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The Central Andean Plateau is the largest plateau formed in a non-collisional setting and is taller, wider, 
has thicker crust, and has greater retroarc shortening than any other region of the modern Andes. It 
also hosts some of the thickest Cenozoic strata in the Andes, which were deposited synchronously with 
punctuated widening and narrowing of the magmatic arc. Multiple hypotheses have been advanced to 
explain these unique characteristics, yet the detailed, plateau-scale Cenozoic basin history needed to test 
these hypotheses remains unavailable and therefore has not been integrated into the established records 
of deformation and magmatism. Here we synthesize new detrital zircon maximum depositional ages 
(MDAs) and sediment provenance analysis of non-marine strata from ∼15◦–16.5◦S with existing records 
of sediment accumulation, deformation, and magmatism from ∼14◦–24.5◦S to develop a model of the 
Eocene–early Miocene evolution of the Altiplano-Puna plateau region. Stratigraphic correlations based 
on the new MDAs show a Paleocene–Eocene unconformity/condensed section followed by resumption 
of rapid sediment accumulation. Rapid sediment accumulation resumed at 46–43 Ma at 15–16◦S, 
at 36 Ma at 18◦S, and as young 19 Ma at ∼23◦S. Provenance data presented herein indicate that 
Eastern Cordilleran detritus appeared in Altiplano strata at progressively younger ages to the south. The 
southward progression of this basin reorganization proceeded in lockstep with initiation of exhumation 
in the Eastern Cordillera, and also a lull in the magmatic arc followed by widespread volcanic flare-
up. We present a model in which the observed stratigraphic hiatus, along with the magmatic lull and 
flare-up, orogenic widening, and high-magnitude shortening, are upper plate responses to shallowing 
and resteepening of an late Paleocene–early Miocene flat slab beneath the Altiplano-Puna plateau. In 
the proposed model initial slab flattening was driven by late Paleocene–early Eocene subduction of 
buoyant oceanic crust: potentially a Manihiki Plateau Conjugate. Subsequently, southward shallowing and 
resteepening of a late Eocene–early Miocene flat slab beneath the Altiplano-Puna Plateau was driven by 
subduction of an asperity on the Nazca Plate which we tentatively identify with the Juan Fernandez Ridge. 
The geographic coincidence of all of these features suggests that the flat slab hydrated and weakened 
the upper plate lithosphere, thereby facilitating later development of the suite of unique features which 
characterize the Central Andean Plateau.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC 
license (http://creativecommons .org /licenses /by-nc /4 .0/).
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1. Introduction

The central Andes serves as an archetype for the geodynamic 
processes active in cordilleran systems. Its geologic history is used 
to develop diagnostic criteria to identify geodynamic processes and 
predictive models which form interpretive paradigms for global 
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Fig. 1. (A) Digital elevation model showing the anomalous height and width of the Central Andean Plateau (CAP, after Horton, 2018a). (B) Crustal thickness map highlighting 
the extreme thicknesses beneath the CAP (from Rivadeneyra-Vera et al., 2019). (C) Digital elevation model of the Central Andean Plateau showing the locations of stratigraphy 
shown in Fig. 3. Abbreviations: C.R.: Carnegie Ridge, S.A.: Salar de Atacama.
cordilleran orogenic systems (e.g., DeCelles et al., 2009). Yet un-
certainties in the timing and pace of upper plate processes associ-
ated with the evolution of the prominent Central Andean Plateau 
(CAP) hamper development of a generalizable model. For example, 
flat subduction has been correlated with both surface uplift over 
the flat slab and dynamic subsidence above the steepening lead-
ing edge of the subducted plate (Jadamec et al., 2013; Eakin et 
al., 2014a; Dávila and Lithgow-Bertelloni, 2015) or subsidence over 
the flat portion of the subducted plate (Liu et al., 2011; Axen et 
al., 2018). Discriminating these two scenarios impacts the inter-
pretation of other cordilleran systems where insufficient or excess 
subsidence is observed.

The central Andes is also an excellent location to test the im-
pact of flat subduction on the upper plate because its geological 
history includes elements that have been independently corre-
lated with flat subduction. For example, the inboard migration 
of magmatism followed by a voluminous and widespread vol-
canic flare-up, typically attributed to flattening and resteepening 
of the subducted plate in the North American Cordillera (Coney 
and Reynolds, 1977; Constenius et al., 2003; Copeland et al., 2017), 
is also seen in southern Peru (Sandeman et al., 1995; Mamani 
et al., 2010). Similarly, inboard migration of deformation in North 
America has been attributed to slab flattening (Brown et al., 1988; 
Bird, 1998; Humphreys, 2009), as it has in Bolivia (Martinod et al., 
2020) where deformation migrated from the Western to Eastern 
cordillera in the Eocene (Rak et al., 2017; Buford-Parks and Mc-
Quarrie, 2019). These features serve as independent indicators of 
flat subduction and can be used to assess its timing and extent, 
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and correlated to basin records to assess its impact on basin evo-
lution.

The CAP is also an anomaly in the Andes and its anomalous 
characteristics have been explained by models invoking mutually 
incompatible geodynamic processes. For example, the topographic 
prominence of the CAP along the >7,000 km length of the Andes 
has been attributed to both slow and continuous crustal thicken-
ing (Barnes and Ehlers, 2009) and removal of dense, overthickened 
lithosphere (Saylor and Horton, 2014; Garzione et al., 2017; Göğüş
et al., 2022). Its anomalous width, with distances from the trench 
to the eastern deformation front of 600–800 km (Fig. 1A), has been 
attributed to both upper and lower plate effects (McQuarrie, 2002; 
Horton et al., 2022, and citations therein). The central Andes from 
∼16◦S–24◦S has experienced greater shortening than regions to 
the north or south (Gotberg et al., 2010; Eichelberger and McQuar-
rie, 2015) and vertical-axis rotations resulting in oroclinal bending 
(Roperch et al., 2000, 2006, 2011; Rousse et al., 2005; Arriagada 
et al., 2006, 2008), but neither effect has a clear causal mecha-
nism. Nevertheless, the CAP also hosts the thickest crust in South 
America (Fig. 1b, Rivadeneyra-Vera et al., 2019), and shortening 
magnitudes suggest transfer of crustal material from the Eastern 
Cordillera to the Altiplano (Eichelberger et al., 2015).

Coupled with the anomalous characteristics described above, 
the CAP, and in particular the Altiplano, hosts extreme thicknesses 
of Upper Cretaceous–Paleogene strata (>4–6 km). This stratigra-
phy has been attributed to multiple geodynamic processes which 
make specific predictions regarding the location, timing, and pace 
of deposition and its relationship to regional magmatic or tec-
tonic events. Pre-Oligocene stratigraphy in the Altiplano has been 
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attributed to an eastward-migrating retroarc foreland basin sys-
tem (Horton et al., 2001; Horton, 2018a). A retroarc foreland basin 
setting predicts a decrease in sediment accumulation rate accom-
panying passage of the forebulge and its increase during deposition 
in the foredeep depozone (e.g., DeCelles and Horton, 2003). It also 
predicts that both the decrease and increase in sediment accu-
mulation rate occurred while deformation and exhumation were 
limited to the Western Cordillera. Alternatively, the Altiplano Basin 
may have transitioned from a retroarc foreland basin to a hinter-
land basin accompanying a significant jump in the deformation 
front from the Western Cordillera to the Eastern Cordillera (Mc-
Quarrie et al., 2005; Carrapa and DeCelles, 2014; Rak et al., 2017) 
or development of an independent orogenic wedge in the Eastern 
Cordillera (Martinod et al., 2020). Both of these models predict that 
the tectonic setting of the Altiplano transitioned from a retroarc 
foreland to a hinterland basin at the time of exhumation of the 
Eastern Cordillera. In this scenario increases or decreases in sedi-
ment accumulation rate may be largely independent of migration 
of a flexural wave attributable to a foreland basin system and may 
instead reflect the onset of exhumation in the Eastern Cordillera. 
Anomalously thick or thin stratigraphic packages in the CAP have 
also been attributed to oscillation between a neutral or extensional 
regime and a contractional regime (Rochat et al., 1998), as has 
been documented in the southern Andes (Horton, 2018a), which 
predicts an alternation between flexural and fault-driven subsi-
dence. Basin formation in the CAP has also been attributed to 
lithospheric removal via dripping or delamination (DeCelles et al., 
2015b; Garzione et al., 2017; Göğüş et al., 2022), predicting iso-
lated basin formation, with no necessary interconnection between 
isolated basins. Finally, anomalously thick or thin Altiplano stratig-
raphy may reflect modulation of subsidence magnitude by flat sub-
duction (Perez and Levine, 2020; Runyon et al., 2021). Dynamic 
uplift during slab flattening and isostatic uplift during flat subduc-
tion predict low or no subsidence in the overriding plate (Dávila 
and Lithgow-Bertelloni, 2015; Flament et al., 2015; Margirier et al., 
2015). On the other hand, mantle circulation in a thinned astheno-
spheric wedge, dynamic forces associated with slab resteepening, 
and mantle counterflow at the leading edge of the flat slab all 
predict enhanced subsidence above or in front of the flat slab 
(Jadamec et al., 2013; Dávila and Lithgow-Bertelloni, 2015; Axen 
et al., 2018).

The large scale implicated by many of these mechanisms re-
quires equally large-scale observations. However, detailed basin 
records, including chronostratigraphic correlations, sediment accu-
mulation rates, and timing of unconformities/condensed sections, 
needed to test models’ predictions and assess the impact of flat 
subduction on the basin record are unavailable. Paleogene non-
marine clastic strata with only low-precision or no biostratigraphic 
age constraints, in particular, present two challenges. (1) The non-
marine depositional setting hampers lithostratigraphic correlations 
over the distances need to identify large-scale tectonic processes. 
(2) Volcanic beds that would provide datable material to facilitate 
chronostratigraphic correlations are rare in Paleogene strata.

Herein we test the predictions of geodynamic models and the 
upper plate response to flat subduction by integrating new detri-
tal zircon U-Pb provenance analysis and maximum depositional 
ages (MDAs) for Upper Cretaceous and Paleogene strata in Peru 
and Bolivia with published basin records into a transect spanning 
>10◦ latitude (14◦S to 24.5◦S). The data show a Paleocene–middle 
Eocene unconformity followed by rapid sediment accumulation at 
∼15◦S. The termination of the unconformity and resumption of 
rapid sediment accumulation post-date the onset of exhumation in 
the Eastern Cordillera at the same latitude. In addition, the termi-
nation of the unconformity, exhumation in the Eastern Cordillera, 
and magmatic flare-up all become younger to the south at the 
same rate. We conclude that this pattern is best explained by pro-
3

gressive southward slab shallowing, culminating in local flat slab 
subduction, followed by its progressive southward resteepening. 
Our discussion focuses on describing how this model accounts for 
many of the anomalous characteristics of the CAP described above.

2. Geological setting

Convergence and subduction of the Nazca Plate beneath the 
South American Plate began in the late Paleozoic (Mamani et al., 
2010) and the margin became a well-organized compressional sys-
tem in the Late Cretaceous (Horton, 2018a). The onset of oroge-
nesis is marked by Late Cretaceous magmatism and exhumation 
in the Western Cordillera (Vicente, 1990; Mamani et al., 2010), 
supported by an extensive thermochronological dataset spanning 
southern Peru–northern Chile showing widespread exhumation 
starting in the Late Cretaceous (Andriessen and Reutter, 1994; 
Maksaev and Zentilli, 1999; Schildgen et al., 2007; Wipf et al., 
2008; Ruiz et al., 2009; Schildgen et al., 2009b; Gunnell et al., 
2010; Juez-Larré et al., 2010; Reiners et al., 2015; Avdievitch et 
al., 2018; Henriquez et al., 2019). Coeval with the onset of Andean 
orogenesis, deposition in the Altiplano region transitioned from 
marine to non-marine during Late Cretaceous–Paleocene retroarc 
foreland basin evolution (Sempere, 1995).

Exhumation in the Eastern Cordillera progressed from north to 
south. Exhumation in southern Peru was ongoing between 56 and 
31 Ma based on zircon (U-Th/He) and apatite fission track (AFT) 
ages (Kontak et al., 1990; Perez and Levine, 2020). Biotite Ar40/Ar39

and zircon fission track data indicates exhumation in northern Bo-
livia was ongoing by 48–45 Ma (Benjamin et al., 1987; Gillis et 
al., 2006), but thermokinematic modelling pushes the initiation to 
as early as 55 Ma (Rak et al., 2017; Buford-Parks and McQuar-
rie, 2019). Eastern Cordilleran exhumation in south/central Bolivia 
was ongoing by 42–40 Ma based on AFT ages coupled with HeFTy 
modelling (Scheuber et al., 2006; Ege et al., 2007; Eichelberger et 
al., 2013). In the Eastern Cordillera east of the Puna Plateau ex-
humation AFT ages indicate a minor Eocene episode of exhumation 
followed by major exhumation beginning at 28–26 Ma (Deeken et 
al., 2006; Carrapa et al., 2014). AFTsolve and age-elevation models 
suggest that exhumation began at ∼23 Ma (Deeken et al., 2006; 
Carrapa et al., 2014).

The central Andes from ∼16◦S–24◦S has experienced greater 
shortening than regions to the north or south (Gotberg et al., 
2010; Eichelberger and McQuarrie, 2015). Correspondingly, the re-
gion north of ∼18–20◦S experienced Paleogene counterclockwise 
vertical-axis rotation whereas the zone to the south is charac-
terized by clockwise rotation (Roperch et al., 2000, 2006, 2011; 
Rousse et al., 2005; Arriagada et al., 2006). Overlapping in age with 
these events, the locus of magmatism widened, coeval with a lull 
or shut-down in magmatism in the Western Cordillera between the 
Eocene (Mamani et al., 2010) and the Oligocene (Trumbull et al., 
2006). Multiple researchers have attributed the shut-down in arc 
magmatism and migration of magmatism to an Eocene–Oligocene 
period of shallow or flat subduction in southern Peru and northern 
Bolivia (Sandeman et al., 1995; James and Sacks, 1999; O’Driscoll 
et al., 2012; Ramos, 2018). A separate episode of flat-slab sub-
duction has been proposed for northern Chile and Bolivia in the 
Oligocene–Miocene (Jiménez et al., 2009; Kay and Coira, 2009; 
Beck et al., 2014; Ramos, 2018).

3. Methods

3.1. Samples and U-Pb analyses

Forty-two samples were collected in the context of newly mea-
sured or published stratigraphic sections (Fig. 2). Zircons were 
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ata available in Supplemental Tables 12–14.

4

Fig. 2. Regional stratigraphic correlation, showing simplified lithologies at each location and the stratigraphic context of zircon U-Pb samples. Paleocurrent d
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Fig. 3. A) Sediment accumulation records and B) chronostratigraphic diagram both show the regional unconformity and its southward younging. C) Regional map showing 
the locations of stratigraphic sections with new chronostratigraphic data. Chronological constraints used in panel B are from this study and Gayet et al. (1991), Carlotto et 
al. (1992, 2002), Jaillard et al. (1994), Sempere et al. (1997), del Papa and Salfity (1999), Horton et al. (2001, 2015), Fornari et al. (2002), Rousse et al. (2005), DeCelles et al. 
(2007, 2011, 2015a,b), Hongn et al. (2007), Carrapa et al. (2012), Carlotto (2013), Perez and Horton (2014), Sundell et al. (2018), Henríquez et al. (2020), and Runyon et al. 
(2021).
separated using standard density and magnetic separation tech-
niques. U-Pb analyses were conducted at the University of Houston 
and University of British Columbia. At the University of Houston, a 
PhotonMachines Analyte 193 nm ArF laser and a Varian 810 single-
collector quadrupole ICP-MS were used, with data reduced by a 
MATLAB-based code in UPbToolbox (Sundell, 2017). At the Univer-
sity of British Columbia analysis was conducted using a Resonetics 
RESOlution M-50-LR equipped with a UV excimer laser source (Co-
herent COMPex Pro 110, 193 nm, pulse width of 4 ns) and data 
was reduced using Iolite 3.4 extension for Igor ProTM.

3.2. Maximum depositional ages

MDAs were determined using three methods: the Youngest Sta-
tistical Population (Coutts et al., 2019), the Maximum Likelihood 
Age (Vermeesch, 2021), and the mean and standard deviation of a 
Gaussian curve fit to the youngest Probability Density Plot (PDP) 
age mode (Supplemental Data Table 1). For the latter, the Gaussian 
curve was fit to the portion of the PDP that included the youngest 
inflection point. With the exception of one case (see section 4.1
below), if there was discordance among the methods we chose the 
age yielded by two of the three methods.

3.3. Quantitative provenance analysis

Following the methods laid out by Smith et al. (2023, accepted), 
we conducted non-negative matrix factorization (i.e., inverse mod-
elling) of Late Cretaceous–Cenozoic U-Pb age distributions from 
across the Altiplano, including those from Cusco (Fig. 1c, Sundell et 
al., 2018), the samples presented in this work, and Chuquichambi 
5

(Fig. 3c, Runyon et al., 2021) using DZnmf2D (Saylor and Sun-
dell, 2021) (Supplemental Table 2). To avoid volcanic zircons which 
would be geographically non-diagnostic due to airborne broadcast-
ing, only ages >200 Ma were included in the provenance analysis 
described below. Samples consist of univariate (U-Pb ages only) 
distributions and were input as kernel density estimates (KDE) 
with a fixed 20 Myr bandwidth. Prior to factorization, 14 of the 
samples were merged into seven sample groups to avoid sam-
ples with <150 analyses. Each of these seven groups consistent 
of two merged samples. Samples were merged only with strati-
graphically adjacent samples and only samples that were similar 
were merged into a single group. We factorized to a range of ranks 
from 2–30, yielding an optimum rank of nine (Supplemental Fig-
ure S1). We then compared the factorized distributions for rank 
nine to empirical potential sources, yielding close fits between 
most of the factorized distributions and empirical sources. We used 
those empirical potential sources in a forward Monte Carlo mixing 
model (DZmix, Sundell and Saylor, 2017) to determine the propor-
tions of each empirical source that contributed to the mixed Late 
Cretaceous–Cenozoic samples.

4. Results

We present 13,171 new U-Pb ages from six stratigraphic sec-
tions (Fig. 2 and Supplemental Data Tables 3–8). Zircon ages were 
used to determine MDAs and quantify sediment provenance for the 
Late Cretaceous–Paleogene strata. Probability density plots, KDE 
age distributions, and concordia plots for individual samples are 
presented in the Supplemental Materials.
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4.1. Maximum depositional ages

MDAs are broadly consistent with previously assigned strati-
graphic ages but improve precision, allowing investigation of sedi-
ment accumulation rates at higher resolution than previously pos-
sible. A full comparison between previous radiometric and bios-
tratigraphic ages and MDAs from this study is presented in the 
Supplemental Material.

For the majority of the forty-two samples the three meth-
ods of calculating MDAs yielded ages that were within uncer-
tainty of each other. Most (34 of 42) samples show an upsection 
younging in zircon MDA (Fig. 2). However, two samples posed 
particular difficulties. For the lowermost sample at Desaguadero 
(1PUN002, PUN section) MDAs based on the Youngest Statistical 
Population and youngest PDP peak yield latest Paleocene–earliest 
Eocene ages (54.4–57.5 Ma). However, the Maximum Likelihood 
Age is earliest Paleocene (64.5 Ma), which is consistent with re-
gional trends which indicate uppermost Cretaceous or lowermost 
Paleocene strata below a regional unconformity encompassing the 
Paleocene–early Eocene. In light of the regional trends, we opt for 
the 64.5 Ma age in this case. In the second case, the youngest sin-
gle zircon grain was not included in the analysis of the sample 
at Puno (140816-03, SPU section) because it had a non-uniform 
analysis spectrum and was >16 Myr younger than the next old-
est zircon grain. The non-uniform analysis spectrum is attributed 
to inclusions in the zircon grain which may yield an inaccurate 
young age.

MDAs define convex-up sediment accumulation curves with 
a period of slow sediment accumulation (undecompacted sedi-
ment accumulation rate ≤0.03 mm/yr) in the Paleogene followed 
by rapid sediment accumulation in the late Paleogene–Neogene 
(Fig. 3a). The age of the resumption of rapid sediment accu-
mulation decreases systematically to the south, from ca. 46–43 
Ma in the northernmost sections to ca. 36 Ma in the south-
ern Chuquichambi section, consistent with other published records 
from the southern CAP (Fig. 3b, Sundell et al., 2018).

4.2. Quantitative provenance analysis

Factorized distributions show close matches to eight of 11 em-
pirical potential sources considered here (Fig. 4, Supplemental Ta-
ble 9). Results of forward mixture modelling using DZmix indi-
cate that the proportion of zircon ages attributable to an Eastern 
Cordilleran source in Cenozoic strata increases upsection for all 
stratigraphic sections except Cusco (Fig. 5, Supplemental Table 10). 
Moreover, the age at which the Eastern Cordillera constitutes a sig-
nificant source systematically decreases to the south.

5. Discussion

5.1. Stratigraphic ages and sediment accumulation

We interpret MDAs as broadly reflective of depositional ages 
based on the proximity of an active magmatic arc (Mamani et al., 
2010), the success enjoyed by previous studies in determining de-
positional ages using MDAs (e.g., DeCelles et al., 2007; Horton et 
al., 2015; Sundell et al., 2018; Runyon et al., 2021), the compat-
ibility of MDAs and previous stratigraphic age assignments (see 
detailed discussion in the Supplemental Materials), and the con-
sistent upsection younging trend shown between most samples. 
The new MDAs consistently define Paleogene convex-up sediment 
accumulation curves with an Eocene unconformity or condensed 
section (accumulation rates ≤0.03 mm/yr) followed by onset of 
rapid sediment accumulation at locations between 15◦S and 18◦S 
(Fig. 3). Combining the new age constraints with published strati-
graphic ages shows that the unconformity becomes younger to the 
6

Fig. 4. Comparison between the nine factorized distributions based on non-negative 
matrix factorization of 50 Late Cretaceous–Cenozoic detrital zircon U-Pb age dis-
tributions from this study, Sundell et al. (2018), and Runyon et al. (2021). Factor-
ized distributions were compared to 11 potential empirical sources and the closest 
matches determined based on cross-correlation of the two distribution sets. Fac-
torized distributions were closest matches to eight empirical distributions whereas 
three empirical distributions did not match any of the factorized distributions. Dis-
tributions are presented as kernel density estimates with 20 Myr bandwidths. Em-
pirical sources from Bahlburg et al. (2009), Leier et al. (2010), Reimann et al. (2010), 
Wotzlaw et al. (2011), Perez and Horton (2014), Spikings et al. (2016), and Sundell 
et al. (2018). Data for this figure are in Supplemental Tables 2 and 9.

south, with a resumption of sediment accumulation between 43 
and 46 Ma at 15–16◦S but as young as 36 Ma at 18◦S and ∼20 
Ma at 23–24◦S (Fig. 6f).

5.2. Sediment provenance

Mixture modelling of detrital zircon U-Pb age distributions 
shows several previously undocumented trends. The first is a dif-
ferent upsection trend in sediment derivation between the Cusco 
section and all sections south of that (Fig. 5). At Cusco there is 
an upsection increase in Western Cordilleran and Altiplano sources 
in the Paleogene. This is consistent with predictions for a foreland 
basin setting (Sundell et al., 2018), where an advancing fold-thrust 
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Fig. 5. Results of DZmix modelling of samples from this study, Sundell et al. (2018), and Runyon et al. (2021) using the eight closest matches to the factorized distributions. 
Whereas at Cusco there is an upsection increase in Western Cordilleran sources, all locations to the south show an increase in Eastern Cordilleran sources in the Cenozoic. 
Eastern Cordilleran sources become a significant (i.e., >50 ± 5%) proportion of the model at younger ages to the south. Data for this figure are available in Supplemental 
Table 10.
belt in the Western Cordillera provides a progressively greater pro-
portion of detritus. In contrast, there is an upsection increase in 
Eastern Cordilleran-derived zircons in Cenozoic strata at all loca-
tions south of Cusco (Fig. 5). The second undocumented trend is 
that the model attributes a significant proportion of the age dis-
tribution to Eastern Cordilleran-derived sources at progressively 
younger ages to the south. This is highlighted by considering the 
age at which the model attributes >50 ± 5% of the zircon age dis-
tribution to Eastern Cordilleran sources. This occurs between 63.5 
Ma and 57.3 Ma at 15◦S (Llalli), between 54.7 Ma and 45.9 Ma 
at 16◦S (Puno), between 65 and 44.2 Ma at 16.4◦S (Juli), between 
64.5 and 38.3 Ma at 16.5◦S (Desaguadero), between 38.1 and 24.3 
Ma at 16.6◦S (Tiahuanacu), and between ∼40 Ma and 36.7 Ma at 
18◦S (Chuquichambi) (Fig. 5).

5.3. Synthesis and tectonic model

The record of basin reorganization documented above can be 
compared to records of deformation and magmatism to assess 
geodynamic models. The termination of the unconformity and 
resumption of rapid sediment accumulation post-dates the ther-
mochronologically determined timing of onset of exhumation of 
the Eastern Cordillera at the same latitudes (Fig. 6). This pattern is 
the opposite of that predicted by a retroarc foreland basin model 
and indicates that, despite exhibiting archetypal convex-up sedi-
ment accumulation curves (Fig. 3a), the Altiplano region was not 
a simple retroarc foreland basin in the Eocene–Oligocene because 
there was deformation and exhumation to the east of the study ar-
eas prior to the resumption of rapid sediment accumulation. Our 
data do not differentiate between models invoking an integrated 
Eastern Cordillera in which deformation is transferred from the 
Western Cordillera by a mid-crustal detachment (e.g., McQuarrie et 
al., 2008) verses two independent Western and Eastern cordilleran 
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orogenic wedges (e.g., Martinod et al., 2020). However, neither 
model accounts for the 10–20 Myr nadir in sediment accumulation 
rate observed in the sediment accumulation records or its south-
ward younging. Furthermore, comparing the timings of resumption 
of rapid sediment accumulation, Eastern Cordilleran exhumation, 
and a magmatic flare-up following a lull indicates that all three 
young to the south in lockstep (Fig. 7). We define the magmatic 
flare up as the westward expansion of magmatism that followed 
shut-down or waning of the Western Cordilleran magmatic arc 
and eastward migration of magmatism. As in the North American 
Cordillera, magmatism did not fully terminate, particularly at the 
eastern terminus of the flat slab (Constenius et al., 2003; Copeland 
et al., 2017) (Fig. 6 and Supplemental Data Table 11). All of this 
suggests that the observed Eocene–Oligocene condensed section is 
not a forebulge unconformity (Horton, 2022).

However, all of the observations outlined above are consistent 
with southward shallowing followed by resteepening of a flat or 
shallowly subducting slab (Fig. 8) (Runyon et al., 2021). Three pri-
mary factors control slab flattening (van Hunen et al., 2004; Liu 
and Currie, 2016): the absolute velocity of the overriding plate, 
the buoyancy of the subducting plate, and the magnitude of the 
dynamic suction force created by convection in the mantle wedge 
above the subducting plate. There was a decrease in absolute or 
westward motion of the South American plate between 60–40 Ma 
(Fig. 8f, Maloney et al., 2013), suggesting that the absolute velocity 
of the overriding plate was not a significant factor in slab flatten-
ing in this case. Furthermore, a change in plate velocity fails to 
explain the southward trend in deformation, magmatism, and sed-
iment accumulation rates described above. Multiple studies have 
shown that the intersection between the Juan Fernandez Ridge and 
the Nazca Trench swept southward since ∼40 Ma (Bello-González 
et al., 2018; Hu et al., 2021). However, prior to 40 Ma, the in-
tersection migrated northward along the South American margin 
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Fig. 6. Cross-sections showing the southward younging of magmatic lulls and flare-ups, exhumation, and unconformity development. The upper panels show exhumation 
and unconformity development, whereas the lower panels show magmatism. Trends are 100% opaque on their respective panels. Magmatism is projected onto cross sections 
along 100 km-wide swaths. Due to their proximity, the exhumation record for cross sections 1 and 2 is the same. Magmatism in cross-section 3 from 50–30 Ma is localized 
at the Bolivia-Chile border (see Fig. 8b and c). The location of cross-sections is shown in Fig. 8. Basin data are from this study. Thermochronology data are from McBride 
et al. (1987), Benjamin et al. (1987), Farrar et al. (1988), Clark et al. (1990), Kontak et al. (1990), Andriessen and Reutter (1994), Maksaev and Zentilli (1999), Carrapa et al.
(2005, 2011, 2012, 2014), Deeken et al. (2006), Gillis et al. (2006), Scheuber et al. (2006), Ege et al. (2007), Barnes et al. (2008, 2012), McQuarrie et al. (2008), Wipf et al. 
(2008), Ruiz et al. (2009), Schildgen et al. (2009a), Gunnell et al. (2010), Juez-Larré et al. (2010), Eichelberger et al. (2013), Pearson et al. (2012), Perez and Horton (2014), 
Reiners et al. (2015), Anderson et al. (2018), Avdievitch et al. (2018), Henriquez et al. (2019; 2020), Perez and Levine (2020), Gérard et al. (2021a, 2021b) and Payrola et al. 
(2021). Magmatic data are from published data compiled by Pilger (2021). Compiled data are available in Supplemental Table 11.
due to its southward trending arm associated with migration of 
the Phoenix and Chazca plates over the Juan Fernandez Hotspot 
(Fig. 8). Nevertheless, there is no evidence for a northward migrat-
ing flat slab in the Paleocene–early Eocene. This suggests that the 
Juan Fernandez Ridge alone was insufficiently buoyant to drive slab 
flattening. Alternatively, plate models of the Manihiki Plateau sug-
gest that if it was formed at the Tongareva Triple junction (Larson 
et al., 2002) it may have had a conjugate which would have col-
lided with South America at the latitude of southern Peru at ∼ 55 
± 5 Ma (O’Driscoll et al., 2012) (Fig. 8). This coincides in timing 
and location with the initial observations of slab flattening, sug-
gesting that this larger feature may have been sufficiently buoyant 

Fig. 7. Time-space relationship among onset of exhumation of the Eastern Cordillera, 
resumption of rapid sediment accumulation in the Altiplano-Puna Basin, the onset 
of a magmatic flare-up, and the trajectory of the intersection between the Nazca 
Trench and southern margin of the Manihiki Plateau Conjugate and Juan Fernandez 
Ridge. The timing for basin records is from Fig. 3 and error bars are based on un-
certainties in calculated maximum depositional ages. The timing of exhumation in 
the Eastern Cordillera and timing of magmatic flare-up are from cross sections 2–5
in Fig. 6 and error bars are the larger of individual thermochronometric ages or the 
difference between individual thermochronometric ages and model ages. Error bars 
for the onset of magmatism were conservatively set at 3 Myr based on Fig. 6. Data 
for this figure are available in Supplemental Table 11.
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to drive slab flattening. As the slab angle decreased, the suction 
force due to mantle convection in the narrowing space would have 
increased. As a result, when the Manihiki Plateau Conjugate was 
fully subducted and the Juan Fernandez Ridge began its southward 
sweep at ∼40 Ma, flat subduction could have been maintained by 
the combined effects of ridge buoyancy and dynamic mantle suc-
tion (van Hunen et al., 2004) and would have migrated southward 
at the same pace as the Juan Fernandez Ridge (Fig. 8).

We therefore propose that the southward sweep in flat/shallow 
subduction was initiated by impingement of an anomalously thick 
oceanic plateau, such as a hypothetical Manihiki Plateau Conjugate, 
on the Nazca Trench (O’Driscoll et al., 2012). Plate reconstructions 
show that the proposed Manihiki Plateau Conjugate would have 
collided with South America in the Paleocene at the latitude of 
southern Peru (Fig. 8)(O’Driscoll et al., 2012) and subsequently the 
ridge/trench intersection would have migrated southward (Mar-
tinod et al., 2010; Bello-González et al., 2018; Hu et al., 2021). 
Hu et al. (2021) propose a similar southward migration of contrac-
tional deformation in response to southward migrating impinge-
ment of the buoyant Juan Fernandez Ridge on the Nazca Trench. 
The resumption of rapid sediment accumulation, initiation of a 
magmatic flare-up, and the initiation of contractional deformation 
in the Eastern Cordillera also migrate southward in lockstep with 
the Juan Fernandez Ridge intersection (Fig. 7). Increased coupling 
between the Nazca and South American plates due to sediment 
starvation in the trench alone is insufficient to account for the va-
riety of upper plate effects documented in this study (Lamb and 
Davis, 2003). Specifically, the resumption of rapid sediment accu-
mulation and magmatic flare-up, which occur 15–30 Myr after the 
impingement of the Juan Fernandez Ridge are difficult to attribute 
directly to the impact of enhanced interplate coupling. Southward 
slab flattening and resteepening in response to the southward 
sweep of the buoyant Juan Fernandez Ridge, however, provides a 
model that unifies all of the observations described above (Mar-
tinod et al., 2010).

Slab flattening caused an inboard jump in deformation from 
the Western Cordillera, seen in the timing of the onset of ex-
humation in the Eastern Cordillera (Fig. 6). The eastward jump 



J.E. Saylor, K.E. Sundell, N.D. Perez et al. Earth and Planetary Science Letters 606 (2023) 118050
Fig. 8. a-e) Proposed tectonic evolution of the Manihiki Plateau based on the plateau 
origin model of Larson et al. (2002) and plate reconstructions by Müller et al. 
(2019). f) Velocity of a point at 17◦S, 61◦W, in the modern South American fore-
land in a fixed mantle reference frame using the plate reconstruction of Müller et 
al. (2019). Plate reconstruction implemented using GPlates 2.3 with a fixed South 
America reference frame (Müller et al., 2018).

in deformation resulted in a transition in the tectonic setting of 
the Altiplano/Puna region from a retroarc foreland basin to a hin-
terland basin (e.g., DeCelles et al., 2011; Carrapa and DeCelles, 
2014). The model proposed herein predicts a variable lifespan of 
the retroarc foreland basin with a longer-lived foreland basin in 
the southern CAP than in the northern CAP due to southward slab 
flattening and migration of deformation into the Eastern Cordillera 
(Fig. 9), consistent with preservation of a forebulge unconformity 
at 23–26◦ (e.g., DeCelles et al., 2011). As seen with a southward 
migrating pulse of exhumation in the Western Cordillera in cen-
tral Peru which accompanied the southward sweep in the Nazca 
Ridge (George et al., 2022), the model proposed here also pre-
dicts a southward migrating pulse of exhumation in the Western 
Cordillera that would accompany southward slab flattening. At the 
same time, slab flattening caused a shut-down or lull in the mag-
matic arc and a transient period of dynamic and/or isostatic uplift 
over the slab (Eakin et al., 2014b; Dávila and Lithgow-Bertelloni, 
2015), resulting in formation of the observed Eocene unconfor-
mity or condensed section. Slab resteepening, potentially due to 
increased density following development of restite and/or eclogite, 
or because of crustal thickening in the overriding plate, occurred 
at progressively younger ages to the south and was accompanied 
by resumption of rapid sediment accumulation in the now hinter-
land Altiplano and Puna regions (Fig. 6). This southward migrating 
shallow subduction model suggests that emplacement of a flat slab 
beneath the CAP set the stage for plateau formation by focusing 
deformation on its eastern margin: it hydrated and weakened the 
Eastern Cordilleran crust and mantle lithosphere for later ductile 
lower crust deformation (Eichelberger et al., 2015; Garzione et al., 
2017). The time between initial Eastern Cordilleran deformation 
and resteepening of the slab indicated by the magmatic flare-up 
predicts that the initial 10–20 Myr of Eastern Cordilleran short-
ening is directly linked to slab processes. Subsequent shortening 
may have been facilitated by continued deformation along litho-
spheric weaknesses developed in the Eastern Cordillera in those 
10–20 Myr. The flat slab also thickened, hydrated, and weakened 
the CAP lithosphere (Humphreys, 2009), preparing it for subse-
quent delamination or convective removal inferred from younger 
sedimentary basin fill and in paleoaltimetry datasets (DeCelles et 
al., 2015b; Garzione et al., 2017; Sundell et al., 2019).

Progressive southward shallowing and resteepening of the 
slab accounts for several otherwise anomalous observations: the 
extreme CAP width, systematic magmatic waning followed by 
widespread magmatism, high-magnitude retroarc shortening, and 
anomalous basin subsidence. First, although the width of the CAP 
(Fig. 1) has been attributed to the presence of a thick Paleo-
zoic stratigraphic package in the region of the Eastern Cordillera 
between ∼15◦S and 23◦S (Allmendinger and Gubbels, 1996; Mc-
Quarrie, 2002), the zone of anomalous orogenic width extends 
both north and south of this zone (McGroder et al., 2015; Hor-
ton et al., 2022). In the model proposed above, the locus of initial 
Eastern Cordilleran deformation and hence the width of the CAP is 
explained by an increase in deviatoric stress in the crust overlying 
the hinge of a flat slab (Martinod et al., 2020), which may have re-
activated lithospheric anisotropies such as the Permo-Triassic Mitu 
rift (Perez et al., 2016) or margins of the Arequipa Terrane (Dor-
bath et al., 1993; Mamani et al., 2008; Ramos, 2018). Progressive 
southward flattening of the slab provides a holistic context for ob-
served southward decrease in cooling ages in the Eastern Cordillera 
(Fig. 6) and unifies previously proposed disparate episodes of slab 
flattening and steepening (Kay and Coira, 2009; Ramos, 2018). 
Second, slab flattening accounts for inboard migration of the mag-
matic arc at 50–45 Ma in southern Peru, the subsequent develop-
ment of a magmatic gap at 15–19◦S between 50 and 36 Ma (Fig. 3
and 4b), followed by diffuse volcanism in the Western Cordillera-
Altiplano between 16◦S and 26◦S from 36–31 Ma (Sandeman et 
9
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Fig. 9. Migration of the magmatic arc and 3D models of the evolution of the 
Altiplano-Puna flat slab through time.

al., 1995; Mamani et al., 2010; O’Driscoll et al., 2012) (Fig. 4c). 
This diffuse volcanism between 16◦S and 26◦S from 36–31 Ma 
suggests the presence of an asthenospheric wedge, implying that 
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the slab may not have been fully flat at these latitudes and that a 
thin, wide, asthenospheric wedge persisted beneath at least parts 
of the Altiplano. Slab flattening is also associated with hydration 
and weakening of the overriding mantle lithosphere. In addition to 
facilitating shortening while the flat slab is in place, this hydration 
serves to initiate the widespread magmatism observed following 
passage of the unconformity (Fig. 6) and facilitate a transition of 
the lower crust to eclogite (Austrheim, 1998). Following removing 
of the flat slab, widespread melting of hydrated mantle or lower 
crust generated additional dense restite (e.g., Kay and Coira, 2009
and references therein). These two events conditioned the CAP 
lithosphere for later development of one or more Rayleigh-Taylor 
instabilities (Beck et al., 2014; Ward et al., 2016), which removed 
dense lithospheric material and resulted in isostatic surface uplift, 
creating the extreme topographic elevations that currently char-
acterize the region (Garzione et al., 2017; Sundell et al., 2019; 
Göğüş et al., 2022). Third, slab flattening may have led to higher 
shortening in the upper plate via stronger coupling between the 
plates (Martinod et al., 2010; Horton, 2018b). Shortening was 
further enhanced by stratigraphic weaknesses introduced by the 
thick Bolivian Paleozoic stratigraphic wedge (Allmendinger and 
Gubbels, 1996; McQuarrie, 2002) and a hydration-weakened CAP 
lithosphere which accommodated westward transfer of crustal ma-
terial during Eastern Cordilleran shortening (Eichelberger et al., 
2015). The combination of flat subduction and inherited strati-
graphic weakness can account for shortening magnitudes between 
∼16◦S–24◦S that exceed regions to the north or south (Gotberg et 
al., 2010; Eichelberger and McQuarrie, 2015). Fourth, this region 
exhibits magnitudes of sediment accumulation both greater than 
and less than predicted from surface geology (Perez and Levine, 
2020; Runyon et al., 2021). The lateral transitions between flat and 
shallow subduction segments (Fig. 7), would introduce north-south 
variability in dynamic topography along the CAP (Gurnis, 1992). 
This may explain stratigraphic thicknesses that exceed or are less 
than accommodation predicted by flexure due to upper crustal (to-
pographic) loading alone (Perez and Levine, 2020; Runyon et al., 
2021).

5.4. Broader implications

The synthesis presented here demonstrates a southward-
younging unconformity spanning ∼14◦–26◦S that we attribute to 
reduced sediment accumulation during passage of a flat/shallow 
slab. Development of stratigraphic unconformities associated with 
flat subduction has been documented in other cordilleran settings, 
suggesting that it may constitute one element of a generalized 
model. For example, flat subduction also likely resulted in for-
mation of Campanian unconformities (the Moxa Unconformities, 
Rudolph et al., 2015) in the proximal retroarc foreland basin in the 
North American Cordillera (Saylor et al., 2020; Davis et al., 2022) 
via isostatic or dynamic uplift above the flat portion of the slab.

Impingement of a buoyant oceanic plateau at ∼14◦S followed 
by progressive southward slab flattening and resteepening also re-
solves conflicting histories of deformation and basin formation at 
∼23–26◦S. The conflict arises between models which invoke an ir-
regular progression of deformation (e.g., Strecker et al., 2011) and 
those which envision the development of the Puna plateau as the 
result of a progressive eastward propagating fold-thrust belt or de-
formation front and associated retroarc foreland basin (DeCelles et 
al., 2011; Carrapa et al., 2012). We suggest a synthesis in which 
the minor Eocene deformation in the Eastern Cordillera of the 
southern CAP indicated by partially reset Eocene zircon (U-Th)/He 
ages (Pearson et al., 2012) and minor Eocene exhumation identi-
fied in apatite fission track age models (Deeken et al., 2006) may 
be caused by far-field contractional stresses in the upper plate as-
sociated with slab flattening (Livaccari and Perry, 1993; Axen et al., 
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2018). However, following slab flattening and prior to arrival of the 
flat slab in the eastern Puna Plateau, deformation waned and the 
region was reincorporated into a regional retroarc foreland basin. 
This model of far-field deformation is similar to that proposed by 
Saylor et al. (2020) to account for Cenomanian–Turonian exhuma-
tion of basement-cored uplifts in the retroarc Laramide province 
of the North American cordillera (Carrapa et al., 2019) prior to 
its reincorporation into the regional foreland basin system. Lo-
calization of strain prior to arrival of the flat slab suggests that 
far-field contractional stresses deformed pre-existing lithospheric 
anisotropies in the Argentinian Eastern Cordillera and Montana 
Laramide province as predicted by geodynamic models (e.g., Axen 
et al., 2018). These similarities suggest that reactivation of litho-
spheric anisotropies in response to far field stresses is a common 
element during the initial stages of flat slab or shallow subduction.

6. Conclusion

The new detrital zircon maximum depositional ages presented 
herein document a southward migrating Eocene–early Miocene 
unconformity in Altiplano and Puna basins separating Paleogene–
Cretaceous retroarc foreland basin strata or pre-Upper Cretaceous 
pre-orogenic strata below from hinterland basin strata above. This 
unconformity occurs in early Eocene strata at ∼14-16◦S but in 
strata as young as Oligocene–early Miocene at ∼23–26◦S. Inverse 
and forward modelling of detrital zircon provenance data suggests 
Paleogene introduction of Eastern Cordilleran detritus between 
15◦S–18◦S. Modelling also indicates that the Eastern Cordillera 
became a significant contributor to Altiplano Basin strata at pro-
gressively younger ages to the south.

The southward migrating unconformity and introduction of 
Eastern Cordilleran detritus occurs in lockstep with southward mi-
gration of magmatic lulls, widening of the magmatic arc, and mi-
gration of deformation into the Eastern Cordillera. We propose 
that all of these features can be explained within a unified model 
invoking a southward migrating Paleogene-early Neogene flat/shal-
low slab. The timing, locus and pace of southward migration of ex-
humation, resumption of rapid sediment accumulation, and mag-
matic flare up is consistent with plate models of the impingement 
of a Manihiki Plateau Conjugate on the Nazca Trench, suggesting 
that it is responsible for initial slab flattening. Subsequent upper 
plate effects track the southward migration of the Juan Fernan-
dez Ridge, suggesting that this buoyant asperity coupled with en-
hanced dynamic mantle suction may have been responsible for 
maintaining flat slab subduction and its southward migration. The 
emplacement and removal of a flat slab identified by this multi-
disciplinary approach corresponds to the region of anomalously 
thick crust, high elevations, and extreme orogenic width that char-
acterizes the Central Andean Plateau.

We suggest that the central Andean crust was hydrated and 
weakened by the emplacement and removal of flat/shallow sub-
duction that facilitated subsequent high-magnitude crustal short-
ening, attendant crustal thickening, and defined the plateau width. 
Conditioning of the Andean crust via flat subduction provides a 
unified hypothesis for the development of the world’s largest non-
collisional plateau. As an analog for ancient plateaux in other 
cordilleran settings around the world, this conclusion suggests that 
plateau development in cordilleran settings is controlled by the 
impact of lower plate processes (slab angle), on upper plate pro-
cesses such as inherited crustal anisotropies and inherited strati-
graphic architecture.
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