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[1] We report paleomagnetic data from 73 sites (628
samples) of upper Oligocene to Pliocene rocks from
central and northern Peru. The data indicate that the
Subandean Zone has not experienced vertical axis
rotation since the upper Oligocene, whereas the coast
and the Western Cordillera record a coherent pattern of
counterclockwise rotations emplaced in the last 10 Ma.
This pattern can best be explained by two competing
hypotheses: (1) a propagation in rotations from the
Bolivian Orocline toward the north or (2) a more
punctual and widespread event linked to subduction of
the Nazca Ridge that caused the rotations. On the basis
of the time-space relationship of paleomagnetic
rotations, deformation, magmatism and Nazca-South
America plate convergence, the latter appears more
likely. Moreover, because the rotations north of the
Abancay deflection (~15.5°S) are synchronous with
deformation and exhumation, they indicate that major
mountain building in the Peruvian Andes has occurred
since 10 Ma. Finally, we suggest that a succession of
aseismic ridge subduction events played an important
role in shaping the modern topography of the Andean
chain. INDEX TERMS: 1525 Geomagnetism and
Paleomagnetism: Paleomagnetism applied to tectonics (regional,
global); 8155 Tectonophysics: Plate motions—general; 8102
Tectonophysics: Continental contractional orogenic belts; 9360
Information Related to Geographic Region: South America; 9604
Information Related to Geologic Time: Cenozoic; KEYWORDS:
paleomagnetism, Andes, Peru, Cenozoic, South America,
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1. Introduction

[2] The Andes span the length of the western margin of
the South American plate constituting one of the world’s
longest and highest mountain ranges (Figure 1, inset). The
chain is the widest around 19°S where the Earth’s second
largest plateau, the Altiplano, is situated, then progressively
narrows to the south and north. The Altiplano region is also
marked by progressive reorientation in regional structural
trends that define a distinct bend known as the Arica
deflection or Bolivian Orocline. Paleomagnetic studies in
the Andes since the 1970’s have identified a fairly consis-
tent pattern of rotations, mainly counterclockwise north of
the Arica deflection and clockwise to its south, that vary
systematically in concert with reorientation of the strike of
geologic structures. One of the earliest and most compre-
hensive hypotheses to explain the link between deforma-
tion, the pattern of paleomagnetic rotations and mountain
building was proposed by Isacks [1988]. Following the
orocline model of Carey [1955], Isacks [1988] suggested
that the South American margin was originally curved like
today, although less concave toward the Nazca Plate. Then,
beginning at circa 15 Ma, the curvature became enhanced
via an along strike gradient in crustal shortening that
attained a maximum at the Arica deflection. This resulted
in generating the observed topography, rotation sense and
change in structural trends. Since 1988, the paleomagnetic
database has greatly increased and generally corroborates
earlier findings that changes in paleomagnetic rotations
coincide with changes in structural trends along the Andean
chain. However, complexities surrounding the timing and
length scales of the rotations have led to a suite of block
models [Beck, 1988; Aubry et al., 1996; Randall et al.,
1996, 2001; Somoza et al., 1996; Somoza and Tomlinson,
2002; Abels and Bischoff, 1999; Lamb, 2001], some of
which might argue against a direct link between deforma-
tion, paleomagnetic rotation and mountain building.

[3] Paleomagnetism can be used to distinguish between
competing models, if one can unambiguously identify the
timing and spatial extent of the block rotations. For example,
are the rotations coeval throughout the length of the Andes,
or is there an age gradient along the length and/or width of
the chain? Is the rotation pattern due to one or more discrete
deformation pulses or does it result from a continuous
deformation process? An obstacle to answer these questions
arises from the fact that deformation may not be distributed
homogenously, and thus paleomagnetic rotations may not be
rotated uniformly. For example, in some localities in the
Andes (e.g., 22.5°S, 291.5°E), Mesozoic rocks appear more
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Figure 1. Simplified geologic map of the Peruvian Andes between 5° and 16°S [after Instituto de
Geologia y Mineria, 1975]. Asterisk indicates distribution of Paleozoic rocks has been simplified.
Paleomagnetic sampling localities are shown. A to F refers to the data in Table 3. Inset: Topographic map
of the Andes (>4,000 m in black) and major morphotectonic provinces (see text).
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rotated than those of Cenozoic age [Butler et al., 1995;
Somoza and Tomlinson, 2002], whereas around 27°S,
294°E, the opposite is observed—younger rocks are more
rotated [Aubry et al., 1996]. In coastal northern Chile,
Roperch et al. [2000] reports no significant rotation (0.3° £
6.9°) in nine lower Miocene (23—19 Ma) ignimbrite flows,
while ~2° farther north, pre-late Oligocene rocks from the
southern margin of Peru are rotated ~30° counterclockwise,
suggesting rotation occurred before the early Miocene in the
coastal area. Upper Miocene rocks located farther inland in
the Cordillera are clockwise rotated [Roperch et al., 1999],
which led Roperch et al. [2000] to propose that the forearc
first deformed/rotated in the late Oligocene, then became
rigidly coupled to the subducting plate and indented and
deformed the region farther inland in the Miocene.

[4] One might further question whether the processes
responsible for the formation of the Bolivian Orocline are
valid for the entire Andean chain. The Isacks [1988] model,
subsequently treated by Gephart [1994], explains the sym-
metry of the Bolivian Orocline but does not address mountain
building processes north of the Abancay deflection at ~15°S.
In central Peru, Rousse et al. [2002] presented paleomagnetic
data from 31 Neogene sites in the Ayacucho basin. Strata
dated from 18 to 9 Ma recorded a significant counterclock-
wise rotation (—11° + 5°), whereas unconformably overlying
7 to 6 Ma strata were not rotated. The age of rotation and
compressive deformation thus took place between 9 and
7 Ma. Moreover, eight independent studies on 107 to 9 Ma
rocks from Peru collected between 11°S and 15°S (north of
the Abancay deflection, Figure 1) reveal similar and signif-
icant counterclockwise rotations (—15° + 6°) [cf. Rousse et
al.,2002]. This suggests that the region rotated during a2 Myr
period of deformation at circa 8 Ma; therefore, unlike in the
oroclinal section of the chain, paleomagnetic rotations in
central Peru seem to be coherent over a broad area and
punctual in time.

[5] To further investigate this pattern of Neogene paleo-
magnetic rotations in northern and central Peru, we carried
out a paleomagnetic study in three Neogene intracordilleran
basins as well as in the Subandean and Coastal zones. Our
new data reinforce earlier findings of post- 10 Ma, counter-
clockwise rotations, expanded now to an area from 7°S to
15.5°S. Furthermore, the new data allow for significant
refinement of the time-space relationship of the rotations in
this vast region. To understand the origin of these rotations,
we reconstruct Nazca-South American plate motion for the
last 20 Ma. Our reconstructions show that convergence
direction and velocity changed during the late Miocene,
coincident with the initiation of subduction of the Nazca
Ridge, potentially explaining the timing of the paleomagnetic
rotations we observe. Lastly, we discuss the geodynamic
implications of the rotations and associated deformation.

2. Geologic Setting and Paleomagnetic
Sampling
[6] The recognized morphotectonic domains of Peru

strike NNW and, from west to east, comprise the Coastal
Zone, the Western Cordillera, the Eastern Cordillera and the
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Subandean Zone (Figure 1, inset). The Coastal Zone is a
few to tens of kilometers wide and consists mostly of
volcanoclastic and shallow marine sediments. In the western
part of the Western Cordillera, Late Jurassic to Cretaceous
sediments are covered by gently folded Albian pillow lava,
tuff and limestone [Cobbing et al., 1981]. These were
intruded by the Coastal Batholith between 82 and 34 Ma,
which is in turn overlain, or cut by, Eocene to Miocene
volcanics known as the Calipuy Group [Pitcher and
Cobbing, 1985]. East of the Coastal Batholith, the Western
Cordillera is mainly composed of strongly folded Mesozoic
sediments [Audebaud et al., 1973]. In northern Peru, the
transition between the Western and Eastern Cordillera is
demarcated by a dense series of imbricated thrust sheets
called the Maraidn fold and thrust belt [Mégard, 1984]
(Figure 1). The Eastern Cordillera contains Paleozoic meta-
morphic, igneous and sedimentary rocks of variable pro-
portion. Farther east are folded Mesozoic to Cenozoic
sediments of the Subandean Zone. Samples reported in this
study come from the Western Cordillera, the Subandean
Zone, and from the Coastal Zone (Figure 1).

2.1. Subandean Zone

[7] In northern and central Peru, the Subandean Zone
represents a thin-skinned fold and thrust belt that initiated
during the upper Miocene (circa 11 Ma) [Audebaud et al.,
1973; Noble and McKee, 1977] and is active today as
evidenced by high levels of crustal seismicity [Jordan et
al., 1983; Dorbath, 1996]. In the Tarapoto region (Figure 1)
at 200 m altitude, we sampled ten sites of Cenozoic sediments
that crop out principally near the heart of a NNW-striking
syncline. We drilled 3 sites (28 cores) in the Chambira
Formation and 7 sites (62 cores) in the Ipururo Formation.
The Chambira Formation is constrained in age as upper
Oligocene to lower Miocene by fossils found in the lower
part of the section such as Trochamminas sp., Haplophrag-
moides sp. and Ammobaculites sp., and in the upper part of
the section by Peckichara alejandroensis n. sp., Kosmogyra
shiringaensis Bliss, Tectochara ucayaliensis Bliss, Tecto-
chara ucayaliensis coronata Bliss, Tectochara ucayaliensis
principalis Bliss, Tectochara ucayaliensis oblonga Bliss,
and Tectochara parva Bliss [Gutiérrez, 1975]. Its lithology
is mainly composed of fine-grained sandstone, probably
deposited in a lagoonal environment. The Ipururo Formation
is comprised mostly of sandstone and siltstone, with interca-
lated conglomerates and breccia. Around Tarapoto, a Mio-
Pliocene age is suggested for this formation because it
stratigraphically overlies the Oligo-Miocene Chambira For-
mation and underlies the inferred Pliocene to recent Ucayali
conglomerates. The Ipururo Formation is stratigraphically
correlated with outcrops in Moyobamba, 50 km to the west,
dated as Miocene based on the presence of charophytes
Tectochara ucayaliensis n. sub. sp., Tectochara ucayaliensis
B. sp. and Charites neshuyaensis B. sp. [Sdnchez and
Herrera, 1998].

2.2. Miocene Intracordilleran Basins

[8] Several Mio-Pliocene basins crop out along strike of
the Western Cordillera in northern and central Peru. Those
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north of ~11°S formed in a tectonic regime dominated by
extension [Bonnot et al., 1988; Bellier et al., 1989; Mercier
et al, 1992]. Below we describe three of these basins
(Cajabamba, San Marcos and Callejon de Huaylas) from
which we collected 236 paleomagnetic samples.

2.2.1. Cajamarca Deflection: Cajabamba and

San Marcos Basins

[v] Both the Cajabamba and San Marcos basins lic within
the Cajamarca deflection, which is an enigmatic structural
feature of the northern Peruvian Andes, easily identified on
Landsat images as a change in the trend of regional-scale
folds that strike E-W in the west and NNW in the east
(Figures 1 and 2). Within the deflection, around 6.5°S and
281°E, the age of folding was constrained between 44 and
39 Ma because folded rocks below an observed angular
unconformity yielded K-Ar dates as young as 44.2 Ma
while those above gave 39 Ma (Ar/Ar) to 35.4 Ma (K-Ar)
dates [Noble et al., 1990]. Other deformation events in the
region have been recognized during the Oligo-Miocene and
thereafter, but their relative importance on the development
of the Cajamarca deflection is unclear [e.g., Sébrier et al.,
1988]. An extensive paleomagnetic study of the Cajamarca
deflection by Mitouard et al. [1990, 1992] of 51 sites on
rocks spanning ages from 108 to 35 Ma show a pattern of
coherent paleomagnetic rotations that are uncorrelated with
fold axis trends (Figure 2b). Seven sites of Cretaceous rocks
from a limited area east of Cajabamba were found to be
unrotated (Figure 2b). From their study, Mitouard et al.
[1992] concluded that the shape of the Cajamarca deflection
involved the building of arcuate structures in the Paleocene-
Eocene via a nonrotational mechanism, followed by relative
rotation between the bulk of the structure with respect to the
eastern Cajabamba area after the late Eocene (37 Ma). Thus
the age of the paleomagnetic rotations was concluded to
postdate the late Eocene.

[10] Within the Cajamarca deflection lie four basins of
Neogene age [Bellier et al., 1989] from which we drilled
8 sites (62 cores) in the Cajabamba basin and 8 sites
(74 cores) in the San Marcos basin (Figures 2a and 2b);
we attempted to collect samples from the Namora basin
(around Namora city, Figure 2b) but were unsuccessful due
to very limited outcrops and extremely unconsolidated
sediments. The Cajabamba basin lies in the SE part of the
Cajamarca deflection where Cretaceous fold axes change
their orientation from W to NNW. About 40 km north of the
Cajabamba basin is the San Marcos basin, which is situated
at the limit between the structures defining the Cajamarca

Figure 2. (opposite) (a) Landsat image of the Cajamarca
deflection (see Figure 1 for location). (b) Simplified structural
and geological map of the same area as in Figure 2a;
Paleomagnetic rotations are from the data in Table 3 and
Mitouard et al. [1990, 1992] (M90 and M92, respectively);
open squares mark the Cretaceous paleomagnetic sites
from Mitouard et al. [1992] (M92); solid diamonds mark
the sites from this study (R03). (c¢) Simplified tectonic
model explaining the pattern of rotations observed in the
Cajamarca deflection (see text).
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Figure 3. Simplified geological map of the Callejon de
Huaylas [Wilson et al., 1995; Cobbing et al., 1996] showing
the Cordillera Blanca detachment fault (CBDF) and the two
paleomagnetic sections, Quebrada Lloclla (Q.L.) and Telar
Huain (T.H.), sampled in this study.

deflection to the west and the Marafidn thrust belt to the east
(Figure 2b). From fault slip analyses, Bellier et al. [1989]
suggested that these basins formed as half grabens that
developed in a tectonic regime dominated by ENE-trending
extension.

[11] Both basins were filled with 1000 to 1300 m thick
fluvial and fluvio-lacustrine Neogene sediments, called the
Cajabamba Formation, that were deposited over folded
Upper Jurassic and Cretaceous strata. Covering the Caja-
bamba Formation are the fluvio-torrential deposits of the
350 to 500 m thick Codebamba Formation. The Cajabamba
Formation lithologies include sandstone, shale, marl, gyp-
sum and diatomite. The presence of the diatom Mesodictyon
sp. constrains the maximum age as 11 Ma, by correlation
with the age of the first occurrence of this species in North
America strata [Fourtanier et al., 1993]. This age is also
suggested by the occurrence of Cyclotella, which is dated at
about 11 Ma in the western United States. On the basis of
these considerations, Fourtanier et al. [1993] attributed the
diatomite layers in the upper part of the Cajabamba For-
mation to be 11-10 Ma, concordant with a middle to upper
Miocene age deduced from Melosira aff. agassizi and other
species that are similar to the Russian Miocene Aveolophora
jouseana [Bellier et al., 1989]. Thus the biostratigraphic
evidence indicates deposition at circa 11 Ma. Volcanic tuff
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and synsedimentary faults found within the basin suggest
that volcanism and tectonism were active during sedimen-
tation [Bellier et al., 1989; Mercier et al., 1992], coeval with
a phase of Andean uplift in this region from 11 to 8 Ma as
proposed by Mourier [1988] and Noble et al. [1990].
2.2.2. Callejon de Huaylas Basin

[12] The Callejon de Huaylas basin lies west of the
Cordillera Blanca batholith, which today forms the highest
peaks of the Peruvian Andes (Figure 3). The batholith is
composed mainly of granodiorite and tonalite that yielded a
concordant U-Pb zircon date of 8.2 +£0.2 Ma [McNulty et al.,
1998]. On the basis of K/Ar and *°Ar/*°Ar dating [Petford
and Atherton, 1992], it likely cooled from 500°C to 300°C in
the 5 to 3 Ma window. Its western contact is the spectacular,
1 to 3 km-wide, west dipping Cordillera Blanca detachment
fault, which played a major role in the uplift of the batholith
and is the largest seismogenic normal-fault zone in the
Peruvian Andes. Callejon de Huaylas sediments were depos-
ited on the hanging wall block of the fault. The Yungay tuff,
found in the northern part of the basin, presumably marks the
start of both the structural control of the basin and the
exhumation of the batholith [Bonnot et al., 1988]. K-Ar
biotite dates from this tuff range between 7.8 and 6.9 Ma
[Farrar and Noble, 1976; Cobbing et al., 1981]. The basin’s
southern part is filled with the 2000 m thick Lloclla Forma-
tion, from which we sampled two sections at Quebrada
Lloclla and Telar Huain (Figure 3). Whole rock K-Ar ages
of 54 + 0.1 and 4.65 £ 0.1 Ma were obtained from a
tuffaceous horizon at the base of the Lloclla Formation at
Quebrada Lloclla and Telar Huain, respectively [Bonnot,
1984]. The tuffaceous horizon at Quebrada Lloclla lies about
15 m above highly altered volcanic rocks assigned to the
Calipuy Formation, upon which the Lloclla Formation sedi-
ments were deposited.

[13] The Lloclla Formation is divided into two members
[Bonnot et al., 1988]. The lower one (650 m thick) is
composed of fluvio-torrential to lacustrine facies including
conglomerate, black shale, marl, gypsum horizons, siltstone
and sandstone; the overlying member is mainly character-
ized by conglomeratic and glacio-fluvial fan sequences that
were probably deposited during Quaternary glaciation. The
orientation of channels and imbricated pebbles suggests that
the sediments were shed principally from the east. Bonnot
et al. [1988] found that the sedimentary sequence in the
lower member was deposited under an active tectonic
regime based on the presence of synsedimentary normal
faults identified within the basin. Kinematic analyses on
these faults indicate they formed under NE directed exten-
sion [Bonnot et al., 1988]. Our bedding measurements
show shallow dips between 0° and 22° dipping toward
N60°E, consistent with ENE-extension. In the field, we
identified an angular unconformity within the lower mem-
ber, with relatively flat lying (dips <10°) beds above the
unconformity, while those below dip consistently greater
than 10° (Table 1).

2.3. Pisco Basin

[14] The Pisco basin lies just north of where both the
coast and structural trends undergo a major reorientation
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Table 1. High Temperature-High Coercivity Paleomagnetic Results From the Subandean Zone and the Western Cordillera®

Geographic Stratigraphic
Average
Site Number Xs, °S bs, W Strike, Dip  no/No  N/R Dg Ig k s Ds Is k Qs
Tarapoto

Ipururo Formation
P944 6°35.14°  76°18.17 152.3/22 9/9 0/3 161.4 31.6 24.8 1.1 1732 258 24.8 11.1
P945 ~20 m below P946 112/29° 8/10 5/0 159.7 422 313 103 1702 188 313 10.3
P946 6°34.93"  76°18.08' 115.6/28 10/10 0/7 162.8 55.6 25.2 10.0 178.6 323 252 10.0
P947 6°34.81"  76°17.85 286.9/35 7/8 4/0 189.5 —11.9 19.6 145 189.1 228 19.6 14.5
P948 6°34.81"  76°17.85  288.9/58" 5/5 0/5 169.7 =325 16.5 194 1738 163 22.5 16.5
P960° 6°34.83  76°18.88' 125.9/44 4/10 4/0 137.4 344 15.1 244 158.1 17.0 15.1 24.4
P961 6°34.83  76°18.88' 115.9/29° 9/10 5/0 153.0 36.7 21.3 11.7 1640 167 21.3 11.7
Mean 6/7 165.5 44.7 2.8 49.6 1747 223 65.7 8.3

Chambira Formation
P949 6°34.70"  76°17.32 188.4/26 9/10 0/3 171.3 249 46.5 8.1 1848  29.6 46.5 8.1
P950 6°34.84"  76°16.68 150.9/61 9/9 0/6 162.0 31.2 48.5 7.6 183.3 6.2 48.5 7.6
P951 6°34.81"  76°16.52"  159.9/50.5 8/9 0/5 152.9 34.5 73.7 6.7 1844 259 73.7 6.7
Mean 3/3 162.4 30.4 75.4 143 1841  20.6 41.3 19.4

Mean Ipururo 9/10 165.4 25.1 7.8 19.6 177.8 218 53.8 7.1
+ Chambira

Cajabamba
P814 7°36.00°  78°05.00 315.4/13 9/9 0/3 165.6 6.9 28.0 105 1635 133 28.0 10.5
P815 ~30 m below P814 335.3/8 6/7 0/3 155.4 10.2 35.0 123 1540 10.1 35.0 12.3
P816 ~25 m below P815 326.3/14 7/7 0/4 158.5 13.7 25.8 126 1549 162 25.8 12.6
P817 ~100 m below P816 315.3/11 8/8 0/5 163.8 9.6 72.3 6.8 161.7 146 72.3 6.8
P818 7°36.05  78°06.43' 60.8/7 6/6 6/0 149.3 16.2 1287 59 149.3 9.2 1287 5.9
P819 ~50 m above P818 48.7/14 6/6 4/2 160.4 29.2 19.3 15.7 1584  16.1 19.3 15.7
P820 ~3 m above P818 65.3/7.5° 10/10  10/0  145.6 19.4 58.5 6.4 1459 120 58.5 6.4
P821°¢ ~100 m above P818 132.8/21.5 0/9 - - - - - - - - -
Mean 7/8 157.0 15.1 61.2 7.8 1554 13.1 1419 5.1
San Marcos
P822 7°21.49°  78°08.06 264.1/26 10/10  0/10 1754 —8.3 1104 4.6 1754  17.6 1104 4.6
P823 7°21.49"  78°08.06'  318.8/18° 9/9 0/9 192.2 —-1.2 63.6 6.5 191.0 115 60.6 6.7
P824 7°21.49"  78°08.06' 214.4/30 9/10 9/0 185.3 53 1235 47 1912 188 1235 47
P826 7°20.47  78°09.08 19.8/13.3 6/9 0/6 190.0 259 29.9 125 1841 229 29.9 12.5
P827° 7°20.17"  78°09.52' 62.8/76.5 4/9 0/4 184.0 68.0 867.2 3.1 1640 —54 8672 3.1
P828 7°20.04"  78°08.55' 213.8/7 8/11 0/8 191.4 242 1429 4.6 1945 267 1429 46
P830 7°20.42"  78°08.87 359.8/18 7/8 2/0 178.4 13.5 1204 6.1 1743 124 1204 6.1
P831 7°20.47°  78°08.82' 333.4/4 8/8 0/8 193.8 21.1 56.6 7.4 1925 236 56.6 7.4
Mean 7/8 186.5 11.6 29.3 113 186.0 193 68.8 7.3
Mean 8/8 186.4 18.1 11.6 17.0 1832 163 30.7 10.2
Canyon de Huaylas

P801 QL au ~30 m above P802 321.2/2 77 7/0 174.0 12.9 3255 10.7  173.6 139 3255 10.7
P802 QL au 9°37.88"  77°28.12' 332.4/7.5 12/12 0/12 1788 9.5 53.1 6.0 177.5 128 53.1 6.0
P803 QL au 9°37.93"  77°28.35 326.7/7° 8/8 0/8 172.8 16.7 868.0 1.9 170.7  19.8  868.0 1.9
P804 QL au ~30 m above P805 319.9/3 9/9 0/9 174.7 10.9 3262 29 1742 126 3262 29
P805 QL au ~70 m above P806 325.5/9 717 0/7 175.1 16.4 43.0 9.3 1724 20.7 43.0 9.3
P806 QL au ~400 m above P807 334.2/7 8/8 8/0 173.6 7.9 1099 53 172.5  10.1 1099 53
P807 QL bu 9°38.25"  77°28.74 321.2/20 9/9 0/9 180.5 10.7 24.6 106 1757 228 24.6 10.6
P808 QL bu 9°38.36"  77°28.84' 326.2/22 6/7 6/0 156.9 15.9 24.7 13.7 1500 18.7 24.7 13.7
P809 TL bu 9°42.00"  77°27.50 339.2/16 5/10 0/2 163.3 17.4 523 12.1 1582 178 523 12.1
P810 TL bu ~150 m below P809 336.2/15 9/9 9/0 162.5 21.2 34.4 8.9 156.5  22.0 34.4 8.9
P811 TL bu ~15 m below P810 326.2/12 4/4 4/0 173.7 11.2 80.2 103 171.0 165 80.2 10.3
P812 TL bu ~45 m below P811 331.2/16 8/10 8/0 171.9 26.3 12.1 16.6 1635 309 12.1 16.6
Mean (above) 6/6 174.8 124 372.3 35 1735 15.0 2848 4.0
Mean (below) 6/6 168.2 17.2 62.1 8.6 1624 217 62.1 8.6
Mean 12/12 171.6 14.8 89.2 4.6 168.1 18.4 65.2 5.4

“Note \s, site latitude; ¢s, site longitude; no/No, number of samples retained in the mean/total number of samples demagnetized; N, R, of the retained
samples, number possessing normal (N) or reversed (R) polarity (note that no polarity was assigned to samples whose directions were determined with great
circles); D, declination; I, inclination; cws, radius of the cone in which the mean direction lies within 95% confidence; k, best estimate of the precision
parameter; QL, TL, Quebrada Llocalla and Telar Huain sections, respectively; au (bu), above (below) the angular unconformity identified in the Lloclla
Formation.

®Average strike and dip.

“Site rejected (see text).
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Figure 4. Simplified geologic map of the Pisco basin [after Vidal, 1978; Davila, 1993; Montoya et al.,
1994]. The open squares are the paleomagnetic sites from this study (Table 2), Tsunakawa et al. [1987]
(T87), and Macedo-Sanchez et al. [1992] (M92). Stereonet plots of bedding and poles to bedding (upper
hemisphere) are shown (data from Table 2). Note that the fold axis from Puente Huamani parallels the
Andean trend; interestingly, the northernmost extent of the Precambrian basement ends just south of these
localities. The other bedding data are consistent with the interpretation that the maximum extension
direction lies perpendicular to the Andean trend, perhaps suggesting that the Precambrian basement has
rigidly transmitted compression behind the forearc in a manner similar to that proposed by Roperch et al.
[2000]. Pisco Formation bedding data from same region are less tilted.

from WNW to NNW (Figure 1). The basement rocks are
composed mostly of Precambrian gneiss and lower Paleo-
zoic granite [Shackleton et al., 1979]. These are covered by
Upper Jurassic to Lower Cretaceous volcanics and sedi-
ments [Montoya et al., 1994], which are in turn unconform-
ably overlain by Cenozoic marine sediments deposited
during at least three transgressive cycles from circa 40 to
2 Ma [e.g., Macharé et al., 1988; Marocco and de Muizon,
1988; Dunbar et al., 1990; Devries, 1998].

[15] In total, we sampled 311 cores at 36 sites in the
Cenozoic sediments. We followed the terminology of

Dunbar et al. [1990], who divided the stratigraphy into
the Paracas Group and the Chilcatay and Pisco formations,
each separated by a hiatus and a slight angular unconfor-
mity. Note that the Montoya et al. [1994] maps, which we
used to construct Figure 4, divide the Tertiary sediments
into the Paracas and Pisco formations only, with the
Chilcatay Formation included with Paracas. The lithology
of these units is similar, with coarse-grained facies at the
base that prograde upward into sandstone and siltstone.
Upper parts of each transgressive unit are dominated by
biogenic facies, usually consisting of diatomaceous silt-
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stone and mudstone [Dunbar et al., 1990]. Abundant
mollusc, diatom and foraminifera fossils constrain the
Paracas group as upper Eocene to Oligocene.

[16] Inthis study we concentrated on the Chilcatay (Oligo-
Miocene) (132 samples, 15 sites) and Pisco (circa upper
Miocene to Pliocene) (179 samples, 21 sites) formations
at localities that were paleontologically well described
(Figure 4). In particular, we sampled the Salinas de Otuma
section of Macharé et al. [1988, sect. 1] who found diatoms
Bogorovia veniamini, Cestodiscus sp. and Thalassionema
notzschioides near the base, indicative of the late Oligocene
to early Miocene (sites P101 to P104). At this section,
Chilcatay sediments are separated from the Pisco Formation
by a slight angular unconformity [Macharé et al., 1988]. We
collected two sites (P105 and P106) above the unconformity
(Pisco Formation). Farther south we sampled sites P107 to
P111 at the Lomitas section where molluscs Pitar mancor-
ensis, Cyclocardita n. sp. and a suite of diatoms indicate a late
Oligocene to early Miocene age [Macharé et al., 1988].
Closer to the Panamerican Highway, we collected sites
P112 and P113 at Cerro Blanco, which are assigned to the
Pisco Formation [Dunbar et al., 1990, Figure 10, sect. B].
The next locality at the Huaracangana Canyon is well
studied, containing Pisco facies at Molde de Queso (sites
P114-P117) within which a tuffaceous sandstone horizon
yielded a K-Ar date of 5.5 = 0.1 Ma [Dunbar et al., 1990].
Farther down the canyon, we sampled sites P118-P123A
in the Chilcatay Formation [Dunbar et al., 1990, Figure 8,
sect. D], which is thought to lie in the earliest middle Miocene
(16.4 to 15 Ma) based on Praeorbulina glomerosa and
Cestodiscus peplum. We sampled one site (P123B) on the
road from the Panamerican Highway to the navel base at San
Juan, and two sites in the environs of the base (P124 and
P125). The ages of these sites are ambiguous as Macharé et
al. [1988] assigned them to the Chilcatay Formation and
Dunbar et al. [1990] to the Pisco Formation. Here we assign
them to the Pisco Formation, consistent with Vidal [1978,
unpublished data, 2001]. Farther north, we were given
permission to access the Marcona iron mine. There, on the
coast, is a well-exposed section of Pisco Formation sediments
that disconformably overlie the Siluro-Devonian San Nicolas
batholith [Shackleton et al., 1979; Montoya et al., 1994]. The
top of the section is a massive slump block. We sampled three
sites (P126—P128) below the slump. Finally, we collected
seven sites at Puente Huamani, near the northern-most
exposure of the Pisco Basin. Six sites (P962—P967) were
sampled in a ~250 m thick section that dips ~46° to 68° to
the east, as well as one flat-lying site (P968) east of the
highway [see Mercier et al., 1992, Figure 22]. Macharé
[1987] found several diatom species in one sample (collected
by de Muizon) from this section, which places it in the upper
Miocene to Pliocene (Pisco Formation). These units were
folded during the early Pleistocene or possibly the latest
Pliocene [Mercier et al., 1992].

3. Paleomagnetism

[17] Samples were collected using a portable drill and
oriented with magnetic and sun compasses from the finest-
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grained layers available. A typical sampling site consists of
eight cores drilled from six independent horizons that span
six meters in thickness in order to average-out secular
variation. Remanent magnetizations were measured with a
three-axis 2G DC-SQUID magnetometer installed in a
magnetically shielded room at the Institut de Physique du
Globe de Paris. Pilot studies using stepwise thermal and
alternating field (AF) demagnetization (14 to 22 steps) were
conducted with Shonstedt coils and in a furnace whose
residual field was <20 nT. Bulk susceptibility was measured
after each heating step for half of the samples to monitor
potential changes in magnetic mineralogy. Magnetic direc-
tions were determined by principal component analysis
[Kirschvink, 1980], except when multiple components with
overlapping unblocking or coercivity spectra were present,
in which case we used the remagnetization great circle
method [McFadden and McElhinny, 1988]. Site mean
directions were calculated using Fisher [1953] statistics.
We used the Watson and Enkin [1993] fold test using 1000
simulations and 5° uncertainties on bedding attitudes. The
test statistic is given at the optimum degree of untilting with
uncertainties reported at the 95% confidence level; the
reversal test follows McFadden and McElhinny [1990].

3.1. Subandean Zone

[18] From the pilot study results, we used mainly hybrid
(AF + thermal) demagnetization for the Ipururo Formation
red sandstones and thermal demagnetization for the Cham-
bira Formation yellow sandstones (Figure 5). For both
formations, stepwise demagnetization mostly isolated two
magnetic components: a low temperature/coercivity com-
ponent that lies close to the present magnetic field direction
and a high temperature/coercivity component (HTC) that
appears after AF demagnetization to 38 mT or generally
above temperatures from 350° to 550°C. The Ipururo
Formation had relatively low natural remanent magnetiza-
tion (NRM) intensities (~1 mA/m) with relatively noisy
HTC directions as reflected in corresponding site mean cgss
on the order of 10° to 15° (Table 1). Both normal and
reverse polarities were isolated in roughly equal propor-
tions. The NRM intensities of the Chambira Formation
samples were generally >10 mA/m and demagnetization
trajectories were fairly well defined (Figure 5). Site mean
opss are <10° and all directions have reverse polarity
(Table 1). Curie point experiments and unblocking temper-
atures suggest that titanomagnetite and/or hematite carry the
magnetic remanence of the Tarapoto samples. When calcu-
lating an overall mean direction for the Ipururo Formation,
we excluded site P960 because its o5 exceeded 20°, despite
the fact that its tilt-corrected mean direction was coherent
with the others (Figure 5). The fold test statistic for the HTC
maximizes at 104 = 16% unfolding and the reversal test is
positive suggesting the magnetization is a prefolding, pri-
mary remanence. For the Chambira Formation, the test
statistic based on only three sites maximizes at 38 + 27%
unfolding. The suggestion of a synfolding magnetization is
influenced by site P950, which may be due to incomplete
isolation of the primary component, poor bedding attitude
correction or remagnetization. The latter option is unlikely
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Figure 5. (a) In situ orthogonal stepwise demagnetization diagrams for the Ipururo and Chambira

formations. (b) Equal-area projections of site mean directions (all in reversed polarity format) and
stereonet plots of bedding and poles to bedding (upper hemisphere).

given the reversed polarity directions thus we suspect one or
a combination of the former two possibilities. Because of
the limited number of sites, and because the tilt corrected
overall mean direction of the Chambira Formation is indis-
tinguishable at 95% confidence limits from the Ipururo
Formation overall mean direction [McFadden and Lowes,
1981], we grouped them together to calculate an overall
mean for the late Oligocene through Miocene time window
(Table 1). The test statistic for the nine sites maximizes at
94 + 14% unfolding and the reversal test is positive,
suggesting the remanence is primary.

3.2. Intracordilleran Basins

3.2.1. Cajabamba Basin

[19] In seven of the eight sites collected from the Caja-
bamba Formation fine sandstones, thermal demagnetization
isolated well-defined magnetic components until final
unblocking at temperatures <580°C (Figure 6a). These
samples are represented by both polarities at higher temper-
atures (>250°C) after removal of a mostly north and down
directed component. NRM intensities range from ~0.1 mA/
m to occasionally 10 mA/m; magnetomineralogical analy-
ses suggest the remanence is carried by titanomagnetite. Site
P821 possessed unstable magnetizations and was omitted
from further analysis. The fold test statistic maximized at
89 + 45%. The large confidence interval arises from fairly
homogeneous bedding attitudes of the sampling sites. How-

ever the test parameter is compatible with a prefolding
magnetization and excludes a postfolding hypothesis; more-
over, the reversal test is positive which favors the interpre-
tation of a primary, prefolding remanence. Both the in situ
and tilt-corrected overall mean directions lie far from
expected Bruhnes or Matuyama field directions thus the
remanent directions cannot be representative of a recent
field (Figure 6a).
3.2.2. San Marcos Basin

[20] Magnetic characteristics of the eight San Marcos
basin sites were similar to those from the Cajabamba
basin—thermal demagnetization revealed two stable mag-
netic components with solely normal polarity at low temper-
atures and dual polarities at higher temperatures (Figure 6b).
Magnetomineralogical studies again reveal that titanomag-
netite carries the magnetic remanence. Figure 6b shows the
individual site mean directions before and after unfolding.
The fold test statistic based on the eight sites maximizes at
72 + 7% unfolding, signaling a synfolding magnetization.
Closer inspection shows that a synfolding interpretation is
controlled by site P827. Because of lithological constraints,
the nine samples collected at site P827 come from only two
beds. The five samples from one of the beds were remag-
netized in a recent field as the in situ direction (D =2.9°, 1=
—8.7°) lies close to the axial dipole field direction (D = 0°,
I = —14.6°), whereas the tilt-corrected direction (D = 27.9°,
[ = 52.7°) is incoherent with any reasonable tectonic
interpretation. The magnetizations for the four samples from



3-10

ROUSSE ET AL.: MOUNTAIN BUILDING IN THE PERUVIAN ANDES

W Scale: 103Am N|, g
Down' ‘ ‘ 430‘°C ‘ :

'z

| o NRM Cajabamba Basin A

270\+++++++++++++++++ 90

+ In-situ

Dg = 157.0°, Ig = 15.1°)
k=612, 0,,=7.8°
N=7

NRM w Scale: 104 A/m

Down

8137-P816 S 8155-P818S 270(++++++ +++++++++++79
NRM N ° + Tilt-corrected
el Ds =155.4°,Is =13.1°
k= 1419, 0, = 5.1°
wo N 4os°C E
Down \ Up
Scale: 104 A/m
225"CS w  Scale: 10-3 A/m E 180
8138-P816 Down g166-Pg20  s[515°C  Up
| N N N San Marcos Basin
W e|oE W e|o E . 20 +++++ + + +-F+ +++++++79
Down 510°C Up  Down Up NRM 31 - NRM L T In-situ
480°C J40°C Dg = 186.5°, Ig = 11.6°
k=293,0,,=113° | @~
N=7 + P827
375°C
NRM
NRM
w 4580°CE 20r+++++++++++++++++79%
Down Up ( + Tilt-corrected
w
275°C Ds = 186.0°, Is = 19.3°
25¢ nscc Pown vP k = 68.8, 0y, = 7.3°
S S S S > 98
Scale: 103 A/m  Scale: 104 A/m  Scale: 103 A/m  Scale: 104 A/m
8188-P822 8194-P823  8207-P824 8216-P826
Down Up T
S60°C Callejon de Huaylas
Scale: 10-2 A/m 20 r++++ ++ + + -+ + Attt Et 790

@ upper section + In-situ + Tilt-corrected

@ lower section

ale: 10-2
175°C Scale: 10< A/m

W 696°C E
NRM ¢ Down Up

8021-P803 N 8054-P806 y
w e |0 E ®
Down . Up
1686°C verall Callejon de Huaylas mean, (N =12
Seale: 10-3 A/m | Overall Callejon de Huaylas mean, (N =12)
Dg =171.6°, Ig = 14.8° Ds =168.1°, Is = 18.4°
k =89.2, 0, = 4.6° k = 65.2, 0, = 5.4°
1670°C
In-situ Tilt-corrected
Lsg0oc above  |Dg=174.8°,Ig=12.4° Ds =173.5°, Is = 15.0°
’ Scale: 10-2 A/m unconformity |y — 375 3, Olys=3.5°,N=6| |k=2848, 0, =4.0°
\ w 686°C E below Dg = 168.2°, Ig = 17.2° Ds = 162.4°, Is = 21.7°
o NRM Down s Up unconformity |k =62.1,0,,,=8.6°,N=6 | |k=62.1,0,=86°
8062-P807 8087-P810
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the other bed yielded well-defined and consistent trajecto-
ries (small ags) at high temperatures. Neither the in situ nor
tilt-corrected mean inclinations of P827 based on these 4
samples are representative of a middle Miocene to Recent
field (Table 1). As the magnetization direction isolated for
site P827 comes from a single bed, it could be that secular
variation was not averaged out. This site is clearly an
enigma in that it dips steeply (77°), whereas other strata
from intra-Cordilleran Neogene basins from northern Peru
have gentle dips (30°, Figure 6; Table 1), consistent with the
conclusions of geodynamic interpretations that these rocks
were tilted in extension and not folded in compression.
Omitting site P827 and reapplying the fold test shows
optimum untilting at 96 £ 24%; the reversal test is positive.
This leaves two possibilities: either (1) all sites were
remagnetized during tilting which occurred simultaneously
with sedimentation [Bellier et al., 1989] or (2) site P8§27 is
anomalous (maybe remagnetized during folding/tilting)
while the other sites possess prefolding, primary magnet-
izations. Because of the uncertainties surrounding site P827
we prefer the latter interpretation. In either case, the overall
mean direction of N = 7 sites at 100% unfolding (D =
186.0°, 1=19.3° k = 68.8, cys = 7.3°) versus N = 8 sites at
72% unfolding (D = 183.4°, 1= 17.3°, k = 45.7, ags = 8.3°)
are the same within 95% confidence limits [McFadden and
Lowes, 1981].

3.2.3. Callejon de Huaylas

[21] A total of 12 sites (100 cores) of predominantly fine-
grained sandstones were drilled in the Callejon de Huaylas
basin: 8 sites from Quebrada Lloclla (P801 to P808) and the
other 4 sites from Telar Huain (P809 to P812) (Figure 3).
Anisotropy of magnetic susceptibility (AMS) was measured
for three samples per site with an AGICO KLY-2 Kappa-
bridge. The median bulk susceptibility is 3 x 10~* (SI) with
a large spread from 2 x 107 to 2 x 102 (SI). Anisotropy
percentages (P') range from 0.1% to 4.5% with a median
value of 0.8%. When P’ is <1%, the shape parameter (T) is
random, being either oblate or prolate; when P’ is >1%, the
shape parameter (T) is decidedly oblate. Minimum anisot-
ropy axes lie perpendicular to the stratification plane, and
maximum and intermediate axes are randomly distributed
within the horizontal plane after tilt correction. Overall, the
AMS characteristics are typical of a sedimentary fabric,
unaffected by a subsequent tectonic foliation. Thermal
demagnetization of all twelve sites yielded well-defined
unblocking trajectories that decayed toward the origin after
initial cleaning at low temperatures or low alternating fields
(Figure 6c¢). Dual polarities were present in both sections.
Maximum unblocking temperatures of 680°C are indicative
of hematite yet thermomagnetic analyses also indicate the
presence of titanomagnetite. NRM intensities range between
0.5 and 93 mA/m with a mean around 10 mA/m.

[22] Site mean directions were calculated for each of the
12 sites (Figure 6¢ and Table 1). Despite yielding a positive
reversals test, the test statistic maximizes at —19% unfold-
ing with an error envelope at —46%/+35%, suggesting a
posttilting remanence. However, because these rocks pos-
sess both normal and reversed polarities, the time to
overprint them must have been long enough to span at least
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one, and likely five reversals, as the Quebrada Lloclla
section sites were collected in stratigraphic order with
P808 at the base and P801 at the top, and display a N-R-
N-R-N reversal pattern. Judging the demagnetization dia-
grams, it is clear that they possess very stable magnet-
izations so viscous effects should be ruled out. Looking
more carefully at the data set we found an alternate solution
to the remagnetization hypothesis. We recall that an angular
unconformity exists in the Lloclla Formation, with dips
>10° below and only slight dips (<10°) above. When
reexamining the site mean directions we found that decli-
nations change at this transition with declinations below
being 162° and those above at 175°. The mean directions of
the 6 sites above and 6 sites below the transition are
different at 95% confidence limits [McFadden and Lowes,
1981] (Figure 6c), which explains why the fold test is
negative for the entire population. When treating as two
separate populations, the homogeneity of the strike correc-
tions prevents a meaningful application of the fold test,
however positive reversal tests were obtained in both cases.
Thus we are left with two possible interpretations of the
paleomagnetic data from the Callejon de Huaylas: (1)
complete, yet pre-Bruhnes remagnetization, or (2) the
angular unconformity represents a distinct structural and
tectonic boundary with beds below being rotated ~11°
counterclockwise more than those above. We prefer the
latter because it is more consistent with the paleomagnetic
and geologic data.

3.3. Pisco Basin

[23] NRM intensities for the Chilcatay Formation were
fairly uniform, averaging 1 x 107 A/m. Those for the
Pisco Formation were much more variable, being 0.4 x
1073 A/m in the diatomaceous facies at Puente Huamani,
70 x 1072 A/m at the San Nicoléds batholith, and 3 x
10~ A/m for the rest. For both formations, thermal
demagnetization generally unblocked a single linear mag-
netic component that decayed toward the origin above
~200°C after removing a spurious direction (yet usually
with northward declinations and shallow inclinations), with
90% of the remanence removed by 500°C, indicating the
presence of titanomagnetite (Figure 7). Only the magnetic
remanences of sites P126—P128 from the San Nicolas
batholith area (whose NRM intensities are over a magnitude
greater than the rest) persist to 580°C, indicative of Ti-poor
magnetite (Figure 7a). Often the magnetic directions
became erratic when heating above 300°C, which did or
did not coincide with changes in magnetic susceptibility.
Most samples possessed a magnetic mineral that had a low
Curie temperature (~120°C) and was resistant to AF
demagnetization (high coercivity), characteristic of an iron
hydroxide (limonite, goethite). Sometimes this latter mineral
dominated more than 80% of the NRM intensity (Figure 7).
Because of their sensitivity to thermal demagnetization, we
found that the best way to treat most samples was to first
thermally demagnetize them in one step at 135°C, then apply
alternating field demagnetization. In this way, linear demag-
netization components were more readily obtained.
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Figure 7.

In situ orthogonal stepwise demagnetization diagrams (left) and equal-area projections of site

mean directions (all in reversed polarity format) (right), for the (a) Chilcatay and (b) Pisco formations.
Individual site mean directions for the Chilcatay Formation are shown at 0% and 100% unfolding. For the
Pisco Formation they are shown at 0% and 60% unfolding (where k is maximum, see text). Stereonet
plots of bedding and poles to bedding (upper hemisphere) are also included.

[24] The number of samples possessing reversed polarity
were few, representing only 20% of the directions fit using
principal component analysis (Table 2); no polarity was
assigned to samples fit with great circles, which represent
only 15% of the total population. For some localities, only a
few stable high temperatures magnetizations were isolated
per site, so we grouped them together to calculate a

composite site mean direction (P115-P116-P117 and
P109-P110-P111, Table 2). The most difficult aspect when
assigning magnetic components to these formations arises
from the flat lying nature of the bedding, which hinders one
from distinguishing primary magnetizations from those
overprinted in a recent or Bruhnes field, except when
polarity is reversed. From the fact that only 20% of the
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Table 2. High Temperature-High Coercivity Paleomagnetic Results From the Pisco Basin®

Geographic Stratigraphic
Average
Site Number Xs, °S s, °W Strike, Dip  no/No  N/R Dg Ig k Quos Ds Is k Quos
Pisco Formation
P962 13°41.18"  78°10.08’ 340.8/46 7/8 1/3 187.7 14.8 29.1 11.9 168.8 29.5 29.1 11.9
P963 ~15 m below P962 340.8/46 10/10 0/7 179.3 15.9 50.7 7.0 161.8 24.2 50.7 7.0
P964 ~150 m above P962 343.8/54.5 8/9 5/0 15.0 9.3 60.3 7.4 10.7 —18.8 60.3 7.4
P965 ~150 m above P964 339.8/56.0 8/9 8/0 0.2 —-17.2 89.7 59 336.1 —26.2 89.7 59
P967 ~150 m above P965 350.3/67.5 9/10 9/0 0.7 -9.8 104.1 5.1 3450 —133 104.1 5.1
P968 13°41.21"  78°09.50 351.8/2.0 10/13 1/3 177.8 15.1 118.5 4.7 177.2 15.3 118.5 4.7
P105 14°11.00"  76°07.68' 325.2/3 6/6 6/0 3535 —17.1 60.1 8.7 3527 —185 60.1 8.7
P106 14°11.00°  76°07.68 265.1/7 8/8 8/0 2.1 —26.8 20.4 12.6 2.6 —33.7 20.4 12.6
P112 14°35.14"  75°41.05"  Horizontal 9/9 0/4 177.7 30.4 71.7 6.4 177.7 30.4 71.7 6.4
P113 ~15 m above P112 Horizontal 8/10 8/0 3539 =227 224 120 3539 -227 224 12.0
P114 14°57.85"  75°17.20 8.5/4.7 9/9 0/5 180.2 24.1 253 10.7 178.2 233 253 10.7
P115-16-17 14°57.85"  75°17.20 8.5/4.7 12/23 0/4 184.5 32.1 50.4 6.4 181.6 31.7 50.4 6.4
P123B 15°21.55"  75°06.52' 109.6/9 10/10 10/0 3587  —30.0 110.0 4.6 0.2 -21.6 110.0 4.6
P124 15°21.58"  75°09.35 356.3/10 8/9 8/0 351.1 —27.2 28.2 10.6  346.1 —25.8 28.2 10.6
P125 15°21.26'  75°08.75 133.5/8 5/6 5/0 1.0 -213 1324 6.7 2.8 —153 132.4 6.7
P126 15°15.29"  75°13.32 319/14.5 9/9 9/0 3533 —5.1 309.1 2.9 3513 —13.1 309.1 2.9
P127 15°15.29"  75°13.32 319/14.5 11/11 110 346.0 —17.2 97.6 4.6 341.1 —233 97.6 4.6
P128 15°15.29"  75°13.32"  319.7/14.5 9/10 9/0 3564  —18.1 120.0 4.7 351.5 —26.3 120.0 4.7
Mean 18/21 178.9 18.8 47.5 5.1 173.3 232 61.2 4.5
Mean 60% unfolding (see text) 18/21 - - - - 176.1 21.9 69.1 4.2
Mean” 45% unfolding (see text) 6/6 181.2 22.1 85.2 7.3 178.7 24.4 127.5 6.0
Chilcatay Formation
P101 14°12.03"  76°08.68 295.9/10 10/10 4/1 3429 =251 20.7 112 3390 322 20.7 11.2
P102 ~20 m above P101 276.9/13 9/9 9/0 357.5 —20.8 24.5 10.6 3563 —33.6 245 10.6
P103 ~40 m above P102 277.1/12 6/7 6/0 349.8  —185 349 1.5 348.1 —-29.9 349 11.5
P104 14°11.47°  76°08.41 270.2/12 5/8 5/0 3438 286 154.8 6.2 3413 —40.0 1548 6.2
P107 14°40.80"  75°49.92' 133.3/32 8/8 0/2 150.3 433 25.6 12.1 171.3 27.9 25.6 12.1
P108 14°40.80"  75°49.92 182.1/72.3 9/11 8/1 332.9 12.0 26.1 103 3370 —184 50.9 7.3
P109-10-11 14°40.52"  75°49.68' ok [AoxC 11/26 1/5 164.6 49.9 14.5 12.7 158.8 335 16.8 11.7
P118 14°58.38"  75°19.20 278.9/1.5 5/8 0/1 168.8 354 102.6 9.5 166.6 424 102.6 9.5
P119 14°58.39"  75°22.15' 300.0/8.5 10/10 10/0 3594  —153 51.9 6.8 3579 =226 51.9 6.8
P120 14°58.39"  75°22.15' 300/8.5 8/8 8/0 3549  —159 20.7 125 3532  —-22.8 20.7 12.5
P121 14°58.39"  75°22.15' 300/8.5 8/11 8/0 3529 252 27.7 10.7  350.0 319 27.7 10.7
P122 14°58.39"  75°22.15' 300/8.5 8/10 8/0 3488 —17.8 62.4 7.1 346.6  —24.1 62.4 7.1
P123A 14°58.39"  75°22.15' 301.1/8.5 6/6 3/0 357.6 —19.1 29.5 134 3556 —26.1 29.5 13.4
Mean 13/15 168.5 23.6 22.8 8.9 168.0 29.8 75.7 4.8
Mean® 5/5 159.7 29.1 10.6 24.6 162.4 31.0 62.8 9.7

“Note s, site latitude; ¢s, site longitude; no/No, number of samples retained in the mean/total number of samples demagnetized; N, R, of the retained
samples, number possessing normal (N) or reversed (R) polarity (note that no polarity was assigned to samples whose directions were determined with great
circles); D, declination; I, inclination; cws, radius of the cone in which the mean direction lies within 95% confidence; k, best estimate of the precision

parameter.
®Mean of the sites containing reversed polarity directions.
“Varying strike and dip, composite site of P109-P110-P111 (see text).

samples have reverse polarity, we suspect that both primary
and remagnetized magnetic components are mixed in the
site. mean directions listed in Table 2. Despite this, we
applied field tests to both formations assuming the compo-
nents were primary. Sample level reversals tests were
positive at 95% confidence for both formations (class C
for Chilcatay and B for Pisco); the fold test statistic based
on site mean directions for the Chilcatay Formation max-
imizes at 103 + 21% unfolding (e.g., remanence is prefold-
ing), while that for the Pisco Formation maximizes at 58 +
16% unfolding (e.g., remanence is synfolding) (Table 2).
The two overall mean directions at 100% and 60% unfold-
ing are distinct at 95% confidence limits [McFadden and
Lowes, 1981]. To further test the data we again applied the
fold test, but this time selecting only the sites that contain

reverse polarities, assuming that they are less affected by a
Recent or Bruhnes field overprint. The test statistic for the
five Chilcatay sites fulfilling this requirement maximizes at
101 £ 21% unfolding while that for the six Pisco sites is at
43 £ 30% unfolding, both of which are very similar to their
respective results using all site mean directions. Overall
mean directions from the sites with reversed directions are
indistinct at 95% confidence limits with the mean of their
respective total populations, and again distinct with respect
to one another. Thus the most straightforward interpretation
is that the overall mean directions are indicative of a
primary magnetization for the Chilcatay Formation and a
synfolding remanence for the Pisco Formation. As folding
of the Pisco Formation, at least near Puente Huamani, is
Quaternary [Mercier et al., 1992], the remanence is likely
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Table 3. Paleomagnetic Poles From This Study®

ROUSSE ET AL.: MOUNTAIN BUILDING IN THE PERUVIAN ANDES

Geographic Stratigraphic Pole

Study Age,Ma X\, °S ¢&,°E N Dg Ig k Qlos Ds Is k ags NS b, °E Aogs
Subandean zone (A) 28-7 6.6 2837 9 1654 251 7.8 19.6 1778 218 53.8 71 847 1266 59
Cajabamba (B) 11-8 7.6 2819 7 157.0 151 612 7.8 1554 131 1419 51 656 1925 48
San Marcos (C) 11-8 73 2819 7 1865 116 293 113 186.0 193 688 73 834 358 6.6
CdH (above) (D) ~4-3 96 2825 6 1748 124 3723 35 1735 150 2848 40 833 2088 2.7
CdH (below) (D) ~5-4 9.6 2825 6 1682 172  62.1 8.6 1624 21.7 62.1 86 727 1855 82
Pisco Fm (E)** ~3-0 145 2845 18 1789 188 475 51 1761 219 702 42 851 2316 35
Pisco Fm (E)***® ~3-0 145 2845 26 1782 20.1 553 38 1763 222 69.1 34 853 2315 29
Chilcatay Fm (F)° 30-17 147 2843 18 1673 235 303 6.4 1665 285 793 39 770 1900 33

“Note \, latitude; ¢, longitude; N, number of sites; cos (Ags), radius of the cone in which the mean direction (pole) lies within 95% confidence; reference
poles (X, &, Ags) for 0 (86.5, 162.3, 2.5), 10 (85.8, 150.0, 1.9), and 20 (84.7, 135.5, 2.6) [Besse and Courtillot, 2002], relative to the mean age of the study;
CdH, Callejon de Huaylas. All poles were calculated from tilt-corrected data at 100% unfolding except for the Pisco Fm. as indicated by ** (60%) and

HH(45%).

®Poles of this study combined with eight sites of Tsunakawa et al. [1987].
“Poles of this study combined with five sites of Macedo-Sdanchez et al. [1992].

post- 2 Ma yet pre- 0.7 Ma because some samples from
Puente Huamani possess reverse polarities and therefore the
remanence should be pre-Bruhnes.

4. Interpretation and Discussion
4.1. South American Reference Poles

[25] The South American apparent polar wander path
(APWP) is constrained by few reliable Tertiary paleomag-
netic data from the craton. One method to overcome this
deficiency is to use a synthetic South American APWP
derived from poles from other continents. We used the most
recent compilation by Besse and Courtillot [2002], which
incorporates two times more data than their previous work
[Besse and Courtillot, 1991] as well as much improved
oceanic plate kinematic parameters, and thus further
decreases uncertainties on both the age and error envelope
for each pole. Other South American APWPs have been
proposed [Beck, 1998; Randall, 1998], but their poles
average larger time windows and have greater uncertainties.
Note that the Besse and Courtillot [2002] synthetic APWP
reinforces earlier conclusions that the South American Plate
underwent very little apparent polar wander from the
Cretaceous to the Present. The reference poles and the
overall study mean poles from this study are listed in Table
3. In the discussion below, tectonic inferences are based on
paleomagnetic rotations, which were calculated following
the procedures of Coe et al. [1985].

4.2. Subandean Zone

[26] Relative to the 20 Ma reference pole (Table 3),
which is the average time spanned by the Ipururo and
Chambira formations, no significant rotation is recorded
(+0.6 £+ 5.1). The Ipururo and Chambira pole (84.7°S,
306.6°E, Ags = 5.9°) is virtually identical to the reference
pole and with the 5 to 24 Ma reference pole from Randall
[1998] (85°S, 310°E, Ags = 5°) and the sole late Miocene
pole available for stable South America (85°S, 316°E, Ags =
8°) [Schultz et al., 1986]. This means that late Miocene to

Present folding and thrusting in the Tarapoto region did not
involve vertical axis block rotation and thus the Tarapoto
pole can be considered as a reference South American pole
for the late Oligocene to earliest Pliocene. It also helps to
define the northeastern limit of the counterclockwise rota-
tions in the Peruvian Cordillera.

4.3. Western Cordillera Basins

4.3.1. Cajabamba and San Marcos Basins

[27] In the Western Cordillera, the Cajabamba basin
shows significant counterclockwise rotation —21.4° & 4.1°
relative to stable South America. For the San Marcos basin,
the overall mean pole based on 100% unfolding of 7 sites
(Table 3) is rotated +9.2° £ 5.4° clockwise with respect to
the 10 Ma reference pole. The overall mean pole based on
72% unfolding of 8 sites (86.2°S, 217°E, Ags = 7.6°)
records a smaller clockwise rotation (+6.5° + 6.2°) with
respect to the same reference pole (since sedimentation and
tilting were roughly coeval). As both poles yield similar
results, tectonic interpretations are independent of which is
used and we employ the one based on 100% unfolding of
seven sites.

[28] As stated above, Mitouard et al. [1990, 1992]
obtained reliable palecomagnetic data from 58 sites of
Cretaceous to upper Eocene rocks in the Cajamarca deflec-
tion. All sites west of Cajabamba are rotated significantly
counterclockwise, with a mean of —31.4° + 6.6° for the
Cretaceous (N =31) and —22.3° +4.9° for the Cenozoic (up
to circa 35 Ma, N = 20) (Figure 2b) (rotations calculated
using the Besse and Courtillot [2002] APWP). They found
that the magnitude of rotation was coherent throughout the
Cajamarca deflection, independent of fold axis trends. Thus
the folds were created, then the region rotated after the late
Eocene. Although the Cretaceous rocks appear slightly
more rotated than the Cenozoic rocks, the two populations
are not distributed uniformly over the same area, as the
Cenozoic sites were collected mostly in the western part of
the deflection. Cretaceous sites there (N = 13) record a
rotation of —25.0° + 8.0°, very similar to the Cenozoic
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rotation of —22.3° £ 4.9°, suggesting that no significant
rotation occurred between the two time series. East of
Cajabamba, 7 Cretaceous sites were only slightly rotated
(—7.7° £ 6.6°) (Figure 2b).

[29] Our results from the northern basins are shown
together with the data of Mifouard et al. [1990, 1992] in
Figure 2b, where it is seen that the Cajabamba basin is
rotated the same amount as the older rocks to the west. Just
east of the Cajabamba basin, Mitouard et al. [1992] found
only very slight rotation of Cretaceous strata, suggesting a
structural discontinuity should separate them from the
rotated Cajabamba basin. Such a structure, the Chaquil-
bamba fault, has indeed been identified by Bellier et al.
[1989] (Figure 2b). On the other hand, the San Marcos basin
is slightly clockwise rotated, consistent with the finding of
Bellier et al. [1989] that this basin is surrounded by several
structures including seismogenic normal faults (e.g., faults
S10 and S14 from Bellier et al. [1989]) (Figure 2b) that
could have accommodated the rotation.

[30] Figure 2c¢ shows one interpretation of how the
pattern of rotations could be produced in a tectonic regime
dominated by compression with a minor sinistral shear
component. The modified bookshelf fault model suggests
E-W compression was taken up mostly on NNW-trending
structures (i.e., the Maranén fold and trust belt) while the
shear and associated block rotation is accommodated by F2
faults that exploited the preexisting, E-W-trending structures
particular to the Cajamarca deflection. The model implies
that the F2 faults (and folds) rotated ~20° counterclockwise
except close to their intersection with the F1, NNW-striking
thrusts. We suggest that the Cajabamba basin sediments
were deposited on a rotating block, when the Chaquilbamba
thrust fault was reactivated as a normal fault [Bellier et al.,
1989], whereas the San Marcos basin formed in an accom-
modation structure under combined pull-apart and right-
lateral shear from the F2 structures.

4.3.2. Callején de Huaylas Basin

[31] Two interpretations of the Callejon de Huaylas
paleomagnetic data are possible. Either they represent a
(Pliocene?) remagnetization, or the section should be divided
into two parts based on structural and magnetic character-
istics. Considering the former option, the in situ (0%
unfolding) pole based on 12 sites indicates a small counter-
clockwise rotation of —5.3° + 3.7° when compared against
the recent South American reference pole (Table 3). Cutting
the Lloclla Formation above and below the angular uncon-
formity yields paleomagnetic poles of 83.3°S, 28.8°E, Ags =
2.7° and 72.7°S, 5.5°E, Ags = 8.2°, respectively (Table 3).
Relative to the recent South American reference pole, the
horizons with dips >10° show a significant counterclock-
wise rotation of —14.5° + 6.8° whereas the overlying beds
with dips <10° record a slight counterclockwise rotation of
—3.4° £2.9°. As noted above, the sum of the geologic and
paleomagnetic data support cutting the section into two
parts, suggesting that the bulk of rotation occurred when
the rocks below the angular unconformity were tilted. This
is potentially a highly significant observation because it
would directly link the paleomagnetic rotations to mountain
building, as the Cordillera Blanca batholith was likely
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exhumed from circa 5 to 3 Ma [Petford and Atherton,
1992]. Moreover, muscovite extracted from mylonite in
the Cordillera Blanca shear zone yielded a *°*Ar/*°Ar date
of 3.6 £ 0.1 Ma [Petford and Atherton, 1992]. The ductile
fabric in the shear zone records oblique motion with a minor
component of left-lateral strike slip in addition to pure dip
slip, as slickenside lineations are slightly oblique to the dip
of foliation [Petford and Atherton, 1992]. Thus, if the circa
5 Ma whole rock K-Ar dates of the volcanic tuff from the
base of the Lloclla Formation are correct, the deposition of
the series and concomitant counterclockwise rotation are
linked to sinistral shear and extension on the Cordillera
Blanca fault, which clearly accommodated exhumation of
the batholith.

4.4. Pisco Basin

[32] Our paleomagnetic data from the Pisco basin suggest
that the upper Oligocene to lower Miocene Chilcatay
Formation sediments possess prefolding primary magnet-
izations. Macedo-Sanchez et al. [1992] reported six sites of
siliceous tuffs from the basin near Nazca City dated at 19 to
22 Ma (Figure 4), of which five sites were thought to
possess primary magnetizations. The tilt corrected mean
direction (D = 163.1°, I = 25.0°, as = 7.0°) is indistin-
guishable from our overall site mean direction (D = 168.0°,
1=29.8°, cigs = 4.8°); thus we combined their five sites with
our 18 sites to calculate an upper Oligocene to lower
Miocene pole (Table 3). With respect to stable South
America, the Pisco basin rotated —10.6° + 3.4° counter-
clockwise since the lower Miocene. This is likely a mini-
mum amount of rotation because, as we suspect that our site
mean directions are contaminated by the present-day or
recent field, the magnetic vectors would be pulled away
from the rotated direction toward the north. This is sug-
gested by both the mean direction based on our reversed site
population (only) and from the Macedo-Sanchez sites,
which are all reversed and slightly more counterclockwise
rotated.

[33] Tsunakawa et al. [1987] reported two site mean
directions from the Pisco Formation at Puente Huamani as
well as data for six other sites from the Pisco and Chan-
guillo formations (now considered equivalent to the Pisco
Formation [see Dunbar et al., 1990]) (Figure 4). The test
statistic based on their 8 sites maximizes at 3 = 21%
unfolding. Because more than half of their samples have
reversed polarities, a postfolding age of remanence could be
due to erroneous tilt-correction as we note, for example, a
discrepancy between their bedding attitudes and ours at
Puente Huamani. Nevertheless, we combined their eight
sites with ours and reapplied the fold test; the test statistic
maximizes at 43 £ 13% unfolding. When calculating an
overall Quaternary yet pre-Bruhnes pole for the Pisco basin,
the result changes little whether the Tsunakawa et al. [1987]
data are included or not (Table 3). Compared against the
recent pole from South America, there is no significant
rotation for N = 18 sites (at 60% unfolding, —0.8° +3.4°) or
for N = 26 sites (at 45% unfolding, —0.6° + 3.1°) since circa
1 Ma. Taken together, these data imply that the age of
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rotation of the Chilcatay Formation is post- circa 15 Ma yet
pre-Bruhnes (circa 0.7 Ma).

[34] In summary, our study has identified significant
counterclockwise rotations in Cretaceous to upper Neo-
gene rocks from 15.5°S to 7°S (Figure 1). At the Caja-
marca deflection (Figures 1 and 2), where structures cut
the Andean trend at high angles, a bookshelf mechanism
likely acted to produce the rotations there, in a manner
similar to that found in the Chilean forearc [e.g., Beck,
1998; Randall, 1998; Abels and Bischoff, 1999]. On the
other hand, south of the Cajamarca deflection (~8.5°S), no
large-scale crosscutting structures are recognized, and
rotation sense and magnitude are uniform until reaching
the Abancay deflection, where again, large crosscutting
structures are recognized. Our new data thus strengthen the
hypothesis, previously suggested by Rousse et al. [2002],
that the region between circa 15.5°S and 8.5°S rotated as a
coherent block. To the east, approaching the Marafion fold
and thrust belt (Figure 1), the pattern of counterclockwise
rotation begins to break down. Farther east in the Sub-
andean fold and thrust belt, no rotation is observed.
Therefore we propose that the area of dense thrust faults
that comprise the Marafion fold and thrust belt likely
represents a first-order tectonic boundary. This hypothesis
predicts that the older system of thrust faults within the
Marafion belt was reactivated in the late Cenozoic, par-
tially accommodating the block rotations. A similar con-
clusion was reached for the paleomagnetic rotations found
in the northern Altiplano, where the transition between the
Altiplano and the Eastern Cordillera appears to have
played an important role in facilitating the rotations there
[Gilder et al., 2003]. Another important observation is that
north of the Abancay deflection, all rotations recorded in
Cretaceous to Neogene rocks are of the same magnitude,
suggesting that the rotations are linked to a late Miocene-
Pliocene deformation event. Paradoxically, this implies that
the other well recognized and intense post-Cretaceous yet
pre-Mio-Pliocene deformation episodes did not result in
vertical axis block rotations, raising an important question
as to what controls block rotation during orogenesis.

4.5. Nazca-South American Plate Reconstruction

[35] To understand the origin of the relatively youthful
rotations, we reconstructed the relative and absolute motion
between the Nazca (NAZ) and South America (SA) plates
since 20 Ma (Figure 8). We used the global circuit of NAZ-
Antarctica (ANT)-Africa (AF)-SA, using the kinematic
parameters for SA-AF [Miiller et al., 1997], AF-ANT
[Patriat and Segoufin, 1988] and ANT-NAZ [Tebbens and
Cande, 1997] and interpolated over 5 Myr windows (model
R02C). We compared our circuit to that of Somoza [1998]
(model S98C), who used different kinematic parameters for
AF-ANT [Norton, 1995] and SA-AF [Cande et al., 1988].
We also took an independent approach by using hot spots to
anchor the AF Plate to the Atlantic (ATL) hot spots and the
Pacific (PAC) Plate to the Pacific hot spots [Duncan and
Richards, 1991; Raymond et al., 2000]. We then used the
SA-AF relative plate motion kinematics to move SA and
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PAC-NAZ kinematics to move NAZ [Mayes et al., 1990]
(model R0O2A). This method assumes no relative motion
between ATL and PAC hot spots. We then calculated the
convergence rate and direction for two points at 7.5°S,
278.8°E and 13°S, 281.8°E for all three models (Figure 8b).
Although we are conscious the uncertainties are large (20—
30%) [Pardo-Casas and Molnar, 1987] and difficult to
quantify, the three independent reconstructions using the
most recent kinematic data show similar trends and give us
confidence in interpreting changes in convergence parame-
ters. In addition, these trends are consistent over the past 3
Ma when comparing NUVEL-1A [DeMets et al., 1994]
with modern space geodetic data [Angermann et al., 1999;
Norabuena et al., 1999].

[36] In the plate reconstruction (Figure 8) we show the
northernmost possible extension of the Nazca Ridge con-
sidering it as the mirror of the Tuamotu Ridge [Pilger, 1981;
von-Huene and Lallemand, 1990; Hampel, 2002]. Note that
the Nazca Ridge cannot extend north of the Mendana
fracture zone (Figure 8, 0 Ma) because the age of the
oceanic crust north of the fracture zone is younger than
the age of the hot spot defining the Nazca Ridge. On the
basis of our calculations, we find that the head of the Nazca
Ridge began colliding with the South American Plate at
around 10 Ma (Figure 8). This is entirely compatible with
the reconstruction of Hampel [2002], who found that ridge
subduction began at 11.2 Ma at 11°S using the plate circuit
of Somoza [1998]. Of noted significance is that, in each of
the three models, the convergence rates decrease signifi-
cantly (~27%) and the convergence angles rotate counter-
clockwise by ~12° after 10 Ma, precisely the time, sense,
and magnitude of paleomagnetic rotations documented
throughout the Western Cordillera.

[37] Today, the Nazca Ridge is imaged tomographically
under the Peruvian Andes as a 1500 km-long zone where the
Nazca Plate is essentially flat lying, extending over 500 km
inland of the subduction zone [Norabuena et al., 1994;
Gutscher et al., 2000]. Interestingly, this region lacks active
volcanism and has high seismic Q-paths, implying negligi-
ble asthenosphere between it and the overlying continental
lithosphere [Sacks, 1983]. This could suggest that the
coherence in time and space between the collision of the
Nazca Ridge and the changes in plate motion are due to a
cause and effect relationship. Thus the paleomagnetic rota-
tions and a significant part of the structural deformation seen
in the Peruvian Andes would be an expression of the
increased lithospheric coupling due to the collision of the
buoyant Nazca Ridge with South America. It is interesting to
note that the limit between the Western and Eastern Cordil-
lera, which marks the transition from rotated and nonrotated
regions, coincides with the approximate “knee” in the
subducted slab, east of which the slab descends with a more
normal ~30° subduction angle, and where the athenospheric
wedge is reestablished. Thus the Western Cordillera plausi-
bly represents the ‘forearc region’, with the boundary
between the Western and Eastern Cordillera largely decou-
pling trench-parallel and trench normal motion, as has been
observed in many other of the world’s island arc systems
[McCaffrey, 1992]. Seen in this way, the subducting plate
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Figure 8. (a) Plate reconstruction of Nazca (NAZ)-South America (SA) relative motion (SA fixed)
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controls forearc motion relative to the craton, whereas the
backarc responds to impingement from the forearc, resulting
in thin skin dominated deformation. A similar kinematic
model was suggested by Roperch et al. [2000] to explain the
development of the Bolivian Orocline in the Oligo-Miocene.

4.6. Deformation of the Peruvian Margin
and Conclusions

[38] A synthesis of the paleomagnetic rotations, the stress
directions as defined by the bedding attitudes of the paleo-
magnetic sites, and the position of the Nazca Ridge through
time are shown in Figure 9, together with a plot of rotation
age versus latitude. Two main questions arise from the data:
(1) did the deformation (and the rotations) propagate, or (2)
was the deformation more punctual in time and space over
the past 10 Ma? For the former, a south to north propagation
is suggested by the rotation ages in Ayacucho and Callejon
de Huaylas, and by a Permo-Triassic result from the Bagua
Grande region (~6°S) that shows neither significant rota-
tion nor latitudinal transport since ~250 Ma [Gilder et al.,
2003]. If true, this would imply that the deformation path is
anti-correlated with the subduction of the Nazca Ridge,
which migrated southward (Figure 9). It is also coherent
with the idea that deformation began near the Bolivian
Orocline and propagated away from it, as suggested by the
gradient in shortening [Isacks, 1988; Beck et al., 1996; Kley
and Monaldi, 1998] and older paleomagnetic rotations
found along the coast of the Bolivian Orocline [4rriagada
et al., 2000; Roperch et al., 2000; Somoza and Tomlinson,
2002].

[39] However, there are several arguments against hy-
pothesis 1 that would tend instead to support hypothesis 2.
The first is the state of stress. For the localities displaying
significant counterclockwise rotation, often the maximum
compression or extension direction parallels the Nazca-
South American plate convergence direction (Figure 9).
Although the detailed strain history is more complicated in
detail [Sébrier et al., 1988; Mercier et al., 1992], the fold
axes defined by the bedding attitudes can represent the
cumulative strain experienced by the rocks since deposi-
tion. The main point is that the extensional or compres-
sional regime in which rotation occurred is largely related
to the stress-strain field imposed by the subducting Nazca
Plate and its degree of coupling with the overriding South
American Plate [cf. McNulty and Farber, 2002]. More-
over, the systematic counterclockwise sense of rotation is
consistent with the convergence direction force couple
[McCaffrey, 1992] (Figure 8). The fact that counterclock-
wise rotation occurs in either extensional or compressional
stress regimes favors a large-scale mechanism, again
probably linked to coupling of the flat slab, which pres-
ently underlies the entire area affected by rotation
[Gutscher et al., 2000]. Heterogeneities in the upper plate
may cause aberrations in the way it responds to the
subducting plate, such as in Cajamarca. Indeed, the larger
rotation of the Cajabamba basin suggests that the mecha-
nism causing the rotation there did not propagate from the
Bolivian Orocline, but instead was more locally controlled.
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[40] If hypothesis 2 is valid, then the rotations occurred in
a restricted time window. Given the large spatial extent of
the sampling, and the coherence of the rotations from
~15.5°S to 8.5°S, the simplest explanation is that the region
rotated as a coherent block. This is supported by the absence
of mapped, large-scale faults that crosscut the dominant
structural trend of the Andes, which would be necessary to
evoke a smaller scale block rotation model. Further, the
large block model predicts that shortening amounts should
decrease from south to north, which is consistent with
geologic observations [Isacks, 1988; Kley and Monaldi,
1998]. This in turn suggests that the changes in shortening
seen in the Bolivian Orocline and those in Peru north of the
Abancay deflection arise from different processes, likely
generating more complicated structural interactions at the
intersection of these two domains. The model further
suggests that, from circa 8 to 4 Ma, a large portion of the
Nazca-South American plate convergence was accommo-
dated by shortening to the east of the block, in the Eastern
Cordillera and Subandean Zone, and not within the Wadati-
Benioff zone [cf. Rousse et al., 2002]. Finally, among the
most convincing evidence that paleomagnetic rotations and
mountain building are intimately linked are the observations
that (1) the northern limit of the paleomagnetic rotations
exists where the topography is subdued (less than 3000 m),
(2) the correlation of paleomagnetic rotation coinciding with
exhumation of the Cordillera Blanca batholith and (3) the
link between paleomagnetic rotation and deformation that
formed geologic structures which define the Andes (e.g., the
Ayacucho basin). This situation in central Peru is different
from that south of the Abancay deflection (Arica) where
convergence direction is orthogonal to the margin and
where faults dissect the dominant regional structural trends.
There, local fault geometry has a large impact on the
presence (and sense) or absence of rotation.

[41] Still, hypothesis 2 cannot account for all the obser-
vations either. For example, at 8 Ma, when the Ayacucho
basin was rotating and deforming, the Nazca Ridge had only
subducted for ~2 Myr and was relatively far to the north
(Figure 9). However, if one accepts a lag of a few million
years after initial contact, there seems to be a close rela-
tionship between the paleomagnetic rotations and subduc-
tion of the Nazca Ridge. Moreover, because rotation
magnitudes in Cretaceous to upper Miocene rocks are the
same, there must be some reason particular to the last 10 Ma
which favors producing rotation. It is unlikely to be a simple
matter of convergence direction alone, which has remained
relatively constant over the last circa 45 Ma [Pardo-Casas
and Molnar, 1987]. This is why the collision of the Nazca
Ridge seems to be a compelling phenomenological cause.

[42] Our new model for the Miocene development of the
Peruvian Andes further strengthens the notion [Pilger,
1981; Sacks, 1983] that buoyant slabs, such as the Nazca
Ridge segment, profoundly affect the style and nature of
tectonics at continent-ocean plate margins. However, one
must then explain the more significant shortening in the
Bolivian Orocline. Interestingly, a reconstruction of the
proto Juan Fernandez hot spot chain suggests that it began
subducting off the coast of South America at circa 25 Ma at
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Figure 9. Summary of the paleomagnetic rotations and maximum compression or extension directions
from this study. The position of the Nazca Ridge through time is from the model R02C; the present
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~19°S, near the center of the Bolivian Orocline [Ydriez et
al., 2001]. Such a collision at circa 25 Ma is consistent with
the timing of deformation and paleomagnetic rotations seen
in the forearc [Roperch et al., 2000], which leads us to
speculate that part of the Bolivian Orocline formation could
indeed be related to ridge subduction. If our prediction is
correct, it implies that slab coupling and concomitant
mountain building are most pronounced at the beginning

stages of ridge subduction, whence the subduction is
inhibited. The system then evolves to a more normal
subduction regime, probably when it becomes more ener-
getically favorable to renew subduction rather than build
additional topography through tectonic shortening. As the
ridge continues to subduct, significant changes in ridge
strike relative to the margin, or possibly major changes in
ridge topography, can increase coupling, and thus compres-



3-20

sive deformation, such as the case for the Juan Fernandez
ridge at circa 8 Ma at 32°S [Ydrez et al., 2001]. Ridge
collisions could have lasting effects on the affected area by
weakening the crust to the point that more deformation can

be produced with less stress, which would explain why the

Subandean Zone remains active in the Bolivian Orocline
region, for example. In this way, the modern Andes would
be composed of distinct parts, each of which was molded by
a succession of buoyant ridge collisions, with the Juan
Fernandez ridge being partly responsible for shaping the
Bolivian Orocline at circa 25 Ma, the Nazca ridge for the
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