., 1999). Results from integrated
density modeling indicate magmatic underplating in the Paraná Basin, inferred to have been associated with
the eruption of the flood basalts (Dragone, 2013). Such underplating is not observed in the CPB, however, and
may have contributed to the different evolution of the Chaco-Paraná and Paraná Basins in the Cenozoic.

The onset of the Andean uplift around 25 Ma (Mpodozis & Ramos, 1990) also marks the initiation of the
Altiplano Plateau (Figure 1) and the present-day Chaco-Paraná foreland basin (Allmendinger et al., 1997;
Isacks, 1988; Prezzi et al., 2014; Uba et al., 2006). Commencing uplift of the Puna Plateau bordering the
Altiplano to the south was initiated between 20 and 15 Ma (Allmendinger et al., 1997). This early episode
of the Andean orogeny was accompanied by the Laguna Pavia transgression from the late Oligocene to the
early Miocene and was followed by the Entrerriense-Paranense transgression from the middle to late Miocene
(Heine et al., 2015; Marengo, 2015; Ramos & Alonso, 1995). Both transgressions deposited sandstones, clay,
and mudstone in the Chaco plain (Marengo, 2015). The Entrerriense-Paranense transgression reached as far
inland as the region of the northwestern Sierras Pampeanas, which were uplifted after 13 Ma, marking the ini-
tiation of thick-skinned tectonics and the onset of the broken-foreland structural province (Bossi et al., 2001;
Strecker et al., 1989). At the time, underthrusting of the Brazilian shield beneath the Andean orogen led to
thickening of the lithosphere beneath the Altiplano plateau to 60–70 km (DeCelles & Horton, 2003). Between
12 and 6 Ma, shortening in the Altiplano ceased and shifted eastward into the foreland (Allmendinger et al.,
1997). In contrast, shortening in the Puna plateau continued until 2–1 Ma (Allmendinger et al., 1989).

As a result of the tectono-sedimentary history, most of the crystalline basement in the CPB today is covered by
sediments. Accordingly, little information is available from field studies on the configuration and composition
of the crystalline basement.

Geophysical observations on the intracrustal structure were obtained during the PANDA and CHARGE seismic
experiments, which explored the vertical velocity structure of the Cuyania, Pampia, and Famatinia terranes
(Figure 1) (Alvarado et al., 2007). The authors inferred a rather felsic, quartz-rich composition for the Pampia
terrane and the Río de la Plata craton from low vp and vp∕vs ratios. The authors’ inferences on the composition
of the Pampia terrane agree with basement outcrops of granites and migmatites in the Sierras Pampeanas
(Mon, 1979; Simpson et al., 2003) but contrast with observations taken from drill cores of the southern Río de
la Plata craton (diamonds in Figure 1). In addition to felsic basement rocks (granite and quartzite), mafic rocks
(gabbro and granodiorite) were also identified as the plutonic crystalline basement in five out of seven wells
that reached basement (Rapela et al., 2007; Winn & Steinmetz, 1998).
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Figure 2. Initial model configuration: (a) topography (Amante & Eakins, 2009); (b) basement depth derived from sediment thickness map with main features:
1a)/1b) Silurian-Devonian foreland basin, 2) Las Breñas trough, 3) Neopaleozoic to Mesozoic depocenter, 4) Rosario subbasin (Pezzi & Mozetic, 1989; Ramos,
1999); (c) Moho depth from Model B2 (Assumpção et al., 2013) with point constraints indicated by circles; (d) free-air anomaly map (Barthelmes & Köhler, 2012;
Förste et al., 2014); (e) sediment thickness derived from C. Heine (personal communication, 2016) and Pezzi and Mozetic (1989), the area to the SE of the white
line is derived from the latter; (f ) thickness of the crust derived from the top crystalline basement and the Moho depth.
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A recent study exploited local seismic events in the southeastern Sierras Pampeanas to obtain high-frequency
receiver functions (Perarnau et al., 2012). The authors found that the Moho lies around 35 km beneath the
city of Córdoba and deepens to about 39 km at the western end of the Sierras de Córdoba (Figure 2a). They
discovered two to three intracrustal interfaces, of which the deepest lies between 22 and 27 km depth, and
an average vp of 6.2 km/s for the crust.

Early tomographic studies in South America already identified an average depth of the Moho below the CPB
of 32 km (Snoke & James, 1997). This was confirmed by Assumpção et al. (2013) and Rosa et al. (2016), who
inferred Moho depths of up to 28 km below the CPB. Snoke and James (1997) identified a rather astheno-
spheric character for the upper mantle below the CPB with S wave velocities of about 4.2 km/s. Assumpção
et al. (2013) obtained velocities between 4.3 and 4.2 km/s in the upper mantle below the northwestern part of
the CPB, and higher shear wave velocities of 4.5 to 4.6 km/s in the south of the CPB (section 2.3.3). At greater
depths, the velocity pattern inverts, and areas of former low velocity display high velocities. A high-velocity
zone is furthermore observed above the flat slab beneath the Sierras Pampeanas, which coincides with a zone
of increased seismicity and lower temperatures (Marot et al., 2014).

West of the modeled area, the Nazca Plate is being subducted beneath the South American continent. The
subduction angle between 15 and 27∘S latitude is about 30∘ and becomes subhorizontal between 27 and
32∘S (Cahill & Isacks, 1992).

2. Methods and Data

We followed a stepwise approach of data integration and three-dimensional modeling, incorporating forward
and inversion techniques. Therefore, we first defined the geometry for the starting structural and density
model.

These geometries intend to represent the major density interfaces in the lithosphere and delineate the bound-
aries for bodies with similar physical properties. We approximated these bodies as units of homogeneous
density and tested the impact of their geometrical configuration on the gravity field. The respective densities
assigned to these bodies are in agreement with available geological observations.

We used the misfit between observed and predicted gravity fields to invert for variations in the interface of
a lighter upper and a heavier lower crystalline crust. Throughout the inversion, only the interface between
these two units was calculated. To further assess the validity of the obtained differentiated crystalline crust,
we calculated the isostatic response of the model, assuming local isostasy. Finally, we performed a sensitivity
analysis in which we also assessed the impact of mantle density variations.

2.1. Setup of Starting Structural and Density Model
During structural modeling, we defined the major density interfaces within the lithosphere: the topogra-
phy, the top of the crystalline basement, and the Moho. The data for these interfaces were collected from
literature and gridded onto regular two-dimensional grids using the convergent interpolation by Petrel
(© Schlumberger Ltd.). The structural model covers the map area of Figure 1 with a lateral grid resolution of
25 × 25 km and extends in depth from the topography down to 200 km.

2.1.1. Data on Structural Interfaces
The topography (Figure 2a) was obtained from ETOPO1 (Amante & Eakins, 2009), which we used to infer the
basement depth from sediment isopachs. For the CPB, we used isopach maps by Pezzi and Mozetic (1989).
The remaining parts of the area were complemented by sediment thickness data from a global sediment
thickness compilation of the Exxon Tectonic Map of the World (Exxon, 1985), which had been regridded using
spherical splines in tension at a grid increment of 6 arc minutes. The compiled sediment thickness map and
resulting basement depth are plotted in Figures 2e and 2b, respectively. To derive the depth to the top of the
crystalline basement, the total sediment thickness was subtracted from the topography.

The Moho depth corresponds to model B2 of Assumpção et al. (2013), which mainly takes into account seismic
point constraints (seismic reflection/refraction and receiver functions; dots in Figure 2c), waveform modeling,
and Rayleigh wave group dispersion. Note that in the largest part of the model area, point constraints are
absent. Additionally, the authors fitted oceanic areas by an empirical relationship between Bouguer anomaly
and crustal thickness from the given seismic point constraints. Around the seismic point constraints, the error
of Moho depth is estimated around ±4 km (Assumpção et al., 2013).
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Figure 3. Initial model setup (vertical exaggeration: 3 times) with individual densities of the extended density model with homogeneous crust. For profile
location, see Figure 1.

We implemented the subducting Nazca Plate using digitized depth contours from Tassara (2006). The bodies
of the Nazca Plate were adapted from Kirchner (1997), who subdivided the plate into three bodies, of which the
upper body is the oceanic crust composed of basalt, which transforms into eclogite at a depth of about 80 km
(Figure 3). The lithospheric mantle is represented by a rigid upper body (Olivine 1) and a plastic transition
layer (Olivine 2). The individual thickness relations of these bodies (8 km oceanic crust or 8 km eclogite, 23 km
olivine layer 1, and 29 km olivine layer 2) were adapted from Kirchner (1997) as well. To account for the dip 𝛼 of
the Nazca Plate, we calculated the true vertical thickness h according to h = t cos−1 𝛼, where t is the thickness
of the individual layer.

Although gravitational attraction decays ∝ r−2, strong density contrasts can impact the gravity field at great
distance. Therefore, we extended the modeling area (red rectangle, Figure 1) to include the far-field influence
of the subducting Pacific Plate beneath South America. For the impact of the modeled Nazca Plate on the
gravity field of the modeling area, see Figure S15 in the supporting information.

2.2. Density Modeling
We differentiated bodies confined between the main density interfaces within the Earth. The stronger the
contrast in density and the shallower the interface, the greater the impact of an individual body on the gravity
field. At the same time, shallow density contrasts, for example, between crystalline crust and sediments, cause
gravity anomalies of shorter wavelengths than deeper density contrasts, as, for example, in the crystalline
crust or the upper mantle (e.g., Fowler, 1990).
2.2.1. Gravity Observations
For density modeling, we used the global EIGEN-6C4 model (Förste et al., 2014) up to degree 2190 with mean
tide, obtained from the International Centre for Global Earth Models website (Barthelmes & Köhler, 2012).
According to the functions implemented on the website, the gravity model was reduced to Bouguer anomaly
using ETOPO1 (Amante & Eakins, 2009) with the same degree as the gravity model and a crustal density of
𝜌c = 2, 670 kg/m3. For elevations below mean sea level, that is, in the oceans, a density of 𝜌w = (2, 670 −
1, 025) kg/m3 was applied. The resulting Bouguer gravity field (Figure 2d) was then regridded onto a 10×10 km
regular grid, covering the area of interest (red square, Figure 1).

2.3. Density Constraints
2.3.1. Sediments
For the basin fill of the CPB, we assumed a homogeneously dense body composed of siliciclastic rocks
(section 1.1). To determine a representative density for this body, we integrated Athy’s law of compaction
(Athy, 1930) over the maximum sediment thickness of 7.2 km (Figure 2e and Appendix A).

Applying 𝜙0 = 0.41 and k = 0.31 km−1 for typical sandstone (Hantschel & Kauerauf, 2009) yields an average
density of approximately 2,440 kg/m3 for the sediment body.
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Table 1
Mineral Assemblages Used for the Conversion From Shear Wave Velocity to Density in the Upper Lithospheric Mantle Between
Depths of 50 and 200 km

Ol Cpx/Di Opx/En Sp Gnt

Name (%) (%) (%) (%) (%) XFe Source

Xenolith 75.4 4.6 18.7 1.3 0.0 8.6 Comin-Chiaramonti et al. (1986)

HP_Tc2 61.1 9.6 20.4 0.0 9.0 8.1 Griffin et al. (2009)

HP_Tc3 65.8 7.5 17.1 9.6 0.0 8.2 Griffin et al. (2009)

Off-cratonic 68.0 11.0 18.0 0.0 3.0 10.0 Shapiro and Ritzwoller (2004)

Note. We normalized the sum of the mineral phases to 100%. Ol, olivine; cpx, clinopyroxene; di, diopside; opx, orthopy-
roxene; en, enstatite; sp, spinel; gnt, garnet; XFe, iron content.

2.3.2. Continental Crust and Nazca Plate
The density of the crystalline crust was prescribed as 2,800 kg/m3, which is consistent with estimates for the
upper crust by made Kirchner (1997) and Lucassen et al. (2001) as well as estimates for metamorphic crustal
rocks by Vilà et al. (2010).

We adapted the densities of the Nazca Plate bodies from Kirchner (1997) as well. Accordingly, the basalt layer
density was defined as 2,900 kg/m3, and the eclogite layer density was defined as 3,510 kg/m3. The rigid upper
olivine layer 1 was assigned a density of 3,400 kg/m3. Due to the elevated temperatures in the plastic olivine
layer 2, a slightly reduced density of 3,390 kg/m3 was prescribed to this lower layer.
2.3.3. Lithospheric Mantle
Seismic tomography allows obtaining information on the velocity distribution of the lithospheric mantle that
can then be used to infer its density structure. The resolution of these models is limited by their data cover-
age and quality and is typically in the order of a few hundred kilometers (e.g., Feng et al., 2007; Schaeffer &
Lebedev, 2013). Since our model covers an area that is several times larger than the potential resolution of
those tomographic models, we can use them to assess how density variations in the upper lithospheric man-
tle affect the results of our study. Therefore, we inverted observed S wave velocities from the tomographic
models aVs_2013_Tecto (Assumpção et al., 2013), 3D2016_03Sv (Debayle et al., 2016), and SL2013 (Schaeffer &
Lebedev, 2013) to densities following a modified version (Meeßen, 2017) of the approach taken by Goes et al.
(2000). Details on the conversion are provided in Appendix B.

We tested the effect of four different mineralogical assemblages on the density distribution in the lithospheric
mantle (Table 1) and the gravity forward model. The xenolith assemblage represents the most recent data on
the mineralogy of the mantle that is available in the study area. This assemblage, characterized by high olivine
content, represents the average of 56 to 23 Ma old mantle xenolith assemblages from southern Paraguay
(Comin-Chiaramonti et al., 1986). Detailed information on the assemblage of each sample and the normal-
ized average are available in the supporting information. HP_Tc2 and HP_Tc3 are proposed mineralogies for
Tectons at a depth of 100 km and 800∘C provided by Griffin et al. (2009). These were calculated from xenolith
compositions using the thermodynamic database by Holland and Powell (1998). The term “Tecton” refers to
a crust that has been formed or modified during the last 1 Ga (Griffin et al., 2009) and is therefore applicable
to the South American craton, as it has been subjected to a series of tectonic events since the Precambrian.
We chose those specific Tecton assemblages because they vary strongly in diopside, spinel, and garnet con-
tent compared to the xenolith assemblage. Besides those assemblages thought to be representative of the
lithospheric mantle beneath the foreland of northern Argentina, we additionally tested the off-cratonic assem-
blages by Shapiro and Ritzwoller (2004). These represent a more fertile mantle, and this assemblage serves as
an end member with high iron content.

To transfer the shear wave velocity models to the modeling domain, we interpolated the original data onto
a regular, three-dimensional grid (voxel) with a lateral resolution of 50 km and a vertical resolution of 15 km,
equivalent to a total of 10 layers between 50 and 200 km depth. These velocity grids were then converted to
density and temperature for each mineralogical assemblage listed above.

The resulting density distributions for all mantle voxels are shown in Figure D1. The differences in average
density for the same mineralogical assemblage, but varying shear wave velocity model, fall within ±1 kg/m3.
Differences between the individual assemblages lie within ±8 kg/m3.
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For the gravity forward model, we prescribed the lithospheric mantle density to the average of the Assumpção
et al. (2013) voxel with xenolith assemblage (3,340 kg/m3). The full density variations from all mantle voxels
and assemblages were tested during the sensitivity analysis (section 4.1).

2.4. Gravity Forward Modeling
During gravity forward modeling, we calculated the gravity response of the initial structural model. Calcula-
tion of this model was carried out using IGMAS+ (©Transinsight GmbH). This software calculates the gravity
field from a triangulated, interconnected network of polyhedra along multiple vertical 2-D profiles (working
sections). Because IGMAS+ requires laterally continuous surfaces for the triangulation of the interfaces, tri-
angulation errors would occur where a layer has zero thickness and the nodes of two interfaces overlap. The
modeled thickness of layers was therefore defined as 1 m where the layer is not present. Equivalent to the lat-
eral target resolution of 25 km, the forward model was subdivided into 73 working sections with a distance
of 25 km running E-W. Because we modeled the Bouguer anomaly field, we only implemented the bodies for
the depth range from 0 to 200 km bsl and defined the IGMAS+ specific bodies Top and reference to the aver-
age density of all implemented bodies. A table with the densities and volumes used for averaging is available
in the supporting information.

In the initial forward model, we regarded the crystalline crust as a body of homogeneous density. Since global
observations (e.g., Rudnick & Fountain, 1995) as well as recent seismic experiments in northern Argentina
(Perarnau et al., 2012) call for a more complex density structure of the crystalline crust, we can expect that
the gravity field of the initial model would deviate from the observed gravity field. This deviation, the gravity
residual, indicates which areas of the model exhibit mass deficits or mass excess with regard to the actual
density distribution in the lithosphere. We used the residual gravity to assess the density configuration of the
crust by following an inverse modeling approach, assuming the difference between the gravity response of
the model and the observed gravity was mainly produced by variations in the intracrustal structure of the
initial model.

2.5. Gravity Inversion
To obtain a differentiated density distribution for the crystalline crust, we assumed that it is composed of
two layers with two different average densities. We defined those layers as the upper (2,800 kg/m3) and
lower crust (3,100 kg/m3). To minimize the gravity residual of the forward model, we inverted for the depth
of the intracrustal density interface and kept all other interfaces fixed. In doing so, we applied the harvester
module (Uieda & Barbosa, 2012), which is part of the open-source fatiando a terra library (Uieda et al., 2013)
for Python 2.7. The harvester is an iterative algorithm that propagates initial density perturbations (seeds)
through a prism mesh (regular mesh of rectangular prisms). After each propagation step, the harvester com-
pares the calculated gravity field with the input gravity field and continues to propagate the densities until the
difference between the input and the calculated gravity fields reaches a prescribed minimum threshold. The
initial seed distribution in our inversion represented a spatially continuous layer of 500 m thickness at the base
of the crystalline crust. To reduce the amount of possible solutions for the inversion, we imposed two bound-
ary conditions on the harvester. First, we modified the harvester to grow seeds only in the upward direction
instead of growing them in all directions. Without this modification, the solution would be highly nonunique
and would result in heterogeneous bodies with density distributions that could hardly be interpreted. Second,
the harvester was restricted to grow seeds only within the volume of the crystalline crust.

The resolution of the prism mesh was set to 25 km laterally and 500 m vertically in order to fit the gravity
residual of the initial model (Figure 4). Due to the high vertical resolution, the overall trend of the gravity
field could be fitted accurately while the coarse lateral resolution prevented the harvester from fitting small
wavelengths, for example, in the northwestern part of the modeling area.

3. Results
3.1. Starting Structural Model
The individual depth maps of the major density interfaces and thickness maps of the starting structural model
are presented in Figure 2. The thickness distribution of the crystalline crust, as obtained from the compiled
sediment thickness data and Moho depth, ranges between 70 km along the Andean orogen in the west and
19 km in the northern domain of the modeled area. It is less than 30 km thick along the Transbrasiliano
Lineament. The crust east of the Sierras Pampeanas thickens to 42 km and is limited to the west by the
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Figure 4. Results of forward modeling: (a) calculated Bouguer gravity field, black contours every 100 mGal; (b) residual
gravity (gobs − gcalc). The white dashed line represents the Transbrasiliano Lineament (Peri et al., 2015; Ramos et al.,
2010), while the dash-dotted line represents the extent of the Serra Geral flood basalts (Pezzi & Mozetic, 1989). The box
in the bottom left corner indicates the root-mean-square (RMS) residual.

boundary between the Pampia terrane and the Río de la Plata craton, which coincide approximately with the
Transbrasiliano Lineament in this area.

3.2. Gravity Forward Modeling
The calculated gravity field and the gravity residual obtained from the starting model are shown in Figure 4. In
the foreland, the observed gravity anomaly (Figure 2d) is characterized by small variations ranging between
−100 and 40 mGal. To the contrary, the calculated gravity field (Figure 4a) shows strong variations of several
100 mGal. The synthetic model resembles the gravity low due to the crustal root of the central Andes in the
northwest between 28 and 22∘S, but compared to the observed gravity field, it extends too far toward the
east. This is apparent in the gravity residual map (Figure 4b) as well. Negative residuals (blue) in Figure 4b
indicate mass excess in the model with respect to the observed gravity field, whereas positive residuals (red)
indicate mass deficits. As a result, the forward model exhibits mass excess in the southwest and northeast that
is connected via a corridor parallel to the Transbrasiliano Lineament. The existence of this corridor is reflected
in the morphology of the Moho (Figure 2c) and indicates that the Moho dominates the synthetic gravity field.
Positive residuals in the northwest and southeast indicate mass deficits, whereby the southeastern residual,
up to ≈120 mGal, correlates with the extent of Serra Geral flood basalts (dash-dotted line, Figure 4b).

3.3. Crustal Structure
The gravity inversion fitted the residual gravity field (Figure 4b) with an RMS fit of 15.7 mGal (Figure D2a).
Figures 5a and 5b show the distribution of upper and lower crustal thickness as predicted from the inversion
procedure. The thickness of the upper crust reaches up to 39 km and is greatest in the west beneath the
eastern central Andes and the Sierras Pampeanas tectonic province, as well as in the northeast. Upper crust
as thin as 5 km is predicted beneath the Silurian-Devonian foreland basin in the north and the Neopaleozoic
to Mesozoic basin in the central southeast. Most basins (marked 1, 3, and 4 in Figure 2b) are predicted to be
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Figure 5. Results of gravity inversion. (a) Thickness of the upper crust, (b) thickness of the lower crust, and (c) depth at
the top of the lower crust. The dashed line indicates the Transbrasiliano Lineament (Peri et al., 2015; Ramos et al., 2010).

underlain by a lower crust thicker than 15 km, and only the Las Breñas trough is associated with thinner lower
crust. Virtually no lower crust is predicted in the northeastern corner of the model. This area coincides with
the shallowest parts of the Moho (Figure 2c), which reach depths of 27 to 30 km.

The crustal architecture as derived from gravity inversion can also be treated as a measure of the average
density of the crystalline crust (Figure 6a). Analogous to the lower crustal thickness distribution, the average
crustal density is low along the Transbrasiliano Lineament. The average crustal density lies at a minimum of
2,800 kg/m3 in the northeast and a maximum of 2,930 kg/m3 in the northwest.

3.4. Isostatic Topography
Assuming local isostasy, we calculated the isostatic topography of the final structural model (for details, see
the supporting information). The reference pressure for the calculation at the equilibrium depth of 200 km
was defined as the average pressure at the model base of 6.423 GPa. The isostatic topography shown in
Figure 6a predicts high relief in the northwest and shallower relief in the Chaco-Paraná plain, parts of which lie
below mean sea level. Compared to the actual topography (Figure 6b), the largest differences are observed in
the west close to the Andes and the Sierras Pampeanas, where both larger and smaller values are predicted
than observed. These differences are elongated in the north-south direction, characterized by a wavelength
of 200 to 300 km in the east-west direction, and occur in areas of high topographic elevation.

3.5. Mantle Density and Thermal Structure
Sample maps of obtained average mantle density for the xenolith assemblage are shown in Figures 7a–7c.
Low densities of approximately 3,328 kg/m3 in the north are common between the tomographic models of
Assumpção et al. (2013) and Schaeffer and Lebedev (2013). A similarly common feature between both models
is a density increase toward the south, although the model of Assumpção et al. (2013) yielded considerably
higher densities than the model by Schaeffer and Lebedev (2013). Compared to the first two shear wave
models, the magnitude of density variation in the model of Debayle et al. (2016) is considerably lower. Never-
theless, this model indicates a trend of increasing densities as well. Furthermore, the models aVs_2013_Tecto
and 3D2016_03Sv both show decreasing densities toward the south.

Overall, the converted temperatures at 100 km depth (Figures 7d–7f ) reflect the trends of the average
mantle density distributions. High temperatures are predicted from the models by Assumpção et al. (2013)

MEEßEN ET AL. 1885



Journal of Geophysical Research: Solid Earth 10.1002/2017JB014296

Figure 6. Average crustal density and isostatic response of the final model. The black dashed lines represent terrane
boundaries by Chernicoff and Zappettini (2004), while the white dashed line represents the Transbrasilian Lineament
(Ramos et al., 2010). (a) Average crustal density inferred from the inversion; the green diamond marks the location of
lower crustal xenoliths (Lucassen et al., 1999), white dotted line is the present-day extent of the Puncoviscana formation
(Escayola et al., 2011). (b) Topographic elevation for an average pressure of 6.423 GPa at the model base. (c) Difference
to observed topographic elevation, positive values indicate that our model overestimates the topography.

and Schaeffer and Lebedev (2013), whereas the temperature distribution obtained from Debayle et al. (2016)
shows little variation at this depth.

4. Sensitivity Analysis

The input data we used are associated with specific error ranges. Therefore, we tested the sensitivity of our
model with respect to variations in sediment density, depth to the top crystalline basement, and mantle
density variations.

4.1. Lithospheric Mantle Density
We tested the sensitivity of the model to mantle density variations by imposing densities obtained from shear
wave velocity models of the uppermost mantle. We then computed the gravity fields of these models with
an inhomogeneous mantle and compared them to the gravity field of the model with a homogeneously
dense mantle.

We thus applied the obtained mantle density variations (section 3.5) in the range from depths of 50 to 200 km
and then compared the gravity field with the gravity field of the homogeneous model. Those parts of the
tomographic model that fall above the Moho depth, that is, sectors within the crystalline crust, were excluded.
Where the Moho is shallower than 50 km and a volume of lithospheric mantle is not covered by information
from the tomographic model, the density of the lithospheric mantle was set to the average voxel density
(Figure D1).

The difference in the forward modeled gravity fields between models with homogeneous mantle and with
mantle voxel is shown in Figure 8. The maps show that the shear wave velocity model aVs_2013_Tecto
(Assumpção et al., 2013) has the largest impact on the calculated gravity field, and that the model 3D2016_Sv
(Debayle et al., 2016) has the least effect. The deviation between the gravity fields of models with homoge-
neous and inhomogeneous mantle does not exceed ±55 mGal.
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Figure 7. Selected results of the density and temperature conversion using the xenolith assemblage (Table 1). (a–c) The average density of the mantle voxels.
(d–f ) The temperature distribution at approximately 100 km depth. aVs_2013_Tecto by Assumpção et al. (2013), SL2013 by Schaeffer and Lebedev (2013), and
3D2016_03Sv by Debayle et al. (2016).

To estimate how much these variations influence the resulting lower crustal thickness distribution, we per-
formed an exemplary gravity inversion on aVs_2013_Tecto applying the xenolith mineral assemblage. The
thickness differences of the lower crust between the homogeneous and inhomogeneous mantle models, as
inferred from gravity inversion (Figure 9b), largely range around ± 4 km. In the northwest, the crust in the
inhomogeneous mantle model is up to 4 km thicker, while it is up to 4 km thinner in the southern half of
the model. The thickened crust compensates for the mass loss that results from less-than-average densities
within the lithospheric mantle in the northwestern sector covered by the model. A cross plot of mantle gravity
and lower crustal thickness variation reveals an expected good linear correlation with R2 = 0.91 (Figure 9c),
and indicates that for every 10 mGal variation in the gravity field, the inferred lower crustal thickness changes
by 1 km.

We used this linear relationship to quantify the impact of the other tomographic models on the inferred thick-
ness distribution of the lower crust. Although the pattern of induced gravity variation between the individual
models is significant (Figure 9) for all of the models, the lower crustal thickness would be reduced in the north-
ern part of the model. This reduction, however, would be less than 5 km, which is small compared to the total
lower crustal thickness (Figure 5b).
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Figure 8. Difference maps illustrating the effect of variations in mineralogical assemblages and shear wave velocity models on the forward modeled gravity field.
The difference between the forward modeled gravity field gz,vox of a model and the specified mantle configuration, and the model with a homogeneous mantle
gz,hom (Figure 4a) is shown. The mineral assemblages used are provided in Table 1.
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Figure 9. Model sensitivity to mantle density variations: (a) Top of the lower crust using the mantle model aVs_2013_Tecto and xenolith assemblage; (b) lower
crustal thickness change in kilometer, positive numbers indicate that the crustal thickness was reduced in the inhomogeneous mantle model with respect to the
homogeneous mantle model; (c) cross plot of crustal thickness variations Δtlower crust versus gravity differences in the reference model Δgresidual. The dashed
line represents the best fit with Δgz = 0.01mGal∕m ⋅ Δt − 3.13mGal and determination coefficient R2 = 0.91.

In summary, for every 10 mGal introduced to the gravity field by mantle heterogeneities or other objects the
inferred lower crustal thickness changes by about 1 km. Here, we varied the lithospheric mantle density by
about ±30 kg/m3, which affects the top of the lower crust by up to ±4 km (Table 3).

4.2. Crustal Density
We imposed density variations of±50 kg/m3 on the upper crystalline crust and computed the gravity response
of the model. The model with the reduced (increased) density obtained a gravity field up to 20 mGal less
(more) in the northeast, and up to 53 mGal more (less) along the central Andes from 28 to 22∘S. From the
established linear relationship between gravity perturbation and lower crustal thickness variation (section 4.1
and Figure 9c) we reason that the induced thickness variation is in the order of maximum ±5 km along the
central Andes in the west and up to ±2km in the northeast of the model area. South of 28∘S, the possible
variation is less than 1 km.

We also tested the sensitivity of the model with respect to variations in the density of the lower crust by
varying the density by ±100 kg/m3 (equivalent to a 3% variation). The inversion fitted the gravity field well for
a 3,200 kg/m3 dense lower crust (RMS = 18.4 mGal, Figure D3f). Compared to the thickness of a lower crust
at 3,100 kg/m3, the thickness was reduced by about 5 km northwest and southeast of the Transbrasiliano
Lineament (Figure D3a) and by about 3 km along the lineament. No variation in thickness was observed in
the northeast, where the Moho is shallowest.

In contrast, the inversion was not able to fit the gravity field assuming a 3,000 kg/m3 dense lower crust
(RMS = 20.5 mGal, Figure D3e), leaving a misfit of about 50 mGal in the area of the Neopaleozoic to Mesozoic
depocenters in the southeast (Figure 2b). In the northwest, the lower crustal thickness increased between 4
and 8 km and by about 3 km along the Transbrasiliano Lineament, while it showed no variation in the north-
east. The misfit in the southeast is due to the fact that the thickness of the lower crust already reached 100% of
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Table 2
Different Lithologies With Compaction Parameter k and Depositional Porosity 𝜙0 (Hantschel & Kauerauf, 2009)

k 𝜌S �̄� Difference

(km−1) 𝜙0 (kg/m3) (kg/m3) (kg/m3)

Sandstone typical 0.31 0.41 2,720 2,440 0

clay rich 0.32 0.40 2,760 2,480 40

clay poor 0.30 0.42 2,700 2,410 −30

arkose, typical 0.39 0.33 2,730 2,540 100

quartzite 0.30 0.42 2640 2,360 −80

Limestone shaly 0.48 0.50 2,730 2,490 50

Shale typical 0.83 0.70 2,700 2,500 60

Note. The average density �̄� was calculated following equation (A4) for a maximum thickness of 7.2 km. The density
difference in the last column states the difference of the average sediment density to typical sandstone, which was used
as lithology for the sediment body.

the total crustal thickness in this area, eliminating the possibility to compensate the remaining missing mass.
This inability to fit the gravity field indicates that the lower crustal density must be greater than 3,000 kg/m3.

4.3. Sediment Density
We tested the sensitivity of the model with regard to variations in sediment density by running the inversion
twice for a variation of±50 kg/m3 in the sediment density, which is equivalent to a density variation of 2%. This
particular density difference was chosen based on a comparison of the average density of different lithologies
that could be expected in the CPB (Table 2).

For a density of 2,490 kg/m3, the top of the lower crust mostly decreases by 500 to 1,000 m. A decrease of the
sediment density to 2,390 kg/m3 leads to a slight increase of the top lower crust by about 500 m. Accordingly,
the variation in the topography of the top lower crust is strongest in the northwest and southeast where the
deepest depocenters are located.

4.4. Basement Depth
The sediment thickness data were presented by Pezzi and Mozetic (1989) as isopachs for different epochs,
as well in the form of a cumulative sediment thickness map. The sum of the individual epoch isopachs and
the cumulative thickness information, however, are inconsistent and differ nonsystematically. Additionally,
the isopachs were only presented until the end of the Mesozoic units, without information on the thickness
distribution of Cenozoic sediments. Data from Marengo (2015) indicate at least 700 m of additional Cenozoic
sediments in the area of the Neopaleozoic-Mesozoic depocenter of the CPB (Figure 2b). This additional thick-
ness is a minimum estimate, since the thickness of the Palermo member, which is the earliest Cenozoic
member of the Chaco Formation, is missing. We quantified the impact of underestimated sediment thickness
on the modeling results by rescaling the sediment thickness distribution (Figure 2e). In areas with a thickness
in excess of 1 km an additional 10% was added to the thickness at each point, whereas areas with less than
1 km thick sediments were not edited, as this would have added sediment thickness in areas of outcropping
basement. The amount of additional sediment thickness is shown in Figure 10a.

Due to increased sediment thickness, the amount of low-density sediments close to the topography increases
while the basement, representing the uppermost density contrast in the subsurface, moves farther down.
This overall mass reduction at the surface results in more negative gravity anomalies predicted in the areas of
greatest sediment thickness (Figure 10b). In contrast, slightly higher anomalies are predicted in areas of thin
sedimentary cover. This increase, that is, the gravity shift, is an effect that is introduced during the calculation
of the gravity field. A gravity shift needs to be applied on calculated gravity fields to make it comparable to
the measured gravity field. The absolute variation in gravity due to the increased sediment thickness is about
15 mGal.

The difference in the gravity field is in turn reflected by variations in the inverted lower crustal thickness
(Figure 10c). The pattern of thickness variation appears noisy, which is attributed to the nonunique inversion
algorithm and the fact that lower crustal thickness is added in increments of 500 m. However, areas of reduced
gravity also correspond to an overall reduction in lower crustal thickness (Figure 10c). This reduction is not
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Figure 10. Model sensitivity to basement depth variations: (a) sediment thickness difference imposed on the sensitivity
model. Sediments in the Neopaleozoic depocenter are about 450 m thicker than in the standard model, (b) the
difference between calculated gravity fields. Negative values indicate mass deficit in the sensitivity model with respect
to the standard model, (c) the difference in inverted lower crustal thickness. Negative values indicate that the lower
crust in the sensitivity model is thicker than in the previous models.

larger than 500 m and is restricted to small areas beneath thin sediment cover. Beneath the areas of increased
sediment thickness, we observe an increase of lower crustal thickness by 500 m. Only very locally lower crustal
thickness increases by 1,000 m.

We conclude that inaccurate sediment thickness data impact the predicted lower crustal thickness by±500 m.
Compared to the absolute thicknesses of several tens of kilometers, this is, however, an acceptable deviation.

Figure 11. Profiles showing test configurations (below) together with the gravity residuals after the inversion (top). Profile location is provided in Figure 5a.
(a) Moho capped at 30 km depth. (b) Moho capped at 35 km depth. (c) Moho capped at 40 km depth. R2 is the determination coefficient between gz,obs
and gz,calc.
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Table 3
Sensitivity Analysis Summary of Various Parameters of the Model on the Induced
Variation of the Top of the Lower Crust

Imposed variation Induced

Rel. variation f

Parameter (%) Abs. (km) (km/%)

z Basement 10 +0–600 m ±0.5 0.05

𝜌 Sediments 2 ±50 kg/m3 ∓1.0 0.5

Upper crust 2 ±50 kg/m3 ∓5 2.5

Lower crust 3 ±100 kg/m3 ∓5 1.7

Mantle 1 +30 kg/m3 ±4 4.0

Note. The factor f is calculated by dividing the relative variation by the induced
variation and is a measure of the extent to which potential errors in the model
quantity affect the inferred intracrustal structure.

4.5. Moho Depth
We performed an exemplary analysis on a profile in the northeast of the modeling area to illustrate the sensi-
tivity of the model results to variations in Moho depth. The profile A-B transects an area where the inversion
predicts lower crust to be absent and coincides with the shallowest Moho in the modeling area (Figure 2c). As
the Moho depth is very shallow and point constraints are far away, this area seems suitable for testing. For the
tests, we subsequently limited the Moho depth to depths of 30, 35, and 40 km and then inverted for the top of
the lower crust for each depth configuration. The results of the three test models, compared to the homoge-
neous mantle model, are shown in Figure 11. With decreasing Moho depth, the top of the lower crust above
the capped Moho gradually increases from about 28 km for the 30 km deep Moho (Figure 11a) to about 20 km
for the 40 km deep Moho (Figure 11c). The calculated gravity fields of the three models is within ±20 mGal of
the observed Bouguer gravity field, which indicates that they are approximate equally valid solutions for the
subsurface. This example demonstrates that, within the given uncertainty of the provided Moho depth, the
crustal configuration can change significantly.

4.6. Summary of Sensitivity Analysis
Table 3 provides a summary of the sensitivity analyses conducted. To better compare the impact of the indi-
vidual model quantities, we calculated a factor f , which we define as the absolute-induced variation divided
by the relative imposed variation.

The factor is a measure of the variation of the top of the lower crust or the lower crustal thickness in response
to a change in a model parameter; the variation is expressed as a percentage of each parameter. Using this
approach small density variations in the upper lithospheric mantle result in the largest impact on the gravity
inversion process in the modeling area. This is owed to the fact that, although the mantle is the deepest body
in the model, the mantle volume is the largest component. However, the basement constitutes a major density
contrast and, furthermore, is the contrast closest to the gravity stations. Variations in basement depth could be
relatively large without altering the main outcomes of this study. Potential variations in Moho depth far away
from point constraints exert the largest uncertainty on the model results. However, an increased robustness
of the results could only be obtained by more precise depth information on the Moho.

5. Discussion
5.1. Model Validity
We constrained the density model with geophysical and geological observations and reduced the number of
possible solutions by imposing boundary conditions during the inversion. However, a systematic error in our
model was introduced by approximating the Earth’s surface as in a flat Cartesian coordinate system. With a
simplified model (see supporting information), we show that the error due to this simplification is less than
±5 mGal. This difference would impose thickness changes of about 500 m to the inferred lower crust but is
not significant enough to change the major trends discovered.

We used the calculated isostatic topography (Figure 6b) as a proxy for the robustness of the results. Therefore,
we separated the topographic grids into long and short wavelength components using a Gaussian band-pass
filter with a wavelength of 500 km. The inferred topographic map reproduces first-order features (𝜆 ≥ 500 km,
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R2 = 0.92, Figure D4e) such as the central Andes between 28 and 22∘S, the Sierras de Córdoba in the south-
west, and an extensive flood plain in the remaining model area. There are high-amplitude, short-wavelength
deviations (Figure 6c) from the observed topography in the foreland of the orogen that are also reflected in
gravity residuals after the inversion (Figure D2a). This deviation is probably an artifact due to local isostasy,
where flexural effects play a dominant role, especially in the area of the Andean thrust wedge. On the other
hand, in the southern CPB, an area between 34 and 28∘S is predicted to have an elevation up to 300 m higher
than observed, which indicates that the lithospheric column is too light, resulting in additional uplift. A good
fit in the gravity residual (Figure D2a) and the large wavelength of the uplift indicate that mass differences at
depth might cause this deviation. In light of the elevated average mantle densities that were obtained from
shear wave models (Figures 7a–7c) in the southern part of the model, disregarded masses in the mantle may
explain the additional uplift. Optionally, the depth to isostatic equilibrium might be deeper than 200 km in
northern Argentina.

Overall, the good agreement of first-order topographic features between observed and predicted topography
argues in favor of the model results. We would like to emphasize that the results of this density model are
nonunique and that, given other boundary conditions such as a different Moho depth, the outcome may differ
from this model. However, in the following we will discuss the results of our model and highlight differences
or deviations from geological or geophysical observations that allow robust conclusions.

5.2. Structure and Composition of the Crystalline Crust
We use the predicted average density of the crystalline crust (Figure 6a) as an indicator for lateral partition-
ing. The map is dominated by two high-density provinces (> 3,000 kg/m3) in the southeast and northwest,
which are surrounded by less dense crust (2,900–2,980 kg/m3). We find that these trends agree well with
observations on composition and partitioning of the crust and will discuss the details in the following.

Over the whole model area, the trajectory of the Transbrasiliano Lineament (Ramos et al., 2010) coincides with
low-density crystalline crust that originates from a shallow Moho (Figure 2c). Ramos et al. (2010) suggested
that the Transbrasiliano Lineament as well as location and trend of the early Paleozoic Las Breñas trough might
be related to each other, which together with the shallow Moho might be indicative that the thin crust is a
relic of ancient crustal thinning. Since thinning of crust and propagation of rifts along sutures is a well-known
process, for example, in the East African Rift (e.g., Hetzel & Strecker, 1994; Smith & Mosley, 1993); therefore,
we prefer the location of the Transbrasiliano Lineament by Ramos et al. (2010) over the one proposed by
Chernicoff and Zappettini (2004). Accepting the lineament as tectonic boundary, we derive average densities
for the Río de la Plata craton of about 3,000 kg/m3 and 2,970 kg/m3 for the Pampia terrane, excluding the
low-density area in the northeast. The Pampia terrane, in addition, seems to be subdivided into a crust with a
higher average density to the north (3,000 kg/m3) than to the south (2,940 kg/m3).

As the greatest part of the Río de la Plata craton in northern Argentina is covered by sedimentary strata of the
CPB, its composition is, apart from punctual well data (Rapela et al., 2007; Winn & Steinmetz, 1998), largely
unknown. From outcrop and well data in Argentina and Uruguay, Rapela et al. (2007) argued for a rather
uniform lithological character of the Río de la Plata craton. Based on the consistently high average crustal
density that we obtained east of the Transbrasiliano Lineament (Figure 6a), laterally continuous silica-poor
basement rocks throughout the CPB are in agreement with our results.

Observations from outcrops and seismic experiments in the southern Sierras Pampeanas argue for an overall
felsic crystalline crust of the Pampia terrane (e.g., Alvarado et al., 2009; Perarnau et al., 2012). At the southern
transition between Río de la Plata craton and Pampia terrane (south of 29∘S), the average crustal densities
in our model decrease from > 3,000 kg/m3 in the east to about 2,920–2,960 kg/m3 beneath the Sierras de
Córdoba in the west, arguing for a bulk increase of felsic components. The average density decreases to the
west as the top of the lower crust is dipping toward this direction (Figure 5c), resulting in an overall thinner
lower crust. This deepening beneath the Sierras de Córdoba agrees with the results by Perarnau et al. (2012),
but our model underestimates the depth to the lower crust by about 5 km compared to their results. If we
regard the inhomogeneous mantle using the model by Assumpção et al. (2013), the difference in the top
to the lower crust (Figure 9a) decreases to about 2–3 km, which is in the range of the error of the receiver
functions by Perarnau et al. (2012).

For the northern Pampia terrane lower crustal xenoliths have been used to infer an overall felsic composition
of the crystalline crust (Lucassen et al., 1999). Our model agrees with this hypothesis as low densities extend
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northward in a narrow band of about 150 km along the thrust wedge of the central Andes. Yet, in a laterally
restricted province adjacent to the thrust wedge, the average density of the northern Pampia terrane reaches
values comparable to the central Río de la Plata craton, possibly indicating a similar mafic crustal composition.
Hacker et al. (2011), on the other hand, demonstrated that not only mafic rocks can attain densities above
3,000 kg/m3 at lower crustal levels; rocks of felsic composition such as pelites or wackes can as well if they
were previously exposed to extreme P/T conditions (1050∘C at 3 GPa). Rocks of a similar composition, that
is the Puncoviscana formation, were deposited to the west of the crustal high-density province in a periph-
eral foreland basin at 540 to 524 Ma (Escayola et al., 2011). The authors propose that, during this period, the
Puncoviscana formation was deposited on the Arequipa-Antofalla plate, which subsequently subducted
beneath the Río de la Plata craton. The sediments of the Puncoviscana could have been exposed to similar
P/T conditions during subduction and relaminated to the base of Pampia terrane, a mechanism proposed
by Hacker et al. (2011). The present-day extent of the Puncoviscana formation (N of 27∘S) argues in favor of
this hypothesis, as it coincides with the extent of the high-density crust. Based on the sensitivity analyses,
we furthermore eliminate inaccurate basement depth, sediment densities, and density variations from the
lithospheric mantle as causes for overestimated crustal densities, leaving overestimated Moho depth as an
alternative explanation. A bulk change of mineralogy in the crystalline crust could also point to the existence
of a still unknown terrane beneath the foreland of the southern central Andes.

Thick lower crust is predicted beneath the CPB in the southeastern sector of the study area (Figure 5b)
that spatially coincides with the extent of Serra Geral flood basalts in the CPB (Figure 1). Since the exact
depth level of emplacement and the thickness distribution of the basalts are unknown, an error is intro-
duced to the lower crustal thickness estimate. We estimated the maximum impact of the missing basalt layer
(𝜌Basalt ≈ 2, 870 kg/m3, Christensen & Mooney, 1995) that reaches maximum thickness of hmax = 1.2 km
(Chebli et al., 1999) with Δg ≈ 2𝜋Ghmax

(
𝜌B − 𝜌S

)
, where G is the gravitational constant and 𝜌S is the sedi-

ment density (Figure 3). This estimate yields a maximum impact of the basalt layer of≈ 14 mGal on the gravity
field, which is about a magnitude lower than the gravity residual in the forward model (100 to 120 mGal).
Since for every 10 mGal, the inferred lower crustal thickness changes by about 1 km (section 4.1), we con-
clude that the thickness of the lower crust may be overestimated by 1 to 2 km within the extent of the Serra
Geral formation. However, this does not significantly change the observation of thick lower crust beneath the
southeastern CPB. Similar accumulations of dense lower crust beneath volcanic centers were observed in seis-
mic refraction studies and gravity-constrained models of other areas, such as the Chyulu Hills on the eastern
shoulder of the Kenya Rift (Khan et al., 1999; Sippel et al., 2017) or in the Paraná Basin, Brazil (Dragone, 2013).
These have been attributed to possible magmatic differentiation and ponding (e.g., Prodehl et al., 1997) of
differentiated melts that generated the overlying volcanic provinces. The thickened lower crust may there-
fore be explained by differentiation processes at the time of Serra Geral volcanism and may be interpreted as
magmatic underplating.

5.3. Thermal State of the Lithosphere
At depths less than 150 km in particular, the selected tomographic models indicate a trend from low velocities
at about 24∘S to higher velocities south of 28∘S (supporting information Figure S10).

At 100 km depth, these velocities translate to temperatures of 1100–1200∘C in the north, to 800–1050∘C at
about 30∘S (Figures 7d–7f ). The wavelength of this variation is greater than the resolution of tomographic
models, and as the different models show similar trends, we argue that the foreland lithosphere of the south-
ern central Andes could be warmer than beneath the Sierras Pampeanas. At first glance, this observation
contradicts the hypothesis of Babeyko and Sobolev (2005), who proposed a cold and strong lithosphere for
the southern central Andes that host the Altiplano, and a warm and weak lithosphere with strong upper crys-
talline crust for the foreland region that corresponds to the Puna plateau region. However, although the heat
input from the lithospheric mantle is important, the heat budget of the crust contributes significantly to the
thermal field of the lithosphere, which ultimately affects its strength. Therefore, inferring the rheological state
of the lithosphere from tomography-derived temperature maps of the mantle alone would be insufficient.

5.4. Implications on the Rheological Behavior of the Lithosphere
From our model results, we derived two principal scenarios for the rheology of the lithosphere in the
Andean foreland of northern Argentina. First, if the composition of the high-density crust north of 28∘S is of
predominantly felsic composition, the thick crystalline crust might add to the heat budget of the lithosphere
and therefore lead to further weakening. Alternatively, if the proportion of mafic crust increases, either due
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to magmatic differentiation or compositional change of the entire crystalline crust, the overall heat budget
would be reduced due to the low potential of radiogenic heat produced in mafic rocks (Vilà et al., 2010). The
latter scenario might support the hypothesis of Babeyko and Sobolev (2005), as such a thick lower crust could
compensate for the high heat input from the lithospheric mantle. However, if the first scenario applies, the
foreland of the Bolivian Andes should be weak and easily deformable.

Using the presented 3-D model as a basis for assessing the lithospheric-scale thermal field will potentially
clarify how temperatures are perturbed by the interaction of the different temperature-controlling factors
(i.e., the mantle versus crustal heat contribution). Furthermore, the assessed density configuration of the crust
and inferred compositional trends (i.e., mafic versus felsic crust) may be interpreted in terms of rheological
trends. Accordingly, the thick lower crust of the Bolivian foreland might be indicative of higher total crustal
strengths in this area, given that mafic rocks generally withstand higher deviatoric stresses than felsic rocks
before deforming physically (e.g., Carter & Tsenn, 1987). To summarize, our 3-D model indicates thermal and
compositional variations along strike the Andean foreland that should be considered when discussing factors
responsible for along strike variations in deformation styles.

6. Summary and Conclusions

We followed an integrated modeling approach combining forward modeling and inversion to analyze the
crustal density structure of the Andean foreland in northern Argentina. The sensitivity of the model was
tested in detail with respect to variations in depth and density of individual interfaces and bodies. We find
the following.

1. A model with an upper crust of 2,800 kg/m3 and a lower crust of 3,100 kg/m3 reproduces the observed
gravity field.

2. There is evidence for increasing bulk density of the crystalline crust in the foreland north of 28∘S, hinting
either a transition to a crust that has a significant proportion of high-density lower crust or a change to a
silica-poor bulk composition.

3. Although temperatures converted from shear wave velocities argue in favor of a warm lithospheric mantle
beneath the Altiplano foreland and colder mantle beneath the Puna Plateau foreland, an increase of mafic
components in the crystalline crust north of 28∘S may be indicative of lower amounts of radiogenic heat
and thus lower crustal temperatures than in the foreland to the east of the Puna plateau.

4. Thick high-density lower crust spatially correlates with the extent of Jurassic flood basalts and may rep-
resent the product of magma differentiation or possible magmatic underplating associated with these
massive volcanic extrusions.

5. Extensional processes in the early Paleozoic along the Transbrasiliano Lineament, as proposed by Ramos
et al. (2010), might have led to the shallow Moho observed beneath the lineament and the Las Breñas
trough.

6. Density variations in the upper lithospheric mantle and the thickness variations in the lower crust have the
largest impact on the modeling results for this particular study area.

7. The configuration of the Moho is essential to the density configuration of the crystalline crust, and better
data coverage in the CPB would enhance the results of this study.

Appendix A: Calculation of Average Sediment Density

Athy’s law of compaction (Athy, 1930) expresses the density of a fluid-saturated rock as a function of depth z
and porosity 𝜙:

𝜌(z) = 𝜌S(1 − 𝜙(z)) + 𝜙(z)𝜌L, (A1)

where 𝜌S is the solid rock density and 𝜌L is the density of the pore fluid. The porosity 𝜙 is given by

𝜙(z) = 𝜙0 ⋅ e−kz, (A2)

with porosity 𝜙0 at time of deposition and a lithology-dependent compaction factor k. The average density �̄�
of a sediment package with thickness t = z − 0 is then calculated by integrating (A1)

�̄�(z) = 1
z
⋅∫

z

0
𝜌(z) dz, (A3)

which yields

�̄�(z) = 𝜌S +
𝜙0

zk

(
𝜌L − 𝜌S

) (
1 − e−kz

)
. (A4)
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Appendix B: Shear Wave Velocity to Density Conversion

Goes et al. (2000) calculated the shear wave velocity of a rock with composition X at pressure P and
temperature T , including anharmonicity and anelasticity, by

vs (P, T , X, 𝜔) =

√
𝜇(P, T , X)
𝜌(P, T , X)

(1 − 𝜉 (𝜔, T , a)) , (B1)

where 𝜉 describes the attenuation term

𝜉 (𝜔, T , a) = 2
Q (𝜔, T) ⋅ tan (𝜋a∕2)

, (B2)

where 𝜇 is the shear modulus, 𝜌 is the density, and Q is the attenuation due to anelasticity depending on the
wave frequency𝜔 and the frequency exponent a. For pressures up to about 6 GPa, shear modulus and density
can be expressed for each mineral phase in X with

M(P, T) = M0 +
(

T − T0

) 𝜕M
𝜕T

+
(

P − P0

) 𝜕M
𝜕P

(B3)

𝜌(P, T) = 𝜌0

(
1 − 𝛼0

(
T − T0

)
+

P − P0

K

)
, (B4)

where M is the bulk modulus K or shear modulus 𝜇 and 𝛼 is the isobaric expansion coefficient. The mineral
properties 𝜌0, M0, 𝜕M∕𝜕T , 𝜕M∕𝜕P, and 𝛼 for the mantle-rock forming minerals olivine, diopside, and enstatite
were adopted from Cammarano et al. (2003), for spinel from Goes et al. (2000), and the attenuation parameters
for Q were obtained from Sobolev et al. (1996).

For all depths in the tomography data set, vs was calculated for temperatures between 300 and 3000 K in steps
of 1 K and stored in a table along with the density corresponding to each temperature. Depth was converted
to pressure using AK135 (Kennett et al., 1995). For a given vs at z of the tomography model, the appropriate
density was then obtained by linearly interpolating the densities corresponding to the two closest calcu-
lated velocities vs in the table. The benefit of the lookup method compared to a numerical solver as used by
Goes et al. (2000) is that, for a limited amount of depth values in the data set, it is significantly faster in an
interpreter-based programming language like Python.

Figure C1. Impact of full Bouguer correction: (a) gravity anomaly with simple Bouguer correction using the Bouguer slab (Barthelmes & Köhler, 2012; Förste et al.,
2014); (b) gravity anomaly for a full spherical Bouguer correction using tesseroids (Uieda et al., 2016) while considering the Earth’s sphericity and topography; and
(c) the difference between the anomaly fields in Figures C1a and C1b.
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Appendix C: Bouguer Terrain Correction

As stated in section 2.2.1, we used gravity data that had been reduced to Bouguer using the simple Bouguer

slab (Barthelmes & Köhler, 2012; Förste et al., 2014). This correction is efficient in terms of computation as

it neither takes into account sphericity of the Earth nor the hills and valleys of the topography. To assess

the effects of these simplifications on the results of our study, we have computed a full Bouguer correc-

tion including topographic correction using ETOPO1 expanded to degree and order 2190 downloaded from

ICGEM (Barthelmes & Köhler, 2012). This topographic model was set up with a lateral resolution of 0.0822∘,

equivalent to the maximum degree and order of EIGEN-6C4 (Förste et al., 2014), and the corresponding

Bouguer anomalies were calculated using Tesseroids by Uieda et al. (2016). Figure C1 compares gravity

anomaly fields derived from simple and full Bouguer corrections and illustrates that especially in the Andes

and Sierras Pampeanas short-wavelength differences exist. These differences, however, are negligibly small

compared to the wavelengths of density variations of the crystalline crust, that is, the unknown in the density

modeling procedure.

Appendix D: Supporting Figures

Figure D1. Density histograms of the lithospheric mantle between 50 and 200 km depth for different assemblages obtained from shear wave velocity models.
Columns represent assumed mineralogy from Table 1 and rows the used shear wave velocity model (aVs_2013_Tecto, Assumpção et al. (2013); SL2013, Schaeffer
and Lebedev (2013); and 3D2016_03Sv, Debayle et al. (2016)). Given also is the average density 𝜌avrg and the standard deviation 𝜎𝜌 . Average density maps are
provided in the supporting information, Figure S11.
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Figure D2. Gravity residuals after inversion. Boxes in the bottom left corners indicate the RMS of the field. (a) Homogeneous mantle with xenolith assemblage,
(b) mantle voxel from Assumpção et al. (2013) and xenolith assemblage, (c) sensitivity model upper crust with 𝜌UCrust = 2, 750 kg/m3, (d) sensitivity model upper
crust with 𝜌UCrust = 2, 850 kg/m3, (e) sensitivity model lower crust with 𝜌LCrust = 3, 200 kg/m3, and (f ) sensitivity model lower crust with 𝜌LCrust = 3, 000 kg/m3.
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Figure D3. Sensitivity of the top of lower crust to density variations in the crystalline crust. For (a) density upper crust of 2,750 kg/m3, (b) density upper crust of
2,850 kg/m3, (c) density lower crust of 3,000 kg/m3, and (d) density lower crust of 3,200 kg/m3.
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Figure D4. FFT-filtered topographic maps. Filtered using a Gaussian bandpass with 𝜆 = 500 km. (a) Low-pass ETOPO1, (b) low-pass isostatic topography, (c)
high-pass ETOPO1, (d) high-pass isostatic topography, and (e) cross plot.
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