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[1] Sedimentologic, provenance, oxygen isotope, and
40Ar/39Ar results provide insights into late Cenozoic
evolution of an extensional hinterland basin in the Per-
uvian Andes. The 5–6.5 km Cordillera Blanca com-
poses the glaciated footwall of a low‐angle normal
fault parallel to active contractional structures in the
Andean fold‐thrust belt. The ∼200 km long, WSW
dipping (19°–36°) Cordillera Blanca detachment fault
accommodated >12–15 km of dip‐slip displacement,
inducing subsidence of the hanging‐wall supradetach-
ment basin, which is filled by ∼1300 m of conglomer-
ate, sandstone, siltstone, and limited carbonate of the
upper Miocene‐Pliocene Lloclla Formation. Lithofa-
cies associations are attributed to lacustrine fan‐delta
to proximal, stream‐dominated alluvial fan sedimenta-
tion. Provenance data record footwall unroofing of
Jurassic through Miocene volcanic and sedimentary
rocks during NW directed, axial dispersal of sediment.
Provenance data record the appearance of footwall‐
derived granite clasts from the upper Miocene Cordil-
lera Blanca batholith and a change to transverse, WSW
directed transport. Variations in the character and pres-
ervation of basin fill suggest along‐strike propagation
of the fault through time. Initial extension and subsi-
dence is constrained to the latest Miocene by an
40Ar/39Ar biotite age of 5.4 ± 0.1 Ma for a basal tuff
in the Lloclla Formation. Estimation of paleolake
water composition shows very negative d18O(VSMOW)
values (−13.6‰ to−18.2‰), indicating that high eleva-
tions comparable to modern were already attained in
the Cordillera Blanca during earliest normal faulting
and basin evolution. These results lend support tomodels

suggesting that substantial shortening, crustal thickening,
and surface uplift were necessary precursor conditions
for the generation of the Cordillera Blanca detachment
fault. Citation: Giovanni, M. K., B. K. Horton, C. N. Garzione,
B. McNulty, and M. Grove (2010), Extensional basin evolution in
the Cordillera Blanca, Peru: Stratigraphic and isotopic records of
detachment faulting and orogenic collapse in the Andean
hinterland, Tectonics, 29, TC6007, doi:10.1029/2010TC002666.

1. Introduction
[2] Although extensional deformation during convergence

is observed in elevated hinterlands of ancient fold‐thrust belts
[e.g., Burchfiel et al., 1992; Hodges and Walker, 1992; Axen
et al., 1995; Wells, 1997], few cases of active hinterland
extension have been identified in contractional retroarc sys-
tems. In the Andes of South America, small‐displacement
(<100 m) faults locally accommodate limited hinterland
extension [Sebrier et al., 1985; Lavenu, 1986;Mercier et al.,
1992], but the Cordillera Blanca of Peru is the only example
of active, large‐magnitude extension with pronounced foot-
wall topography [McNulty and Farber, 2002]. The Cordillera
Blanca (Figure 1) contains >15 peaks above 6 km and is
bounded by a well‐defined WSW dipping normal fault with
considerable displacement and seismic activity [Schwartz,
1988; Deverchere et al., 1989]. Possible explanations for
late Cenozoic normal faulting in the Cordillera Blanca
include collapse of thick crust [Dalmayrac and Molnar,
1981; Sebrier et al., 1988a], fault reactivation [Schwartz,
1988], strain partitioning during convergence [McNulty et al.,
1998], flat‐slab subduction [McNulty and Farber, 2002], or
pluton emplacement [Petford and Atherton, 1992].
[3] The lack of a consensus over the mechanism(s) driv-

ing extension in the Peruvian Andes highlights the incom-
plete picture of the geologic history of the Cordillera Blanca
and adjacent Callejon de Huaylas basin. Although the
Cordillera Blanca detachment fault is active, few constraints
are available on the timing of initial slip. For the corre-
sponding supradetachment basin, uncertainty persists over
controls on the timing, amount, and spatial variability of
hanging‐wall subsidence. Furthermore, given the Cordillera
Blanca’s distinction as one of the highest topographic ele-
ments of the Andes, it is important to consider the past
elevation history and its relationship to earlier shortening
and later extension.
[4] The goals of this study are to identify the timing and

mode of extensional basin evolution along the Cordillera
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Blanca detachment fault in order to constrain the history of
early extensional processes in the Peruvian hinterland. In
addition to characterizing sediment provenance and depo-
sitional processes in the Callejon de Huaylas basin,
40Ar/39Ar geochronology of volcanic rocks and oxygen
isotopic analyses of basin‐fill carbonates provide insights
into the absolute age of fault‐induced subsidence and
paleoelevation of the adjacent footwall.

2. Geologic Setting
2.1. Regional Tectonic Context

[5] Although large‐magnitude extension is rare along the
modern Andean margin, a zone of significant normal faulting

is concentrated in the Cordillera Blanca of Peru (Figure 1).
The region is situated above the modern flat‐slab segment of
the subducted Nazca plate [Gutscher et al., 1999; Giovanni
et al., 2002; Hampel, 2002; Rosenbaum et al., 2005]. The
Cordillera Blanca normal fault and associated Callejon de
Huaylas basin (Figure 2) are distinguished by their hinter-
land location and orientation perpendicular to regional E‐W
to ENE‐WSW compression in the Andean fold‐thrust belt
to the east. Quaternary fault scarps and seismicity in the
Cordillera Blanca provide evidence of normal faulting ori-
ented parallel to the NNW strike of active compressional
structures in the thrust belt of the Eastern Cordillera and
Subandean Zone [Yonekura et al., 1979; Dalmayrac and
Molnar, 1981; Suarez et al., 1983; Schwartz, 1988]. Micro-

Figure 1. Simplified regional map of the Nazca‐South America plate boundary showing Peruvian flat
slab segment (ruled pattern) and major tectonic/physiographic zones: (1) coastal zone, (2) Western Cordil-
lera, (3) Altiplano, (4) Eastern Cordillera, and (5) Subandean fold‐thrust belt (SFTB) [after Dalmayrac and
Molnar, 1981; Suarez et al., 1983]. Small polygon shows outline of Cordillera Blanca region (Figure 2).
Nazca‐South America convergence rate for 12°S is from DeMets et al. [1994]. DEM base map from the
National Geophysical Data Center, National Oceanic and Atmospheric Administration (http://www.ngdc.
noaa.gov).
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Figure 2
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seismicity beneath the hanging‐wall basin and earthquake
focal mechanisms recorded from the 1946Ancash earthquake
(Ms = 7.2) ∼100 km to the NE demonstrate the broad extent
of hinterland extension [Doser, 1987; Deverchere et al.,
1989; Bellier et al., 1991]. The contrast between the hinter-
land and frontal thrust belt has been explained by buoyancy
forces arising from the gravitational body force acting on the

elevated Cordillera Blanca and associated crustal root
[Dalmayrac and Molnar, 1981; Suarez et al., 1983; Molnar
and Lyon‐Caen, 1988]. This configuration results in a deli-
cate balance between the compressive forces affecting the
east flank of the Andes and the gravitational force acting on
the highest parts of the orogen.

Figure 2. Geologic map of the Cordillera Blanca extensional system at ∼8.5°S–10°S [from Wilson, 1967a, 1967b, 1967c;
Cobbing and Sanchez, 1996]. Traces of southern fault segments are simplified from Schwartz [1988]. Peak elevations
are listed in m. Line near Quebrada Lloclla (15 km south of Huaraz) denotes the location of WSW‐ENE cross section
(Figure 3). Open arrows show view directions of fault photographs (Figures 4a and 4b).

Figure 3. Schematic WSW‐ENE cross section through hanging‐wall supradetachment basin (location
in Figure 2) adjacent to Cordillera Blanca normal fault (CBNF). Black line in lowermost Lloclla For-
mation indicates position of basal Lloclla tuff. Subsurface depiction of structural geometry is based on
thicknesses reported for the Tertiary Calipuy Formation, Cretaceous sedimentary rocks and Jurassic
Chicama Formation from Cobbing et al. [1996] and Cobbing and Sanchez [1996].
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2.2. Cordillera Blanca Extensional System

[6] At 8.5–10°S, the Cordillera Blanca defines the Pacif-
ic‐Atlantic drainage divide, with peak elevations exceeding
5–6.5 km (Figure 2). The NNW trending range is bounded
on its west flank by the ∼200 km long Cordillera Blanca
detachment fault. The WSW dipping normal fault strikes
approximately N30°W (Figure 2), with dips varying from
36° in the north to 19° in the south. Directly west of the
fault lies a narrow (10–15 km wide) valley occupied by an
axial river, the NW flowing Rio Santa, and exposures of
Miocene‐Quaternary strata of the Callejon de Huaylas basin
on the downthrown hanging wall (Figure 3).
[7] In the footwall, the Cordillera Blanca consists of a

Neogene granodiorite (Figures 2 and 3) that intrudes the
Upper Jurassic Chicama Formation and forms a steep‐sided,

flat‐roofed batholith. The Cordillera Blanca batholith is
∼200 km long by ∼20 km wide and plunges to the south
[Cobbing et al., 1981]. The batholith is composed of Mio-
cene granodiorite that has a reported U‐Pb zircon crystalli-
zation age of 8.2 ± 0.2 Ma [McNulty et al., 1998]. Adjacent
to the detachment, a mylonite zone up to 1 km thick con-
tinues from the fault into the footwall batholith.
[8] Observed thicknesses for Cretaceous sedimentary units

(∼4.5 km) and Tertiary volcanic units (∼2 km) [Cobbing
et al., 1996; Cobbing and Sanchez, 1996] constrain the
subsurface geometry of the hanging wall (Figure 3). Resto-
ration of the Jurassic‐Cretaceous contact reveals 12–15 km
of minimum dip‐slip displacement on the detachment. This
estimate is consistent with the ∼3 kbar emplacement depth
inferred for the Cordillera Blanca batholith on the basis of
metamorphic mineral assemblages in Jurassic host rocks
[Petford and Atherton, 1992; McNulty and Farber, 2002].
[9] The main strand of the Cordillera Blanca normal fault

is well defined over a >120 km lateral distance with expo-
sures exhibiting up to 2.5 km of vertical relief (Figure 4).
However, ∼15 km south of Huaraz, the fault breaks into
several smaller segments that define a disrupted zone of
step‐over faults marking the structure’s southern continua-
tion (Figure 2). Fault scarps cutting Pleistocene and Holo-
cene glacial deposits demonstrate active faulting [Yonekura
et al., 1979; Schwartz, 1988].
[10] The Callejon de Huaylas basin is a supradetachment

basin [e.g., Friedmann and Burbank, 1995] in the hanging
wall of the Cordillera Blanca detachment fault (Figures 2
and 3). Previous studies suggested accumulation coeval
with Pliocene extension [Bonnot, 1984; Bonnot et al., 1988].
Fault motion has been interpreted as principally normal slip
with a left‐lateral component [Bonnot et al., 1988; Sebrier
et al., 1988b; Petford and Atherton, 1992; McNulty et al.,
1998]. Although basin fill is largely covered by younger
glacial debris, the well‐exposed Neogene Lloclla Formation
is preserved in the southern Rio Santa valley.

2.3. Callejon de Huaylas Basin

[11] The main stratigraphic units defining the Callejon de
Huaylas basin include the Miocene‐Pliocene Lloclla Forma-
tion and overlying glacial deposits (Figures 2 and 3). The
Lloclla Formation consists of an upward‐coarsening, ∼1300m
thick succession of principally conglomeratic deposits. Where
exposed in the southern Rio Santa valley, it unconformably
overlies the Eocene to Miocene Calipuy Formation, which
yieldedK‐Ar biotite andmuscovite ages of 52.5 ± 2.3 to 14.8 ±
2.4Ma [Cobbing et al., 1981]. Capping the Lloclla is a suite of
glacial sediments, with the youngest units deposited during the
last glacial maximum, estimated regionally at ∼13,200 ka
[Rodbell, 1992, 1993; Rodbell and Seltzer, 2000; Farber et al.,
2005]. Cosmogenic radionuclide (10Be and 26Al) ages of gla-
cial deposits suggest regional glaciation initiated at ∼1.4 Ma
in Peru [Smith et al., 2005].
[12] The Lloclla Formation is not preserved in the north

part of the basin, where glacial deposits cap Tertiary vol-
canic rocks and Mesozoic sedimentary rocks (Figure 2). In
the northern Rio Santa valley, up to 800 m of ignimbrites
compose the upper Miocene Yungay Formation, possible

Figure 4. Photographs of the Cordillera Blanca detach-
ment fault. (a) View SE along fault scarp. Black dashed line
marks the fault in the middle ground. White dashed line
marks the fault in the background. Fault dip decreases in
the up‐dip (NE) direction. (b) View NW along fault scarp,
with houses at lower left for scale. In this region, the fault
scarp is exposed for >2 km in the down‐dip direction. More
than 1.5 km of relief is visible in this photo.
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Figure 5. Measured stratigraphic section for the Lloclla Formation from Quebrada Lloclla and Telar
Huain, depicting lithofacies, conglomerate clast compositions, paleocurrent orientations, carbonate and
sandstone sample locations, and 40Ar/39Ar age data for the basal Lloclla tuff. Corresponding vertical plots
show upsection changes in maximum clast size and stratal dip.
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extrusive products from the Cordillera Blanca batholith.
The ignimbrites unconformably overlie Jurassic and Creta-
ceous clastic units and Eocene to middle Miocene Calipuy
volcanic rocks (Figure 2). K‐Ar biotite ages from Yungay
ignimbrites range from 7.6 ± 0.2 to 6.2 ± 0.2 Ma [Cobbing
et al., 1981]. New 40Ar/39Ar analyses of biotite grains from
Yungay ignimbrites, presented below, yield ages between
8.7 ± 1.6 and 7.5 ± 0.2 Ma.
[13] A schematic cross section through the southern Rio

Santa valley (near Recuay) illustrates the structural context
for the Callejon de Huaylas basin, with subsurface rela-
tionships based on stratigraphic thicknesses (Figure 3).
Additional constraints include angular unconformities
defining basal and upper contacts of the Lloclla Formation
[Bonnot et al., 1988].

[14] The structural and stratigraphic configuration
(Figure 3) provides insight into the unroofing pattern resulting
from exhumation of the footwall of the Cordillera Blanca fault.
A simple unroofing sequence would involve initial erosion of
Tertiary volcanic rocks followed by Cretaceous sedimentary
rocks, the Jurassic Chicama Formation, and ultimately granite
of the Cordillera Blanca batholith.

3. Basin Analysis
3.1. Stratigraphy and Sedimentology

[15] The Lloclla Formation [Bonnot, 1984; Bonnot et al.,
1988] is a succession of principally clastic rocks that lies
unconformably on the Eocene to middle Miocene Calipuy
Formation (Figure 5) and is in angular unconformity with

Figure 6. Photographs of representative lithofacies in the Lloclla Formation. (a) Basal Lloclla tuff (Vt).
(b) Normally graded siltstone and medium‐grained sandstone (Fm, Sn), Lower Member. (c) Ledge
(50 cm) of freshwater carbonate (Cm) within medium‐grained sandstone (Sm, Sh), Lower Member.
(d) Cliffs of massive, clast‐supported, cobble‐boulder conglomerate (Gcm, Gci) near top of section.
(e) Massive, clast‐supported, cobble‐boulder conglomerate with well‐defined imbrication (Gci), Upper
Member.
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subhorizontal Quaternary glacial deposits tens to hundreds
of m thick. The Lloclla Formation, divided into a Lower
Member and Upper Member, is exposed ∼15 km south of
Huaraz (Figure 2) in Quebrada Lloclla and Quebrada Telar
Huain with a total preserved thickness of ∼1300 m
(Figure 5). Exposures exist only in deeply incised ravines,
making lateral bed‐to‐bed correlation difficult, particularly
within coarse‐grained intervals. The basal Lloclla tuff is
best exposed in Quebrada Lloclla (Figure 6a).
[16] Two stratigraphic sections measured in the Lloclla

Formation provide the basis for the definition of sedimen-

tary lithofacies and interpretations of depositional processes
(Figure 5 and Table 1). Eleven lithofacies are grouped into
four facies associations interpreted to record depositional
processes in different environments (Table 2).
3.1.1. Facies Association 1: Basal Volcanic Tuff
3.1.1.1. Description
[17] This facies association is limited to the Lower Mem-

ber and is distinguished by a ∼7 m thick, dark gray tuff that
dips ∼25°E toward the Cordillera Blanca normal fault
(Figures 3 and 6a). The basal Lloclla tuff is identified as a
separate volcanic lithofacies (Vt) because it is a distinct unit

Table 1. Description and Interpretation of Sedimentary Lithofaciesa

Facies Code Description Interpretation
Range of Bed
Thickness

Gcm Clast‐supported, massive cobble‐boulder
conglomerate. Poorly sorted,
subrounded to rounded clasts,
weak normal grading,
no imbrication, occasional
erosional scours.

High‐energy stream flow >2 mb

Gcmi Clast‐supported, massive cobble‐boulder
conglomerate with imbrication. Poorly sorted,
subrounded to rounded clasts.

Traction bedload transport; longitudinal bars >2 mb

Gchi Clast‐supported, pebble conglomerate with
imbrication, medium‐to well‐sorted,
horizontal stratification.

Longitudinal bedforms, lag deposits >2 mb

Gcl Clast‐supported, pebble conglomerate with
low‐angle stratification, scoured basal
contacts, interbedded coarse‐grained
sandstone lenses.

Transverse bar, channel fill <50 cm

Sm Massive sandstone. Medium‐to coarse‐grained,
moderately sorted.

Rapid deposition, hyperconcentrated flow <50 cm

Sh Horizontally laminated sandstone. Medium‐to
coarse‐grained, some contorted bedding.
Moderately to well sorted.

Sheetflow, upper flow regime conditions 10–30 cm

Sn Normally graded sandstone. Medium‐to coarse‐grained. Channel fill, deposition by waning currents,
or turbidity currents

10–30 cm

Fm Massive siltstone. Thinly bedded. Suspension fallout 1–10 cm
Fl Horizontally laminated siltstone. Suspension fallout 1–10 cm
Cm Massive carbonate. Thinly bedded, gastropod fossils Carbonate precipitation in shallow lake 10–30 cm
Vt Volcanic tuff. Quartz, euhedral biotite and sanidine,

well‐sorted, horizontal laminations.
Pyroclastic ash‐fall deposition and subaqueous

suspension settling
7 m

aAfter Miall [1985, 1996], Ridgway and DeCelles [1993], Horton and Schmitt [1996], and Uba et al. [2005].
bConglomerate beds are commonly amalgamated making bed contacts difficult to identify.

Table 2. Facies Associations and Related Lithofacies

Facies Association Lithofacies
Total Stratigraphic

Thickness
Interpretation and

Depositional Environment
Occurrence Within
Lloclla Formation

1. Basal volcanic tuff Vt 7 m Ash‐fall, lacustrine Lower Member
2. Thin massive carbonate

and interbedded fine‐
grained sandstone and
siltstone

Cm, Sh, Sn,
Fm, Fl

<4 m (carbonate),
∼200 m (sandstone/
siltstone)

Lacustrine, distal‐fan delta Lower Member

3. Thin pebble conglomerate
and medium‐grained
sandstone

Gcl, Sh, Sn ∼300 m Fluvial channel in periods
of high precipitation
(middistal stream‐dominated
alluvial fan)

Lower Member

4. Coarse‐grained sandstone
and thick cobble‐boulder
conglomerate

Sm, Sh, Gcm,
Gcmi, Gchi

<2 m (sandstone)
>600 m
(conglomerate)

Sandy braided channel
(midstream‐dominated
alluvial fan); Gravelly
braided channel (proximal
stream‐dominated
alluvial fan)

Upper Member

GIOVANNI ET AL.: EXTENSIONAL BASIN EVOLUTION IN PERU TC6007TC6007

8 of 21



restricted to the base of the section. It is comprised of well‐
sorted ash material with common horizontal laminations and
crystals of quartz and euhedral biotite and sanidine (Table 1).
3.1.1.2. Interpretation
[18] Facies association 1 is interpreted as the result of

volcanic ash accumulation in a low‐energy subaqueous
environment. Although preservation of primary volcanic ash
is indicative of little to no reworking, horizontal laminations
are suggestive of suspension settling in an offshore lacus-
trine environment [Horton and Schmitt, 1996; Garzione
et al., 2003]. Interpretation of a lacustrine setting is pre-
ferred over a fluvial overbank/floodplain environment due
to the lack of channelized facies and presence of interbedded
fine‐grained sandstone and siltstone of facies association 2
above and below the tuff.
3.1.2. Facies Association 2: Thin Massive Carbonate
Interbedded With Fine‐Grained Sandstone and Siltstone
3.1.2.1. Description
[19] Facies association 2 is dominated by gastropod‐

bearing freshwater carbonate (Cm) occurring in 10–30 cm
thick beds (Figures 5 and 6c). The beds are subplanar,
blocky, and massive. Interbedded with the carbonates are
mostly subplanar beds of well‐sorted, fine‐grained sand-
stone (Sh) with occasional normal grading (Sn), and mas-
sive to laminated siltstone (Fm, Fl) (Figure 6b). Individual
clastic beds are relatively thin (several centimeters), persist
laterally for tens of meters, and exhibit nonerosional bases
defining broadly tabular bedding geometries. Although rare,
a few clast‐supported conglomerates are present in 10–
30 cm thick beds (see facies association 3).
3.1.2.2. Interpretation
[20] Deposition of facies association 2 is interpreted to

have occurred in a transitional zone between a nearshore
lacustrine environment and the subaerially exposed outer
“fan‐fringe” of a fan‐delta [e.g., Nemec and Steel, 1988;
Ridgway and DeCelles, 1993; Horton and Schmitt, 1996].
Characteristics of both subaqueous and subaerial environ-
ments are observed in this facies association. Interbedded
carbonate, sandstone, and conglomerate suggest that epi-
sodic clastic deposition alternated with quiet water condi-
tions that permitted carbonate precipitation from lake waters.
It is likely that the carbonate‐bearing intervals, at the 200–
400 m level in the measured section (Figure 5), were deposited
in a shallow water lacustrine environment. Normal grading
of sandstone is suggestive of deposition by turbidity currents.
Massive to very weakly laminated siltstones were deposited
by suspension fallout. Observed facies changes and rapid
coarsening above the 400 m level suggest that subaerial
fan‐delta processes, particularly sheetflow processes, were
responsible for transport of coarser sediments to more
distal part of the fan‐delta [Leeder, 1999].
3.1.3. Facies Association 3: Thin Pebble Conglomerate
and Medium‐Grained Sandstone
3.1.3.1. Description
[21] This facies association occurs throughout the Lower

Member. Sandy pebble conglomerate with low‐angle strat-
ification (Gcl), sandstone lenses, and basal scours alternate
with moderately sorted, medium‐to coarse‐grained sand-
stone with occasional normal grading (Sn) and horizontal
lamination (Sh). Sandstone beds are 10–30 cm thick and the

thickest conglomerate beds are ∼50 cm thick. Conglomerate
beds are commonly amalgamated, with bed contacts
becoming harder to distinguish upsection.
3.1.3.2. Interpretation
[22] Facies association 3 is interpreted to have been

deposited in the intermediate zone of a stream‐dominated
alluvial fan, with most deposition taking place in sandy and
gravelly bars within fluvial channels that reach the subaerial
“fan‐fringe” where it transitions to a fan‐delta [e.g., Miall,
1985, 1996; Ridgway and DeCelles, 1993; Leeder, 1999].
In places, particularly in the uppermost Lower Member,
conglomeratic sandstones with non‐erosive bed contacts are
interpreted as the products of sheetfloods in more distal fan
environments [e.g., Blair and McPherson, 1994; Hampton
and Horton, 2007]. Observed coarsening trends within
conglomeratic packages may be the result of lateral migra-
tion of channels across the surface of the alluvial fan [Miall,
1977; Uba et al., 2005].
3.1.4. Facies Association 4: Coarse‐Grained Sandstone
and Thick Cobble‐Boulder Conglomerate
3.1.4.1. Description
[23] Facies association 4 includes the majority of the

Upper Member, beginning at the ∼600 m level (Figures 5, 6d,
and 6e). The Upper Member is defined by very thick beds of
clast‐supported conglomerate that are predominantly imbri-
cated (Gcmi) with a few erosional surfaces. These deposits
are interbedded with thin beds of lenticular coarse‐grained
sandstone. An upward‐coarsening sequence is observed
within the cobble‐boulder conglomerate. Mean clast size
ranges from 6 cm at the 500 m level to 14 cm at the top of
the section. Lithofacies include (1) clast‐supported pebble‐
boulder conglomerates with imbrication (Gcmi), (2) massive,
nonimbricated, poorly sorted conglomerates with occasional
erosional scours (Gcm), (3) sandy, well‐sorted, pebble con-
glomerate with horizontal stratification (Gchi), and (4) occa-
sional lenses of coarse‐grained sandstone (Sm, Sh). The
uppermost levels of the Upper Member are covered in angular
unconformity by Quaternary glacial deposits.
3.1.4.2. Interpretation
[24] Deposition of facies association 4 is attributed to

gravel bars in poorly defined low‐sinuosity channels and
sediment gravity flows in the proximal sector of a stream‐
dominated alluvial fan [e.g., Miall, 1985; Ridgway and
DeCelles, 1993; Miall, 1996; Leeder, 1999]. The upsection
increase in mean clast size (Figure 5) suggests progradation
of the fan system toward distal regions. The uppermost basin
fill may have been deposited at the fan apex, where chan-
nelized and nonchannelized facies are closely associated.
Large‐scale upward‐coarsening sequences are observed in
prograding fans where depositional processes are increas-
ingly proximal. Progradation may be caused by increasing
intensity of basin‐margin faulting or an increasingly humid
climate causing higher runoff and sediment transport rates
[Leeder, 1999].

3.2. Stratigraphic Variations in Stratal Dip

[25] E‐dipping strata of the Lloclla Formation cap the
E‐tilted hanging wall of the Cordillera Blanca normal fault.
Stratal dip variations within the Lloclla Formation reveal four
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groups (Figure 5). In the Lower Member, dips range between
25°NE and 15°NE from the 0 to 250 m level (Figure 5). At
250 m, dips shallow abruptly to 10° and range from 5° to 10°
up to 475 m, which marks the base of the Upper Member
(Figure 5). From 475 to 725 m, dips range from ∼7° to 15°.
Above 725 m, bedding is not well defined in the thick,
massive conglomerate of the Upper Member, but dips
apparently steepen from ∼15° to 30° (Figure 5).
[26] Upsection variations in stratal dip are considered the

product of progressive syndepositional tilting during basin
evolution. The principal trend toward shallower dips
upsection is suggestive of a broad growth stratal package
related to east‐down tilting of the hanging wall during
deposition. Such basin infill patterns are commonly attrib-
uted to motion on a listric normal fault. However, an
upsection steepening of dips suggests further complexity
that may be related to variations in the geometry of master
or subsidiary faults [Gibbs, 1984].

3.3. Conglomerate and Sandstone Provenance

[27] The provenance of clastic sediment in the Lloclla
Formation was determined using sandstone compositional
data collected from petrographic analysis (point counts),
conglomerate compositional data from clast counts, and
sediment dispersal patterns from paleocurrent measure-
ments. Most compositional data were collected from the
measured section at Quebrada Lloclla (Figure 5).
[28] Petrographic thin sections were cut from primarily

medium‐grained sandstone and stained for plagioclase and

potassium feldspar. Thirteen samples were counted using a
modified Gazzi‐Dickinson method [Ingersoll et al., 1984].
Petrographic parameters (Table 3) and recalculated detrital
modes (Table 4) are based on methods described by
Ingersoll et al. [1984] and Dickinson [1985]. Recalculated
detrital modes are plotted on ternary diagrams (Figure 7)
depicting ratios of quartz‐feldspar‐lithic fragments (Q‐F‐L),
monocrystalline quartz‐plagioclase‐K‐feldspar (Qm‐P‐K)
and metamorphic‐volcanic‐sedimentary lithic fragments
(Lm‐Lv‐Ls). The compositional data are divided into four
groups on the basis of stratigraphic m level, where the most
striking feature is the predominance of lithic grains, as
shown by the Q‐F‐L diagram (Figure 7). The feldspar grains
are dominantly plagioclase feldspar, a trend visible in the
Qm‐P‐K diagram (Figure 7). The Lm‐Lv‐Ls diagram
reveals a moderate upsection trend of increasing volcanic
lithic grains (Figure 7). The mean sandstone compositions,
reported as percentages, are Q‐F‐L (13‐13‐74), Qm‐P‐K
(51‐44‐5), and Lm‐Lv‐Ls (28‐66‐6).
[29] Conglomerates are predominantly clast supported,

with some imbrication, and subrounded to rounded pebbles
and boulders (Figures 6d and 6e). Clast counts were con-
ducted every 40–50 m of stratigraphic section (Figure 5).
Each of 13 clast counts identified lithologies of 100–125
individual clasts within 1 m2 of a single bed. Clast types
were grouped into metapelites of the Jurassic Chicama
Formation, volcanic rocks of the Tertiary Calipuy Forma-
tion, rhyolite probably from the Tertiary Calipuy Formation
(rather than the poorly consolidated Tertiary Yungay
ignimbrites), and granite from the Cordillera Blanca batho-
lith. The lower 900 m of the measured section are dominated
by clasts of the Tertiary Calipuy Formation, with granite
clasts first appearing above 900 m (Figure 8).
[30] Paleocurrent data were collected every ∼50 m of

section as lithofacies allowed. Where clast imbrication was
observed, an average of 20 clast orientations was measured.
Rose diagrams for each site are plotted according to strati-
graphic level (Figure 5). In addition, a total of 317 clast
measurements are plotted in a cumulative rose diagram that
reveals two paleoflow directions (Figure 8). The lower
900 m exhibit a mean paleoflow direction to the NW
(314°). Above 900 m, flow direction changes to a more
WSW orientation (260°) (Figures 5 and 8).

3.4. Age Constraints

[31] 40Ar/39Ar age results for the Yungay Formation and
basal tuff of the Lloclla Formation help define the onset of

Table 3. Parameters for Sandstone Point Counts

Symbol Grain Categories
Recalculated
Parameters

Qm Monocrystalline quartz Q‐F‐L
Qp Polycrystalline quartz Q = Qm + Qp
P Plagioclase feldspar (includes

Na and Ca varieties)
F = P + K

K Potassium feldspar L = Lv + Ls + Lm
Lvm Microlitic volcanic grains
Lvl Lathwork volcanic grains Lm‐Lv‐Ls
Lvf Felsic volcanic grains Lm
Lm Metamorphic lithic

grains (phyllite)
Lv = Lvm + Lvl + Lvf

Lsh Mudstone Ls = Lsh + Lc
Lc Carbonate

Qm‐P‐K
Qm
P
K

Table 4. Recalculated Modal Point‐Count Data for Sandstones

Sample Q. Lloclla:
Level (m) 9°38.5′S,

77°29.3′W
Sampling

Elevation (m)

Q‐F‐L % Qm‐P‐K % Lm‐Lv‐Ls %

Q F L Qm P K Lm Lv Ls

LL5 5 3369 53 56 321 43 53 3 164 152 5
LL23 23 3387 22 28 133 17 28 0 55 76 2
LL102 102 3466 59 119 260 57 104 15 76 148 36
LL144 144 3508 28 35 199 28 35 0 45 135 19
LL237 237 3601 26 10 198 25 10 0 52 131 15
LL261 261 3625 55 61 208 55 47 14 30 170 8
LL561 561 3925 42 30 377 40 30 0 55 299 23
LL739 739 4103 30 5 198 29 5 0 39 148 11
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hanging‐wall subsidence along the Cordillera Blanca de-
tachment fault. Biotite grains from the Yungay ignimbrites
and basal Lloclla tuff were separated using magnetic sepa-
ration techniques, handpicked for purity, and then packed

into Cu foil packets. Five to eight milligrams of biotite
grains from each sample were irradiated with sanidine flux
monitors (Fish Canyon Tuff: nominal age of 27.8 ± 0.5 Ma)
[Renne et al., 1994] at the Ford reactor, University of
Michigan for 45 h. Step‐heating analyses were carried out at
the University of California, Los Angeles in a double‐vac-
uum resistance furnace with a Ta crucible. Isotopic ratios
were measured using a VG1200 gas source automated mass
spectrometer. An in‐house data reduction program was used
to reduce the raw data and calculate ages. Reported ages
represent weighted mean ages with errors reported at the 1s
level. Weighted mean ages do not include uncertainties in
the J factor or decay constants, as appropriate for samples
analyzed in a single lab with the same flux monitors
[McDougall and Harrison, 1999].
[32] Three samples from the Yungay Formation provide

constraints on ignimbrite deposits in the northern Rio Santa
valley. 40Ar/39Ar analyses of biotite grains from Yungay
ignimbrites yield variable results (Figure 9 and Table 5).
One sample produced a relatively well‐defined age spec-
trum that indicates an age of 7.5 ± 0.2 Ma (Figure 9a). The
other two samples are characterized by somewhat irregular

Figure 7. Compositional ternary diagrams (Q‐F‐L, Lm‐
Lv‐Ls, and Qm‐P‐K) for 13 sandstone samples of the
Lloclla Formation (see Table 2). Four symbols correspond
to sampled stratigraphic level (Figure 5). Arrows indicate
upsection trends in detrital compositions.

Figure 8. Paleocurrent and clast composition data for the
Lloclla Formation (a) below 900 m level and (b) above
900 m level. Paleocurrents show an abrupt change from
NW directed to WSW directed transport above the 900 m
stratigraphic level. Clast compositions record proportions
of Jurassic‐Cretaceous sedimentary rocks (JK), Tertiary
Calipuy volcaniclastic rocks (Tv), probable lower Calipuy
rhyolites (Tvr), and the appearance of Cordillera Blanca
granite (Tcb) above the 900 m level.
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age spectra (Figures 9b and 9c) that could reflect modest
amounts of excess argon [McDougall and Harrison, 1999].
Although all three samples yield weighted mean ages that
are indistinguishable, the latter samples yield relatively large
errors (8.0 ± 1.0 and 8.7 ± 1.6 Ma). For this reason, the age
of ignimbrite deposition is considered to have a clear record
at 7.5 Ma, with a possibility of slightly older ignimbrite
volcanism that could be as old as 8–10 Ma. These results are
broadly consistent with K‐Ar biotite ages of 6.2 ± 0.2 to
7.6 ± 0.2 Ma reported for the Yungay ignimbrites [Cobbing
et al., 1981].
[33] In the Callejon de Huaylas basin, the base of the

Lloclla Formation (Quebrada Lloclla section; Figure 5)
contains a ∼7–8 m thick, dark gray tuff that dips ∼25°E
toward the Cordillera Blanca normal fault (Figure 6a).
Bonnot [1984] reported a biotite K‐Ar age of 5.4 Ma (no
errors reported) for the basal Lloclla tuff in Quebrada
Lloclla. New 40Ar/39Ar analyses of biotite yield a weighted
mean age of 5.4 ± 0.1 Ma based on a well‐defined plateau
age spectrum (Figure 9d), confirming the age of Bonnot

[1984]. Importantly, this 40Ar/39Ar age for the base of the
upward‐coarsening Lloclla Formation indicates that basin
subsidence, hence detachment faulting, commenced in this
region at ∼5.4 Ma.

4. Stable Isotope Methods and Results
4.1. Methods

[34] Lacustrine carbonates are porous, poorly indurated,
massive to laminated, very calcareous, with moderate
amounts of clay and organic matter. We examined each
sample under a stereoscopic microscope to identify repre-
sentative material for sampling and to identify potential
diagenetic phases. All samples are micritic and show no
evidence of dissolution, sparry recrystallization, or cemen-
tation. Their high primary porosity is consistent with the
observation that they lack secondary diagenetic calcite.
Samples were crushed to a fine powder using a mortar and
pestle. Powdered samples were reacted with 30% H2O2 for
20 min to remove organic material prior to analysis.

Figure 9. 40Ar/39Ar age spectra for biotite grains from (a–c) Yungay ignimbrites and (d) basal Lloclla
tuff of the Callejon de Huaylas basin. Reported ages represent weighted mean ages with 1s standard
errors.

GIOVANNI ET AL.: EXTENSIONAL BASIN EVOLUTION IN PERU TC6007TC6007

12 of 21



[35] Water d18O and D/H and carbonate d18O and d13C
were measured on a Thermo Electron Corporation Delta
plus XP mass spectrometer in continuous flow mode at the
University of Rochester. Water d18O was measured using an
automated Gasbench II CO2‐H2O equilibration unit. The
isotope ratio was calculated using internal lab standards
calibrated using VSMOW (Vienna Standard Mean Ocean
Water) and VSLAP (Vienna Standard Light Antarctic
Precipitation). Precision is better than ±0.08‰ for the

d18O values of water. D/H was measured using a Thermo
Electron TC/EA peripheral and a GC‐PAL autosampler.
Approximately 200 nL of sample water was injected into
the TC/EA during three successive injections. The reactor
was set at a temperature of 1450°C and the GC oven was set
at 90°C. The average of three injections indicates a 1s error
of ±1.5‰ for dD. We report the average of six ratios (two
separate runs), that yielded 1s errors of ±1.4‰. d18O and
d13C of carbonates were measured using the Gasbench II

Table 5. 40Ar/39Ar Step‐Heating Analytical Results

T (°C) 40Ar/39Ar 38Ar/39Ar

37Ar/39Ar
(× 10−3)

36Ar/39Ar
(× 10−3)

39Ar (mol)
(× 10−15) S39Ar % 40Ar* 40Ar*/39ArK ±s40/39

Age
(Ma) ±sAge

Basal Lloclla Tuff: Biotite (6.1 mg; J = 0.003587). 9°38.5′S, 77°29.3′W
500 71.604 0.1466 52.735 232.96 4.960 1.01 3.81 2.73 1.10 17.79 7.15
700 28.871 0.0870 9.492 92.146 38.337 8.79 5.57 1.60 0.29 10.49 1.95
770 3.297 0.0691 4.717 8.012 58.369 20.65 27.12 0.89 0.04 5.84 0.31
840 1.541 0.0673 3.223 2.275 70.038 34.88 54.07 0.83 0.02 5.45 0.17
900 2.273 0.0670 5.172 4.626 20.967 39.13 38.23 0.87 0.07 5.70 0.48
960 3.587 0.0686 8.746 8.890 11.383 41.45 25.72 0.92 0.14 6.05 0.96
1020 3.781 0.0667 10.797 9.768 9.050 43.28 22.64 0.86 0.17 5.62 1.14
1080 3.692 0.0683 8.413 9.148 19.975 47.34 25.79 0.95 0.10 6.23 0.65
1150 2.193 0.0664 4.439 4.286 61.452 59.82 40.64 0.89 0.03 5.83 0.21
1350 1.558 0.0655 12.274 2.104 197.790 99.99 57.92 0.90 0.01 5.90 0.08
Total gas age: 5.46 ± 0.91 Ma
Weighted mean age: 5.40 ± 0.05 Ma

Yungay Ignimbrite 1: Biotite (6.1 mg; J = 0.003525). 8°57.5′S, 77°48.8′W
500 61.391 0.1118 69.275 204.766 16.321 3.64 1.39 0.86 0.98 5.43 6.19
600 15.031 0.0816 248.674 48.336 20.929 8.31 4.89 0.74 0.17 4.68 1.11
700 7.164 0.0737 83.883 20.840 33.088 15.69 13.65 0.98 0.08 6.22 0.53
770 3.800 0.0671 29.028 8.875 33.991 23.28 30.04 1.15 0.07 7.28 0.45
840 3.634 0.0669 28.170 8.212 26.715 29.24 32.18 1.18 0.08 7.47 0.52
900 3.380 0.0686 19.942 7.258 40.904 38.37 35.47 1.20 0.05 7.64 0.31
960 3.424 0.0691 20.274 7.450 45.529 48.52 34.65 1.19 0.05 7.56 0.30
1050 2.452 0.0650 14.448 4.203 103.395 71.59 47.95 1.18 0.02 7.48 0.15
1150 1.740 0.0656 29.478 1.767 123.414 99.13 68.05 1.19 0.02 7.54 0.10
1350 8.037 0.0680 152.832 22.119 3.834 99.99 18.05 1.48 0.37 9.40 2.35
Total gas age: 7.23 ± 0.61 Ma
Weighted mean age: 7.49 ± 0.09 Ma

Yungay Ignimbrite 2: Biotite (6.0 mg; J = 0.003525). 8°58.7′S, 77°48.3′W
500 37.243 0.1099 20.612 123.110 46.602 10.53 2.24 0.83 0.21 5.29 1.35
600 7.827 0.0698 20.893 23.743 93.847 31.73 9.95 0.78 0.06 4.95 0.40
700 5.982 0.0687 16.905 16.515 81.517 50.15 17.88 1.07 0.05 6.80 0.30
770 5.511 0.0681 15.466 14.759 49.279 61.28 20.25 1.12 0.06 7.10 0.39
840 5.136 0.0668 13.827 12.996 16.814 65.08 24.45 1.26 0.10 8.02 0.66
900 5.164 0.0687 17.258 13.282 18.661 69.30 23.24 1.21 0.10 7.66 0.60
960 5.204 0.0702 17.306 13.051 31.565 76.43 25.21 1.32 0.03 8.35 0.19
1050 5.150 0.0690 16.778 12.919 56.564 89.21 25.21 1.30 0.05 8.25 0.33
1150 3.731 0.0658 58.573 7.399 44.701 99.31 40.51 1.52 0.04 9.62 0.28
1350 15.390 0.0403 56.576 14.251 3.076 99.99 71.61 11.15 0.42 69.56 2.56
Total gas age: 7.39 ± 0.48 Ma
Weighted mean age: 8.02 ± 0.99 Ma

Yungay Ignimbrite 3: Biotite (6.0 mg; J = 0.003525). 8°59.8′S, 77°48.3′W
500 154.813 0.1558 166.610 513.688 6.703 2.81 1.94 3.00 1.36 18.98 8.55
600 70.165 0.1091 117.649 225.455 13.872 8.62 5.01 3.52 0.23 22.25 1.45
700 30.565 0.0869 76.402 97.676 46.380 28.05 5.48 1.68 0.24 10.62 1.53
770 14.914 0.0729 53.668 45.733 24.587 38.35 9.18 1.37 0.12 8.70 0.75
840 31.105 0.0801 84.061 99.716 12.043 43.39 5.18 1.61 0.35 10.23 2.24
900 34.693 0.0919 85.951 110.652 18.040 50.95 5.67 1.97 0.26 12.48 1.67
960 21.457 0.0826 72.663 65.931 19.171 58.98 9.06 1.95 0.25 12.34 1.58
1050 11.241 0.0751 60.406 32.492 46.913 78.63 14.33 1.61 0.10 10.22 0.62
1150 3.011 0.0691 73.044 6.202 48.715 99.04 38.09 1.15 0.04 7.31 0.27
1350 14.617 0.0158 26.338 13.110 2.297 99.99 72.07 10.71 0.54 66.87 3.34
Total gas age: 11.39 ± 1.28 Ma
Weighted mean age: 8.69 ± 1.54 Ma
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peripheral device. Powdered samples were reacted with
phosphoric acid to liberate CO2. The isotope ratio was
calculated using repeated measurements of three in‐house
standards calibrated using NBS‐19 and NBS‐18. The 1s
errors were ±0.1‰ for d18O and ±0.05‰ for d13C.

4.2. Oxygen and Hydrogen Isotopes of Modern
Surface Waters

[36] Stable isotope paleoaltimetry was employed to eval-
uate surface uplift in the Cordillera Blanca. This method is
based on analysis of stable oxygen isotopes (16O and 18O)
in carbonates precipitated from surface waters. The d18O
values of meteoric water (d18Omw) vary systematically with
elevation, providing a means to reconstruct paleoelevation
using d18O values of paleowaters [Chamberlain and Poage,
2000; Garzione et al., 2000b; Rowley et al., 2001; Blisniuk
et al., 2005]. As vapor masses ascend the flank of a mountain
range, they expand and cool, causing rainout of heavier
isotopes, thus producing lower d18Omw values at progres-
sively higher altitudes [Gonfiantini et al., 2001; Vuille et al.,
2003]. Rayleigh distillation is considered to exert a primary
control on the decrease in d18Omw of meteoric water at higher
altitudes in the Andes [Gonfiantini et al., 2001; Vimeux et al.,
2005; Rowley and Garzione, 2007; Sturm et al., 2007] with
the caveat that changes in climate that alter the elevation‐
temperature gradient, seasonality of rainfall amount, or at-
mospheric circulation may affect the isotopic composition of
source moisture or the isotopic lapse rate [e.g., Vimeux et al.,
2005; Sturm et al., 2007; Ehlers and Poulsen, 2009; Poulsen
et al., 2010]. Stable isotope paleoelevation reconstructions
are based on the observation that carbonates that precipitated
from waters originating at higher altitudes yield more neg-
ative d18O values, as demonstrated by studies of both modern
and ancient lacustrine and paleosol carbonates in contrac-
tional mountain belts [e.g.,Drummond et al., 1993;Garzione
et al., 2000a; Rowley and Currie, 2006; Hoke et al., 2009].
[37] Paleoelevation can be estimated from oxygen isotope

compositions of carbonates using a locally determined d18O
versus altitude gradient and making reasonable assumptions
about the past climate from available paleoclimate indicators
[Rowley and Garzione, 2007]. However, additional con-
siderations are required because other factors may also influ-
ence the d18O values of carbonate, including evaporative
effects, diagenesis, and the temperature of calcite precipitation
[Garzione et al., 2004]. For accurate calibration of the local
d18O versus altitude gradient, it is also necessary to collect
modernwater samples from a considerable range of elevations.
[38] In this study, modern water samples were collected

in July 2005 from the <2 m wide by <30 cm deep trunk
stream in Quebrada Lloclla and analyzed for d18O values
(Figure 10a). The d18O (VSMOW) values show a limited

Figure 10. Stable isotope results for modern stream waters
of Quebrada Lloclla and lacustrine carbonates of Lloclla
Formation. (a) Oxygen isotope results for modern stream
waters showing more negative d18O values at higher eleva-
tion. (b) Comparative plot of oxygen and hydrogen isotope
results for modern waters, showing d18O values versus dD
(deuterium) values and resulting local meteoric water line
(LMWL) relative to global meteoric water line (GMWL).
(c) Comparative plot of oxygen and carbon isotope results
for lacustrine carbonates, showing d18O values versus
d13C values. Arrow denotes upsection trend toward more
negative d18O values. Sample labels correspond to strati-
graphic m level (Figure 5).
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range between −11.5‰ and −13‰, with the most negative
values observed at the highest elevations. The water samples
were collected from the maximum elevation range of the
Quebrada Lloclla stream, from the headwaters to the down-
stream confluence with the Rio Santa. Although this data
set constrains modern surface water compositions along a
single trunk river between 3250 and 3900 m elevation, the
lack of samples from individual tributary streams at dif-
ferent elevations and the small ∼650 m range in sample
elevations limit robust estimates of the local d18O versus
altitude gradient over a large range of elevations. Never-
theless, the d18O values are more negative with increasing
elevation (Figure 10a), as predicted for modern stream
waters.
[39] Hydrogen and oxygen isotopes of water are widely

used as tracers of hydrological processes involving precip-
itation and interactions between groundwater and surface
water [e.g., Gibson et al., 2005]. The dD (deuterium) and
d18O composition of global precipitation has been shown to
vary systematically and define a uniform relationship in
dD‐d18O space called the global meteoric water line
(GMWL) [Gammons et al., 2006, and references therein]. It
is recognized that the relationship between dD and d18O
values of precipitation can vary regionally, necessitating the
measurement of a local meteoric water line (LMWL) for
comparison. The slope of the LMWL can depart from that of
the GMWL due to evaporation under low humidity condi-
tions and seasonal temperature variations. For modern
waters of the Quebrada Lloclla, the slope of the LMWL is
considerably lower than the GMWL (Figure 10b), suggest-
ing evaporation under low relative humidity affected these
waters. River waters were sampled in July 2005 during the
dry season. At rainfall of <1cm/mo for June and July, as
compared to 11–12 cm/mo in the summer rainy season1,
July represents the driest month of the year. Low rainfall
rates associated with the season of sampling may account
for the relatively positive d18O values and the low slope of
the LMWL observed in stream waters.

4.3. Oxygen Isotopes of Lloclla Formation Carbonates

[40] Isotopic compositions of lacustrine carbonates com-
monly reveal a systematic correlation between carbon and
oxygen isotopes [Talbot, 1990]. Such isotopic covariance

can be attributed to closed basin conditions, recognizing that
diagenetic alteration, mixing, and temperature variations
may skew d18O and d13C values. In general, more positive
values of d18O in lacustrine carbonates are likely associated
with basin closure and an increase in the degree of evapo-
ration [Talbot, 1990; Drummond et al., 1995]. If the linear
correlation coefficient (R2) for covariance between d13C and
d18O is >0.8, the carbonates were likely precipitated from a
lake in a basin that experienced long periods of internal
drainage. Moderately high covariance coefficients (R2 ∼
0.6–0.7) suggest periods of extended residence times in
lakes that existed in basins that were closed periodically
[Talbot, 1990].
[41] Although the Callejon de Huaylas basin is dominated

by conglomerate, eight levels of lacustrine carbonate were
sampled within the Quebrada Lloclla section (Figure 5).
Measured values of d13C and d18O are depicted on a single
plot, with sample numbers corresponding to stratigraphic m
level (Figure 10c and Table 6). The samples reveal d18O
(VPDB) values ranging from −13.2‰ to −17.8‰. Assum-
ing these carbonates were precipitated at temperatures sim-
ilar to the modern summertime mean temperature of 12°C,
when lake carbonates are most likely to precipitate [Duston
et al., 1986; Effler et al., 1987], we calculate paleolake
water compositions of −13.6‰ to −18.2‰(VSMOW) using
the temperature dependent fractionation equation of Kim
and O’Neil [1997]. The estimated lake water values are
more negative than the d18O values of modern stream waters
of ‐11.6‰ to −12.9‰. In lacustrine carbonate samples, the
high degree of covariance (R2 = 0.61) between d13C and
d18O values is consistent with a lacustrine setting experi-
encing intermittent basin closure, possibly suggesting rela-
tively high rates of evaporation at higher elevations. A
moderate upsection decrease in d18O values from d18O
(VPDB) = −11‰ to −14‰ in the lower part of the section to
−14.7‰ to −17.8‰ in the upper part of the section (Table 6)
is consistent with, but does not require, increased elevation
in the source area with time. Likely alternatives include
increasingly open lake conditions upsection or a climatic
shift involving changes in the temperature of carbonate
precipitation and/or rainfall amount. The isotopic composi-
tion of rainfall in tropical settings shows little to no corre-
lation with air temperature but varies more as a function of
rainfall amount and vapor mass history [Rozanski et al.,
1993; Vimeux et al., 2005]. Assuming similar to modern
surface water compositions would require that lake carbo-
nates precipitated under cooler climate conditions. For exam-
ple, if the most positive lake carbonates [d18O(VPDB) =
−13‰] reflect precipitation from the most positive surface
waters [d18O(VSMOW) = −11.5], then this would require a
temperature of carbonate formation of 7°C. Although tem-
perature proxy records and modeling of late Miocene cli-
mate in this region are lacking, the observation of warmer
global climate in the late Miocene relative to today [e.g.,
Zachos et al., 2001] suggests that 5°C cooler temperatures
of carbonate precipitation is an unlikely cause of the dis-
crepancy between modern waters and paleolake carbonates.
A more likely scenario is that paleolake carbonates reflect
lower d18O values of local meteoric water. An increase in
the amount of precipitation or an increase in convective

Table 6. Oxygen and Carbon Isotope Dataa

Sample
Name Description

Sampling
Elevation

(m)

Stratigraphic
Level
(m)

d18O
(VPDB)
(‰)

d13C
(VPDB)
(‰)

LL182‐C micrite 3546 182 −13.9 −7.2
LL197‐C micrite 3561 197 −11.6 −6.7
LL199‐C micrite 3563 199 −11.0 −5.9
LL261‐C micrite 3625 261 −14.0 −2.1
LL262‐C micrite 3626 262 −13.2 −2.6
LL263‐C micrite 3627 263 −17.3 −10.6
LL315‐C micrite 3679 315 −16.4 −9.4
LL353‐C micrite 3717 353 −15.5 −6.2
LL405‐C micrite 3769 405 −14.7 −6.9
LL490‐C micrite 3854 490 −17.8 −8.0

aQuebrada Lloclla: 9°38.5′S, 77°29.3′W. Precision is better than ±0.05‰
for d13C and ±0.1‰ for d18O Vienna Pee Dee Belemnite (VPDB).
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activity upstream of atmospheric flow provide more likely
explanations of the lower d18O values of local rainfall in
the late Miocene [Vimeux et al., 2005; Bony et al., 2008;
Risi et al., 2008]. Another potential source of the discrep-
ancy between paleolake water and modern stream water is
that modern stream waters appear to have experienced
evaporation. As discussed in section 5.2, these waters were
sampled during the dry season and are likely to reflect
higher d18O values than precipitation during the summer
rainy season. For a more accurate comparison of local
meteoric water and paleolake water composition, modern
streams should be sampled just following the summer
rainy season (January–March). (Temperature and rainfall
information for Chupaca, Peru, the nearest weather station
of similar elevation to the Callejon de Huaylas basin
(elevation = 3350 m) (www.weatherbase.com). Summer-
time mean temperature reflects the modern monthly mean
temperature at Chupaca for the warmest 2 months (October
and November).) To assess paleoelevation, we compare
isotopic values of modern stream water (Figure 10a and
Table 7) to those from uppermost Miocene carbonates of
the Lloclla Formation (Figure 10c). Lloclla carbonates were
deposited several Ma prior to the onset of regional glacia-
tion at ∼1.4 Ma [Smith et al., 2005]. Given the extensive
Quaternary glaciation in the Cordillera Blanca, the modern
d18O values of stream waters sourced from snow‐melt and
glaciers [e.g., Vimeux et al., 2009] should be more negative
relative to ancient lacustrine waters from the same eleva-
tion. Furthermore, evaporative effects common to partially
closed lake systems should result in enrichment in the d18O
values of lake water. Both of these effects would tend to
result in higher d18O values of paleolake waters relative to
modern stream waters, leading to an underestimation of
paleoelevation. The most negative paleolake water d18O
values (∼−18‰) from the uppermost Miocene Lloclla car-
bonates that likely exhibit the least evaporation are signif-
icantly more negative than modern stream waters (d18O
values = −11.6‰ to −12.9‰ sampled during the dry season
(Figures 10a and 10c), but similar in isotopic composition
to ice cores in Peru that show d18O values between −16.5‰
and −20‰ [Vimeux et al., 2009]. The similarity with
modern ice core compositions suggests that surface waters

reaching the lacustrine systems of the Callejon de Huaylas
basin (Lloclla Formation) during the latest Miocene origi-
nated from elevations at least as high as the current ele-
vation of the Cordillera Blanca.

5. Discussion
5.1. Basin Evolution

[42] Lithofacies, paleocurrents, and detrital provenance of
the Lloclla Formation help delineate the depositional history
of the Callejon de Huaylas basin in the hanging wall of the
Cordillera Blanca detachment fault. 40Ar/39Ar results and
upsection variations in stratal dip in the basin fill further
constrain the timing and style of fault displacement.
[43] The Lloclla Formation contains an upward‐coarsen-

ing, ∼1300 m thick succession (Figure 5) that represents
progradation of a stream‐dominated alluvial fan into a
lacustrine fan‐delta system. Progradation is marked by an
upsection transition from lacustrine mudstones, and local-
ized carbonates, to thick cobble‐boulder conglomerates with
imbricated, rounded clasts. Paleocurrent data (Figures 5 and
8) for most of the formation indicate sediment dispersal to
the NW in an axial to oblique direction relative to the NNW
trending Cordillera Blanca. Sandstone and conglomerate
provenance data (Figures 5 and 8) indicate a source region
dominated by Tertiary volcanic rocks with increased input
of sedimentary grains from the Cretaceous section and
metasedimentary grains from the Jurassic interval. A con-
siderable provenance change was recorded at the ∼900 m
level of the Lloclla Formation. Above this level, the
appearance of granitic clasts and a shift toward more WSW
directed flow suggest transverse sediment dispersal away
from an uplifted footwall in which erosion had breached the
Cordillera Blanca granitic batholith. This compositional
trend indicates that the batholith was not a dominant source
during most basin accumulation, in contrast to the modern
drainages dominated by footwall granite clasts. Although
significant variability characterizes the paleocurrents, con-
glomerate clast lithologies, and sandstone compositions
(Figures 5, 7, and 8), the broad stratigraphic pattern defined
by these data sets suggests that deeper levels of the footwall
contributed greater proportions of sediment with time. We

Table 7. Oxygen Isotopic Data and Elevation Information for Sampled Modern Watersa

Sample Name Stream Sampling Elevation (m) Sampling Location d18O (VSMOW) (‰) dD (VSMOW) (‰)

LL3280 Quebrada Lloclla 3280 S09°38.583′, W077°29.300′ −11.6 −92.9
LL3301 Quebrada Lloclla 3301 S09°38.485′, W077°29.083′ −11.8 −92.3
LL3396 Quebrada Lloclla 3396 S09°38.202′, W077°28.554′ −12.3 −94.7
LL3499 Quebrada Lloclla 3499 S09°37.322′, W077°28.298′ −12.6 −95.1
LL3585 Quebrada Lloclla 3585 S09°37.918′, W077°27.961′ −12.7 −93.8
LL3684 Quebrada Lloclla 3684 S09°38.029′, W077°27.685′ −12.7 −94.7
LL3787 Quebrada Lloclla 3787 S09°38.068′, W077°27.413′ −12.8 −95.0
LL3893 Quebrada Lloclla 3893 S09°38.239′, W077°27.200′ −12.9 −94.3

Drainage Basin Area (km2) Sampling Season

Rurecb 176.2 July 2005

aData for each location appear in order from lowest to highest sampling elevation. Elevations and locations were determined using a Garmin eTrex GPS
unit. Precision is better than ±0.08‰ for d18O and ±1.4‰ for dD. VSMOW, Vienna standard mean ocean water.

bGiovanni [2007].
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interpret this unroofing pattern as the product of continued
footwall exhumation during protracted west down motion
on the Cordillera Blanca detachment fault (Figure 3).
[44] The timing of slip is constrained by the hanging‐wall

subsidence history. At the basin’s type locality (Quebrada
Lloclla; Figure 2), a tuff at the base of the Lloclla Formation
yielded a 40Ar/39Ar biotite age of 5.4 ± 0.1 Ma (Figure 9d).
This age is important because an unconformity at the base of
the formation indicates the region underwent erosion after
middle Miocene termination of deposition in the Calipuy
Formation. Therefore, the basal Lloclla tuff represents a
fundamental temporal shift toward deposition that marks the
onset of fault‐induced subsidence. We attribute initial
hanging‐wall subsidence of the Callejon de Huaylas basin at
∼5.4 Ma to the onset of extension and detachment faulting in
the Cordillera Blanca.
[45] Although local variations affect stratal dip within the

Lloclla Formation, systematic measurements record dip var-
iations that may be linked to the subsurface geometry of the
Cordillera Blanca fault. Initial dips of 15°–25° are abruptly
overlain by shallow dips (5°–10°) at 250–490 m, and then
gradually steepen (∼15°–30°) above 725 m (Figure 5). Dip
shallowing at 250m is consistent with growth strata deposited
synchronously with hanging‐wall tilting, most likely along a
listric normal fault. Dip steepening above 490 m (Figure 5),
although contrary to simple models of hanging‐wall rollover,
may indicate a ramp‐flat fault geometry rather than a smooth
curvilinear fault plane at depth [e.g., Gibbs, 1984].

5.2. Basin‐Forming Mechanisms

[46] Although Quaternary glacial deposits cover large
areas of the Callejon de Huaylas basin, the elongate supra-
detachment basin exhibits NW‐SE differences suggestive of
important along‐strike variations in basin evolution and, by
inference, the slip history along the ∼200 km length of the
Cordillera Blanca detachment fault. The southern Rio Santa
valley contains the basin’s type section in the form of the
dominantly conglomeratic Lloclla Formation. This ∼1300 m
thick succession unconformably overlies volcanic rocks of
the Eocene to middle Miocene Calipuy Formation. In con-
trast, the northern Rio Santa valley contains an up to 800 m
thick succession of the upper Miocene (∼7.5 Ma) Yungay
ignimbrites, which unconformably overlaps the Jurassic‐
Cretaceous section. The Yungay ignimbrites are capped by
glacial deposits, with no evidence of an intervening Lloclla
Formation. Two possible models are presented to account
for these along‐strike discrepancies within the hanging wall
of the Cordillera Blanca detachment fault.
[47] In the first model (Figure 11a), the normal fault acts as

a single segment with one tip pinned and the other free to
propagate. As the fault lengthens, the basin increases in
length, width, and depth. Cumulative slip is greatest in
locations closer the pinned fault tip and decreases in the
direction of propagation. The result is a broadly synclinal
basin geometry in longitudinal section that increases in am-
plitude and wavelength as the fault tip propagates [Schlische
and Anders, 1996]. The active depocenter of the basin,
defined by the location of maximum subsidence at any given
time, migrates in the same direction as the propagating fault

tip. The location of the active depocenter precedes the loca-
tion of maximum cumulative fill thickness (Figure 11a). In
addition, younger sediments will be deposited over a larger
surface area than older sediments and will onlap onto older
strata on the “trailing end” of the migrating depocenter.
Ultimately, a longitudinal cross section will show stacking or
“shingling” of progressively broader stratigraphic units such
that the oldest units are exposed at the surface near the orig-
ination of slip but are buried by younger sediments farther
along strike in the direction of depocenter migration and
fault‐tip propagation.
[48] In the second model (Figure 11b), multiple fault seg-

ments [e.g., Dawers et al., 1993; Densmore et al., 2004] that
do not overlap in map view are each associated with their own
isolated sedimentary basin. In the simple case of two faults,
each fault propagates in both directions, with the oldest units
restricted to the center of each subbasin (Figure 11b). As
displacement accrues on the two fault segments, the fault tips
propagate toward each other. Once the fault tips merge, new
units are deposited basin‐wide, thinning toward an intrabasin
high. With further slip, the fault system now propagates as a
single segment and strata begin to thicken toward the basin
center [Schlische and Anders, 1996].
[49] Both models provide viable explanations for the

along‐strike (NW‐SE) variations in the hanging wall of the
Cordillera Blanca fault, notably the absence or presence of
two major units, the Yungay ignimbrites and coarse‐grained
fill of the Lloclla Formation. We tentatively favor the first
model involving a single fault segment that propagates to
the SE because it can help account for the greater topo-
graphic relief and structural relief in the northern Rio Santa
valley and Cordillera Blanca. However, a more definitive
conclusion awaits more detailed information on spatial
variations in fault displacement and basin thickness.

5.3. Modes of Synconvergent Extension

[50] The Cordillera Blanca is critical to understanding
large‐scale hinterland extension in convergent retroarc
orogenic belts such as the Andes. Numerous hypotheses
have been advanced to explain the driving mechanism(s) of
extension in the Peruvian hinterland. Possible explanations
include extensional collapse of thickened crust [Dalmayrac and
Molnar, 1981; Sebrier et al., 1988a, 1988b; Mercier et al.,
1992], normal reactivation of a preexisting fold‐thrust struc-
ture [Doser, 1987; Schwartz, 1988; Bellier et al., 1991], strike‐
slip partitioning along an obliquely convergent margin
[McNulty et al., 1998], kinematic linkages to flat‐slab sub-
duction of the oceanic Nazca plate [McNulty and Farber,
2002], or thermal weakening and failure due to pluton
emplacement [Petford and Atherton, 1992]. Our sedimento-
logic, provenance, and 40Ar/39Ar results on the timing and
mode of extensional basin development and our stable isotope
data for basin fill offers new insights that bear on this problem.
[51] The structural and stratigraphic patterns of basin

evolution in the Cordillera Blanca are compatible with
classic models for supradetachment basins [e.g., Friedmann
and Burbank, 1995]. The shallow fault dip (<40°), consid-
erable dip‐slip displacement (>10 km), relatively limited
basin‐fill thickness (<1.5 km), footwall‐dominated sediment
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Figure 11. Schematic models of basin evolution linked to growth of the Cordillera Blanca normal fault.
At left, a generalized map depicts fill of the Callejon de Huaylas basin, the bold black trace of the Cor-
dillera Blanca normal fault (CBNF), the blue trace of the N‐flowing Rio Santa, and the site of the Lloclla
Formation measured section. Y = Yungay ignimbrite; Qm = Quaternary glacial deposits. (a) Model of a
single, southward‐propagating fault segment inducing southward migration of the basin depocenter.
White bar denotes Lloclla measured section. (b) Model of two propagating fault segments inducing
growth of two isolated extensional basins that coalesce into a single larger basin. Gray bar on map
and cross section separates hypothesized fault segments.
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supply, and existence of footwall mylonites are consistent
with detachment‐style faulting during large‐magnitude
extension. For the Cordillera Blanca, these criteria are
inconsistent with deep transtensional (pull‐apart) basins [e.g.,
Mann et al., 1983], which are uncommon throughout the
Andean hinterland [Horton, 2010]. In addition, the large
displacement and existence of additional extensional struc-
tures in hinterland regions beyond the Cordillera Blanca
[e.g.,Doser, 1987;Deverchere et al., 1989;Bellier et al., 1991]
suggest that extension is not governed by the local thermal
effects of late Miocene emplacement of the Cordillera Blanca
batholith. More generally, although low‐angle normal faulting
is commonly linked to broad regions of intercontinental
extension such as the Aegean and Basin and Range provinces
[e.g., Coney, 1987; Buck, 1991], we consider this detachment
mode of extension to be equally applicable to deformation and
basin growth in zones of synconvergent extension [e.g.,
Robinson et al., 2004; Kapp et al., 2008].
[52] Models linking extension in the Cordillera Blanca to

plate‐boundary processes rely on the timing of ridge colli-
sion and flat‐slab subduction. For example, McNulty and
Farber [2002] suggest that the Cordillera Blanca detach-
ment fault may have been triggered by kinematic coupling
with the shallowly subducted Nazca Ridge. Two recent
reconstructions of the subduction history along the Peru
trench [Hampel, 2002; Rosenbaum et al., 2005] show that
the buoyant Nazca Ridge migrated southward since initial
collision with the Peruvian margin in the middle Miocene.
Although there are minor differences, both reconstructions
indicate that the subducted continuation of the Nazca Ridge
passed beneath the Cordillera Blanca region by 15–10 Ma
[Hampel, 2002; Rosenbaum et al., 2005]. Our estimate of
initial extension at ∼5.4 Ma considerably postdates the timing
of ridge passage and slab flattening beneath the Cordillera
Blanca. Moreover, independent thermochronological evi-
dence for rapid cooling in the Cordillera Blanca and adjacent
Cordillera Huayhuash [Garver et al., 2003, 2005; Perry and
Garver, 2004; Giovanni, 2007], presumed to partially reflect
fault‐induced exhumation, consistently show fastest cooling
over the past ∼5 Ma.
[53] Most previous models suggest that surface uplift of

the Cordillera Blanca was driven by activation of normal
faulting and accompanying footwall rebound. However,
considerations of gravitational body forces in a previously
thickened crust [Dalmayrac and Molnar, 1981; Suarez et al.,
1983; Molnar and Lyon‐Caen, 1988; Sebrier et al., 1988b;
Mercier et al., 1992] suggest that extensional collapse yields
little to no change in footwall elevation during the transition
from preextensional to syn‐extensional conditions. Oxygen
isotope paleoaltimetry, when considered in light of possible
climate change, diagenesis, and other influences, has the
potential to test such predictions about paleoelevation. For
the Cordillera Blanca, oxygen isotope values for lacustrine
carbonates in uppermost Miocene basin fill are considerably
more negative than modern stream waters (Figures 10a
and 10c). Barring a significant warming of the regional cli-
mate, which would contradict recent studies [e.g., Zachos
et al., 2001; Ehlers and Poulsen, 2009; Poulsen et al., 2010],
these data suggest that the latest Miocene surface waters of
the Callejon de Huaylas basin originated from elevations

similar to, or possibly higher than, modern elevations of
the Cordillera Blanca. Protracted high‐altitude conditions in
the Cordillera Blanca for the past ∼5.4 Ma appear most
consistent with models of orogenic collapse. In considering
why Cenozoic large‐magnitude extension did not affect other
high regions of the Andes, we note that the Cordillera Blanca
contains perhaps the greatest concentration of topography
>5 km altitude in the orogenic belt. Nevertheless, a uniformly
high region does not rule out the possibility of extensional
reactivation of preexisting thrust structures in the Cordillera
Blanca. Collectively, these findings suggest that a thickened
crust with significant thrust‐generated topography consti-
tuted a necessary condition for synconvergent hinterland
extension in the Cordillera Blanca, similar to models of oro-
genic collapse for the North American Cordillera [Coney and
Harms, 1984; Coney, 1987].

6. Conclusions
[54] 1. In the Andean hinterland of Peru, the Callejon de

Huaylas supradetachment basin is located on the hanging
wall of the active Cordillera Blanca normal fault, a WSW
dipping, low‐angle normal fault parallel to the regional
strike of active fold‐thrust structures farther east. The Cor-
dillera Blanca and corresponding supradetachment basin
represent a key example of active, detachment‐style syn-
convergent extension in a modern retroarc hinterland.
[55] 2. Stratigraphy, sedimentology, paleocurrents, con-

glomerate clast compositions, and sandstone petrographic
data help constrain the late Cenozoic evolution of the
Callejon de Huaylas basin. The upper Miocene‐Pliocene
Lloclla Formation (∼1300 m thick) records westward pro-
gradation of a stream‐dominated alluvial fan and lacustrine
fan‐delta system away from the footwall. Paleocurrents and
compositional provenance data record a shift in sediment
dispersal patterns from NW directed to west directed at the
∼900 m level. Above this level, the appearance of con-
glomerate clasts of the upper Miocene Cordillera Blanca
batholith indicates initial exposure of the batholith during
continued exhumation of the footwall of the Cordillera
Blanca detachment fault.
[56] 3. The onset of hanging‐wall subsidence is con-

strained by a new 40Ar/39Ar biotite age of 5.4 ± 0.1 Ma from
the base of the Lloclla Formation. Initial subsidence of the
supradetachment basin at ∼5.4 Ma is attributed to the onset
of extension along the Cordillera Blanca detachment fault.
New 40Ar/39Ar ages from the Yungay ignimbrites in the
northern basin reveal an earlier magmatic event between
10 and ∼7.5 Ma, probably related to late Miocene
emplacement of the Cordillera Blanca batholith.
[57] 4. Upsection variations in stratal dip within the

Lloclla Formation define a hanging‐wall growth stratal
package indicative of active extensional faulting during
basin filling. The Jurassic Chicama Formation serves as an
approximate offset marker that yields an estimated mini-
mum of 12–15 km of normal slip on the Cordillera Blanca
detachment fault. Two alternative models invoking either a
single propagating fault segment or multiple linking fault
segments can help account for along‐strike variations in
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fault evolution that helped dictate the spatially variable
accumulation histories within the supradetachment basin.
[58] 5. Oxygen isotope values from lacustrine carbonates

in the Lloclla Formation indicate similar or more negative
values than modern water, suggesting comparable (or pos-
sibly higher) elevations in the Cordillera Blanca during
latest Miocene time. Protracted high‐altitude conditions for
the past ∼5.4 Ma are consistent with models of orogenic
collapse that account for the existence of synconvergent
hinterland extension in the Cordillera Blanca.
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