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ABSTRACT
Lithospheric foundering is an important mechanism of crustal deformation and recycling, 

basin subsidence, and surface uplift in orogenic systems. The Arizaro Basin, in the Puna region 
of NW Argentina, is a place where foundering was proposed to have taken place during the 
late Miocene. The Arizaro Basin has been described as a “bobber” basin produced by Miocene 
lithospheric foundering. The geometry, sedimentology, deformation, and paleoelevation history 
of the Arizaro Basin and surrounding arc suggest dynamic processes associated with lithospheric 
removal. Although analogue and numerical models support this hypothesis, the history of crustal 
thickness in response to lithospheric removal remains unconstrained. Here, we used a novel ap-
proach exploiting the geochemistry of detrital zircons from volcanic ashes intercalated within 
the Arizaro Basin stratigraphy to reconstruct the paleocrustal thickness of the neighboring 
magmatic sources throughout the Cenozoic. Our data indicate that the sources of volcanism 
for the Arizaro Basin were characterized by relatively thick crust (∼53 km) since ca. 36 Ma. 
Thickening between ca. 20 and 13 Ma and thinning after ca. 13 Ma are consistent with formation 
and subsequent removal of a crustal root under the nearby arc and Aguas Calientes caldera.

INTRODUCTION
Gravitational removal of overthickened 

lithosphere/crust has long been recognized as 
an important mechanism under orogenic belts 
and plateaus (e.g., Bird, 1979; Houseman and 
McKenzie, 1981); however, the details and tim-
ing of lithospheric removal, the surface response 
(deformation, subsidence, uplift), and the degree 
of crustal involvement in the process remain 
poorly quantified. In the central Andean Pla-
teau, geological, geophysical, and geodynamic 
modeling studies have pointed to foundering and 
removal of the mantle lithosphere and lower crust 
as an important mechanism for plateau develop-
ment during the Cenozoic (e.g., Beck et al., 2015; 
Garzione et al., 2017; Wang et al., 2021). The 
Puna region, within the central Andean Plateau, 
has a thinner lithosphere and crust compared to 
the Altiplano (Fig. 1), suggesting lithospheric 
removal (e.g., Wang et al., 2021; McMillan and 

Schoenbohm, 2022), which in turn produced 
localized magmatism (e.g., Kay et al., 1994; 
Ducea et al., 2013), deformation, dynamic sub-
sidence and uplift, and “bobber”-type basins 
(DeCelles et al., 2015). In the Altiplano region, 
various degrees of diachronous lithospheric 
removal, including wholesale delamination, 
have been invoked as the primary mechanism 
of >2 km of surface uplift since ca. 10 Ma (e.g., 
Garzione et al., 2017, and references therein). In 
the Puna region, a wealth of data show that high 
elevations similar to modern were reached by 
ca. 36 Ma in response to shortening and crustal 
thickening, whereas smaller-scale lithospheric 
removals (piecemeal style) are consistent with 
limited elevation changes (≤1 km) since ca. 
20–10 Ma (Canavan et al., 2014; Quade et al., 
2015; Wang et al., 2021).

The Arizaro Basin, located south of the 
southern Altiplano-Puna volcanic complex 
(APVC) and within the Central volcanic zone 
(CVZ) and active arc (Fig. 1), has a modern 
average elevation of ∼3.5 km and preserves a 
record of dynamic processes associated with 

lithospheric foundering (Schoenbohm and 
Carrapa, 2015; DeCelles et al., 2015; McMil-
lan and Schoenbohm, 2022). The crust beneath 
the Arizaro Basin today is between ∼55 km 
and ∼43 km thick (Bianchi et al., 2013; Beck 
et al., 2015), which is significantly thinner than 
the surrounding regions (Fig. 1B). Numerical 
and analogue models suggest that as a litho-
spheric root forms, the surface above and near 
the root may be deflected downward by viscous 
stresses associated with lateral entrainment of 
lower crust/lithospheric mantle toward the grow-
ing root; local shortening occurs in the upper 
crust due to distributed contractional stresses. As 
the root begins to drop off, the crust thins and 
extends, and the surface rebounds isostatically 
(Wang et al., 2021; Andersen et al., 2022). Mafic 
or bimodal magmatism occurs synchronously 
with lithospheric removal and is volumetrically 
proportional to the size of the drip (Ducea et al., 
2013; McMillan and Schoenbohm, 2022).

The Arizaro Basin fill is composed of ∼3 km 
of eolian, lacustrine, and fluvial strata deposited 
between ca. 21 and 9 Ma. The basin center expe-
rienced symmetrical shortening as it subsided and 
then subsequent exhumation. The quasi-circular 
shape of the basin (Fig. 1D), nature of sedimen-
tation, and history of subsidence coupled with 
the basin’s deformation and uplift history indi-
cate that it may have formed by dynamic pro-
cesses during and following lithospheric foun-
dering (DeCelles et al., 2015; Wang et al., 2021; 
Andersen et al., 2022). Numerical models show 
a coupling between the surface and lithospheric 
removal (McMillan and Schoenbohm, 2022). 
Corner flow in the mantle may have entrained 
foundering lithosphere, expanding lithospheric 
removal from areas to the east of the basin, where 
the crustal root may have formed (e.g., Aguas 
Calientes caldera), into the arc region west of the 
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Arizaro Basin (Wang et al., 2021). Eocene and 
Miocene–Pliocene volcanism in the region was 
characterized by large ignimbrites, which are gen-
erally associated with lithospheric removal (e.g., 
Kay et al., 2010). Overall, volcanism of the CVZ 
and APVC (∼21°S–24°S) starting ca. 11 Ma pro-
duced mostly calc-alkaline, high-K dacites with 
minor rhyolites, which have been interpreted to 
represent crustal melts resulting from crustal 
thickening (Kay et  al., 2010). Eocene–Qua-
ternary arc rocks to the SW (Arizaro volcanic 
field [AVF] and Santa Ines volcanic complex) 
and large ignimbrites (typical of lithospheric 
removal) of the Aguas Caliente caldera (ca. 17 
and ca. 10 Ma; Petrinovic et al., 1999) directly to 
the NE are likely proximal volcanogenic sources 
of the Arizaro Basin as supported by the tim-
ing and nature of magmatism (Petrinovic et al., 
2010). Other active Neogene sources are located 
to the SW of the Arizaro Basin (Figs. 1B and 1D). 
Hence, ashes within the Arizaro Basin provide a 
unique opportunity to reconstruct paleocrustal 
thicknesses within the coupled arc-basin region. 
Here, we present isotopic and trace-element data 
from comagmatic zircons sampled from volca-

nic ashes and a detrital sample preserved in the 
Arizaro Basin (Fig. 1) with the goal of recon-
structing the history of crustal thickness of the 
region during the formation and subsequent grav-
itational removal of a lithospheric root.

METHODS AND RESULTS
Zircon U-Pb Geochronology, Hf Analyses, 
and Trace Elements

Zircon U-Pb and trace-element data were 
collected by high-resolution single-collector 
laser ablation–inductively coupled plasma–
mass spectrometry (LA-ICP-MS), and Lu/Hf 
isotopes were collected by multicollector (MC) 
LA-ICP-MS at the Arizona LaserChron Center 
(Linde et al., 2016; Balica et al., 2020) (Tables 
S1 and S2 in the Supplemental Material1). The 
Lu/Hf isotopes were analyzed to characterize 
the magmatic source of zircons based on their 
values compared to intermediate εHf values 

(near chondrite uniform reservoir [CHUR]) 
(Table S3).

Whole-rock and zircon chemistry can be 
used to estimate paleocrustal thickness using 
mohometry (Chiaradia, 2015; Profeta et al., 
2015; Farner and Lee, 2017; Balica et al., 2020; 
Luffi and Ducea, 2022). We analyzed zircon 
U-Pb and selected trace-element concentrations 
from 10 ashes and one detrital sample from the 
Miocene Vizcachera and Batín formations in the 
Arizaro Basin (Table S4). Zircons were analyzed 
simultaneously for U-Th-Pb ages and trace and 
rare earth element (TREE) geochemistry follow-
ing the method described by Balica et al. (2020) 
(Table S2). We filtered samples for zircons that 
were geochemically consistent with derivation 
from intermediate igneous rocks (55%–70%) 
following the protocol outlined by Belasouva 
et al. (2002), Sundell et al. (2022), and Balica 
et al. (2020). We also removed zircons with 
anomalously high phosphorus (>1000 ppm) 
from our analysis because of possible derivation 
from S-type granites (Zhu et al., 2020). Zircon 
trace-element concentrations were then con-
verted into whole-rock geochemical estimates 

1Supplemental Material. Description of analytical 
methods. Please visit https://doi​.org​/10​.1130​/GEOL​
.S.27173115 to access the supplemental material; 
contact editing@geosociety​.org with any questions.

Figure 1.  (A) Schematic cross 
section across Central Andes 
with locations of main features 
discussed in text; rectangle cor-
responds to cartoon in Figure 3. 
(B) Digital elevation model of NW 
Argentina with location of Alti-
plano-Puna volcanic complex 
(APVC) and main sedimentary 
basins and volcanic centers 
(with time of drip activity in Ma) 
discussed in main text after Kay 
et al. (2010, 2011), Petrinovic et al. 
(1999), Richards et al. (2013), and 
Simón et al. (2021). (C) Map of 
Puna region showing depth to 
Moho (contours in km), modi-
fied after Beck et al. (2015). (D) 
Geologic map of Arizaro Basin 
with locations of measured 
stratigraphic sections where 
samples were collected (modi-
fied after DeCelles et al., 2015). 
For sample locations, refer to 
Table S4 (see text footnote 1).
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using partition coefficients from Chapman et al. 
(2016). Here, we used the La/Yb ratios derived 
from whole-rock geochemical estimates to pro-
duce paleocrustal thickness after Profeta et al. 
(2015) and Balica et al. (2020) (Fig. 2A; Fig. 
S1). We present all data with error bars in Figure 
S1. We also calculated paleocrustal thickness 
directly from zircon Eu anomalies (Tang et al., 
2021) for comparison (Fig. S2).

Magma Source and Crustal Thickness 
Estimates

We analyzed 10 ash samples ranging in age 
between ca. 36 and 11 Ma (Fig. 2A; Table S4) 
and one detrital sample (AR6) that contained 
a component of early Miocene detrital zircons 
(ca. 20 Ma) (Table S4). Most ash samples con-
tained some detrital zircons (Table S1). We 
produced a time-resolved paleocrustal thick-
ness record for the Arizaro Basin using Eocene 
to late Miocene zircon U-Pb single-grain ages 
(Fig. 2A). Zircon geochemical precision is far 
greater (∼10%) than what is considered rea-
sonable for paleocrustal thickness estimates 
(∼25%; Sundell et al., 2022); thus, when con-
verted to whole-rock and then to crustal thick-
ness estimates, zircon geochemistry results 
in unreasonably precise single-grain crustal 
thicknesses. To account for this, we combined 
a general uncertainty of ±10.8 km proposed 
by Sundell et al. (2022) with ∼3% uncertainty 
on La and Yb concentrations from zircon (Fig. 
S1; Table S2). Crustal thickness estimates were 
then subjected to a bootstrap analysis to create 
median values with a 2 m.y. rolling window 
following methods outlined in Triantafyllou 
et al. (2023).

The bootstrap analysis of Eocene to late Mio-
cene zircons showed paleocrustal thicknesses 
between ∼60 and 50 km (Fig.  2A). Crustal 
thickness of ∼53 km at ca. 36 Ma (Fig. 2A) 
may reflect a source from the arc to the W and 
NW (Fig. 1), consistent with paleowind direc-
tions from eolian facies at the base of the Viz-
cachera Formation showing eastward winds 
(DeCelles et al., 2015). Not enough data were 
available to interpret a trend between ca. 35 and 
ca. 20 Ma. Our analysis shows that the source 
of the ca. 20–10 Ma age zircons from ashes in 
the Arizaro Basin was characterized by different 
crustal thicknesses through time. An apparent 
increase in crustal thickness between ca. 20 and 
13 Ma and a decrease after ca. 13 Ma are con-
sistent with the history of uplift and subsidence 
(Fig. 2B) and with thickening during drip forma-
tion and thinning during drip removal (Fig. 3). 
Eu-based crustal thicknesses, albeit generally 
higher, show similar crustal variability and a 
thinning trend (Fig. S2). The Hf isotopic data 
from a subset of the analyzed samples show 
variable εHf values, suggesting contributions 
from both crustal and mantle sources (Fig. S3; 
Table S3).

Overall, our results are consistent with the 
geochemical variability of ca. 14–6 Ma ignim-
brites from the central Puna region, which have 
been interpreted to reflect melting in the deep 
crust and differences in crustal melt fraction-
ations of small and large ignimbrites during the 
generation of hybrid magmas and contributions 
from both mantle and crustal sources (Kay et al., 
2010; Ducea et al., 2013). Alternatively, these 

data represent different sources characterized 
by different crustal thicknesses.

DISCUSSION AND CONCLUSIONS
Our data show that the source of the Arizaro 

Basin ashes was characterized by a relatively 
thick crust (∼53 km) at ca. 36 Ma, consistent 
with high elevations (Canavan et  al., 2014; 
Quade et al., 2015; Carrapa et al., 2024) and 

A

B

Figure 2.  (A) Eocene–Miocene single-grain zircon U-Pb ages from ashes and one detrital sample 
from Arizaro Basin plotted against single-grain zircon to whole-rock La/Yb crustal thickness 
values (Table S2 [see text footnote 1]). Time series was produced using maximum likelihood of 
median values of paleocrustal thickness distribution from bootstrap iteration analysis applied on 
2 m.y. rolling window at 2 m.y. steps (Triantafyllou et al., 2023). Green envelopes (dark green—1σ 
uncertainty; light green—3σ uncertainty) were derived from bootstrap analysis that excluded 
zircon grains with phosphorous >1000 ppm. Pink line and associated light-pink envelope rep-
resent generalized additive model fitted to data trend. (B) Paleoelevation estimates based on 
volcanic ashes from Puna region from this and previous studies (Canavan et al., 2014; Quade 
et al., 2015; Carrapa et al., 2024; Pingel et al., 2023, and references therein). Paleoelevations 
were estimated using atmospheric thermodynamic model from Rowley (2007), which is based 
on isotopic lapse rate of precipitation. Sampled δDglass values were used in calculating isotopic 
value of high-altitude precipitation and low-altitude values were derived from literature. See 
Supplemental Material text for details (text footnote 1). Error bars are 2σ. Subsidence curves 
are modified after DeCelles et al. (2015).
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with the bulk of shortening occurring in the Puna 
region before ca. 20 Ma (Henriquez et al., 2023). 
Neogene paleocrustal thickness estimates sup-
port thickening associated with drip formation 
associated with a weak crust, under the mag-
matic arc, where a dense root created a lateral 
pressure gradient, driving crustal flow in the 
weak layer and crustal thickening (Wang and 
Currie, 2017), and then thinning following drip 
removal (McMillan and Schoenbohm, 2022; 
Göğüş et al., 2022).

Our data can be explained by ash sources in 
the arc to the W at ca. 20 Ma and in the Aguas 
Calientes caldera to the NE at ca. 17 Ma; in this 
scenario, foundering of a lithospheric drip from 
the Aguas Calientes caldera was later entrained 
and displaced westward by mantle flow, which 
caused dynamic subsidence in the Arizaro Basin 
(Fig. 3A; Wang et al., 2021). This is also the 
time when we observe a possible decrease in 
surface elevation (Fig. 2B). Crustal thinning 
after ca. 13 Ma is interpreted to represent the 
removal of the crustal root during foundering 
and displacement of the dense root to the W due 
to corner flow (Fig. 3B; Wang et al., 2021). The 
magnitude of Miocene thinning recorded by our 
data is consistent with model predictions show-
ing that 5–10 km of crustal thinning (starting 

with a 60-km-thick crust) over ∼10 m.y. pro-
duces ∼1.2 km of tectonic subsidence followed 
by uplift (Wang et al., 2021). This history of 
crustal removal is consistent with the observed 
subsidence history (DeCelles et al., 2015), can 
reconcile variabilities observed in paleoaltim-
etry data, and can help to resolve controversies 
about the uplift history of the region (Fig. 1B; 
Pingel et al., 2023). Other geodynamic models 
support crustal thinning associated with detach-
ment of the lower crust (e.g., Göğüş et al., 2022). 
Alternatively, the thickening and thinning trends 
may reflect local variations in crustal thicknesses 
in the Puna region as a result of localized drip 
removal involving a mix of strong and weak 
crust, resulting in different modes of removal 
(McMillan and Schoenbohm, 2022), local varia-
tions in magma composition, different magmatic 
sources, and/or magmatic differentiation dur-
ing crustal thickening (Farner and Lee, 2017). 
These data underscore the complexity of the 
lithospheric structure and history of lithospheric 
removal under the central Andean Plateau.
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