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Abstract Cenozoic basin fill of the northern Altiplano plateau records the tectonic development of the
flanking Western Cordillera magmatic arc and Eastern Cordillera fold-thrust belt. The Ayaviri hinterland
basin of southern Peru contains a ~2300 m thick succession of fluvial sandstones and overbank siltstones
(upper Oligocene Puno Group and lower Miocene lower Tinajani Formation) capped by ~400m of alluvial fan
conglomerates (middle Miocene upper Tinajani Formation). New U-Pb zircon chronostratigraphic constraints
from ~30 to 15 Ma yield sediment accumulation rates of 110–660 m/Myr. Newly dated growth strata
highlight the genetic role played by thrust displacement in basin evolution. A several phase accumulation
history derived from chronostratigraphic, provenance, and structural data reveals Oligocene basin filling by
fluvial sand and mud that changes provenance fromWestern Cordillera Mesozoic-Cenozoic volcanic rocks to
Paleozoic-Mesozoic Eastern Cordillera sedimentary rocks driven by deformation along the southwest
directed, northeastern basin margin Ayaviri thrust at 28–26 Ma. Continued early Miocene fluvial deposition was
sourced solely from the Eastern Cordillera. An abrupt middle Miocene shift to coarse alluvial fan deposition
sourced from the Western Cordillera was driven by out-of-sequence deformation along the northeast directed,
southwestern basin margin Pasani thrust at 18–16 Ma. This northern Altiplano out-of-sequence deformation
was coincident with increased Eastern and Western Cordillera exhumation and thrusting and may be
symptomatic of changes in critical wedge dynamics. The overall record of basin sedimentation and
syndepositional fold-thrust deformation emphasizes the role of regional shortening in governing crustal
thickening and basin evolution in the central Andes during the Oligocene to Miocene.

1. Introduction

The mechanisms responsible for the evolution of long-lived sedimentary basins in hinterland settings of
convergent orogenic systems remain poorly constrained. Debate has centered on the establishment of
internal drainage, partitioning, and coalescence of basin depocenters, modes of syndepositional
deformation, and processes responsible for basin subsidence [Jordan and Alonso, 1987; Allmendinger et al.,
1997; Tapponnier et al., 2001; Sobel et al., 2003; Carroll et al., 2010; Horton, 2012]. For example, hinterland
basins of the Altiplano-Puna plateau have been variably interpreted as the product of thrust-related flexural
subsidence, sediment ponding within internally drained topographic lows, or subsidence driven by strike-slip
deformation [e.g., Sempere et al., 1990; Baby et al., 1990; Vandervoort et al., 1995; Rochat et al., 1999; Horton
et al., 2002; Elger et al., 2005; Rousse et al., 2005; Carlotto, 2013]. Successfully reconstructing the spatial and
temporal history of these basins in the context of convergent margin dynamics remains a challenge, yet
provides critical evidence for the history and style of deformation controlling the orogenic evolution of
elevated hinterland regions.

In the central Andes (Figure 1), the Altiplano plateau preserves a series of internally drained hinterland basins
in Bolivia and southern Peru containing up to ~12 km of synorogenic Cenozoic sediment [Horton et al., 2001,
2002; Carlotto, 2013]. These nonmarine hinterland basins are a key recorder of the tectonic processes that
controlled Altiplano development throughout the Cenozoic. Although unconformable relationships within
the stratigraphic record have long been used to propose multiple separate pulses of deformation with
intervening periods of quiescence [e.g., Steinmann, 1929; Megard et al., 1984; Ellison et al., 1989; Noblet et al.,
1996], most syntheses of available depositional records demonstrate continuous, long-lived subsidence and
sedimentation in the Cenozoic basins of the central Andean hinterland [Jordan and Alonso, 1987;
Allmendinger et al., 1997; Horton, 2012; Carlotto, 2013].
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Hinterland basins have also been used to define the history of surface uplift in the Altiplano. Significant
debate persists over the apparently heterogeneous and localized surface uplift events that postdate most
Andean shortening. Rapid uplift events have been proposed for the Altiplano of Bolivia (~10–6 Ma [Garzione
et al., 2006]), Eastern Cordillera of Bolivia (after 12–9 Ma [Barke and Lamb, 2006] and 24–15 Ma [Leier et al.,
2013]), and Western Cordillera of Peru (~19–16 Ma [Saylor and Horton, 2014]) based on paleoaltimetric and
canyon incision proxies. Many studies have called on foundering or delamination of continental lithosphere
as a potential mechanism to explain rapid high-magnitude surface uplift events throughout the central
Andes [Kay and Kay, 1993; Garzione et al., 2006; DeCelles et al., 2009], although some regions retain subcrustal
lithosphere [Beck and Zandt, 2002]. Improved records of upper crustal shortening are needed in localities with
accompanying paleoaltimetric studies to evaluate the links between the timing and magnitude of
deformation and the onset of surface uplift.

Key questions remain regarding the timing and style of deformation across the central Andes despite long-
lived depositional records. It remains unclear whether the central (Bolivian) and northern (Peruvian) Altiplano
structural systems are linked by a shared history of upper crustal deformation, including proposed major
phases of thrust and strike-slip faulting. Existing timing constraints from the Eastern Cordillera in Bolivia and
southern Peru suggest widespread Eocene cooling associated with advance of the deformation front [Farrar
et al., 1988; Barnes et al., 2006; Gillis et al., 2006;Murray et al., 2010; Leier et al., 2010;Mosolf et al., 2011]. In Peru,
the potential kinematic links between major structural features such as the Cordillera de Carabaya, central
Andean backthrust belt, and Altiplano bounding structures (Pasani and Ayaviri faults) remain poorly
constrained [Sempere et al., 1990; Sandeman et al., 1995; Carlotto, 2013]. Likewise, the potential broader links
between deformation, deposition, and variations in slab processes are not well resolved. Using depositional
and deformational records, some have argued for long-term Andean shortening that advanced
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Figure 1. Topographic map of the central Andes (after Garzione et al. [2014]) showing the southern Peruvian study area
(thick red outline, Figure 2; thick black outline, Figure 16), situated at the northern tip of Altiplano. Study area encom-
passes Altiplano, Eastern Cordillera, and Subandes.
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systematically toward the Amazonian craton [Noblet et al., 1996; DeCelles and Horton, 2003; McQuarrie et al.,
2005], in contrast with previous studies arguing for short discrete phases of deformation with long
intervening quiescent periods [e.g., Sébrier et al., 1988; Sempere et al., 1990]. Others have suggested that
shortening was spatially distributed for protracted periods of time, progressed irregularly or out of
sequence, potentially due to an inherited crustal framework [Oncken et al., 2006; Hongn et al., 2007;Mortimer
et al., 2007; Strecker et al., 2009]. Still, others have attributed major shortening events to punctuated shifts in
the dynamics of the subducting slab [Jordan et al., 1983; Sandeman et al., 1995; James and Sacks, 1999].
Regardless, shortening plays a key role in the construction of the Altiplano [Isacks, 1988]. Comparing the
shortening history of Peru and Bolivia will help assess whether deformation in the central Andes was part
of a widespread organized structural system or accommodated by a collection of independent
disconnected zones.

This study provides an improved record of northern Altiplano deposition from the Ayaviri basin and precise
age constraints on the timing and nature of Cenozoic upper crustal deformation in the Andean hinterland.
We use new sedimentological, structural, and geochronologic data sets to define the history of sediment
accumulation, timing and style of basin-controlling structures, and sedimentary response to changes in
Andean tectonics in southern Peru. Finally, we highlight important similarities in structure and basin style
spanning southern Peru and Bolivia, suggesting potential regional links between the deformation and
subsidence history across the Altiplano.

2. Geologic Background

The central Andean (Altiplano-Puna) plateau (Figure 1) spans the elevated hinterland regions of southern
Peru, Bolivia, and northern Argentina at an average elevation of ~3.7 km [Isacks, 1988; Allmendinger et al.,
1997]. This high topography is the result of long-lived crustal shortening along the convergent margin of
western South America [Coira et al., 1982], and crustal thickening may rely on magmatic addition [Kay and
Coira, 2009], removal of lower lithosphere [Beck and Zandt, 2002], or crustal flow [Husson and Sempere, 2003].
The central Andes have experienced the greatest shortening within the orogenic belt, with over 300 km of
margin-perpendicular shortening [Kley and Monaldi, 1998; McQuarrie, 2002]. Cenozoic hinterland basins
preserved within the Altiplano contain the sedimentary record of Andean orogenesis. The position of these
hinterland basins, situated between the volcanic arc (Western Cordillera) and retroarc fold-thrust belt (Eastern
Cordillera/Subandes), highlights their role as a major repository of the erosional products of Andean
volcanism and shortening (Figure 2).

The geologic history of southern Peru is highlighted by the main tectonic features defining the central
Andes at 13–15°S (Figure 2). The Western Cordillera has been the locus of significant, generally continuous
volcanic activity since the Late Cretaceous. The position of the magmatic arc has migrated across the
western margin throughout the Cenozoic, at times overlapping the northernmost Altiplano [Mamani et al.,
2010]. The Eastern Cordillera of southern Peru contains the central Andean backthrust belt defined by
generally southwest verging fold-thrust structures dominated by Cretaceous marine sandstones and
limestones [Sempere et al., 1990]. To the northeast of the backthrust belt is the Cordillera de Carabaya and
Cordillera Real in Bolivia, northwest striking ranges composed largely of Triassic and middle to late Cenozoic
igneous rocks [McBride et al., 1983; Farrar et al., 1988; Kontak et al., 1990; Sandeman et al., 1995]. Between the
backthrust belt and the Cordillera de Carabaya is a region of noncoaxially deformed, middle to upper
Paleozoic strata with fold and fault orientations that deviate from the regional tectonic strike of Andean
structures. These orientations have been attributed to probable late Paleozoic deformation [Mégard et al.,
1971; Laubacher, 1978; Dalmayrac et al., 1980; Clark et al., 1990] prior to Andean shortening and are
overlapped by a series of Miocene-Pliocene ash flow tuffs (the Macusani volcanic rocks) notable for their
magmatic andalusite, muscovite, and high Al2O3 [Laubacher, 1978; Pichavant et al., 1988; Sandeman et al.,
1995]. The southern Peruvian fore arc, Western Cordillera, and Eastern Cordillera have experienced
significant counterclockwise vertical axis rotations that accommodated oroclinal bending, suggesting that
strike-slip faulting, in addition to shortening, may have played a key role in central Andean tectonics [Rousse
et al., 2002, 2003; Gilder et al., 2003; Roperch et al., 2006].

Despite the unique position and large areal distribution of the Andean hinterland basins, the complete
Cenozoic history and structures controlling many of these basins remain unclear. Previous studies of
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Figure 2. Regional geologic map (after INGEMMET [1999], this study) across the Western Cordillera, Altiplano, Eastern
Cordillera (including the Cordillera de Carabaya and Backthrust belt), and Subandean Zone showing major thrust faults
and Ayaviri study area (black dashed box; Figure 3). Black stars with corresponding labels (listing depositional age and
stratigraphic unit) denote locations of five U-Pb detrital zircon samples from Mesozoic and Paleozoic units used to char-
acterize potential sediment sources for Cenozoic basin fill (Figure 9).
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hinterland basins in Bolivia [Horton et al.,
2001, 2002; Hampton and Horton, 2007;
Leier et al., 2010; Murray et al., 2010;
Horton, 2012] conclude that upper
crustal shortening largely dictated basin
genesis and the establishment of a
plateau morphology in the central
Altiplano. These studies posit that an
early foreland basin was partitioned into
a hinterland basin and subsequent
Subandean foreland basin during large-
scale eastward advance of deformation
[e.g., Roeder and Chamberlain, 1995;
DeCelles and Horton, 2003; McQuarrie
et al., 2005; Siks and Horton, 2011]. In
contrast, studies of Altiplano basins in
southern Peru suggest that Cenozoic
basin evolution was localized and
largely controlled by strike-slip faulting
[Carlotto, 2013].

The Ayaviri hinterland basin in southern
Peru occupies the narrow, northern tip
of the Altiplano, where the flanking
Eastern and Western Cordillera are in
close proximity (Figures 2 and 3). In
contrast to the north-south tectonic
strike defining most of the Andean
orogenic belt, the southern Peruvian
segment is defined by a northwest-
southeast strike, paralleling the
continental margin. The northwest
striking structures bounding the Ayaviri
basin also approximate the structural
boundaries between the Altiplano and
flanking Eastern Cordillera and Western
Cordillera. The northeastern and
southwestern basin margins are defined
by the Ayaviri and Pasani faults,

respectively. To the southwest of the Ayaviri basin, Cenozoic volcanic deposits limit exposures of the
underlying Mesozoic and Paleozoic succession to local isolated windows. To the northeast, Cenozoic
volcanic rocks are limited, with Eastern Cordillera exposures dominated by Paleozoic and Mesozoic
metasedimentary and sedimentary units.

The Ayaviri basin consists of >5–10 km of Cenozoic nonmarine clastic fill that unconformably overlie a
mixed marine and nonmarine section of deformed Cretaceous strata. A western zone near the towns
of Macari and Llalli preserves 3–6 km of mostly Paleogene deposits, whereas ~2700 m of the latest
Oligocene to Miocene deposits are preserved near the town of Ayaviri and in Tinajani Canyon
[LaTorre et al., 2004; Rodriguez et al., 1999]. Complex spatial and temporal variations in the Cenozoic
stratigraphic framework of southern Peru led Carlotto [2013] to refer to the Oligo-Miocene deposits
studied here as the Tinajani basin, in contrast to Rousse et al. [2005] who retain the Ayaviri basin
designation. Beneath the Cretaceous-Cenozoic cover is a panel of Paleozoic and Permo-Triassic rocks that
are proposed to have been deposited and deformed during multiple pre-Andean events [Newell, 1949;
Mégard et al., 1971; Laubacher, 1978; Martinez, 1980; Laubacher and Mégard, 1985; Sempere et al., 2002;
Jimenez et al., 2009].
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Figure 3. Simplified geologic map of the Ayaviri basin (after INGEMMET
[1999], this study) showing the principal stratigraphic units (same key as
Figure 2), the basin-bounding Ayaviri and Pasani thrusts, locations of
growth strata outcrops and accompanying photos (Figure 4), and locations
of measured sections (thick dashed gray lines with horizontal end caps).
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The Oligo-Miocene fill of the Ayaviri basin consists of ~2700 m of Puno Group and Tinajani Formation that are
dominated by sandstones, siltstones, and conglomerates with minor lacustrine carbonates. Previous Oligocene
to middle Miocene age constraints for the succession were based on dates from two volcanic horizons. The
lower volcanic interval has been referred to as the Monterino or Cerro Ocuro volcanic rocks dated between ~29
and 25 Ma [Bonhomme et al., 1985; Fornari et al., 2002]. Upsection, interbedded ignimbrites commonly referred
to as the Ocuviri tuffs were dated between 17.5 ± 0.6 and 17.3 ± 0.1 Ma [Flores and Rodriguez, 1999; Rodriguez
et al., 1999; Ibarra et al., 2004; Rousse et al., 2005; Carlotto, 2013]. Previous attempts to improve the Ayaviri basin
chronostratigraphy using magnetostratigraphic techniques were hampered by significant postdeformational
and recent magnetization [Rousse et al., 2005].

3. Basin Margin Structures

Previous and new mapping efforts for the Ayaviri basin and basin margin structures provide constraints
on major structural elements associated with basin evolution [Flores and Rodriguez, 1999; Rodriguez et al.,
1999; Ibarra et al., 2004; Carlotto et al., 2005; Rousse et al., 2005; Carlotto, 2013]. The northeastern basin margin
is defined by the northeast dipping Ayaviri fault, which is part of a larger system of faults known as both the
Urcos-Ayaviri-Copacabana-Coniri Fault System (SFUACC acronym in Spanish) [Sempere et al., 1990] or the
Cusco Vilcanota Fault System [Carlier et al., 2005] and can be traced ~350 km from southern Peru to Bolivia. It
forms the structural boundary between the Altiplano and the Eastern Cordillera backthrust belt. The fault
juxtaposes Middle Ordovician strata against Oligocene Puno Group. Bedding orientations from the ~5–6 km
thick panel of Ordovician through Devonian strata in the northeast fault block dip approximately 40–45° to
the northeast, suggesting that the fault dips similarly to the northeast for several tens of kilometers along
strike. Along strike, variable Paleozoic units in the northeastern hanging wall block are juxtaposed against
the Oligocene Puno Group in the footwall of the Ayaviri fault. The largest stratigraphic separation of
approximately 7 km is observed north of the town of Ayaviri. Along strike to the northwest, the stratigraphic
separation decreases to approximately 3 km, where the Permian Mitu Group is juxtaposed against the
Oligocene Puno Group. The southwestern basin margin is defined by the southwest dipping Pasani fault that
places the Cretaceous Ayavacas Formation on the middle Miocene upper Tinajani Formation. The
northwestern trace of the Pasani fault strikes northwest-southeast, but the fault changes along strike to a
west-northwest/east-southeast orientation. Much of the southwestern hanging wall block of the Pasani
fault is covered by Neogene volcanic and hypabyssal intrusive rocks. However, local exposures of Oligocene
Puno Group below the volcanic cover demonstrate an anticline trending parallel to the trace of the Pasani
fault in the hanging wall. Local exposures of Cretaceous Ayavacas Formation beneath the Neogene volcanic
cover suggests that fault separation is approximately 4–5 km.

Both faults are associated with significant footwall growth synclines that parallel the fault trace for tens of
kilometers. The Ayaviri fault exhibits a flat on ramp cutoff relationship, with northeast dipping Paleozoic rocks
thrust onto a footwall syncline composed of southwest dipping, and locally overturned northeast dipping,
strata of the Oligocene Puno Group. The folded Puno strata are consistently observed in the footwall of the
Ayaviri fault for more than 45 km along strike. Fault cutoff relationships show a systematic decrease from
7 to 3 km of stratigraphic separation from southeast to northwest along strike of the Ayaviri fault, fromMiddle
Ordovician strata to Permian strata thrust onto Oligocene strata, suggesting decreasing thrust displacement
along strike and/or the presence of a lateral ramp at depth. Hanging wall cutoffs for the Ayaviri fault have
been eroded. The Pasani fault exhibits a ramp on ramp cutoff relationship with 4–5 km of stratigraphic
separation and a hanging wall anticline preserved in Oligocene Puno Group strata exposed beneath a
Neogene volcanic cover. The footwall syncline and growth relationships persist for more than 30 km along
strike on the Pasani fault.

On the southwestern side of the Ayaviri fault (northeast basin margin), coarse sandstones and siltstones of
the Oligocene Puno Group have fanning stratal dip values that are characteristic of growth strata [Shaw et al.,
2004] (Figure 4). Individual beds of the stratigraphically lower pregrowth strata have the steepest dips
ranging between 54° overturned to the northeast and 71° upright to the southwest. Each bed has laterally
consistent dips along strike. In contrast, overlying beds within the growth strata panel have dips that range
between 60 and 8° upright to the southwest. Along the northeastern side of the Pasani fault (southwest basin
margin), cobble conglomerates of the middle Miocene upper Tinajani Formation preserve similar fanning

Tectonics 10.1002/2014TC003647

PEREZ AND HORTON ©2015. American Geophysical Union. All Rights Reserved. 1824



a)

b)

c)

Figure 4. Three examples of growth strata preserved along the (a, b) Ayaviri fault and (c) Pasani fault. Ages fromU-Pb zircon
analyses of tuff or youngest detrital zircon population. Red symbols are sample locations.
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dips. Individual beds within the pregrowth strata panel have laterally consistent dips that may vary between
70 and 40° upright to the northeast. Individual beds within the growth strata panel preserve dips that
progressively vary between approximately 55° upright to the northeast and 5° upright to the southwest.
Individual beds within both the Ayaviri and Pasani fault growth strata panels preserve progressive variation in
dip over a lateral distance of a few hundred meters. Both sets of growth strata display upsection decreases
in bedding dip and increased bedding flatness. The range of stratal dip variation is comparable to growth
strata observed in the Pyrenees [Riba, 1976; Anadón et al., 1986; Ford et al., 1997].

Distinctive panels of recessive facies bounded by resistant sandstone beds within the growth strata along the
Ayaviri fault can be traced laterally and consistently show thicknesses that increase away from the fault
(Figure 4). Increases of the thickness of individual resistant sandstone beds are less apparent. The updip
terminations of these recessive intervals may be truncated by an unconformity between the overlying and
underlying resistant sandstone bed but are more often not observed due to erosion. Lateral thickness
variations within the growth strata along the Pasani fault are difficult to observe within a single bed but are
observed within intervals of cliff forming conglomerates and the intervening recessive units.

Multiple internal angular unconformities are associated with the footwall growth strata preserved along the
Ayaviri and Pasani faults (Figure 4). Both growth strata locations along the Ayaviri fault (Figure 3) preserve
one principal unconformity and multiple minor unconformities [Ford et al., 1997; Aschoff and Schmitt, 2008].
The principal unconformity separates two stratigraphic units characterized by different geometries. The
stratigraphically lower interval below the principal unconformity preserves dominantly tabular beds that
have laterally consistent near-vertical dips and show no obvious internal angular unconformities. These are
interpreted as pregrowth strata. The stratigraphically higher interval above the principal unconformity
preserves beds that contain internal minor unconformities and represent growth strata. Angular variation
across the principal unconformity varies between approximately 15° and 30°. The minor unconformities
within the upper interval are dominantly low-angle (<5°) offlap relationships. Growth strata along the Pasani
fault does not preserve a principal unconformity, and internal angular unconformities are rarely observed,
potentially because of the coarse cobble conglomerates and thick bedding. The minor unconformities that
are observed are less than approximately 10°.

The bedding geometries and angular unconformities within growth strata have been used to infer relative
rates of uplift and sediment accumulation during active uplift and deformation of a structure as well as the
style of fault or fold deformation. The prevalence of offlap geometries and a major unconformity with
moderate angular discordance observed in growth strata along the Ayaviri fault is consistent with models
suggesting that the relative rate of uplift in the hanging wall of the Ayaviri fault was greater than the
sediment accumulation rate during the late Oligocene [Anadòn et al., 1986; Burbank and Verges, 1994]. In
contrast to the Ayaviri fault, the paucity of internal unconformities but prominent upsection decrease in
bedding dip preserved in the growth strata along the Pasani fault may indicate that sediment accumulation
rate outpaced local uplift of the hanging wall during the middle Miocene [Aschoff and Schmitt, 2008]. The lack
of discrete dip domains within the growth strata panels along the Ayaviri and Pasani faults and the clear
progressive dip variation along strike within individual beds suggests progressive limb rotation, rather than
kink-band migration, was the dominant folding mechanism [Suppe et al., 1992; Zapata and Allmendinger,
1996]. The geometries preserved in the growth strata along both faults are similar to models of fault
propagation and trishear deformation [Erslev, 1991; Ford et al., 1997].

4. Depositional Systems

The ~2700 m thick Oligocene-Miocene Puno Group and lower/upper Tinajani Formations [Carlotto, 2013]
preserved in the Ayaviri basin (Figure 5) [Flores and Rodriguez, 1999; Rousse et al., 2005] can be summarized as
follows. The lower ~2300 m (Puno Group and lower Tinajani Formation) is interpreted as deposits of a
sand-dominated braided and meandering fluvial system, characterized by high width to thickness ratios. The
upper ~400 m (upper Tinajani Formation) is characterized by an abrupt change to thick pebble-boulder
conglomerates representing sheetflood, debris flow, and streamflow deposition on an alluvial fan. Below are
summaries of the key lithofacies, lithofacies assemblages, and interpreted depositional environments
(Figures 6a–6j and Table 1). Despite changes in provenance and depositional environments, many of the
deposits exhibit sheet-like geometries characteristic of other Altiplano basins [Hampton and Horton, 2007].
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Figure 5. Composite-measured section showing lithofacies and sedimentary structures of the Ayaviri basin. The lower interval (section 1, Puno Group) disconform-
ably overlies the Cretaceous Muni Formation east of Ayaviri. The upper interval (section 2, lower and upper Tinajani Formations) is conformable with underlying Puno
Group, correlated by the trachybasalt flow.
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a) b)

c)

d)

e) f)

burrowed 
sandstone

silicification

white micritic 
  limestone

Figure 6. Photos of lithofacies and stratigraphic units from the lower ~2300m sandstone-dominated section (Puno Group–lower Tinajani Formation, photos a–f ) and
upper ~400m conglomeratic section (upper Tinajani Formation, photos g–j) of the Ayaviri basin. (a) Cross-stratified, medium- to coarse-grained lenticular sandstones
interpreted as braided channel fill. Pens for scale. (b) Interbedded medium sandstones (white outline) and siltstones representing overbank deposits. Hammer for
scale. (c) Planar cross-stratified fine- to medium-grained sandstones filling. (d) Anastomosing sandstone channels encased in fine siltstone. (e) Lacustrine deposits
with gradational contact between red-brown burrowed sandstone below and white micritic limestone, separated by discontinuous chert. (f ) Fossils preserved
in limestone. (g) Cross-bedded coarse sandstone and pebble-boulder conglomerate interpreted as deposits in an alluvial fan setting. Person for scale. (h) Clast-
supported pebble-boulder conglomerates from surging debris flow deposits. Note the sharp nonerosional base (white line) and multiple fining and coarsening
upward cycles (denoted by white triangles). Jacob staff divisions are 10 cm. (i) Laterally continuous pebble-boulder conglomerate and coarse sandstone beds
interpreted as sheetflood deposits on an alluvial fan. Person for scale. (j) Laterally continuous conglomerate and sandstone sheets of the upper Tinajani Formation
exposed in Tinajani Canyon. For scale, river elevation ~3950 m, ridgetop elevation ~ 4210 m.
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4.1. Lower Section: Fluvial Channel and Floodplain Deposits

The lower ~2300 m is composed of numerous ~1–10 m thick upward fining intervals. Sandstones are typically
tabular and laterally widespread (tens to hundreds of meters), with minor lenticular sandstones. Fine-grained
intervals are poorly exposed, with limited carbonates and paleosol horizons. This lower section is interpreted to
be deposited in a sand-dominated braided fluvial system transitioning upsection to isolated anastomosing
channels with localized carbonate-producing lakes developed in overbank settings. The lower section also

g)

h)

i)

j)

sandstone sheets

conglomerate lens
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Figure 6. (continued)
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preserves growth strata (~750–1050 m level) associated with motion along the southwest directed Ayaviri
backthrust (Figures 4a and 4b).
4.1.1. Tabular Sandstones (S1)
Tabular medium- to coarse-grained sandstones are common throughout the lower section. The
subhorizontal to low-angle (<10°) stratified beds are 0.5–2 m thick, persist laterally for hundreds of meters
and gradually taper and pinch out. These sheet sandstones often appear structureless but may contain planar
or trough-cross laminations. Isolated and dispersed pebbles suggest dominantly sand with minor gravel
bed load. Most sandstone packages lack significant basal scour and often fine upward. We interpret these
laterally persistent, often structureless sandstones as longitudinal bars.Miall [1977] suggested that sediment
transport in structureless braided fluvial bars occurred in planar sheets possibly at high flow regime. Overall,
these tabular, sheet-like sandstones with high width to depth ratios are interpreted as braided fluvial deposits
[Smith, 1974; Miall, 1977; Rust, 1978].
4.1.2. Lenticular Sandstones (S2)
Lenticular medium- to coarse-grained sandstones are less common but associated with the laterally
persistent tabular sandstones described above. They are ~0.5–1 m thick, well-bedded, with planar to
trough-cross stratification, lenticular profiles, and scoured bases with occasional basal pebble lags. The lack
of lateral accretion surfaces and presence of lenticular geometries are consistent with channel fill in a
braided fluvial system (Figure 6a) [Miall, 1977].
4.1.3. Interbedded Mudstones and Sandstones (F1)
Thinly interbedded mudstones and sandstones are common, occurring in ~0.5–10 m packages that are often
poorly exposed and likely constitute most of the measured covered intervals. Where well exposed, the
siltstones and mudstones showmillimeter- to centimeter-scale planar and ripple-cross laminations with mud
drapes, minor bioturbation, andminor small-scale soft-sediment deformation. Interbedded are thin (<0.2 m),
lenticular, structureless, planar, and ripple laminated sandstones. Within the slope-forming mudstone
intervals are 10 to 100 cm beds of massive carbonate mudstone and possible pedogenic horizons defined by

Table 1. Facies Association and Interpretations for the Puno Group, Lower, and Upper Tinajani Formations

Facies Association Lithofacies Description Interpretation

F1: Thinly interbedded mudstone,
fine sandstone

Fl Structureless, planar laminated, ripple-cross
laminated, minor bioturbation, and soft sediment
deformation; contains C1, S3

Fluvial overbank floodplain deposition

S1: Tabular medium, coarse sandstone Sh, Sl, Sm, Sp, St Structureless, subhorizontal, low-angle stratified
sheet-like sandstone; lack scour; fine upward;
isolated, dispersed pebbles; 0.5–2 m thick

Sandy braided river plain

S2: Lenticular medium, coarse sandstone Sp, St, Ss, Gt Associated with S1 facies; planar, trough-cross
stratified sandstones; minor scouring; occasional
basal pebble lag; lenticular profile; <1 m thick

Sandy channel fill with pebble lags in
braided river

S3: Lenticular fine-medium sandstone Sp Lenticular, planar-cross stratified sandstone;
encased in F1

Anastomosing river

S4: Cross-stratified coarse sandstone,
pebble conglomerate

St, Gt, Sp, Gp Well-organized trough-cross stratified coarse
sandstone; pebble lag common; sharp base, top;
1–2 m scouring; lateral interfingering with G3

Coarse channel fill on alluvial fan

G1: Cross-stratified pebble conglomerates Gp >1 m tall planar-cross strata, lenticular profile
contained within facies S1

Pebbly main channel fill in braided river

G2: Poorly bedded conglomerates Gms, Gm Disorganized; thickly bedded > 5 m; elevated
coarse clasts at bed tops; diffuse or sharp
bedding contacts; basal reverse grading; mostly
no grain size trends; sometimes multiple
upward coarsening, fining 5–10 cm cycles;

Surging debris flow on alluvial fan

G3: Sheet-like conglomerates
and sandstones

Gm, Gh, Sh Structureless, planar laminated, horizontally stratified
thick sandstone, conglomerate couplet sheets;
may fine or coarsen up; rare clast imbrication

Sheetflood on alluvial fan

C1: Thin carbonate, pedogenically
altered sandstone

C, P, Fr Bioturbated red marl grading upsection to
structureless white micritic limestone; sharp-based
carbonates interbedded with siltstones
containing carbonated nodules

Ponded lacustrine and subaerially
exposed floodplain
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small calcrete nodule development, color mottling, and faint thin vertical features interpreted as possible
root traces. Collectively, these intervals are interpreted as overbank deposits in broad fluvial floodplains with
associated short-term lacustrine environments [Miall, 1977, 1978].
4.1.4. Carbonates (C1)
Thin carbonate and pedogenically altered sandstones are laterally restricted to less than a few hundred meters
and commonly thinner than 1 m. They are preserved in association with overbank deposits. Carbonates lack
lamination. Those with sharp bases are tabular in shape and found above fine sandstone and siltstones.
Other carbonates may have diffuse bases, gradationally transitioning vertically over ~1 m thickness from
structureless red-brown marly sandstone to pure carbonate (Figure 6e). Carbonates and associated sandstones
may preserve thin, faint, lightly colored traces interpreted as bioturbation (Figure 6e, inset). The change from
underlying burrowed red-brown sandstone below towhitemicritic limestone abovemay have a discontinuous,
bedding parallel thin nodular chert layer. Platt [1989] interpreted similar deposits as ponded lacustrine
environments in a distal floodplain. Silicification is interpreted as evidence for evaporative conditions.
Carbonates are generally fossil poor macroscopically but preserve rare twigs (Figure 6f). Some structureless
fine sandstones and siltstones within overbank deposits preserve mottled textures and vertically elongated
carbonate nodules [Leeder, 1975; Nijman and Puigdefabregas, 1978]. These are interpreted as rhysoliths, and
the lack of bedding is interpreted as a result of bioturbation. These zones themselves are interpreted as
pedogenically altered, suggesting incipient soil formation and subaerial exposure. We interpret these beds
as lacustrine deposits and pedogenic zones that developed in fluvial overbank and floodplain environments
that experienced subaerial exposure and periodic inundation [Miall, 1978; Platt, 1989].
4.1.5. Isolated Lenticular Sandstones (S3)
Lenticular medium-grained sandstones are distinguished from the aforementioned lenticular sandstone
facies by their isolated occurrence within siltstone-dominated intervals rather than an association with sheet-
like sandstone bodies and the presence of numerous 10–30 cm thick cross stratification. These lenticular
sandstones are typically observed near the top of the lower Tinajani Formation. The macroform of these
sandstones encased in fine-grained intervals at first suggests isolated meandering channel bodies. However,
the numerous inclined surfaces are different from the epsilon-shaped cross stratification typical of
meandering streams [Puigdefabregas and Van Vliet, 1978]. These isolated channel bodies appear to have filled
by dune migration, where the channels remained stationary until they were completely filled. We interpret
these stationary channels lacking the hallmarks of meandering rivers as anastomosing rivers [Nadon, 1991;
Hampton and Horton, 2007] (Figures 6c and 6d).
4.1.6. Lenticular Pebble Conglomerates (G1)
Cross-stratified pebble conglomerates are confined to the Puno Group at the base of the section. Pebbles are
well rounded and commonly well organized along >1 m tall planar cross strata. They are lenticular in profile
and interbedded or contained within the coarse-grained tabular sandstones facies (S1). Large-scale cross
stratification suggests the passage of coarse gravel bars. We interpret these deposits as main channel body fill
within a braided fluvial network [Miall, 1977, 1978].

4.2. Upper Section: Alluvial Fan Deposits

The ~400 m upper Tinajani Formation, exposed in Tinajani Canyon, contains substantially coarser material,
including thick-bedded (1–5 m) cobble to boulder conglomerates interpreted as alluvial fan deposits. This
upper interval preserves growth strata (~2300–2500 m level) associated with motion along the northeast
directed Pasani fault.
4.2.1. Sheet-Like Sandstones (S4)
Cross-bedded coarse-grained sandstones and pebble conglomerates are well organized, with cross
beds defined by pebble-cobble lags. Packages are well stratified with generally sharp bases and tops.
Cross beds can be > 1 m tall. Packages generally exhibit > 1 m of scouring into underlying strata.
Laterally, these deposits interfinger with planar-laminated or structureless thickly bedded sandstones
and conglomerates with sheet-like geometries. These deposits are interpreted as incised channels filled
with pebble lags on an alluvial fan (Figure 6g) [Puigdefabregas and Van Vliet, 1978; Blair and
McPherson, 1994].
4.2.2. Disorganized Conglomerates (G2)
Disorganized, poorly bedded pebble-boulder conglomerates occur throughout the upper succession. Beds
up to ~5 m thick may be either clast or matrix supported, with the largest clasts sometimes protruding
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above the upper bed surfaces. Clasts
are often poorly sorted, except along
sharp basal contacts with limited or
no scour that express thin zones of
reverse grading and localized shear
[Nemec and Steel, 1984]. Diffuse
bedding contacts are common. Some
individual packages contain multiple
upward coarsening and fining cycles,
suggesting amalgamation of multiple
depositional events. Most show no grain
size trend, but somemay fine or coarsen
upward. This facies is interpreted as
debris flow deposits on a alluvial fan,
with surging debris flows recording brief
alternating periods of waning and
intensified flow evidenced by multiple
upward fining and coarsening variations
in a single package (Figure 6h) [Nemec
and Steel, 1984; Blair and McPherson,
1994; Hartley et al., 2005].
4.2.3. Sheet-Like
Conglomerates (G3)
Sheet-like pebble-boulder
conglomerates and coarse-grained
sandstones occur throughout the
upper succession and are distinguished
by their large lateral extent over 1000
m. They are up to ~5 m thick and are
better organized than the
aforementioned debris flow deposits
and contain rare clast imbrication.
Upper and lower bed contacts are
commonly irregular and scoured with
common internal horizontal
stratification, although faint and poorly
developed. The beds exhibit limited
internal sorting and either fine or
coarsen upward. Conglomeratic lenses
within the larger sandstone sheets tend
to display better developed cross
bedding than surrounding beds [Wells,
1984]. These are similar to the gravel-
sandstone couplets of Blair and
McPherson [1994] and Hartley et al.
[2005] interpreted as sheetflood
deposits typical of alluvial fan
environments (Figures 6i and 6j). These
better organized conglomerates can be
found in close association with the
disorganized conglomerate (G2) facies,
suggesting coexisting or alternating
events of stream and debris
flow processes.

Figure 7. Clast count stations results. Note the change in clast composition
between the lower and upper Tinajani Formation.
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5. Sediment Provenance
5.1. Conglomerate Clast Compositions and Paleocurrents

Conglomerate clasts were counted at 19 stratigraphic levels
throughout the upper ~1700 m of section (Figure 7). At lower levels,
only two horizons in the lower Tinajani Formation contained
sufficiently large clasts to identify clast lithologies. Both clast counts
are dominated by sandstone, chert, siltstone, and quartzite
lithologies, with only one volcanic clast observed. These lithologies
are commonly observed in the Paleozoic succession exposed in the
hanging wall of the Ayaviri thrust and other Paleozoic and Mesozoic
units exposed in the Eastern Cordillera. Other isolated clasts or
conglomeratic pebble lags observed throughout the section
matched these clast count stations but lacked sufficient clasts (n <

100) for a station. Paleocurrent measurements, although limited,
show that the lower ~2.3 km of section (Puno Group and lower
Tinajani Formation) had generally southwest directed paleoflow.

At higher levels, 17 clast counts for the conglomeratic upper
Tinajani Formation (Figure 7) reveal a mix of extrusive, intrusive,
limestone, and sedimentary rock clasts, in marked contrast to clast
compositions of lower stratigraphic levels. Although no significant
upsection trends are observed within the upper Tinajani
Formation clast compositions, the igneous clasts are common
throughout the Western Cordillera, and a local source of carbonate
is present in mapped Cretaceous rocks in the proximal hanging
wall of the Pasani thrust. The upper Tinajani Formation had very
limited paleoflow indicators, but data suggest transport directed
toward the north-northeast. Therefore, we interpret the upper
Tinajani Formation shift in clast composition as evidence for a shift
from Eastern Cordillera provenance to a dominant sediment
source in the Western Cordillera.

The clast count and paleocurrent data suggest that the lower ~2.3 km
of section was sourced from the Eastern Cordillera and transported
generally toward the southwest. In contrast, the ~400 m upper
Tinajani Formation conglomerates and paleocurrents suggest that
sediment was sourced from the immediate Pasani fault hanging wall
and Western Cordillera and transported generally toward the north.

5.2. Sandstone Petrographic Compositions

Fourteen petrographic thin section samples were analyzed using
the Gazzi-Dickinson point-counting method to characterize the
framework grain assemblage variability throughout the succession
[Dickinson and Suczek, 1979]. Thin sections were stained for
potassium and calcium feldspars. At least 300 sand grains
(>0.0625 mm) per sample were counted.

Figure 8 shows the point count results for all 14 samples from the succession. Results are summarized in Table 2
and in three ternary diagrams: Q-F-L (total quartz, feldspar, and lithic grains; Figure 8a), Qm-P-K (monocrystalline
quartz, calcium plagioclase, and potassium feldspar; Figure 8b), and Qp-Lv-Ls, (polycrystalline quartz, volcanic
lithics, and sedimentary lithics; Figure 8c) (all diagrams after Dickinson and Suczek [1979]). Photomicrographs of
the various observed lithic fragments are presented in the repository (Figure S1 in the supporting information).
Results are shown for both individual samples and the average composition of each the Puno Group, lower
Tinajani Formation, and upper Tinajani Formation. The average Puno Group composition (Q13F46L41) is
dominated by generally equal contributions of feldspars and lithic fragments, with subordinate quartz
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Figure 8. (a–c) Point count results from 14
thin sections from the Ayaviri basin.
Provenance results reveal an upsection
trend from transitional arc to recycled oro-
genic to dissected arc sources for the Puno
Group, lower Tinajani Formation, and upper
Tinajani Formation, respectively.
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contributions, consistent with erosion of a transitional arc source. The average lower Tinajani Formation
composition (Q50F13L37) is consistent with a recycled orogenic source. It is typified by decreased contributions
from feldspars. Quartz and lithic fragment content varies considerably throughout this formation, with
compositions spanning recycled orogenic and arc sources. The average composition of the upper Tinajani
Formation (Q37F22L41) has a lithic fragment contribution similar to the Puno Group, yet has higher quartz
contributions and lower feldspar contributions than the Puno Group. Sandstone compositions from the upper
Tinajani Formation suggest erosion of a dissected arc.

6. U-Pb Geochronology
6.1. Methods

Zircon U-Pb results are presented for 23 samples to constrain both maximum depositional ages and
sediment provenance, including 10 Cenozoic sandstones, eight volcanic tuffs from the Ayaviri basin and
five Paleozoic-Mesozoic sandstones from the adjacent Eastern Cordillera. After crushing, water table, heavy
liquid, and magnetic separation of zircon grains from the sandstones and tuffs, U-Pb geochronologic laser-
ablation-multicollector inductively coupled plasma mass–spectrometry (LA-MC-ICPMS) analyses were
conducted at the University of Arizona LaserChron center [Gehrels, 2000; Gehrels et al., 2008].

Approximately 120 individual zircon grains ranging between 30 and 100 μm were randomly analyzed from
each sandstone sample. Parts of grains with cracks or inclusions were not ablated. Sri Lankan zircon crystals
with a known age of 564 ± 4 Ma (2σ error) were used as standards every fifth measurement to correct for
intraelement and interelement fractionation. Resulting uncertainties were commonly 1–2% (2σ error) for
both 206Pb/238U and 206Pb/207Pb ages. Additional details regarding methods for conducting analyses are
presented by Gehrels et al. [2008]. Reported ages represent 206Pb/238U ages for zircon grains younger than
1000 Ma and 206Pb/207Pb ages for zircon grains older than 1000 Ma. Grain analyses with >30% discordance,
>5% reverse discordance, or >10% uncertainty were discarded from further evaluation and interpretation.

6.2. U-Pb Detrital Zircon Provenance
6.2.1. Potential Zircon Sources
To characterize the potential detrital contributions from the Eastern Cordillera, we conducted LA-MC-ICPMS
analyses of detrital zircon grains from five new sandstone samples representing Ordovician, Carboniferous,
Permo-Triassic, and Cretaceous units (Figure 9). Although several key U-Pb age populations allow discrimination
of potential zircon sources, other populations are nondiagnostic, as they are shared by multiple samples
(e.g., ~1000 Ma Sunsas/Grenville), suggesting long-lived zircon grains and protracted sediment recycling
throughout the Phanerozoic. Key age populations are highlighted: Cratonic (1500–2500 Ma), Sunsas/Grenville
(900–1200 Ma), Pampean-Braziliano (500–700 Ma), Famatinian (400–500 Ma), Permo-Triassic (200–300 Ma),
and Eocene-Cretaceous (50–150 Ma). Cratonic, Sunsas/Grenville, and Famatinian age populations are found
in all samples. Famatinian zircons are found in all samples except the Ordovician San Gaban Formation (TC054).

Table 2. Thin Section Point Count Data for 14 Samples From the Ayaviri Basin

Sample Unit

Q F L % Qm F Lt % Qm P K % Qp Lv Ls %

Q F L Qm F Lt Qm P K Qp Lv Ls

220510-03 Puno Group 12.27 47.58 40.15 12.27 47.58 40.15 20.50 77.02 2.48 0.00 94.39 5.61
220510-07 Puno Group 13.86 52.81 33.33 12.55 53.61 33.84 18.97 81.03 0.00 4.35 95.65 0.00
220510-08 Puno Group 3.64 54.64 41.72 3.64 54.64 41.72 6.25 93.75 0.00 0.00 100.00 0.00
220510-10 Puno Group 10.10 38.76 51.14 9.21 39.14 51.64 19.05 70.75 10.20 1.90 98.10 0.00
220510-11 Puno Group 25.66 34.21 40.13 25.17 34.44 40.40 42.22 48.33 9.44 1.65 96.69 1.65
240510-05 lower Tinajani Formation 14.11 23.93 61.96 13.58 24.07 62.35 36.07 14.75 49.18 1.01 95.96 3.03
TC034 lower Tinajani Formation 39.21 15.20 45.59 35.90 16.03 48.08 69.14 25.93 4.94 12.06 75.18 12.77
240510-08 lower Tinajani Formation 83.16 3.70 13.13 80.69 4.25 15.06 95.00 0.91 4.09 53.52 23.94 22.54
TC038 lower Tinajani Formation 30.37 22.39 47.24 28.84 22.88 48.28 55.76 33.33 10.91 4.38 93.13 2.50
240510-10 lower Tinajani Formation 73.31 3.72 22.97 68.53 4.38 27.09 93.99 3.83 2.19 57.69 26.92 15.38
TC045 lower Tinajani Formation 61.65 10.03 28.32 59.88 10.49 29.63 85.09 12.28 2.63 15.31 73.47 11.22
240510-13 upper Tinajani Formation 52.92 13.50 33.58 50.57 14.18 35.25 78.11 1.78 20.12 12.62 80.58 6.80
TC072 upper Tinajani Formation 29.50 30.75 39.75 29.28 30.84 39.88 48.70 38.86 12.44 0.79 99.21 0.00
TC076 upper Tinajani Formation 30.21 20.83 48.96 27.96 21.51 50.54 56.52 30.43 13.04 6.08 69.59 24.32
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Permo-Triassic zircons are found in the Permo-Triassic and both Cretaceous samples (NPDZP006, NPDZP003, and
NPPR12-25). Cretaceous zircon populations are relatively rare in the source samples from the Eastern Cordillera,
with n=3 Cretaceous zircons for Cretaceous sample NPDZP003 and none for Cretaceous sample NPPR12-25.
6.2.2. Cenozoic Basin-Fill Samples
U-Pb results are presented for 10 Cenozoic sandstone samples from the Ayaviri basin (Figure 10). See Figure S2
for these samples displayed as kernel density estimation plots [Vermeesch, 2012]. The five lowest samples
include NPPR12-20 from the base of the measured section (Figure 5), and four overlying samples (220510-07,
220510-08, 220510-10, and 220510-11) collected ~26 km along strike north of Ayaviri in growth strata along the
Ayaviri back thrust (Figure 4). Stratigraphically above the trachybasalt flow at Cerro Ocuro (1372 m level in
measured section, Figure 5; sample TC052 in Figure 11) are the upper five samples (240510-05, 240510-08,
240510-10, 240510-13, and TC076).

All of the Cenozoic sandstone samples contain contributions from Phanerozoic and Proterozoic zircon
populations. Because samples 220510-07 and 220510-08 are dominated by Cenozoic zircons (n > 70) and
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Figure 9. U-Pb age histograms (black bars) and probability density functions (black curves) depicting detrital zircon geo-
chronologic results for five pre-Cenozoic sandstone samples from the Eastern Cordillera of southern Peru. Sample locations
from Figure 2. Samples presented in stratigraphic order (oldest at base), with each histogram bin spanning 50 Myr and
variable vertical axes based on number of zircon grains. Used to compare age spectra with Cenozoic Ayaviri basin detrital
zircon samples shown in Figure 10. The presence of similar age populations in multiple samples suggests significant
recycling. Note the paucity of Cretaceous zircons in the two Cretaceous samples.
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have limited (n ≤ 30) pre-Cenozoic zircons, the associated
provenance interpretations are made with caution as the
statistical probability of representing all older zircon age
populations in these two samples is relatively low [Vermeesch,
2004]. Several Precambrian to lower Paleozoic populations are
present in nearly all basin-fill samples, including older cratonic
ages (>1.2 Ga), Sunsas/Grenville ages (1–1.2 Ga), and Braziliano
(~700 Ma) through Pampean ages (~500 Ma). Other
populations, however, show significant variability among basin-
fill samples, including Famatinian (400–500 Ma), Eocene-
Cretaceous (50–150 Ma), and Cenozoic (50–15 Ma) populations.
Upsection variations in detrital zircon age spectra provide
insight into changes in sediment provenance associated with
shifts in relative topography, drainage patterns, and/or basin
architecture and are summarized below.
6.2.3. Cretaceous Zircons
Six of the 10 basin-fill samples from the Puno Group and upper
Tinajani Formations have significant (n ≥ 3) Cretaceous age
populations (Figure 10). Such populations are relatively rare in
the source samples from the Eastern Cordillera (Figure 9), with
n= 3 Cretaceous zircons among both Cretaceous samples.
Although limited Cretaceous intrusive units are found in the
Eastern Cordillera, the most significant sources of Cretaceous
zircons are volcanic-arc rocks of the Western Cordillera (e.g.,
Chocolate and Toquepala arcs [Mamani et al., 2010]). We
interpret the presence of Cretaceous zircons in the Puno Group
and upper Tinajani Formation as evidence for delivery of
sediment either from the Western Cordillera or reworked from
Cenozoic deposits that have been eroded from the
Eastern Cordillera.
6.2.4. Famatinian Zircons
Famatinian (~400–500 Ma) zircon populations are absent from
the lowest two samples but are significant (n > 3) in the next
seven samples and absent from the uppermost sample. Bahlburg
et al. [2011] show that most Ordovician volcanic and
sedimentary rocks in Peru are found in the Eastern Cordillera, as
isolated Ordovician intrusions in the Arequipa Massif [Loewy
et al., 2004], or in the MarañonMassif [Ramos, 2009]. We interpret
the appearance and persistence of this age population
throughout deposition of the Puno Group, lower Tinajani
Formation, and basal upper Tinajani Formation as evidence for
likely delivery of sediment from the Paleozoic rocks found in the
Eastern Cordillera which contain Famatinian zircons, from
isolated Ordovician intrusions in the Arequipa Massif, or from
Ordovician intrusions found in the Marañon Massif hundreds of
kilometers to the northwest.

Figure 10. U-Pb age histograms (black bars) and probability density func-
tions (black curves) depicting detrital zircon geochronologic results for 10
sandstone samples fromOligocene-Miocene fill of the Ayaviri basin. Samples
presented in stratigraphic order (oldest at base), with each histogram bin
spanning 50 Myr and variable vertical axes based on number of zircon
grains. Color bars highlight the presence of age populations considered to
be significant (n ≥ 3 per histogram bin). Same color bar key as Figure 9.
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6.3. U-Pb Depositional Age Constraints

Continuous arc magmatism during the Cenozoic in
southern Peru [Mamani et al., 2010] suggests the
potential for a steady supply of syndepositional
volcanic zircons throughout the basin accumulation
history. Accordingly, young zircon U-Pb ages are
expected to be present in not only sampled tuffs but
also in the detrital component of sampled
sandstones. The U-Pb results (Figure 11) provide
critical new geochronological constraints for the
measured sections, including delineation of young
detrital zircon age populations and volcanic tuff
zircon populations. The following text highlights the
important horizons for establishing the
chronostratigraphic framework for the Ayaviri basin.

At the base of the measured section, ~30 m above
the contact with the underlying Cretaceous Muni
Formation, a sandstone sample (NPPR12-20) from
the Puno Group yields a youngest zircon U-Pb age
population of 29.6 ± 1.2 Ma (n = 15). At the
~750–1050 m levels are the three lowest samples of
interbedded volcanic horizons found in the Puno
Group within the Ayaviri back thrust growth strata
east of Ayaviri (Figure 4a, Figure 3 location). These
three volcanic ages are 28.06 ± 0.82 Ma, 27.56 ± 0.50
Ma, and 27.06 ± 0.88 Ma (samples 020611-01,
020611-03, and 020611-04, respectively). Four
sandstone samples (220510-07, 220510-08, 220510-
10, and 220510-11) from the equivalent growth
strata succession exposed along strike north of
Ayaviri, where volcanic horizons are absent
(Figure 4b, Figure 3 location), demonstrate an
upsection decrease in the youngest detrital age
populations and agree with geochronologic
constraints stratigraphically below, above, and along
strike. At the 1372 m level, a trachybasalt flow at
Cerro Ocuro south of Ayaviri, variably dated between
28.3 ± 1.0 and 26.9 ± 1.0 by Bonhomme et al. [1985],

Figure 11. U-Pb age histograms (black bars) and prob-
ability density functions (black curves) depicting geo-
chronologic results (0–50 Ma) for all 10 detrital zircon
(“DZ”) sandstone samples and three interbedded volcanic
(“Tuff”) horizons from Oligocene-Miocene fill of the
Ayaviri basin. Samples are depicted in stratigraphic order
(oldest at base) with each histogram bin spanning 2 Myr.
Sample labels provide the weighted mean age calculated
for the youngest population of zircon grains, with the
number (n) of analyzed grains ≥ 3. Four samples are from
growth strata north of Ayaviri (Figure 4b; 220510-07,
220510-08, 220510-10, 220510-11); all other samples are
from the measured section south of Ayaviri (Figure 5).
Systematically decreasing ages upsection (highlighted by
wide gray arrow) suggest that the youngest detrital zircon
peaks may represent true depositional ages.
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yields a U-Pb zircon age of 26.37 ± 0.68
Ma (n = 9, sample TC052).

Upsection, the next three U-Pb detrital
zircon samples (240510-05, 240510-08,
and 240510-10) of the lower Tinajani
Formation show decreasing ages
(23.51 ± 0.35, 23.2 ± 2.0, and 22.73 ±
0.72 Ma) for the youngest detrital
zircon populations, in agreement with
dated volcanic horizons below and
within this interval. Zircon ages for tuff
samples TC001 (16.92 ± 0.75 Ma, n = 17)
and TC002 (16.56 ± 0.63 Ma, n = 21)
provide constraints on the age of the
uppermost levels of the lower Tinajani
Formation at meter level ~2150.

The two stratigraphically highest
sandstone samples from the uppermost
exposures of the upper Tinajani
Formation yield youngest grain
population ages yield ages of 15.71 ±
0.97 and 17.4 ± 1.7 Ma (samples
240510-13 and TC076, respectively). The
stratigraphically highest sample, TC076,
is the only detrital zircon sample that
does not continue the upsection trend
of decreasing age of the youngest
detrital zircon population. Excluding
this highest sample, all of the other 14
analyzed samples yield volcanic zircon
ages and young detrital zircon
populations that become progressively
younger upsection, suggesting that
syndepositional or nearly
syndepositional zircons are present in
the youngest detrital zircon populations
for each sample. This allows the use of
both volcanic and youngest detrital
zircon populations to constrain a
maximum depositional age that
approaches the true depositional age.

Figure 12. U-Pb detrital zircon and thin sec-
tion point count analyses from four Puno
Group samples taken from the Ayaviri fault
growth strata outcrop located north of
Ayaviri (see Figure 4b). Detrital zircon results
show an upsection increase in the propor-
tion of> 50Ma zircons and a decrease in the
number of <50 Ma zircons across the hori-
zon preserving initial growth strata deposits.
Corresponding thin section point analyses
show an upsection trend from arc related
toward recycled orogenic provenance.
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7. Discussion

The similarities in physiographic expression between the northern and central Altiplano segments suggest a
shared tectonic setting, yet debate persists regarding the style and timing of deformation and the subsidence
mechanisms acting in these hinterland regions. Previous workers have suggested that the northern Altiplano
was dominated by strike-slip tectonics and associated transtensional basin formation [Carlotto, 2013]. In the
central Altiplano, shortening and thrust tectonics have been emphasized for the Cenozoic deformation and
subsidence histories [Leier et al., 2010]. This study focuses on the Cenozoic deformation and depositional history
from the northern Altiplano. We present basin and tectonic reconstructions based on new provenance,
stratigraphic, geochronologic, and structural data sets from the northern Altiplano of southern Peru (Figures 13
and 14). Patterns of provenance, subsidence, and timing of deformation suggest that the northern Altiplano, like

Figure 13. Generalized stratigraphic column with accumulation rates showing new isotopic age control from U-Pb zircon geo-
chronology of sandstones (black circles) and interbedded tuffs (red circles). Small pie diagrams show clast count results by
station. Large pie diagrams show average composition formultiple clast count stations. Each station is n ≈ 100 clasts. Gray bars
highlight timing of growth strata and fault motion. Arrows show paleocurrent directions. Major shifts in paleocurrents and
clast composition correspond with abrupt coarsening at the ~2300 m level associated with Pasani fault growth strata.
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the central Altiplano, was dominated by thrust tectonics during the late Oligocene to middle Miocene and
attendant flexural subsidence in hinterland basins. We conclude that the northern and central segments of
the Altiplano have a shared Cenozoic tectonic history controlled by along-strike similarities in structural
geometries and kinematics (Figure 16), bolstering stratigraphic records that suggest a comparable geologic
history for these hinterland regions that experienced later partitioning by out-of-sequence thrust deformation.

7.1. Basin Reconstruction

The late Oligocene Puno Group represents deposition in a sand-dominated braided fluvial system sourced
from the flanking Eastern Cordillera along the northeast basin margin and from volcanic cover in the Western
Cordillera. U-Pb detrital zircon samples dominated by young zircons and sandstone petrographic point
counts yield sandstone compositions consistent with erosion of a volcanic-rich source. Paleocurrents, isolated
pebble clasts, and Paleozoic-Proterozoic zircons support derivation of sediment consistent with exhumation
of Paleozoic to Mesozoic strata found in the Eastern Cordillera. Independently, these contrasting results
might be interpreted as coeval provenance from both the Western Cordillera volcanic arc and Eastern
Cordillera fold-thrust belt. However, this would suggest opposing paleocurrents and complex pathways that
incorporated sediment from both the Eastern and Western Cordillera, which have not been observed in
the Ayaviri basin. Four key U-Pb detrital zircon samples taken from the growth strata panel preserved along
the Ayaviri fault reveal the role of thrust tectonics in driving hinterland basin evolution and provenance
variability (Figure 12). Sandstone compositions of these four samples suggest a transitional arc source, yet

Figure 14. Schematic cross section spanning Western Cordillera, Altiplano, and Eastern Cordillera. “AB” represents
Ayaviri Basin section location, and mm/yr shows subsidence rates for time interval. Before ~30 Ma, no Cenozoic pre-
served in this study area, although other locations have isolated Eocene-Oligocene deposits; ~30–26 Ma, shortening in the
backthrust belt reaches the Ayaviri fault, creates growth strata, switches to Eastern Cordillera provenance, and initiates high
subsidence rate; ~23–19 Ma, continued Eastern Cordillera provenance in sand dominated fluvial setting, continued
high subsidence driven by Eastern Cordillera shortening. After ~17 Ma, Pasani fault motion created growth strata, changed
to Western Cordillera provenance, and switched to coarse alluvial fan deposits.
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systematically trend upsection toward
recycled orogenic and dissected arc
sources. Accompanying detrital zircon
samples reveal an upsection gradual
decrease in zircons <50 Ma and an
abrupt increase in Paleozoic-Proterozoic
zircons across the horizon preserving
initial growth strata. Young zircon
populations and interbedded tuffs
demonstrate deposition between 28 and
26 Ma. We suggest that these four
samples from growth strata along the
Ayaviri fault record a ~2 Myr provenance
record where the principal sediment
source changed from a Western
Cordillera to Eastern Cordillera
provenance due to major thrust
deformation in the Eastern Cordillera and
along the Ayaviri fault. The early phase of
basin sedimentation appears to be
governed by exhumation of the Eastern
Cordillera driven by shortening along the
Ayaviri fault. The Eastern Cordillera
became the dominant sediment source
for the northern Altiplano during the late
Oligocene. Tectonic loading of the
actively shortening Eastern Cordillera
and thrust motion along the Ayaviri fault
drove flexural subsidence during Puno
Group deposition.

The early to middle Miocene lower
Tinajani Formation represents continued
deposition in a fluvial system, yet is
generally finer grained than the Puno
Group and an environment with increased
anastomosing river character. U-Pb
detrital zircon, sandstone petrographic
point counts, paleocurrents, and
conglomerate clast counts suggest
continued unroofing of the Eastern
Cordillera. The lower Tinajani Formation
records basin fill with the highest
subsidence rates from this succession,
suggesting increased flexural subsidence
induced by further thrust loading. We
interpret that deposition of the lower
Tinajani Formation was driven by flexural
subsidence that resulted from continued
thrust loading in the Eastern Cordillera.

The middle Miocene upper Tinajani
Formation represents a shift in basin
architecture driven by reverse motion
along the Pasani fault. The coarse

Modified from Allen and Allen [2005] (1-13) 
Allmendinger et al. [1997] (14a-18)
Garzione et al. [2008] (14b)

Ayaviri Basin (N. Altiplano)

Rhine Rift Basin
1) Sandhausen 1
2) Landau 2
3) Schafisheim
4) Trimbach
5) Weiach

North Alpine Foreland Basin
6) Anzing 3
7) Cuarny 1
8) Chapelle 1
9) Savigny 1
10) Servion 1
11) Sorens 1

Strike-slip Basins
12) Dead Sea
13) Rancho 1, Los Angeles Basin

Altiplano Basins
14a, b) Corque
15) Tambo Tambillo

Puna Basins
16) Pastos Grande
17) Siete Curvas/Salar de Pocitos
18) Catal Island in Salar Hombre Muerto

?

405060 30 20 10 0

1

2

3

4

5

6

7

8

9

10

11

12

1

2

3

4

5

6

7

8

910

11

12

13

14a

14b

15

1617

18

Time (Ma)

D
ep

th
 (

m
)

Figure 15. Comparison of the sediment accumulation history of the Ayaviri
basin (thick black line) relative to foreland (thin black line), rift (dashed lines),
and strike sip (dotted lines) basins [after Allen and Allen, 2005]. Also plotted
are other Altiplano and Puna Plateau basins [after Allmendinger et al.,
1997]. New age control for the Ayaviri basin from U-Pb zircon ages for
detrital and volcanic samples (Figure 13 for summary). The Ayaviri basin
sediment accumulation rates are similar to other major Altiplano basins.
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sandstones to boulder conglomerates of the upper Tinajani Formation were deposited in an alluvial fan
environment preserved as growth strata adjacent to the actively deforming Pasani fault. U-Pb detrital zircon,
conglomerate clast counts, sandstone petrographic point counts, and paleocurrents show that sediment
transport was sourced in the Pasani fault hanging wall situated to the southwest of the basin. We interpret this
final phase of basin subsidence as a period of reorganization in the sediment delivery pathway and provenance
driven by thrust motion along the Pasani fault between 18 and 16 Ma. The Puno Group and lower Tinajani
Formation were dominated by deposition of fluvial sandstones sourced from the Eastern Cordillera fold-thrust
belt and Ayaviri fault, whereas the upper Tinajani Formation represents deposition in a coarse alluvial fan
setting sourced from the Western Cordillera and Pasani fault hanging wall.

A simplified stratigraphic column is presented in Figure 13, and a simplified cross section spanning the
northern Altiplano is presented in Figure 14. In summary, shortening along the Ayaviri fault from 28 to 26 Ma
resulted in an Eastern Cordillera provenance and southwest directed sediment transport during accumulation
of the Puno Group and lower Tinajani Formation. Thrusting along the Ayaviri fault also initiated rapid
sedimentation. A second pulse of shortening along the Pasani fault (southwest basin margin) between
18 and 16 Ma initiated a change to Western Cordillera provenance, alluvial fan deposition, north directed
sediment transport, and a second phase of rapid sedimentation.

7.2. Thrust Tectonics and Northern Altiplano Evolution

Previous workers have interpreted the Ayaviri and Pasani faults as strike-slip features that experienced either
dextral or sinistral offset based on the map-view rhombohedral shape of the present-day extent of the
Ayaviri basin, and on the association of fault traces with alkalinic and shoshonitic volcanic suites [Carlier et al.,
1996; Mamani and Ibarra, 2000; Carlier et al., 2005; Rousse et al., 2005; Carlotto, 2013]. On the basis of the
thin-skinned thrust fault relationships, syndepositional folding, moderate fault dip, stratigraphic separation,
ramp-flat cutoff variation, and systematic fault offset variation along strike, we suggest that the ~28–16 Ma
history of these faults has accommodated significant reverse motion rather than strike-slip deformation. If
significant strike slip deformation did occur, it must have taken place before or after the record of thrust
deformation preserved along the Ayaviri and Pasani faults, in agreement with many timing estimates for
vertical axis rotations in southern Peru [Rousse et al., 2002, 2003; Gilder et al., 2003; Roperch et al., 2006].
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Structural, chronostratigraphic, and provenance data sets define depositional phases for the Oligo-Miocene
Ayaviri basin in the northernmost Altiplano that are temporally correlated with punctuated thrust motion
along basinmargin faults. Provenance records from the first phase record amajor reversal during Puno Group
deposition from a dominantly western (magmatic arc) to eastern (sedimentary) source area between 28 and
26 Ma, coincident with thrust activation along the Eastern Cordillera-Altiplano boundary, the Ayaviri fault.
Lower Tinajani Formation preserves continued Eastern Cordillera provenance and finer-grained deposits.
The last phase was also coincident with thrust motion, but along the opposing basin margin to the west, the
Pasani fault. Motion along the out-of-sequence Pasani fault was coeval with a shift to Western Cordillera
provenance, paleocurrent reversal, and depositional environment change between 18 and 16 Ma. The
intervening time between these phases preserves limited paleosol development, lacustrine carbonate
deposits, and lower sediment accumulation rates. The continuous subsidence history, record of shortening,
and reorganization associated with thrust faulting preserved in the Ayaviri basin demonstrates that flexural
loading from thrust deformation along the flanks of the northernmost Altiplano was the principal driver in
hinterland basin initiation and evolution between ~28 and 16 Ma (Figure 14).

The sediment accumulation style and rates of the northern Altiplano suggest that it behaved as a flexural
basin controlled by shortening along the basin margins. Both rapid subsidence phases record sediment
accumulation rates between ~410 and 660 m/Myr, comparable to the highest rates observed in other
Altiplano basins (Figure 15) [Allmendinger et al., 1997; Horton et al., 2001, 2002], yet preserved basin deposits
are thinner than the thickest accumulations observed elsewhere in the Altiplano. Late Oligocene and middle
Miocene phases of high sediment accumulation and provenance changes are coeval with Eastern Cordillera
fold-thrust deformation and active Ayaviri thrust fault motion, or Pasani thrust motion, respectively. This
suggests that thrust motion along basin margin faults, as evidenced by footwall syncline growth strata
successions preserved along both fault traces, generated loads that were the drivers of flexural subsidence in
the northern Altiplano between ~28 and 16 Ma. This interpretation is consistent with basins in the central
Altiplano that also demonstrate flexural subsidence controlled by basin margin shortening.

The continuity of major structural features spanning the southern Peruvian and Bolivian Andean segments
provides additional support to the interpretation of a shared geologic history in the northern and central
Altiplano and the role of regional shortening in controlling central Andean tectonics. Middle to late Eocene
timing constraints for initial cooling in the Eastern Cordillera are consistent along strike and have been
attributed to shortening [Farrar et al., 1988; Gillis et al., 2006]. The backthrust belt that spans the northern and
central Altiplano of southern Peru and Bolivia kinematically links deformation in the Eastern Cordillera to the
Altiplano. The boundary between the Eastern Cordillera backthrust belt and the Ayaviri basin is the Ayaviri
fault, part of the SFUACC. Our newly dated footwall growth strata require thrust motion along the Ayaviri
fault between 28 and 26 Ma. Sempere et al. [1990] demonstrate deformation along the SFUACC in Bolivia at
~28–25 Ma approximately 350 km along strike suggesting deformation along this structure developed coevally
throughout southern Peru and Bolivia. The along-strike continuity, synchronous activation, geometric, and
kinematic similarities between the major structural features in the Peruvian and Bolivian segments of the
Eastern Cordillera and Altiplano suggest a deformation history driven by regionally continuous shortening
systems throughout the northern and central Altiplano (Figure 16).

New geochronologic constraints on upper crustal shortening from the northern Altiplano reveal the out-
of-sequence timing of thrust deformation along the Pasani fault between 18 to 16 Ma, approximately 10 Myr
younger thanmotion along the Ayaviri fault. The timing of Pasani fault motionmay be symptomatic of a regional
phase of distributed shortening [Oncken et al., 2006]. Other examples of out-of-sequence thrust deformation in
the Altiplano have been linked to changes in arc/slab dynamics [Lamb, 2011], changes in critical wedge dynamics
[McQuarrie, 2002], and in the Puna plateau as a result of inherited crustal structures [Strecker et al., 2009]. This
out-of-sequence deformation in the Altiplano of Peru precedes estimates for the timing of rapid surface uplift
in the Altiplano of Bolivia (~10–6Ma) [Garzione et al., 2006], Eastern Cordillera of Bolivia (after 12–9Ma [Barke and
Lamb, 2006]), western escarpment of the Western Cordillera of Peru (~11–8 Ma [Schildgen et al., 2009a, 2009b]),
shortening in the Subandes (~15 Ma [Gillis et al., 2006]), arrival of conglomerates sourced from proximal sources
with high relief in the Western Cordillera of Peru (~15–10 Ma [Decou et al., 2011]) and is generally coeval
with the proposed timing of uplift from theWestern Cordillera of Peru (~19–16Ma [Saylor and Horton, 2014]), and
other segments of the Eastern Cordillera of Bolivia (~24–15 Ma [Leier et al., 2013]). The potential geodynamic
drivers for out-of-sequence upper crustal shortening in the northern Altiplano require further investigation.
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8. Conclusions

1. New zircon U-Pb ages for tuff and sandstone samples constrain the depositional age of the ~2700 m
Cenozoic nonmarine northern Altiplano Ayaviri hinterland basin between 29.6 ± 1.2 Ma and 15.71 ± 0.97Ma.
The Ayaviri basin is characterized by a lower ~2300 m section (Puno Group and lower Tinajani Formation)
interpreted as a sand-dominated fluvial environment and an upper ~400 m section (upper Tinajani
Formation) characterized by thick pebble-boulder alluvial fan conglomerates.

2. Footwall growth strata along Ayaviri and Pasani faults constrain the syndepositional timing of thrust
activity along opposing basin margins at 28.1 ± 0.8 to 26.3 ± 1.6 Ma and 17.7 ± 0.8 to 16.5 ± 0.8 Ma,
respectively. Ramp-flat relationships, systematic along-strike changes in stratigraphic offset, fault dip, and
growth strata geometries suggest that both faults are thrusts. Deformation in the northern Altiplano
was dominated by thrust tectonics between 28 and 16 Ma.

3. Basin margin thrust faults controlled sediment provenance and accumulation patterns in the northern
Altiplano. New provenance data sets (U-Pb detrital zircon, paleocurrents, sandstone point counts, and
clast counts) record a shift from Western Cordillera to Eastern Cordillera source in the late Oligocene
coincident with Ayaviri thrust fault motion. Middle Miocene thrust motion along the Pasani fault resulted
in a shift from Eastern to Western Cordillera provenance. Both phases of thrust activity were accompanied
by pulses of rapid sediment accumulation at rates comparable to other Altiplano depocenters. Thrust
tectonics played a major role in controlling the depositional and provenance patterns the northern
Altiplano between 28 and 16 Ma.

4. The pattern of flexural subsidence and upper crustal shortening observed in the northern Altiplano is
consistent with shortening tectonics proposed for the central Altiplano. The along strike continuity and
coeval motion/cooling of major structural features spanning southern Peru and Bolivia suggest a shared
geologic setting. The Cenozoic deformation history was driven by regionally continuous shortening
systems throughout the northern and central Altiplano.

5. Geochronologic results demonstrate that thrust motion along the Pasani fault is out of sequence and may
be symptomatic of distributed deformation, potentially linked to subcritical wedge dynamics, arc/slab
dynamics, or surface uplift.
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Erratum

In the originally published version of this article, one supporting information file was missing. The error has
since been corrected and this version may be considered the authoritative version of record.
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