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ABSTRACT
The build-up of 7 sitn-produced cosmogenic “Be within bedrock scarps and escarpments associated to the Cordillera Blanca Normal Fault,
Peru, was measured to evaluate, through Cosmic Ray Exposure dating, its normal faulting activity. The highest mountain peaks in Peru belong
to the 210 km-long, NWF- striking, Cordillera Blanca. Along its western border, the Cordillera Blanca Normal Fault is responsible for a verti-
cal relief over 4.4 km, whose prominent 2 km high escarpment is characterized by ~1 km-high triangular facets corresponding to vertical dis-
placements cumulated during the last 1-2 million years. At a more detailed scale, this fault system exhibits continuous geomorphic evidence
of repeated displacements, underlined by 2 to 70 m-high scarps, corresponding to vertical displacements cumulated since Late Pleistocene
and Holocene periods. Although microseismicity occurs along the Cordillera Blanca Normal Fault, no major historical or instrumental earth-
quake has been recorded since the beginning of the Spanish settlement in the 16” century. To evaluate the vertical slip rate along the major
90 km-long central segment of the Cordillera Blanca Normal Fault, the Quaternary fault escarpment (Z.e., triangular facet), as well as the
bedrock fault scarp, have been sampled for ""Be Cosmic Ray Exposure dating, Even if the uppermost part of the triangular facets have been
resurfaced by the Last Glacial Maximum glaciers, our results allow to estimate a vertical slip-rate of 311 mm/yr, and suggest at least 2 seis-

mic events during the last 3000 years.
Keywords: Cosmic ray exposure dating, fanlt escarpment, Cordillera Blanca.

RESUMEN: ;Dataciones por exposicion de rayos cdsmicos revelan fallamiento activo normal en la falla de la Cordillera Blanca, Peri?

La acumulacion in situ de ""Be cosmogénico en las rocas intrusivas de las escarpas de la falla normal de la Cordillera Blanca del Pert han sido medi-
das para evaluar, su actividad de fallamiento normal., con edades de exposicion a los rayos cosmicos. Los mas altos picos en el Pert conforman la
Cordillera Blanca que se extiende con una longitud de 210 km segin una orientaciéon NO. A lo largo de su limite occidental, la falla normal de la
Cordillera Blanca esta asociada con un relieve que se encuentra por encima de los 4,4 km de altura y cuyo prominente escarpe de 2 km de eleva-
cion esta caracterizado por facetas triangulares de aproximadamente 1 Km. de elevacién. Este escarpe de falla corresponde al desplazamiento ver-
tical que se ha acuamulado durante los ultimos 1-2 millones de afios. A una escala mas detallada, este sistema de falla muestra evidencias geomor-
fologicas continuas de desplazamientos repetidos, sobrayados por escarpas de 2 a 70 metros de alturas, los cuales corresponden a los desplazamien-
tos verticales acumulados durante el Pleistoceno tardio y el Holoceno. Aunque existe microsismicidad a lo largo de la falla normal de la Cordillera
Blanca, no han sido registrados terremotos mayores historicos o mediante registro instrumental desde el inicio de la conquista espafiola. Para eva-
luar, la tasa de deslizamiento vertical a lo largo del segmento mayor de la parte central de la falla normal de la Cordillera Blanca que tiene 90 kil6-
metros de longitud, se ha muestreado el escarpe cuaternario de la falla (Ze., faceta triangular) y la escarpa en el basamento para realizar edades
mediante exposicién a los rayos cosmicos con el isétopo "Be. Aunque la parte més elevada de las facetas triangulares fueron retrabajadas por los
glaciares del maximo de la ultima glaciacion, nuestros resultados permiten estimar una tasa de deslizamiento vertical de aproximadamente 3 *+ 1
mm/a y sugicren por lo menos dos eventos sismicos durante los ultimos 3000 afios.

Palabras clave: Edades de exposicion a los rayos cdsmicos, escarpa de falla, Cordillera Blanca.

INTRODUCTION

The Cordillera Blanca, which is the highest
range in the Western Cordillera of Peru, is
the most extensive tropical ice-capped
mountain range in the world (Fig. 1). This
region is well-known to scientists involved
in natural hazard mitigation since local po-

pulations are frequently threatened by flo-
ods, glacial avalanches, or earthquakes. On
May 31% 1970, a 7.7 magnitude earthquake
occurred in the Peruvian subduction zone
and shook the Cordillera Blanca range, trig-
gering a huge glacial avalanche from the
northern summit of the Huascaran. A few
minutes after the earthquake, the 18,000 in-
habitants of Yungay city perished, buried
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under 5 to 10 m of mud and enormous
blocks. Such a glacial avalanche had already
occurred in 1962 on the same area, devasta-
ting the village of Ranrahirca. Moreover,
around Yungay city, old deposits of the
same type, probably pre-Colombian in age,
attest for the recurrence of such catastro-
phic events. In addition to the seismic risk
associated to the geodynamical setting of
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South-America, the Cordillera Blanca range
is bounded by the Cordillera Blanca Fault
Zone, one of the most active faults in Peru
(Macharé et al. 2003). This system has been
reactivated by several earthquakes during
the last thousands of years as suggested
by the published paleoseismicity studies
(Bonnot et al. 1988, Schwartz, 1988). Al-
though no major seismic event has been
associated to the Cordillera Blanca Normal
Fault since the last 2000 yr (Silgado 1978,
Schwartz 1988), this fault system is able to
nucleate M 7-7.5 earthquakes (Schwartz
1988), enhancing natural hazard in the area.
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40 50 km

A major earthquake on the Cordillera Blan-
ca Normal Fault would most probably trig-
ger glacial avalanches and torrential floods
along the Cordillera Blanca range, in addi-
tion to the damages caused directly by the
earthquake shaking.

Seismic hazard studies in several countries
around the world increasingly rely upon
identification and characterization of tecto-
nically active geological structures. In such
studies, one important step consists in de-
termining long-term, integrated fault slip
rates using offset geomorphic markers (eg.,
glacial moraines, fluvial and glacial terraces,

cano-detrital rocks); 5,
Cretaceous to Lower
Oligocene (granitoids); 6,
C Middle Oligocene and
Pliocene (granitoids).

alluvial fans, or drainage networks). Since
the past decade, the development of dating
methods using in situ -produced cosmoge-
nic nuclides (&g, Gosse and Phillips 2001)
offers to Earth scientists the opportunity to
better constrain rates of landscape evolu-
tion. Under favorable geomorphic condi-
tions, such methods have been applied to
active tectonic studies ¢.g., among others,
Ritz et al. 1995, Siame et al. 1997, Brown et
al. 1998, Van der Woerd et al. 1998, Siame et
al. 2002). In such studies, Cosmic Ray Ex-
posure dating is used to place time controls
on the emplacement and abandonment of
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passive geomorphic markers (alluvial fans
and terraces) that are tectonically offset.
When combined with the measurement of
cumulative displacements, Cosmic Ray Ex-
posure dating allows calculating long-term
fault slip-rates, one of the key parameters
used for seismic hazard assessments.

In this study, we examined the possibility to
determine long-term slip rates associated
with the Cordillera Blanca Normal Fault
activity using Cosmic Ray Exposure dating
of the fault morphology itself. Indeed, the
interplay between the Cordillera Blanca
range exhumation, due to the long-term
Cordillera Blanca Normal Fault activity, and
a series of Quaternary glacial valleys led to
well-developed, ~1 km high, triangular fa-
cets. In addition, this fault system exhibits
continuous geomorphic evidence of repea-
ted displacements, underlined by 2 to 70 m-
high scarps that correspond to vertical dis-
placements cumulated since Late Pleisto-
cene and Holocene periods (Bonnot ez al.
1988, Schwartz, 1988). We thus sampled the
Quaternary fault escarpment (ze., triangular
facet) for "Be Cosmic Ray Exposure da-
ting to evaluate if this approach can reveal
the long-term activity of the Cordillera
Blanca fault. Up to now, only 7 situ-produ-
ced *Cl surface exposure dating of exposed
fault bedrock scarps in carbonated environ-
ments has allowed determining earthquake
time-slip histories (e.g., Zreda and Noller
1998, Mitchell ez a/. 2001, Palumbo ef 4.
2004). In this study, we also sampled an
exposed fault bedrock scarp to evaluate if
“Be cosmic ray exposure dating of the ex-
posed crystalline rocks can help determi-
ning earthquake time-slip histories of the
Cordillera Blanca fault.

GEODYNAMICS AND GEO-
LOGICAL SETTING

The NNW-striking Cordillera Blanca ba-
tholith is located between 9° and 11°S lati-
tude with an average elevation over 4000 m,
including the 6768 m-high Huascaran Peak.
It belongs to the Western Cordillera of
Peru (Fig. 1), which is the western part of
the Andean High Plateau where was located
the former Miocene magmatic arc. This
Peruvian region is located above the North
Peruvian flat slab segment (Cahill and

Isacks 1992), characterized by an absence
of volcanic activity since Pliocene times
(Macharé, 1987). The Cordillera Blanca
batholith is a ~200 km-long, granite and
granodiorite elongated body that intruded
roughly 8.2 Myr ago at ~3 kbar (McNulty e#
al. 1998) a sequence of Jurassic shales and
sandstones. During its emplacement, the
magma ascent was strongly controlled by
periods of extension along the NNW-tren-
ding Cordillera Blanca Fault Zone (Petford
and Atherton 1992). Fission track analyzes
on apatite suggest that the average mini-
mum uplift rate experienced by the Cordi-
llera Blanca Fault Zone over the last 3 Myr
should be on the otder of 2 mm/yr
(Garver et al. 1999). This active normal fault
has been either regarded as a consequence
of the compensated high Andean topo-
graphy (Sébrier et al. 1988, Mercier et al.
1992) or, more recently, as a crustal detach-
ment fault marking the juvenile phase of
metamorphic core complex formation
(McNulty and Farber 2002).

THE CORDILLERA BLANCA FAULT
ZONE

This fault zone can be regarded as the most
active fault of northern Peru (Machaté e al.
2003). It extends southward from Corongo
to Chiquian, bounding the western flank of
the Cordillera Blanca range in the intracor-
dilleran basin of the Callején de Huaylas
(Bonnot e al. 1988, Schwartz 1988,
Macharé et al. 2003). The Cordillera Blanca
Normal Fault is roughly 210 km long, and
strikes N145°E (Fig. 1). It dips roughly
40°W along much of its length, separating
Miocene granite and granodiorite intruded
within Mesozoic shales and sandstones in
the footwall from Lower Pliocene tuff and
Pliocene-Quaternary detritus in the han-
ging-wall (Fig. 1). It marks the boundary
between the Cordillera Blanca range and
the Callejon de Huaylas Basin which is filled
by a ~2000 m thick, Pliocene continental
sequence including basal tuff dated at
about 5 Ma (Bonnot ¢ a/. 1988). Above the
basal tuff, the Pliocene strata thicken and
coarsen upward from fine-grained sedi-
ments to fanglomerates containing, toward
the top, glacially-striated clasts. All together,
those sedimentary characteristics indicate

that the
Cordillera Blanca Normal Fault was already

topography created by the

high enough by the Upper Pliocene to allow
the development of a glacial environment.
Above the Pliocene sequence, the Quater-
nary is mainly composed by a ~300 m thick
sequence of glacial deposits and mass was-
ting dominated alluvial fans (Bonnot e /.
1988). From this detailed sedimentary study
of the Plio-Quaternary strata that accumu-
lated in the Callején de Huaylas Basin,
Bonnot ez al. (1988) estimated that the
Cordillera Blanca experienced at least 5 km
of exhumation during the last 5 Myr, yiel-
ding a minimum, long-term uplift rate of
about 1 mm/yr.

Though it exhibits continuous geomorphic
evidence of repeated late Pleistocene and
Holocene fault displacements (Schwartz
1988), the Cordillera Blanca Normal Fault
has not experienced surface rupture in his-
toric times since at least the early 1500s
(Silgado 1978). Along its entire length,
Pleistocene and Holocene fault scarps defi-
ne the youthful trace and affect glacial
moraines, glacial and post-glacial lacustrine
and fluvial deposits, as well as alluvial fans
and debris flows (Schwartz 1988). Near
Colcas, pre-Inca irrigation walls are locally
built up to and across the fault scarp of the
Northern Cordillera Blanca. Using the rela-
tionships between those pre-Inca ruins, the
fault, and debris flow deposits, Schwartz
(1988) suggested that the walls were cons-
tructed relatively close in time to the most
recent event, ze., 1600-2200 years ago. On
the basis of fault geometry and structural
features, Schwartz (1988) proposed to sub-
divide the fault zone into four to possibly
five major segments (Fig. 1). Generally, the
fault trace is characterized by a main west-
facing scarp running at the toe of the
Quaternary fault escarpment, but graben
features, back-tilted surfaces, and associated
antithetic scarps can occur in zones a few
tens to several hundred meters wide
(Bonnot e al. 1988, Schwartz 1988). Those
extensional features are particularly well-
developed along the southern segments
where the surface deformation is much
more distributed than along the 120 km
long fault trace north of Huaraz city (Fig,
1). Conversely, the 90 km long fault seg-
ment that extends from the bedrock salient
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D' Figure 2: a) Landsat TM
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extract overlained on
SRTM90 digital topography
(Rosen et al. 2000; Farr and
Kobrick, 2000) centered on
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located about 10 km north of Huaraz
towards the Colcas ruins (Schwartz, 1988)
is characterized by a single surface fault tra-
ce that correlates with both maximum ice-
capped peak elevation and relief (Fig. 2).
Along this segment, the Cordillera Blanca
Normal Fault is mostly expressed by a sin-
gle and unique normal fault, which accom-
modated the total vertical movement that
cumulated during Pliocene-Quaternary
times. The interplay between range exhu-
mation, due to the long-term Cordillera
Blanca Normal Fault activity, and a series of
Quaternary glacial valleys led to well deve-
loped, ~1 km high, triangular facets that
result from the cumulated Quaternary
deformation (Fig. 2). When compared to
the other Cordillera Blanca Normal Fault
segments, the vertical offsets recorded by
the crests of Late Pleistocene glacial morai-
nes (see hereafter) located along this fault
segment also appear to be greater. Indeed,
they are generally on the order of 30-40 m,
with a maximum offset of about 60 = 10 m
(Bonnot et al. 1988). Conversely, the vertical
offsets recorded by the crest of the late
Pleistocene glacial moraines along the sou-
thern segment are only on the order of 12-

15 m (Schwartz 1988). Regarding these gec-
morphic characteristics, the 90 km long seg-
ment appears thus to be the most active one
of the Cordillera Blanca Normal Fault.

COSMIC RAY EXPOSURE
DATING ON THE FAULT
MORPHOLOGY ASSOCIA-
TED TO THE HUARAZ-
COLCAS SEGMENT

Along the Huaraz-Colcas segment, the
Cordillera Blanca Normal Fault is exposed
as a spectacular, ~3 km high fault escarp-
ment with ~1 km high triangular facets in
its lower part. This escarpment most pro-
bably corresponds to the vertical displace-
ment cumulated during the last 1-2 Myr
(Fig. 2). As the fault activity exhumed the
hanging-wall block with respect to the sub-
siding Callejon de Huaylas Basin, the grano-
diorite rocks have been exposed to the cos-
mic ray irradiation so that quartz minerals
have been accumulating in situ -produced
©Be in their lattices. Theoretically, assuming
negligible erosion, the cosmogenic nuclide
built-up in the rocks that form the fault
escarpment should thus increase with eleva-

graphy localized on a.

tion, reflecting the fault activity through
time.

GEOMORPHIC SETTING AT
LAGUNA QUEUSHO

The studied area is located near Yungay
(Fig. 3), at the toe of the Nevado Huandoy
(6395 m). At Laguna Queusho (3480 m),
the 900 m high triangular facets, situated
between the Quebrada Huaytapallana to the
north and the Quebrada Llanganuco to the
south, have been selected because they ap-
pear to be among the best preserved (Figs.
2 and 3). Nevertheless, even though the pla-
nar, triangular shape of the facets is relati-
vely well-preserved, the slope of the facets
diminishes upward from ~40° at the basis
to less than 30° close to its summit (Fig. 2).
Moreover, detailed inspection of the slope
morphology during fieldwork revealed that
the outcropping granodioritic mylonite that
arms the facet below ~4000 m has been
scoured (roches moutonnées) and that
unweathered, poorly consolidated, moraine
deposits cover the slope of the facet above
elevation higher than 4000 m. At Laguna
Queusho, the local geomorphology also
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Figure 3: :

a) Schematic geomorphic map of Laguna Queusho area overlained on an aerial photograph extract (Servicio Aerofotografico Nacional,

1962) locating the CRE samples: TF, triangular facet; LM, LGM lateral moraines; FM, early Late Glacial frontal moraines. b) Nevado Huandoy,
6354 m, Cordillera Blanca, Peru (Servicio Aerofotografico Nacional, 1948). This aerial oblique view illustrates the geomorphic features detailed in
the text: TF, triangular facet; LM, lateral moraine. The 60210 m high, fault scarp running at the toe of the triangular facet is underlined by its
own shadow. ¢ and d) Field photographs showing the geomorphic features, and particularly the 6010 m high, fault scarp running at the toe of
the triangular facet associated to the Cordillera Blanca Normal Fault.

indicates imprints of glacial processes in
the landscape. Indeed, at least 2 generations
of moraines can be identified at the toe of
the triangular facets (Fig. 3). The most
conspicuous group consists of relatively
well-preserved, steeply slopped, lateral mo-
raines bounding the glacial valley of Que-
brada Huaytapallana, perpendicularly to the
western side of the Cordillera Blanca Range
(Fig. 3). Another group consists of pootly
preserved moraine arcs that are topographi-
cally more subdued. These moraines trend
approximately northward, that is roughly
parallel to the mountain range (Fig 3).
Geomorphic characteristics and relations-
hips between the two families of moraines

suggest that the well-preserved lateral
moraines partly overlapped the subdued
moraine arcs.

COSMIC RAY EXPOSURE DATING
OF THE QUATERNARY TRIANGU-
LAR FACETS

We sampled surface rocks from the triangu-
lar facets at various elevations using with
hammer and chisel, and the location of
each sample was recorded using a handled
GPS device (Table 1). To account for the
horizon shielding due to the surrounding
topography, we integrated the functions
described by Dunne ez al. (1999) over the

studied area, using an extract of the
SRTMI0 digital elevation model (Farr and
Kobrick 2000). The measured ""Be concen-
trations have been converted to minimum
surface exposure ages using a mean sea
level, high latitude production rate of
5.1£0.3 atoms.g'.yr!, and using altitude,
latitude-depend polynomials proposed by
Stone (2000). The results are listed in
Table 1.

The glacially-polished rocks
roughly 115 m above the basis of the facet

collected

have a minimum cosmic ray exposure age
of 50.819.4 "“Be-ka (PE96-004, 3613 m),
whereas those located at higher elevations
have lower minimum ages of 25.014.4 "Be-



ka (PE96-005, 3724 m) and 19.8£3.7 "“Be-
ka (PE96-006, 3873 m). The weighted-
mean for this couple of samples is 22.5£2.9
""Be-ka (Table 1) and provides a good esti-
mate for the exposure duration at the mid-
dle of the triangular facet. The glacial boul-
der samples collected at 4156 m, Ze., close
to the summit of the facet, have minimum
exposure ages of 13.972.3 "Be-ka (PE96-
008A) and 11.4%2.1 “Be-kyr (PE96-008B).
These minimum exposure ages are in agre-
ement with that calculated for a glacially-
polished bedrock sample (10.912.1 "Be-ka,
PE96-007). The weighted-mean for this last
triplet of samples is 12.24+1.3 "“Be-ka (Table

Can cosmic ray exposure dating reveal the normal faulting activity ...

1) and provides a good estimate for the
exposure duration at the summit of the
triangular facet.

COSMIC RAY EXPOSURE DATING
OF THE BEDROCK FAULT PLANE

At the toe of the Quaternary fault escarp-
ment, a main west-facing fault scarp cuts
through the morphology (Fig. 3). Where
the fault trace cuts the crests of the Que-
brada Huaytapallana lateral moraines asso-
ciated to the outreach of glacial valleys, the
main fault scarp is associated to smaller,
antithetic scarps producing graben-like zo-

nes a few tens meters wide (Bonnot e /.
1988). The vertical offset recorded by the
crest of these lateral moraines is on the
order of 6010 m (Bonnot er al. 1988).
From place to place, the fault plane itself is
exposed as a ~40° west-dipping, planar sut-
face cut into the granodioritic mylonite,
offering the possibility to directly date the
recent exposure of the fault plane (Table 1).
The ""Be concentrations measured along
the fault bedrock scarp are significantly
lower than those measured in the rocks
sampled along the fault escarpment, sug-
gesting a younger tectonically-driven expo-
sure history (Fig. 4). Nevertheless, excep-

TABLE 1: In situ -produced “Be concentrations and minimum cosmic ray exposure ages of samples from the Cordillera Blanca Fault
morphology. Measurements of “Be were undertaken at the Tandétron AMS Facility at Gif-sur-Yvette, France (Raisbeck ez 2/, 1987, 1994),
using NIST “Be standard (Standard Reference Material #43-25, "Be/’Be = 2.68x10", August 86). For each sample, the analytical uncer-
tainty associated with the "Be concentration results from uncertainties based on counting statistics (10), conservative assumptions of 5%

variability in Tandétron response, and a 50% uncertainty in the chemical blank corrections. The uncertainty on the minimum CRE ages

includes the analytical uncertainty plus an assumed 15% error associated with variation through time of the modern, calibrate sea-level
high latitude production rate value of 5.1£0.3 atoms "Be/g quartz-year (Stone, 2000). *Elevation extracted from SRTM90 digital eleva-
tion model. **Shielding factors (horizon blockage by surrounding topography and slopes) are calculated according to Dunne e al. (1999)
using SRTMO0 data. ***Surface production rates are calculated using Stone (2000). # weigthed-means are calculated using % X Wi and

wi =1 /52 where x; and 6; are the CRE age and its absolute uncertainty for a sample i. The absolute uncertainty associated 2w,
1

to the weighted-mean is given by y .
T

Cosmic ray exposure data for Laguna Queusho (Cordillera Blanca, Peru)

Sample Geomorphic  Geomorphic  Latitude Longitude Elevation* Shielding Production rate™* [Be-10]  [Be-10error] Tmin. min. Error
position characteristics  (°S) (°W) (m) factor™  (at/g-Si02/yr) (at/g-Si02) (at/g-Si02)  (yr) (yr)

PE96-002  Bedrock fault Fault plane 9.085 77.693 3525 0.97 31.29 21561 10970 708 376
scarp

PE96-001A Bedrock fault Fault plane 9.085 77.693 3527 0.97 31.29 68928 22546 2265 815
scarp

PE96-001B  Bedrock fault Fault plane 9.085 77693 3527 0.97 31.29 110359 23586 3628 947
scarp

PE96-003  Bedrock fault Fault plane 9.086 77.693 3550 0.97 31.33 96121 256283 3154 955
scarp

weighted-mean# 3157 547

PE96-004 Triangular  Glacially 9.083 77692 3613 0.97 32.73 1586966 171540 50777 9388
facet polished bedrock

PE96-005  Triangular Glacially-polished 9.091 77.685 3724 0.96 34.60 826128 79041 24976 4444
facet bedrock

PE96-006  Triangular Glacially-polished 9.091 77.682 3873 0.96 37.22 706397 75819 19800 3652
facet bedrock

weighted-meand# 22482 2879

PE96-007  Triangular Glacially-polished 9.090  77.680 4083 0.98 4117 439474 49833 10909 2051
facet bedrock

PE96-008A  Triangular Moraine 9.091 77.678 4156 0.99 4262 585975 43118 13911 2324
facet

PE96-008B  Triangular Moraine 9.091 77.678 4156 0.99 42,62 481709 52906 11429 2125
facet

weighted-meand# 12227 1268
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ting the lowermost sample, no “Be built-up
difference can be depicted between the
samples, precluding any possibility to esti-
mate a precise seismic recurrence. Indeed,
those cosmic ray exposure data clearly indi-
cate that nearly the whole mylonitic fault
plane has been exposed roughly 3+1 "“Be-
kyr ago, most probably as the consequence
of a large landslide event that may have
been triggered by a destructive earthquake
on the Cordillera Blanca Normal Fault. In-
terestingly, the sample collected at the toe
of the fault plane shows a relatively young
minimum cosmic ray exposure age of 708
+ 376 "“Be-yr, suggesting that two different
events (landslide and/or earthquake) atre
necessary to explain the ages on the fault
plane (Fig. 4). These cosmic ray exposure
ages fit both the regional historical seismi-
city (Silgado, 1978), which recorded no des-
tructive earthquake on the Cordillera
Blanca Normal Fault during the last 500
years, and the paleoseismological results
(Schwartz, 1988), which indicate an average
recurrence interval of 1000-3000 years
during the last 15 kyr.

DISCUSSION AND
CONCLUSIONS

First, the minimum cosmic ray exposure a-
ges, calculated for the glacially-polished

rocks collected from the faceted slope,
should be discussed in the light of the
regional glacial chronology. Along the wes-
tern border of the Cordillera Blanca,
Claperton (1972, 1983) identified three
Pleistocene moraine groups and concluded
that the ubiquitous, relatively well-preser-
ved lateral and terminal moraines were
deposited during the last glacial maximum.
Further south, Rodbell (1993) estimated
that the frontal ice-tongue reached the con-
fluence between the Rio Negro and the
Quebrada Rurec more than 18 “C-ka BP. In
the same area, in situ-produced ""Be dates
for the younger moraines indicate that the
end of the last glacial cycle comprised two
separate advances at ca. 29 ka and ca. 16.5
ka (Farber e a/. 2005). Furthermore, in the
Cordillera Vilcanota-Quelcaya ice cap re-
gion (Southern Peru), the moraines deposi-
ted during the last glacial maximum are
bracketed by maximum limiting radiocar-
bon ages of ca. 28.6 and 31.2 ka, and by a
minimum limiting age of ca. 14 ka (Mercer
and Palacios, 1977). The glacially-polished
rocks (PE96-05 and PE96-06) that we sam-
pled on the triangular facet at Queusho
have minimum cosmic ray exposure ages
that are in relative agreement with the re-
gional time interval for the last glacial maxi-
mum lateral moraines. In striking contrast,
the sample PE96-04 provides a cosmic ray

exposure age that is significantly older. This
suggests that the erosional processes that
occurred during the end of the last glacial
cycle did not reshape the faceted slope
down-to the toe of the escarpment, allo-
wing the preservation of the glacially-polis-
hed rocks dated at 50.819.4 "“Be-kyr. In this
framework, the lateral moraines bounding
the Quebrada Huaytapallana glacial valley
are most probably associated to one of the
glacial advances at ca. 29 ka and ca. 16.5 ka
(e.g., Farber ef al. 2005) whereas the subdued
moraine arcs may be considered as rem-
nants of frontal moraines associated to an
older Late Pleistocene glacial advance on
the slope of the Cordillera Blanca.

Even though Cosmic Ray Exposure dating
on the faceted slope reflect in first order the
glacial imprint on the landscape during the
last 60 kyr, some lines of tectonic implica-
tions can be drawn, using two end member
hypotheses. The first one considers that the
current topographic position (115 £ 20 m
above the toe of the fault escarpment) of
the glacially-polished rocks dated at 51 £ 9
ka is about the same that they occupied
when they have been set at the surface by
deglaciation. In such a case, the vertical rate
associated to the Cordillera Blanca Normal
Fault should be close to zero. This hypothe-
sis is not consistent with the vertical offsets
recorded by the crests of the last glacial



maximum lateral moraines. Moreover, the
well-preserved fault scarps running at the
toe of the facet demonstrate that fault acti-
vity has been occurring during the last 30
ka. The second hypothesis considers that
these glacially-polished rocks have cumula-
ted roughly 115 * 20 m of vertical displa-
cement during the last 5119 ka, suggesting
a maximum vertical slip rate of 2.4 + 0.8
mm/yr. This is a vertical rate that assumes
only dip slip movement. Even if Bonnot ez
al. (1988) demonstrated that there has been
a consistent sinistral component to the
Quaternary slip, the amount must be small
because lateral offsets of the steeply slop-
ped, lateral moraine is not observed at the
outreach of the Quebrada Huaytapallana
(Fig. 3). On the other hand, if these lateral
moraines are associated to the last glacial
cycle (between 29 and 16.5 ka), the 60 = 10
m vertical offsets cumulated by the moraine
crests imply a vertical slip rate on the order
of 298 * 1.26 mm/yr, which is in good
agreement with the vertical slip rate estima-
ted above. This values are thus probably
representative of the vertical slip rate asso-
ciated to the Huaraz-Colcas segment.
Further south, at Quebradas Cojup and
Llaca, glacial moraines dated at ~19 kyr
using cosmic ray exposure “Be are cut by a
series of fault traces and exhibit a vertical
offset of 25-35 m, and thus suggest an ave-
rage vertical offset of 1.3-1.8 mm/yr
(Farber ez al. 2000). At Quebrada Quero-
ccocha, thanks to geomorphic and trench
studies, Schwartz (1988) estimated that the
slip rate should be on the order of 0.9-1.4
mm/yr for the past 11-14 kyr. When com-
pared with these previous studies, the cos-
mic ray exposure results obtained for the
Huaraz-Colcas segment support the idea
that the studied Cordillera Blanca Normal
Fault segment may have been approxima-
tely two times faster than the end segments
of the fault zone.
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