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An Abstract

for the dissertation 

EXHUMATION OF THE PERUVIAN ANDES; INSIGHTS FROM MINERAL 
CHRONOMETERS

by

Melanie J. Michalak

The Andes of South America display the classic plate tectonic setting of oceanic-

continental convergence. Subduction since the Mesozoic of the Nazca plate beneath 

the South American plate has produced the Andes, which are characterized by the 

second-largest plateau in the world, major deflections, flat-slab sections of 

subduction, and varying widths of high topography along-strike. While the general 

tectonic setting of the Andes is known, significant questions remain with respect to 

the timing and magnitude of the uplift of the Andes, the mechanisms responsible for 

uplift and exhumation, and how the tectonically segmented nature of the orogen 

affects its formation. Here, we use bedrock apatite and zircon (U-Th)/He 

thermochronology and bedrock and U-Pb zircon geochonology to determine rates and 

timings of crustal cooling due to exhumation, plutonic emplacement ages, and 

provenance of detritus, in order to investigate the evolution of topography and 

regional exhumation in the Peruvian Andes from 5 and 12°S. Six sample sites lie 

within different tectonomorphic and geologic regions of Peru, from the Mesozoic 
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Coastal Batholith of the Western Cordillera, to the Cordillera Blanca Batholith region 

to the Marañon corridor of the Eastern Cordillera.

 In the Marañon Corridor of the Eastern Cordillera, we use both apatite and 

zircon (U-Th)He thermochronology to show that rock exhumation rates increased by 

roughly an order of magnitude from the Mesozoic by Late Miocene time, from 

~0.04mm/yr to ~0.25mm/yr. U-Pb detrital zircon provenance from the Cretaceous 

aged-sandstones and quartzite samples from the Marañon sample sites shows that the 

ZHe cooling ages are not reflecting unreset cooling ages, rather, partial retention of 

He near the closure depth of Zr. The detrital U-Pb zircon ages from the sedimentary 

units show that during deposition in the Cretaceous, provenance sources changed 

spatially and temporally, from a dominant Paleozoic basement source, to Proterozoic 

cratonic sources from the Amazon shelf. 

 In the Coastal Batholith of the Western Cordillera in Peru, a Miocene rock 

cooling signal from both zircon and apatite (U-Th)/He thermochronologic systems 

characterizes three along-valley sample sites at 5, 8 and 12°S, while U-Pb zircon 

geochonologic ages on the same samples vary from late-Cretaceous to Oligocene. In 

the site at 12°S, along the Rio Rimac, the age spectra displays younging orogen-ward, 

indicating a spatial gradient in exhumation, where faster rock exhumation occurred in 

the internal part of the orogen, compared to the coast.

 In summary, the results presented here constrain general rock uplift and 

exhumation timings of the Peruvian Andes. By the late Cretaceous, the Coastal 
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Batholith was being emplaced, while a back-arc basin lie to the east, fed by Amazon 

cratonic units. Slow rock exhumation and possibly little relief growth affected the 

Western and Eastern Cordilleras until the early Miocene, where we show rock 

exhumation rates accelerated. Secondly, we find that the general timings of regional 

rock exhumation in the north-central Peruvian Andes are similar to the timings of 

uplift and generation of modern topography documented in the Central Andean 

segment. Despite the tectonomorphic differences between the two regions, perhaps a 

unifying mechanism might exert a control on formation of the Andes. We suggest 

orogenesis and along-strike relief growth may be accomplished by a strong coupling 

of tectonic and climatic forces since Miocene time.

x



Chapter 1. Introduction

 Mountain belts record the dynamic forces of lithospheric and surface 

processes. Their development and evolution are influenced by both continental-scale 

and localized lithospheric processes including plate motion magnitudes, volcanism, 

magmatism, and seismicity. At Earth’s lithosphere-atmosphere boundary, mountains 

are further shaped by surface processes, such as rivers, glaciers, mass-wasting, 

weathering and wind. While mountainous topography is observed at all types of plate 

boundaries as well as by intra-plate deformation, convergent plate boundaries on 

Earth have produced some of the longest, highest and complex mountain belts, that 

have the ability to greatly influence atmospheric patterns and regional climates. For 

example, the presence of the Himalaya-Tibetan Plateau has played a significant role 

in developing the Asian Monsoon, which in turn contributes to the geomorphic 

dynamics of the range. The South American Andes induce a large orographic effect; 

they separate the Amazon rainforest from the Atacama desert, the wettest and driest 

places in the world. Indeed, the presence of vast, mountainous topography influences 

weather phenomenon, regional climate, and rates of erosion, weathering and soil 

development. Lithospheric processes that occur on geologic timescales are connected 

to surface processes occurring on shorter timescales in a way that is described as 

coupled. However, at present, it has proved difficult using quantitative and qualitative 
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methods in the Earth Sciences to unequivocally document lithosphere-atmosphere 

coupling and feedbacks in the tectonics-climate system.

 In order to explore and quantify linkages in the tectonics-climate system, 

knowledge of the spatial and temporal uplift development of the orogen must be well-

constrained, as well as the paleoclimate. Using techniques that quantify and 

characterize paleotopography, chronology of structural development, and 

paleoerosion rates are common approaches to establishing models of orogenic 

development. While it is challenging to separate correlation and causality as well as 

use techniques that are able to deconvolve the relative contributions of tectonics and 

surfaces processes to orogenesis, these kinds of studies are an important, active and 

evolving area of research in the Earth Sciences. 

 The major objective of this dissertation is to address models of uplift of the 

Andean orogen by using quantitative methods in the north-central Peruvian Andes. 

The Peruvian Andes are a region of the orogen that was well-studied by geologists in 

the 1920s through 1980s, but where there is currently a dearth of quantitative data 

that can complement and improve interpretations for orogensis. The geochronologic 

techniques used in this dissertation include (U-Th)/He low temperature 

thermochronology of apatite and zircon minerals, and U-Pb zircon geochronology by 

in situ laser-ablation inductively-coupled mass spectrometry. In Chapter 2, I give an 

overview of Andean tectonics, models for Andean uplift, and summarize the literature 

about the geology and tectonic chronology of the north-central Peruvian Andes. 
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Chapter 3 is a manuscript in preparation for the Journal of South American Sciences, 

where I use detrital U-Pb zircon geochronology to extract the provenance history, 

paleotopography and tectonic controls on the Cretaceous back-arc basin during the 

early formation of the Andean orogenesis in north-central Peru. Chapter 4 is a 

manuscript submitted to the journal Lithosphere, which explores the exhumation 

history of the Eastern Cordillera of north-central Peru, with the first quantitative 

controls on uplift in this part of the Andes, showing an accelerated signal of rock 

exhumation during the Late Miocene through present. Chapter 5 is a manuscript in 

preparation for submission to Tectonics, where I use both U-Pb zircon geochronology 

and (U-Th)/He thermochronology of the Coastal Batholith of the Western Cordillera 

of Peru to quantify exhumation and uplift, and place these results in context of other 

regions studied, to address along-strike variability in uplift and the applicability of 

currently proposed models elsewhere in the Andes for the north-central Peruvian 

Andes. Finally, in Chapter 6 I make concluding remarks about the contributions of 

my dissertation research.
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Chapter 2. Andean Tectonics and Geology

2.1. Tectonic Plate Setting

 The South American Andes are the classic example of orogenesis from 

oceanic-continental lithospheric plate convergence. The Nazca plate, which converges 

with the majority of the Andean margin, from 7°N to 40°S, has been subducting 

beneath the South American plate since Jurassic time (Fig. 2.1). South of 40°S, the 

South American plate comes into contact with the Antarctic plate. However, for this 

discussion, I focus on the Andean margin that is characterized by Nazca-South 

American convergence only. Present rates of convergence are ~6.7cm/yr, with the 

Nazca plate moving east-northeast and the South American plate migrating west. 

Plate reconstructions indicate this rate represents a recent slowing of convergence; 

average convergence over the past 10my is calculated at 10.3 ± 0.2 cm/yr, slowing to 

its present rate of 6.7 cm/yr (Gordon and Jurdy, 1986). Longer term reconstructions 

since the Eocene also indicate slowing (Somoza, 1998). Some have suggested this 

slowing is due to the topographic load of the Andes mountains (Norabuena et al., 

1999; Iaffaldano et al., 2006). 

 The Andean margin is, to first-order, an ideal orogen from oceanic-continental 

plate convergence, consisting of an ocean trench, volcanic arc, and fold-and-thrust 

belt (e.g. James, 1971). In the Andes, these features are, from west to east, i) the 

Western Cordillera, containing the Coastal batholith, overlain by Cenozoic sediments 

and volcanics, ii) the Eastern Cordillera composed of folded and faulted Precambrian 
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basement, and iii) the Sub-Andean zone, folded and faulted Mesozoic-Cenozoic 

marine and continental sediments. In fact, it was recognized that the Andean margin 

served as an important analogy to understanding the Mesozoic tectonics of the 

Western U.S. (Hamilton, 1969; Jordan et al., 1983) and remains today as the 

“textbook example” of the orogenic features formed in a subduction zone.

2.2 Tectonic, morphologic and climate orogen segmentation

 Although the Andes represent the archetypal orogen formed from oceanic-

continental lithospheric convergence (Dewey and Bird, 1970; James, 1971), 

anomalies and variations along-strike arise along the margin, and the overall orogen 

morphology is often described as segmented. Variations along-strike occur i) 

tectonically, in age of the oceanic lithosphere, existence of buoyant ridges, and 

sections of flat slab tectonics, ii) structurally, as major deflections in the orientation of 

the range, iii) morphologically, as the width of the high topography is ~700km in the 

central Andes, but tapers to more narrow zones of ~200km to the north and south, and 

iv) climatically, as an extremely strong modern east-west climatic gradient in the 

north lessens toward the central Andes, and reverses in the south. 

2.2.1 Tectonic variation

 Tectonically, anomalies occur in the form of buoyant oceanic ridges that are 

presently being subducted along the margin; the Carnegie Ridge at ~0°, the Nazca 
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Ridge at ~15°S and the Juan Fernandez Ridge at ~31°S (Fig. 2.1). Other buoyant 

features such as an oceanic plateau termed the “Lost Inca Plateau,” is suggested to 

have subducted in the Late Miocene and described to presently exist a few hundred 

kilometers inland between 0 and 5°S (Gutscher et al. 1999). The age of the oceanic 

crust also varies along the Andean margin, with older crust near the central Andes and 

younger crust to the north and south (Muller et al., 1997). This variability in age 

results in different thicknesses, where older crust is more negatively buoyant and 

thicker. This is thought to influence the traction of the downgoing plate on the upper 

plate, where older, thicker crust creates higher shear stresses and slower rollback, 

which Capitanio et al. (2011) use to explain the segmented morphology of the Andes; 

the higher, wider topography of the Central Andes and the existence of the Bolivian 

Orocline. 

 The other major tectonic change along strike of the Andes is the existence of 

two flat-slab zones (Sykes and Hayes, 1971; Barazangi and Isacks, 1976). Between 

5°N and 2°S the subducting slab dips at 35° and represents a sector of “normal” 

subduction with active volcanism. At latitudes 5°S - 13.5°S seismic activity indicate 

that the Nazca Plate initially descends to a depth of 100 km at an angle of 30° before 

extending horizontally for several hundred km. Between 13.5°S and 28°S, normal 

angle subduction resumes. Another flat-slab zone exists between 28 and 33°, and 

south of this section, normal angle subduction continues. In both of these flat slab 

zones, the Nazca plate initially descends at an angle of ~30° to an depth of 100km, 
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but then flattens for hundreds of kilometers. While the change from normal angle to 

flat slab subduction is more gradual in the Chilean segment at ~28-33°S, the change 

in along-strike slab angle at ~13.5°S is abrupt, and was originally thought to represent  

a tear in the oceanic slab (Barazangi and Isacks, 1976) but with more seismic data 

available, later described as continuous flexures (Hasegawa and Sacks, 1981; Bevis 

and Isacks, 1984).  With the discovery of these flat slab zones came the realization 

that they were associated with a distinct lack of active volcanic centers (Barazangi 

and Isacks, 1976). The cessation of volcanism as a result of a flattening slab is 

attributed to the suppression of corner flow in the asthenospheric wedge (Leeman, 

1983). 

 It has been proposed that the spatial similarities of the subducting oceanic 

ridges and the flat-slab zones are not merely coincidental, but that buoyant ridges 

gravitationally support the flat-slab region in Peru (Sacks, 1983; Gutscher et al., 

2002). Other explanations have used the peculiar convex geometry of the Arica Bend/

Bolivian Orocline to possibly induce flat slab subduction on its flanks (Bevis, 1986; 

Isacks, 1988; Cahill and Isacks, 1992; Gephart, 1994). However, at present there is no 

singular satisfying explanation for flat-slab subduction that is applicable to all flab-

slab zones worldwide. Further, while the general slab structure between the two 

Andean flat-slab segments are similar, in their depths, lateral extent and seismic 

structure, differences exist; the Chilean flat-slab segment is associated with basement-

involved “thick-skinned” style of uplift in the Sub-Andes fold-and-thrust belt, where 
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the Peruvian flat slab segment corresponds to thin-skinned deformation in the Sub-

Andes.

 
2.2.2 Structural deflections

 Structurally, deflections occur where the trend of the main spine changes in 

orientation, and very basically define segments of the Andes; called here, the 

Northern segment, the Peruvian segment and the Southern segment (Fig. 2.2). The 

Northern segment trends NE-SW and is bound to the north by the Caribbean Sea and 

the Huancabamba Deflection (6°S) in the south. Next is the Peruvian segment, 

trending NW-SE and is truncated to the south by the prominent Arica Deflection, 

(also called the Bolivian Orocline; 18°S), but within the segment contains the more 

subtle Abancay Deflection (13.5°S). The southernmost segment is the Chilean 

Segment which trends ~NNE-SSW and is continuous more or less for nearly 4000km, 

from 18°S to 52°S. 

 The Northern segment is the only segment where accretionary terranes are 

observed, which are of oceanic crust covered by flysch deposits, ranging in age from 

early Cretacous to early Tertiary (McCourt, 1984; DeSouza et al., 1984). The accreted 

terranes are separated from the Western Cordilleran rocks by suture zones. Otherwise, 

the geology of the Northern segment is basically continuous with the Peruvian 

Segment to the south. The Huancabamba Deflection at 6°S is expressed in the change 

of the strike of major fold axes of the Tertiary Marañon fold-and-thrust belt, and 

marks the location of the Cajamarca Fault zone (Cobbing et al., 1981).
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 The Peruvian segment is bounded by the Huancabamba deflection and the 

Arica Bend, and contains the Abancay deflection (~13.5ºS). The Abancay deflection 

marks a compositional boundary where the Precambrian basement (~2.0Ga) of the 

Arequipa massif, outcrops south of the Abancay deflection and may continue 

eastward at depth, but is not present north of the Abancay deflection (Cobbing et al., 

1977; Cobbing et al., 1981). It also coincides with the location of the Nazca ridge as 

well as the sharp transition from flat slab to normal slab subduction discussed above. 

The strike of the Andean range changes orientation at the deflection, as well as the 

morphological change from the narrow zone of high topography to the wider central 

Andes, which contain the broad Altiplano-Puna Plateau. 

 Along the Southern, or Chilean segment, the strike of the range is structurally 

straight with no deflections, and is host to the other flat-slab zone, between 28 and 

31ºS. This segment contains many of the same geologically continuous features as the 

Northern and Peruvian segments, a Western Cordillera which includes outcrops of the 

Coastal Batholith, the Paleozoic rocks of the Eastern Cordillera and an active fold-

and-thrust belt of the Sub-Andes. However, in the Sub-Andean zone south of ~23°S, 

notably more Precambrian basement rocks have been brought to the surface by a 

thick-skinned style fold-and-thrust belt in the Santa Barbara System and the Sierra 

Pampeanas (Allmendinger and Gubbels, 1996; Kley et al., 1999), whereas the Sub-

Andes in the Northern and Peruvian Segments display thin-skinned styles of fold-

and-thrusting.
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2.2.3 Morphological variations

 One of the most striking features of the Andes is the Altiplano-Puna Plateau. 

Remarkably, the plateau averages over 4km of elevation, stretching for 1800km in 

length, up to 400km in width and is the largest continental plateau in a non-collisional 

orogen. Here, the Western and Eastern Cordilleras diverge, and flank either side of the 

Plateau. The central Andean region is also characterized by the prominent Arica 

Bend/Bolivian Orocline, which marks a concave bend in the oceanic trench as well as 

the shape of the orogen. To the north and south, the topography narrows considerably, 

the Eastern and Western Cordilleras converge, and they are characterized by a lower 

average elevation. 

 Explaining the unique morphology of the Andes has been the focus of much 

work over the last 30 years, where a variety of models have been suggested, and some 

include explanations for the existence of the tectonic segmentation as well, such as 

the flat slab segments. The first holistic model for the shape and growth of the Andes 

was that of Isacks et al. (1988), who postulated that increased crustal shortening due 

to normal angle subduction in the central Andes explained the high, thick, and broad 

crust of the Altiplano-Puna Plateau, as well as the existence of the Bolivian Orocline. 

In the model, the two segments of flat-slab subduction flanking the central Andes 

precluded plateau formation due to a lesser degree of crustal shortening and thinning. 

More recently, Capitanio et al. (2011) showed the difference in crustal thickness of 

the subducting oceanic lithosphere, which is age-dependent, is sufficient to produce 
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the topography and morphology observed in the Andes. The older subducting material 

of the central Andes drives traction toward the trench at the base of the upper plate, 

causing thickening as well as migration of the trench in that region. 

 Others have used climate to explain the morphology of the Andes. 

Montgomery et al. (2001) observed the elevation, width, and hypsometry of the 

Andes closely reflected the local degree of fluvial, glacial and tectonic processes, 

suggesting that climate is a first-order control on Andean morphology. Lamb and 

Davis (2003) postulated that the sediment-starved trench of the central Andes, due to 

more arid climate conditions, resulted in higher shear stresses between the subducting 

and overriding plate, causing crustal thickening that produced the Altiplano-Puna 

Plateau. Relatively more sediment in the northern and southern Andean trench 

allowed lower shear stresses, and thus less crustal thickening. I revisit these ideas, as 

well as others, in the context of the models for uplift of the Andean margin in the next 

section. 

2.2.4 Climatic variations

 As mentioned above, the modern climate in the Andes is highly variable; 

modern satellite imagery from the Tropical Rainfall Measuring Mission (TRMM) 

shows strong precipitation gradients from east-to-west, as well as a more subtle, but 

significant gradient north-to-south along the eastern flank of the Andes (Bookhagen 

and Strecker, 2008; Fig. 2.3). Precipitation amounts along the eastern flank of the 
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Andes are on the order of 400cm/yr, and drastically reduce to less than 50 cm/yr on 

the western flank, where some regions, notably the Atacama desert in southern Peru 

and northern Chile receives on average 0.3 - 1.5 cm of precipitation per year.  In the 

Patagonian Andes, the precipitation gradient reverses, where the majority of 

precipitation comes from the Pacific Ocean to the west. The subpolar low pressure 

belt at approximately 60°S is more intense during the winter as ocean temperatures 

are on average higher than the continental temperatures, inducing air masses to move 

west and precipitate on the western flank of the Andes (Barros et al., 1979). Here, I 

describe in detail the modern climate patterns for the north-central Andes and do not 

include the Patagonian Andes in this discussion.

 The main moisture source in South America is from the Atlantic Ocean to the 

east, along with recycled moisture from the Amazon Basin, as part of the South 

American Monsoon System (Eltahir and Bras, 1994; Vera et al., 2006). While the 

trade winds that bring moisture from the Atlantic Ocean are strong year-round, the 

warm season circulation over South American in the austral summer produces a 

monsoon that is responsible for the majority of precipitation received in the Andes. 

During the summer months, a warm-core anticyclone, the Bolivian High, develops 

over the Andes (Garreaud et al., 2003). To the east is an upper-level atmospheric 

trough that extends to the South Atlantic where the moisture sources are drawn. As a 

low pressure system develops inland, heating the continent and overlying airmass, 

(Zhou and Lau 1998; Nogués-Paegle et al. 2002), it controls moisture flux into the 
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eastern flank of the Central Andes by the low-level Andean jet (Salio et al., 2002). 

When the moisture-laden low-level flow travels from north to south, intense 

convective rainfall occurs along the eastern slopes of the Andes (Garreaud et al., 

2003). The topography of the Andes produces the classic “orographic effect,” where 

the heaviest precipitation occurs in a narrow band along the eastern flank of the 

Andes, and where the largest amount of rainfall is observed around 2km elevation 

(Bookhagen and Strecker, 2008). 

 As discussed earlier, many workers appreciated the asymmetry of the modern 

climate patterns, and noted the morphology of the Andes may be strongly controlled 

by these precipitation patterns (Masek et al., 1994; Montgomery et al., 2001; Lamb 

and Davis, 2003). Exactly when the modern moisture patterns developed is not well 

constrained, however, there is evidence from sedimentological records (Fig.ueiredo et 

al., 2009; Uba et al., 2009) and regional climate models (Ehlers and Poulsen, 2009; 

Poulsen et al., 2010) that the modern-day moisture patterns were established by the 

mid-to-late Miocene. Some studies suggest an increase in late Miocene-Pliocene 

sedimentation rates and precipitation amounts (Fig.ueiredo et al., 2009; Mulch et al., 

2010). Without good constraints on the timing of development of the modern South 

American Monsoon system, as well as the paleoclimate on geologically relevant 

timescales, it is difficult to characterize the long-term effects climate has had on the 

evolution of the Andes. Further, it is exceptionally challenging to quantify 

paleoclimate and paleotopography independently; as topography and climate engage 
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in positive feedbacks (e.g. England and Molnar, 1990; Roe, 2005). Understanding the 

uplift of the Andes, with special attention to the uplift of the Altiplano-Puna plateau 

has been a major focus of the Earth Science community over the past 40 years, as it is 

crucial for our understanding of both the tectonic and climatic evolution of the orogen 

over geologic time. 

2.3 Models of Andean Uplift

 Despite long-lived subduction since the Jurassic, it is recognized that the 

modern topography of the Andes was generated in the Cenozoic (Isacks, 1988; 

Sempere, 1990; Allmendinger et al., 1997; Gregory-Wodzicki, 2000). Isacks’ (1988) 

model of orogen formation suggests that the differing cross-sections of high 

topography along-strike are formed from differential shortening around the Arica 

Bend facilitated by localization of advective heat transfer in direct response to the 

geometry of the subducting plate. However, once crustal shortening estimates were 

better constrained, it was clear that shortening alone could not account for the thick 

crust of the Central Andes and the crustal volume of the Alitplano-Puna Plateau, and 

other mechanisms such as lower-crustal flow, delamination of the lower lithosphere, 

and addition of material through sedimentation and/or magmatism were proposed 

(Kay and Kay, 1993; Lamb and Hoke, 1997; Beck and Zandt, 2002; Husson and 

Sempere, 2003). 
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 Some recent data suggests rapid uplift of the central Andes during the last 

10Ma (e.g. Gregory-Wodzicki, 2000; Ghosh et al., 2006; Hoke et al., 2007; Quade et 

al., 2007; Schildgen et al. 2009, Garzione et al., 2008), calling for mechanisms that 

can support a rapid rise in elevation. For example, uplift simply by crustal thickening 

may likely happen gradually, over tens of millions of years. Thus, the “rapid rise” 

model (e.g. Garzione et al. 2008) for the Central Andes suggests removal of the 

gravitationally unstable lower lithosphere by delamination, and subsequent uplift by 

isostatic rebound. Schildgen et al. (2009), who also show a rapid signal of uplift by 

quantifying canyon incision along the Western Cordilleran flank of the Plateau, 

however, postulate delamination is unlikely in their field area, as the crust is thin and 

cold so close to the trench. They suggest that lower crustal flow outward from the 

Plateau is a more likely mechanism for the uplift they document. 

 Support for the lithospheric delamination model for uplift of the Altiplano 

comes from several paleoaltimetry techniques that are climate-sensitive, and thus 

have been met with some skepticism (Ehlers and Poulsen, 2009). These techniques 

include paleobotany physiognomy (Gregory-Wodzicki, 2000), soil carbonate δ18O 

values (Garzione et al., 2006), clumped-isotope paleothermometry (Ghosh et al., 

2006), and stable isotopes of mammalian teeth (Bershaw et al., 2010). These methods 

rely on the assumption that climate did not change during deposition of the 

paleoaltimetry proxies. If regional climate changed during the late Cenozoic, it would 

deplete the oxygen isotope concentration of paleoprecipitation throughout this time, 
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thus without taking these changes into account, paleoaltimetry reconstructions using 

stable isotopes may overestimate the uplift estimates significantly, by 1-2km (Ehlers 

and Poulsen, 2009). Certainly, as surface uplift occurs, it may drive climate change, 

but without independent knowledge of paleoclimate, or uplift, it cannot be ruled out 

that the signal of these studies could be due to climate change alone. Ehlers and 

Poulsen (2009) modeled regional climate change to test how the paleoclimate data 

would be affected, and determined that the error of the paleoaltimetry measurement 

due to paleoclimate uncertainty is too large to reasonably support the rapid rise 

model. Instead, they advocate a model for slower, more gradual uplift since Eocene 

time. Barnes and Ehlers (2009) review all known geologic and geophysical 

observations as well as quantitative data in order examine these two models in more 

detail, concluding that slower and more steady uplift since ~40Ma is more probable 

given the available literature. 

 In investigating these models for uplift of the Andes, two important caveats 

must be mentioned. First, as stated previously, it is difficult to deconvolve the relative 

contributions of climate and tectonics, as many quantitative techniques may capture 

ambiguous signals. The strong coupling of tectonics and climate in the Andes is a 

compelling idea, one that has been put forth by simple observations of orogen 

morphology, climate gradients and river steepness (Masek et al., 1994; Montgomery 

et al., 2001), spatial correlation of faster long-term exhumation rates with wetter 

modern climates (Barnes and Pelletier, 2006) and the correlation of eclogite 
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production of overthickened crust with erosion rates, where the higher erosion rates in 

the northern Andes inhibit eclogitization of the lower crust and thus delamination 

(Pelletier et al., 2010). While these studies only begin to address the tectonic-climate 

coupled models that control the morphology of the range, they are nonetheless 

provocative. Secondly, nearly all of the quantitative data that address models of uplift 

are taken from the central Andes, especially from the Bolivian Altiplano and the 

Argentine Puna Plateau. Any mechanism proposed as an explanation for the 

formation of the Andes must account for the along-strike morphologic, tectonic and 

climatic segmentation. Thus, one of the outstanding questions this dissertation work 

addresses is whether or not the dynamical mechanisms proposed to accommodate 

uplift and deformation of the central Andes apply more generally to the Andes as a 

whole. The general field area that is investigated in this dissertation work, are the 

north-central Peruvian Andes, defined here, between 5 and 12°S (Fig. 2.4). 

2.4 Geology and Tectonics of the north-central Peruvian Andes

 The geological setting of the Andes in Peru, from the oceanic trench to the 

Brazilian Shield, define three parallel major regions, the Western Cordillera, the 

Eastern Cordillera, and the Sub-Andes. In the north-central Peruvian segment of the 

Andes, from west to east these are i) the Coastal Batholith associated with Mesozoic 

volcanism which has intruded into Precambrian metamorphic rocks and is overlain by 

Cenozoic continental sediments and volcanics, ii) folded and faulted Precambrian-
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Paleozoic low-grade metamorphic basement and minor intrusive rocks and iii) folded 

and faulted Mesozoic-Cenozoic marine and continental sedimentary deposits of the 

Sub-Andean fold-and-thrust belt (Fig. 2.5; James, 1971; Cobbing and Pitcher, 1972; 

Megard, 1984; Sebrier et al., 1988; Lamb and Hoke, 1997).  

 In the early-to-mid 20th century, exploration of the geology of Peru began; 

early workers studied the morphology and geology of the range, and its geography 

relevant to human activity, transportation and resource potential (Bowman, 1906; 

McLaughlin, 1924; Steinmann, 1929; Weeks, 1948; Carey, 1955). By examining 

stratigraphic relationships in the rock record and geomorphic surfaces, it was 

recognized that Peru had experienced periods of intense deformation and surface 

uplift. An enigmatic feature described by McLaughlin (1924), was a nearly flat 

surface at 4200-4400m.a.s.l in south-central Peru, which he called the Puna surface. 

Other regionally extensive, planar topographic surfaces were mapped and eventually 

led workers to conclude that the Peruvian Andes had undergone three pulses of 

deformation in the Late Mesozoic and Cenozoic time; the first in the Late Cretaceous, 

the second in the early-to-mid Tertiary and the third in the late Tertiary (Bowman, 

1916; McLaughlin, 1924; Steinmann 1929). Assigning ages, even approximate, to the 

stratigraphy of the Western and Eastern Cordilleras was a difficult task, due to the 

paucity of fossils. As geochronologic methods including the K-Ar and U-Pb systems 

became increasingly reliable in the 1970’s, as well as the developing understanding of 

the Andean orogen in a plate tectonic context (i.e. James, 1971), the chronology and 
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ages of igneous rock units, geomorphic surfaces, deformation and uplift events were 

better constrained and characterized throughout the following two decades (e.g. 

Stewart et al., 1974; Farrar and Noble, 1976; McKee et al., 1975; Noble et al., 1975; 

Wilson, 1975; Noble et al., 1978; Tosdal et al., 1981; Tosdal et al., 1984; Megard et 

al., 1984; 1985; Mukasa, 1986; Sebrier et al., 1988; Noble et al., 1990). 

2.4.1 General Geology of the Peruvian Andes

 Here I describe the basic geology from the coast of Peru in the west to the 

Brazilian craton to the east, which consists of parallel morphotectonic elements 

including the forearc, batholithic rocks and volcanics of the Western Cordilera, the 

Paleozoic-Mesozoic rocks of the Eastern Cordillera and the Sub-Andean basins and 

fold-and-thrust belt (Fig. 2.5). The forearc includes the submerged Andean slope and 

the emergent coast. They are bordered to the east by the Coastal Batholith and to the 

west by the Peru-Chile trench. The forearc basins are filled with Jurassic-early 

Tertiary marine and continental sedimentary deposits; these include the Talara, 

Sechura, Trujillo, Yauquina, Salaverry, Lima, East Pisco, West Pisco, Caballas, 

Mollendo, and Moquegua Basins (Dunbar, 1990). South of the Abancay Deflection 

(~13.5°S) the forearc basins are mainly filled with Oligocene through Holocene 

shallow marine and continental alluvium interspersed with ignimbrites of the same 

age range. This southern region of Western Peru is also host to abundant Quaternary 
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volcanic rocks, mainly andesite and rhyolite, but these units are not present north of 

the Abancay Deflection, due the absence of active volcanism. 

 The steep westward slope of the Western Cordillera from the forearc marks 

the transition to the Coastal Batholith, which crops out, about 50km wide, along the 

entire western margin of Peru, and is overlain by Cenozoic volcanics and sedimentary  

deposits. The Coastal Batholith is composed of 1000+ plutons of mainly granodiorite 

and tonalite, ranging in age from 100-34Ma, although the bulk of emplacement 

occurred in the mid-late Cretaceous (Giletti and Day 1968; Pitcher, 1978; Cobbing et 

al., 1981). Bussell and Pitcher (1985) described the different lithologies in detail and 

also suggested that the magmas rose everywhere to a similarly shallow crustal level 

independent of the time of emplacement. Haederle and Atherton (2002) suggested 

that the melts ascended to within 2 to 3 km of the surface up dyke-like conduits, then 

spread laterally to form thin tabular plutons. Younger plutons are observed east of the 

Coastal Batholith, representing eastward migration of the locus of magmatism. The 

youngest magmatism in Peru is the late Miocene-Pliocene Cordillera Blanca 

Batholith (CBB). Unlike the Coastal Batholith, which is continuous for 1600km, the 

CBB outcrops only between 9 and 10°S, about 50km east of the Coastal Batholith. 

Rock types of the CBB are of trondhjemite-tonalite-dacite suites, and geochemical 

evidence suggest a different source of melting than the Coastal Batholith, from 

recently underplated basaltic crust (Atherton and Petford, 1993). The CBB is 

topographically the highest chain in Peru, characterized by very fast uplift 
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accommodated by the Cordillera Blanca Detachment System (McNulty et al., 1998; 

McNulty and Farber, 2002). 

 East of the Western Cordillera lies the deformed Precambrian-Paleozoic rocks 

of the Eastern Cordillera. These are primarily shales, sandstones, and carbonates with 

thicknesses of 10-15km, where low-grade metamorphism of greenschist facies is 

common (Megard, 1987). Late Paleozoic plutonic bodies and volcanic rocks are 

widespread in the Eastern Cordillera, but volumetrically minor, compared to the 

Cretaceous Coastal Batholith. The volcanic signature is of alkaline, peralkaline and 

shoshonitic lavas, characteristic of a continental rift setting (Noble et al., 1978). The 

boundary between the Western and Eastern Cordilleras in the Peruvian Andes changes 

along-strike, specifically at ~12ºS. North of this, the Marañon fold-and-thrust belt 

roughly denotes the boundary between the Mesozoic-Cenozoic rocks of the Western 

Cordillera, and the Precambrian-Paleozoic basement of the Eastern Cordillera 

(Megard, 1987). South of ~12ºS, the Eastern and Western Cordilleras are separated by 

the northern tip of the Altiplano Plateau. The Plateau is an internally drained basin, 

consisting of Mesozoic and Cenozoic clastic sedimentary rocks, up to 15km thick, 

derived from the surrounding Western and Eastern Cordilleras (Newell, 1949). 

Cenozoic calc-alkaline and andesitic rocks occur on the Altiplano and western flank 

of the Eastern Cordillera (Megard, 1987).

 Finally, to the east of the Eastern Cordillera is the Sub-Andean fold-and-thrust 

belt. In most places along Peru, the boundary between these two zones is marked by 

21



Mesozoic shallow marine sedimentary rocks which flank the Paleozoic basement of 

the Eastern Cordillera. The SubAndes include the Late Miocene-Pliocene fold-and-

thrust belt, which is characterized by thin-skinned tectonics, varying in width between 

100 to 150km between 3 and 8ºS, and is only 50km wide at 11ºS (Megard, 1984). 

Seismic profiling around 5 - 7ºS indicates it consists of a major sole-thrust that is 

horizontal and located around 9-10km depth at the top of the Paleozoic basement, to 

which all faults are connected (Megard, 1987; Hermoza et al., 2005). 

2.4.2 Tectonic Chronology of the Peruvian Andes

 From this great effort of geologic mapping, stratigraphy, and dating of 

volcanic and magmatic rocks over the 20th century, emerged a tectonic model for the 

Peruvian Andes that divided the orogenic evolution into three time periods, i) the pre-

Andean period of the Precambrian-Paleozoic, ii) the pre-orogenic Andean period, 

occurring during most of the Mesozoic, and iii) the Andean orogenic period, from the 

late Cretaceous through the present (Megard, 1987). The pre-orogenic Andean period 

today is preserved in Proterozoic cratons of the South American shelf, Precambrian-

Paleozoic metamorphic basement rocks of the Western and Eastern Cordillera, and a 

small Paleozoic terrane of the very northern tip of Peru at ~4.5ºS, which is thought to 

be an exotic terrane accretion (Mourier et al., 1986). The Arequipa massif of Southern 

Peru is the oldest Precambrian rocks of the Andes, and are 2Ga granulites that outcrop  

only in the Western Cordillera (~16-18ºS). The major Paleozoic tectonic events 
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include the Hercynian orogeny in the Carboniferous, which created a 200m wide 

fold-and-thrust belt, then switched to a tensional regime by the late Permian, where it 

is believed a continental rift formed (Noble et al., 1978; Kontak et al., 1985). During 

the Mesozoic, “pre-orogenic Andean period,” the Peruvian Andes were dominated by 

shallow marine and terrestrial sequences in basin development. Between 7 and 

13.5ºS, two basins developed on either side of the Marañon anticline in what is today 

the Eastern Cordillera, the Western Peruvian Trough and the Eastern Peruvian 

Trough. By the Upper Cretacous, the magmas of the Coastal Cordillera were being 

emplaced west of the Marañon anticline, in an oceanic basin, floored by thin, ensialic 

crust (Atherton et al., 1983;1985).

 Importantly, it became clear from stratigraphic and geologic evidence, the 

modern Andes formed during the Cenozoic, despite subduction since the Jurassic. 

Starting with Steinmann’s (1929) early observations and modified later (i.e. McKee 

and Noble, 1982; Megard et al., 1984), a view emerged that the Peruvian Andes 

experienced short-lived phases (on the order of 100ky-1my) of intense tectonism, 

separated by periods of quiescence during the Cenozoic “Andean orogenic” period. 

The first major phase of deformation recognized within the Peruvian Andes, the 

‘Peruvian phase’ began ~85-70Ma, affecting the Precambrian-Paleozoic rocks of the 

Eastern Cordillera and was coincident with intense volcanism along the entire Andean 

arc as well as emplacement of the Coastal Batholith (Megard, 1978). The deformation 

front propagated eastward in the Paleocene-Eocene ‘Incaic phases’ (I and II) which 
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affected the Eastern Cordillera and produced the Marañon fold-and-thrust belt in 

north-central Peru, and is commonly considered the main phase of shortening in the 

Peruvian Andes (Steinmann, 1929; McKee and Noble, 1982; Megard et al., 1984). 

Erosional surfaces believed to have formed contemporaneously with Incaic-aged 

uplift are reported (McLaughlin, 1929; Noble et al., 1974; Tosdal et al., 1984; Noble 

et al., 1990). Based on radiometric ages of volcanic rocks unconformably overlying 

these erosional surfaces, the Incaic phase was divided into the Incaic I and II phases 

by Bussell (1983), McKee (1990) and Noble et al. (1985).

 The Incaic I event is poorly constrained but Bussell (1983) and Noble et al. 

(1985) assign an early Tertiary age. It was most likely caused by a change in the

convergence direction of the South American and the Farallon plates from north and/

or north-northeast to northeast (Pardocasas and Molnar, 1987). The Incaic II phase 

was the result of intensified compressional deformation (Farrar et al., 1988; Horton et 

al., 2001; McQuarrie and DeCelles, 2001), and assigned a Paleocene or early Eocene 

age (Bussell, 1983). It is suggested that the Incaic II event is somehow linked to a 

major reorganization of the motion of the Pacific plate which is recorded by the 

Hawaiian-Emperor Elbow (Gordon and Jurdy, 1986). This phase produced isoclinal 

and locally recumbent folds and imbricate thrust faults in central and northern Peru 

(Megard, 1984), as well as the unroofing of Late Cretaceous and early Paleogene 

aged plutons (Noble et al., 1978). Stratigraphic details and radiometric ages of 

volcanic rocks that overlie this Incaic II unconformity demonstrate that the 
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deformation was essentially completed prior to 41 Ma (Noble et al., 1979).  Small 

volumes of volcanics are present above the dated horizons; and only few intrusive 

bodies with ages between ~35 and ~25 Ma are known from northern or central Peru 

(Cobbing et al., 1981; Noble et al., 1990; Soler and Bonhomme, 1987, 1990) 

indicating that the interval between the late Eocene and the late Oligocene was a 

period of tectonic and magmatic quiescence (Baker and Francis, 1978; McKee et al., 

1990; Petersen, 1958).

 Following the Paleocene-Eocene Incaic phases are the Miocene-Pliocene 

‘Quechua phases’ (I, II, and III), resulting in crustal thickening and uplift (Megard, 

1984; Sebrier et al., 1988; Noble et al., 1990). The extent of the “Quechua I” is 

loosely bracketed between 21.5 and 12.5Ma; in some localities between 21.5 and 

17Ma by McKee and Noble (1982). Structures related to this tectonic pulse, 

monoclinal folds and reverse faults, appear to have reactivated some of the Incaic 

structures of the Western Cordillera and affect part of the Eastern Cordillera (Megard, 

1987). This reactivation led to uplift of 400m (Sebrier et al., 1988) and triggered large 

scale incision (Sebrier et al., 1988; Sebrier et al., 1979; Tosdal et al., 1984; Tosdal et 

al., 1981). Valleys were cut to approximately their present depth in central Peru 

(Noble et al., 1990) as well as in southern Peru (Tosdal et al., 1981). The “Quechua 

II” event lasted from ~10 to ~8 Ma (Megard et al., 1984; Sebrier and Soler, 1991) and 

marked the transfer of active deformation eastward (Jaillard et al., 2000). In basins in 

the Eastern Cordillera, the Quechua II phase is recorded as dextral slip along 
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northwest-southeast trending faults. Prior and contemporaneously to the Quechua II 

phase paleo-valleys were filled and mantled by sheets of ignimbrites. Their 

radiometric ages (K/Ar) range from 14.2 Ma to 8.9 Ma in the south (Noble et al., 

1990; Thouret et al., 2005; Tosdal et al., 1981) and from 10.2 to 8 Ma in the north 

(Farrar and Noble, 1976; McKee et al., 1986; Noble et al., 1984). Finally, the 

contractional “Quechua III” phase took place 7-4 Ma and is the result of east-west 

shortening, documented along the whole Andean chain, giving rise to the SubAndean 

fold-and-thrust belt.

 In summary, the 20th century view of the tectonics of the modern Peruvian 

Andes  is that they formed in the latest Mesozoic through Cenozoic, consisting of 

emplacement of the Coastal Batholith in the Late Cretaceous Peruvian phase, intense 

compressive deformation, including the formation of the Marañon fold-and-thrust belt  

of the Eocene Incaic phase, and the Quechua phases that uplifted much of the Eastern 

Corilldera, and formed the Sub-Andean fold-and-thrust belt, . While this view 

provides the backbone of our understanding of Andean tectonics, recent work has 

modified these findings, providing better constraints of timing, and illuminated more 

complexities in the range. For example, emerging evidence from geochronologic 

techniques, paleomagnetism and modern-day GPS data indicate the Western 

Cordilleran forearc has been subjected to active deformation accommodated along 

faults, and recent landscape modification, notably with high rates of canyon incision, 

perhaps as a response to late Miocene through recent uplift (Armijo and Thiele, 1990; 
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Audin et al., 2003; Gonzalez et al., 2003; Allmendinger et al., 2005a, 2005b; 

Gonzalez et al., 2006; Schildgen et al., 2007; Hall et al., 2012). Other quantitative 

techniques, low temperature thermochronology of the (U-Th)/He system and fission 

tracks, are used by several to quantify rates of exhumation in the Western and Eastern 

Cordilleras of Peru (Laubacher and Naeser, 1994; Garver et al., 2005; Wipf, 2006; 

Schildgen et al., 2007; Giovanni, 2007), which this thesis contributes to. Taken 

together, the studies in the past decade show that the Late Miocene through present is 

an important time period to the tectonic development and uplift of the Andes. 

 Despite the major structural, geophysical, morphological and climatic 

variation and segmentation occurs drastically along-strike, an emerging view of 

Andean tectonics suggests that the orogen has experienced major uplift and 

continuous deformation since the late Miocene. However, outstanding problems 

remain. How do prior inherited crustal homogeneities or features from the pre-

Andean orogenic period play a role in the segmentation observed today? How does 

range segmentation play a role in the timing and mechanisms that accommodate 

deformation and uplift? How do the coupling of tectonics and climate influence the 

formation of the topography? How do the north-central Peruvian Andes compare to 

models proposed for Altiplano uplift, and how does this influence our view of Andean 

orogensis?
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Figure 2.1 shows the tectonic features and segmentation 
along the margin of South America. Adapted from 
Allmendinger, 1997; Gutscher et al., 1999; Wipf, 2006. 
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Figure 2.2 is a morphostructural map of South America. Deflections are 
labeled by horizontal lines. WC=Western Cordillera; EC=Eastern 
Cordillera; AP=Altiplano; P=Puna Plateau; SA= SubAndes; SB=Santa 
Barbara Thrust System; SP=Sierra Pampenas Thrust System. Modified 
from Gregory-Wodziki, 2000; Garver et al., 2005.
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Figure 2.3.A shows satellite imagery from Google Earth depicting the modern 
patterns of vegetation, which are correlated with general climate. The yellow 
box describes the area presented in 2.3B, from Bookhagen et al., 2008, showing 
satellite-derived precipitation date from the Tropical Rainfall Measuring 
Mission.
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Figure 2.4 shows four general topographic profiles extracted across the 
Peruvian Segment of the Andes, perpendicular to strike, showing the general 
morphological changes along this segment. 
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Figure 2.5 Geologic map of Peru. From Wipf, 2006.
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Chapter 3.

Provenance and structure of the Cretaceous back-arc basin of the Northern 
Andes: insights from U-Pb detrital zircon geochronology

3.0 Abstract

While the Andean orogeny began with subduction in the Jurassic, the Eastern 

Cordillera in the north-eastern Andes of Peru appears to have remained largely 

unaffected by deformation and shortening until Eocene time, instead, it was 

characterized by a back-arc basin during the late Jurassic through Cretaceous, situated 

east of a magmatic arc. Reconstructions of the paleotopography of this basin are 

solely from stratigraphical relationships. Here, we use in situ LA-ICP-MS detrital 

zircon geochronology to investigate the provenance of the Early-to-mid Cretaceous 

basin of the West Peruvian Trough, by using the unique geochronologic 

characteristics of cratonic and basement rocks as tracers. We find that sources 

changed spatially and temporally, from a dominant Paleozoic basement source, to 

Proterozoic cratonic sources. We believe this shift in provenance occurred due to 

subsidence and burial of the Marañon High, as well as possible fluvial reorganization, 

delivering sediment predominantly from the north-western part of the Amazon craton. 

3.1 Introduction

 The South American continental plate represents a complex record of orogeny, 

rifting and passive margins since the Proterozoic. While the modern Andean orogen 

makes a strong overprint on the western margin of South American, Precambrian 

through Proterozoic cratons are preserved in the South American shelf (e.g. Ramos et 
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al., 1986; Hoffman, 1991; Sadowski and Bettencourt, 1996; Tosdal, 1996). Isolated 

blocks of Paleozoic basement and accreted terranes also crop out within the modern 

Andes (e.g. Bard et al., 1974; Mourier et al., 1988; Spikings et al., 2005; Miskovic et 

al., 2009). This fragmented pre-Mesozoic geology has been used to reconstruct the 

Neoproterozoic and Paleozoic tectonic and paleographic history of the South 

American plate, prior to the modern Andean orogenic cycle (e.g. Megard, 1971; Bond 

et al., 1984;   Kontak et al., 1985; Forsythe et al. 1993; Rapela et al., 1998; Cawood et  

al., 2001; Sempere et al., 2002; Cawood and Buchan, 2007; Ramos, 2008.) The 

geographical distribution and geochronologic signature of the pre-Mesozoic basement 

is fairly unique, affording the opportunity to use these units as provence tracers, to 

infer paleotopographical and tectonic constraints of Andean evolution (Fig. 3.1).  

 We use in situ laser ablation-inductively coupled plasma-mass spectrometry 

(LA-ICP-MS) U-Pb detrital zircon geochronology from meta-sedimentary and 

sedimentary sequences deposited during Cretaceous development of the Andean 

back-arc basin in north-central Peru, situated east of the magmatic arc and west of 

Amazonia. By the Cretaceous, subduction had initiated the modern Andean orogeny, 

forming a magmatic arc that is now exposed in the Western Cordillera, and a back-arc 

basin, known as the West Peruvian Trough (WPT) that persisted as a low-lying, 

undeformed basin throughout the Cretaceous, then was inverted, forming the Tertiary 

Marañon fold-and-thrust belt within the Eastern Cordillera of the Andes of Peru 

(Wilson, 1963; Mégard, 1987). Stratigraphical and structural details of basin 
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development were studied by early workers in Peru (McLaughlin, 1924; Steinmann, 

1929; Benavides-Caceres, 1956; Wilson, 1963; Mégard, 1987) and revisited more 

recently (Carlotto et al., 2009; Scherrenberg et al., 2012). However, details of basin 

structural development, paleotopography and provenance of the WPT prior to Tertiary 

deformation are not well constrained. We use the unique age signatures of the cratons 

of Amazonia and Paleozoic basement rocks as tracers to investigate the provenance 

and paleotopography of the Eastern Peruvian margin in the early-to-mid Cretaceous 

phase of Andean orogeny. Our results show a continuous, but minor source of 

Amazon cratonic units older than 1.5Ga, a persistent ~1.5Ga source, and a dramatic 

change from dominant to nonexistent early Paleozoic sources. This change is 

observed spatially, from south to north along the WPT, and temporally, from the 

earliest to early-to-mid Cretaceous.

3.2 Tectonic setting

 The South American plate is a composite of multiple orogeny cycles over the 

past several billion years (Fig. 1). The oldest crust is the Amazon craton, which 

formed parts of the Sunsas orogeny between the Laurentia and Amazonia continents 

c.a. 1.2 - 0.95Ga (Ramos et al., 1986; Tosdal, 1996; Jaillard et al., 2000). The 

Arequipa block of Southern Peru and Northern Chile is also thought to be related to 

Laurentian orogeny, but its exact relationship is unclear (Shackleton et al., 1979; 

Dalziel et al., 1994; Loewy et al., 2004). In the mid-to-late Neoproterozoic, westward 

drift of Laurentia with the break-up of Rodinia created a rifting zone between the 
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Arequipa-Antofalla craton and Amazonia (Rapela et al., 2007). In the Early 

Cambrian, convergent tectonics resumed, accreting the Arequipa-Antofalla craton 

with Amazonia in the Pampean orogeny (Ramos, 2008). The suture zone between the 

Arequipa and Amazonia cratons is a long-lived feature of crustal weakness that today 

is occupied by the Rio Marañon, called the Marañon lineament (Mišković et al., 

2009). 

 In the early Paleozoic, subduction continued, emplacing the San Nicolas 

Batholith of Southern Peru (Sempere, 1995), followed by a period of magmatic 

quiescence in the mid-Paleozoic, which is interpreted as existence of a passive margin 

along the western edge of the continent (Mégard, 1973). Arc activity resumed in the 

Late Paleozoic by the Early Mississippian Eohercynian orogeny, documented by 

intrusives emplaced parallel to the Marañon lineament, within the Ordivician-aged 

metamorphic rocks of the Marañon Complex (Mégard et a., 1971; Dalmayrac, 1980; 

Schreiber, 1989; Mišković et al., 2005). Continental thinning ensued in the Late 

Permian through Early Jurassic, giving rise to volcanics of the Mitu Group (Sempere 

et al., 2002). With the onset of renewed easterly subduction of the proto-Pacific plate 

in the Early Jurassic, the Andean orogeny began, focusing arc magmatism along what 

is today the coastal margin, thus putting the Eastern Cordillera, including the 

Marañon lineament, in a back-arc position (Mégard, 1987; Mišković et al., 2009). 

Through the Cretaceous, terrestrial and marine sediments accumulated in two basins 

that flanked the Marañon high; the Western Peruvian Trough (WPT) and the Eastern 
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Peruvian Trough (EPT) (Fig. 2A; Mégard, 1987). In the early Cenozoic, a major 

tectonic compressional event, the Incaic phase of Andean orogeny, inverted the basin, 

forming the Marañon fold-and-thrust belt (Wilson et al., 1967; Mégard, 1987; Noble 

et al., 1990). 

3.3 Cretaceous basin sequences of the West Peruvian Trough

 The Cretaceous stratigraphy of the Marañon fold-and-thrust (MTFB) belt is 

laterally discontinuous, changing facies and significantly thinning from west to east 

(Fig. 2B; Benavides-Caceres, 1956; Wilson, 1963; Janjou et al., 1981). Basement 

rocks include the Neoproterozoic through Cambrian Marañon complex, consisting of 

folded phyllitic schists, and only crop out in the east (Bard et al., 1974; Zeil, 1983). 

Stratigraphically above the Marañon complex are late Paleozoic through Jurassic 

sedimentary rocks and volcanics, cropping out along some sections of the MFTB. The 

Cretaceous sequences significantly thin from west to east, from an estimated 3000m 

thickness in the west, to 1000m thickness in the east (Scherrenberg et al., 2012). 

Thickness and facies variations laterally are interpreted as a deepening shelf to deep 

basin from east-to-west (Scherrenberg et al., 2012). 

 The base of the Cretaceous stratigraphy are thin-bedded, sub-greywacke 

sandstone and carbonaceous shale of the Oyon Formation, which only exist in the 

western part of the WPT, and do not appear in the east (Wilson, 1963). Overlying the 

Oyon in the west and the basement rocks in the east, is the Lower Cretaceous 
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Goyllarisquizga Group, a dominantly sandstone sequence that shows distinct lateral 

facies changes from west to east. In the west, the Goyllarisquizga is divided into the 

Chimu, Santa, Carhuaz and Farrat Formations (Benavides-Caceres, 1956; Wilson, 

1963). The formations of the Goyllarisquizga in the east record transitions from a 

desert environment to fluvial-deltaic system, to brackish, oolitic tidal facies to a 

shallow marine transgression. In the east the Goyllarisquizga is largely 

undifferentiated sandstone. The westernmost detrital sample in this study is sampled 

from the Oyon Fm. in the western part of the central WPT (~8.5degS), and the other 

two detrital samples are taken from the Goyllarisquizga group, one from the northern 

WPT (~7degS), and one from the central WPT (~8.5degS). 

 Above the Goyllarisquizga concordantly lies the Pariahuanca Formation, a 

fine-grained sandstone with a calcareous matrix. Conformably above the Pariahuanca 

are the Chulec and Paritambo Formations, marking a transition from shallower to 

deeper marine (Wilson, 1963). Thick, Late Cretaceous limestone sequences cap the 

Chulec and Paritambo, indicating an epicontinental carbonate platform, and 

demonstrate eustatic sea-level variations ranging up to maximum transgressive sea-

level stands (Benavides-Caceres, 1956; Jaillard and Sempere, 1989). In summary, the 

Cretaceous formations show variation in the upper and lower levels from the west-to-

east in both northern and central Peru; this has led to suggestions that the WPT may 

have been divided into smaller basins by active structural boundaries, but the extent 

and timing of these structures are poorly constrained by the stratigraphy. Further, the 
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large overprint of Tertiary deformation may have obscured evidence for structures 

that were present in the Cretaceous (Mégard, 1987). Here, we use detrital U-Pb zircon 

geochronology to characterize the provenance of two formations of the Lower 

Cretaceous, from three sample sites in the north-central Peruvian Andes to investigate 

the paleotopography of  the WPT during the Late Mesozoic stage of Andean orogeny.

3.4 Method and Results

 The three bedrock samples of the Oyon and Goyllarisquizga Cretaceous 

Formations were crushed, sieved, and typical mineral separation techniques were 

applied. Individual grains were picked onto sticky tape with R-33, SL-2 and 

Plescovice zircon standards, mounted with epoxy and sanded and polished. 100-150 

individual zircon grains were randomly selected from each sample for in-situ spot 

analysis.

 In situ laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-

MS) was conducted on 332 individual zircon grains at the UCSC LA-ICP-MS 

laboratory, which couples a Thermo Element XR single-collector ICP-MS to a Photon 

Machines Analyte 193H ArF excimer laser ablation system. Analyses included 26um 

spot-sizes, 30 seconds of baseline data collection followed by 30 seconds of on-peak 

data collection. The ablated zircon material is carried from the ablation cell by helium 

gas, mixed with argon sample gas and injected into an inductively coupled plasma 

stream where it is measured using the XR single-collector ICP-MS. Data reduction 

was conducted using Iolite, a free software available on the Igor Pro platform (Paton 
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et al., 2011) where downhole fractionation and common-Pb corrections were made. 

(See Appendix 3.1 for a data table of individual analyses).

 U-Pb zircon ages are shown as probability density functions with histograms, 

each bin represents 100my (Fig. 3A-C). Locations of the three samples are shown on 

regional geologic maps (Fig. 3D). Sample RP07-1 is a fine-grained quartzite of the 

lower Cretaceous Oyon Formation, sample RM07-P6 is a course-grained quartzite 

with 20cm thick cross-bedding, of the lower Goyllarisquizga Chimu Formation and 

sample RM07-5 is a coarse-grained sandstone of the Goyllarisquizga Group. RP07-1 

(n=94) contains zircons from 240.6 ± 2.5Ma (youngest) to 3036 ± 17Ma (oldest), and 

shows a distinct peak at 500-600-Ma and smaller peaks at 0.8-1.2Ga and 1.3-1.6Ma. 

A lack of ages exists between 2.1 and 2.6Ga. RM07-P6 (n=140) shows a similar peak 

of 500-600Ma compared to RP07-1, but its highest peak lies between1.0-1.2Ga. The 

youngest age is 196.4 ± 1.2Ma and the oldest 2757 ± 14Ma. where only small gaps of 

~100Ma exist, showing a more or less continuous age spectra from 200Ma to 2.8Ga. 

Finally, RM07-5, the most northern sample, shows two sharp peaks, aged 1.1-1.2Ga 

and 1.5Ga. Only four grains exhibit ages less than 0.8Ga, two older than 1.8Ga, and 

none older than 2Ga. The majority of ages lie between 0.9 and 1.7Ga. 

3.5 Discussion

 The variation in thickness of the Early-to-mid Cretaceous sequences of the 

WPT led to suggestions that numerous smaller basins comprised the WPT. This could 

be due to structures that separated the smaller basins during basin formation, or 
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inherited topography from the Paleozoic through Jurassic basement rocks. As 

basement rocks are rarely exposed in the MTFB, their regional significance and 

paleodistribution are not well understood. It is clear however, from stratigraphic 

relationships, that the WPT was separated from the EPT by the Marañon High, or as it 

was first termed, the “Marañon  geanticline” (Wilson, 1963; Soto, 1979; Mégard, 

1987). The topography and extent of the Marañon High during basin deposition and 

subsidence is unknown. Mégard (1987) hypothesized that during the earliest 

Cretaceous, the quartzose sand of the Amazon platform to the east was so abundant 

that it filled the EPT and overflowed the Marañon High, spilling into the WPT. 

Paleocurrent indicators in some of the lower Cretaceous units, such as the Chimu Fm, 

contain wave ripples that show currents in a W, SW and S direction; which 

Scherrenberg et al. (2012) interpreted as evidence for a fluvial-deltaic system that had 

an eastern source area, probably from the Amazon craton. 

 There are several major suites of provenance to consider for the detrital signal 

we show in the Cretaceous basin; i) the cratonic units of the Amazon platform (Fig. 

1), ii) the late Paleozoic through Triassic magmatic rocks that intruded along the 

Marañon crustal lineament (Fig. 3D) iii) the metamorphic basement of the Marañon  

complex, which was likely outcropping in the Marañon High during parts of the 

Cretaceous (Fig. 3D), and iv) Jurassic-Cretaceous volcanics that were erupting prior 

to and coevally with basin development. While the geochronologic signatures of the 

Amazon craton, the late Paleozoic-Triassic magmatic rocks, and the Jurassic-
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Cretaceous volcanic rocks provinces are unique, providing a fairly clear fingerprint 

for detrital sources, the metamorphic basement rocks of the Marañon complex are 

problematic for two reasons. First, the shales, sandstones and carbonates of the 

Marañon complex were derived from the Amazon cratonic units themselves, and then 

metamorphosed in the Paleozoic; Fig. 3E shows a compilation of all U-Pb data from 

the metamorphic rocks of the Marañon complex (Cardona et al., 2010). Thus, the 

detrital signature from the Marañon complex is somewhat ambiguous with the 

Amazon cratonic units, as both could be probable sources for the Cretaceous detritus. 

However, the Marañon complex has a very unique detrital peak (Fig. 3D) at ~500Ma. 

The source of the 450-550Ma peak is puzzling, as no magmatic, volcanic or cratonic 

units have been found in the vicinity of the north-central Peruvian Andes in this age 

range. This has led Chew et al. (2008) to suggest that a magmatic arc persisted during 

the Neoproterozoic through earliest Paleozoic, in northern Peru/Ecuador, which is 

currently covered by Sub-Andean rocks and sediments. If this magmatic arc existed 

in the Neoproterozoic, and it outcropped during the Cretaceous, the source of the 

~500Ma peak of detrital zircons we see in the Cretaceous basin units is ambiguous; it 

could be from the Marañon complex, or from this arc. 

 Both samples RP07-1 and RM07-P6 contain a strong ~500Ma peak, but 

RM07-5 is practically devoid of all zircons younger than 900Ma. We can say with 

certainty that neither the Marañon Complex or the proposed Neoproterozoic 

magmatic arc rocks were primary sources for RM07-5, a sandstone from the north-
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easterly WPT. On the other hand, the most frequent zircon ages in RP07-1 of a 

500-600Ma peak, as well as the more minor peaks of 800-1200Ma and ~1500Ma, 

match the composite distribution (n=911) of U-Pb ages in the Marañon Complex 

from Chew et al. (2008; Fig. 3D). We infer the dominant provenance source for the 

lower Cretaceous Oyon Fm sample (RP07-1) was the Marañon Complex, 

demonstrating that in early Cretaceous time, the Marañon High was a significant 

topographical feature, enough to isolate the WPT from the Amazon shelf, and eolian-

fluvial sands were eroding from the Marañon High into the WPT. Mégard’s (1987) 

hypothesis that during the earliest Cretaceous, the quartzose sand of the Amazon 

platform to the east was so abundant that it filled the EPT and overflowed the 

Marañon High, spilling into the WPT is not likely correct, at least during this 

depositional timeframe. In RM07-P6 however, from the Chimu Fm. of the lower 

Goyllarisquizga, shows a strong peak of 1.0-1.2Ga, and a diminishing 500-600Ma 

peak, relative to RP07-1. It also shows a higher proportion of ages older than 1.5Ma, 

which must come from the Amazon craton. The smaller, but still significant 

500-600Ma peak requires erosion from the Marañon Complex, but the relatively 

higher contribution of 1.0-1.2Ga and >1.5Ga ages points to a cratonic source, likely 

the Sunsas craton for the 1.0-1.2Ga signal, and a combination of sources from the 

cratons of the Amazon Craton suite for the >1.5Ga signal. Alternatively, the 

500-600Ma peak could come from the Neoproterozoic magmatic arc, however, the 

presence of ages from 200-400Ma likely means the Permo-Triassic magmatic rocks 
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of the Marañon crustal lineament were also exposed, along the Marañon High, 

leading us to believe the Marañon High must have been outcropping, and is a more 

likely source than the supposed Neoproterozoic arc for the ~500-600Ma signal. Thus 

the notion that sand from the Amazon shelf spilled into the WPT from the EPT is a 

possibility, at least during the formation of the lower Goyllarisquizga, but not during 

formation of the Oyon. Perhaps rivers reorganized to flow through or around the 

Marañon High. Base level drop due to subsidence is one possibility, as subsidence 

rates are inferred to have been high during the early Cretaceous (Jaillard and Soler, 

1996). 

 The RM07-5 sample is the most northern sample location, taken from the 

easterly section of the WPT, where sequences thin out. The sample is believed to be 

part of the Goyllarisquizga Group, but it is not known if this sample reflects a time 

period before, contemporaneous or after the sample RM07-P6, from the Chimu Fm. 

of the Goyllarisquizga Grp. The detrital zircon age signal from RM07-5 is drastically 

different than RM07-P6, where two prominent peaks at 1.1-1.2Ga and 1.5Ga are 

clear, and lack zircons younger than 900Ma and older than 1.8Ga. We explore two 

possibilities. One, that the provenance sources shifted temporally, and RM07-5 

represents a depositional time after RM07-P6, where the Marañon High was shut off 

as a source to the entire basin at this time, perhaps due to subsidence and burial. Or, 

this scenario could be explained by a spatial shift in paleocurrents, that precluded the 

Marañon High from delivering sediment to this part of the WPT, from major fluvial 
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reorganization, either due to eustatic changes, or tectonic activity that isolated the 

northern WPT from the central WPT, or some combination of both. However, the 

probable sources of the 1.1-1.2Ga and 1.5Ga peaks are from the Sunsas and 

Rondonia-San Ignacio cratons, requiring westward movement of material from the 

cratons into the WPT. As the Marañon Complex was not a major contributor, or any 

of the Permo-Triassic magmatic rocks, the simplest explanation points to the burial of 

the Marañon High during this time of deposition.  

3.6 Conclusions

 While the modern Andean orogen has formed during the Cenozoic, the South 

American plate has a complex history of multiple cycles of orogeny. Inherited 

structures and crustal homogeneities likely play a role in influencing the Cenozoic 

tectonics of the Andes, but the pre-Andean tectonics are not well understood. During 

the Cretaceous, subduction of the Nazca plate underneath the South American caused 

a magmatic arc, creating a back-arc basin to the east. In this back-arc basin, the 

Marañon complex, which lies along a long-lived crustal lineament was inferred to be 

at a topographic high, due to block faulting that uplifted it, and basins on either side, 

the West and East Peruvian Troughs, accumulating large volumes of sediment and 

carbonates during the Cretaceous, until deformation propagated eastward, created the 

Tertiary Marañon fold-and-thrust belt. Here, we show the detrital sources of the 

Cretaceous back-arc basin changed temporally and spatially. In the earliest 
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Cretaceous, it appears the Marañon High was the only significant source for detritus 

in the Oyon Fm of the WPT; it’s topography, due to graben-style normal faulting that 

uplifted it, not allowing delivery of detritus from the Amazon shelf. Shortly after, 

during deposition of the lower Goyllarisquizga group, sources included both the 

Marañon Complex and Permo-Triassic magmatic rocks of the Marañon High, but also 

included a significant cratonic sources from the Amazon shelf. This could support 

Mégard’s (1987) hypothesis of massive sedimentation that spilled over the Marañon 

High, or it could be explained by large rivers flowing around and/or through the 

Marañon High. In the northern WPT, it appears the Marañon High was buried during 

deposition of the Goyllarisquizga Group, and delivery of cratonic sources was limited 

to the Sunsas and Rondonia-San Ignacio cratons of the Amazon shelf. Overall, the 

paleotopography of the Andean back-arc basin during the Early-to-mid Cretaceous 

seems to be characterized by graben-style block normal faulting in the earliest 

Cretaceous, where the Marañon High was the dominant source of detritus, regional 

basin subsidence may have accelerated, and fluvial-deltaic systems reorganized, 

resulting in a shift of provenance to the Amazon cratons. This scenario does not 

preclude active faulting from occurring within the WPT, but the back-arc basin 

appears to be tectonically quiescent during the Early-to-mid Cretaceous, and major 

uplift and deformation did not occur until the Cenozoic. 
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Figure 3.1. Basement and cratonic units of the Andean orogen and 
Amazon shield. Modified from Cardona et al., 2010 and Chew et al., 
2008. A-A’ cross section line refers to Fig. 3.2.
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Figure 3.2. A.Interpretation of a cross section across ~10 degrees south in 
Late Cretaceous time. After Megard, 1987. B. Generalized stratigraphy of 
the West Peruvian trough in the western and eastern sections, after 
Scherrenberg et al., 2012. 
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Figure 3.3. U-Pb zircon results shown in A-C as histograms, each age bin 
is 100Ma, and a probability distribution function, which includes 
individual grain internal and external errors. D. shows Paleozoic through 
Cretaceous geology of the north-central Peruvian Andes. Sample locations 
are indicated with yellow dots. *Miskovic et al., 2009; **Miskovic et al., 
2009; ***Cardona et al., 2009 
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Chapter 4.

Miocene-Pliocene accelerated exhumation in the north-central Peruvian Andes

4.0 Abstract

Using low-temperature (U-Th)/He thermochronology from apatite and zircon at three 

locations spanning 200 km of latitude in the north-central Peruvian Andes, we 

document a previously unrecognized, but important Miocene-Pliocene acceleration in 

rock exhumation rates. At two sites within the Rio Marañon river system we show an 

increase in exhumation rate of roughly an order of magnitude by the end of the 

Miocene, while a third site shows a rapid signal of accelerated exhumation from the 

Pliocene to present. We interpret these data to represent two spatial signals of 

exhumation; the former an along-strike, regional signal, likely a result of uplift of the 

Eastern Peruvian Andes and the latter, related to batholithic cooling and fault-driven 

exhumation along the Cordillera Blanca Detachment System. However, taken 

together, these two signals support a model of late Cenozoic uplift in the north-central 

Andes of Peru (5-8°S). 

4.1 Introduction

 While the South American Andes represent the classic orogenic setting of 

oceanic-continental collision, even the most fundamental processes controlling the 
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generation and maintenance of the high topography remain controversial. The 

majority of studies investigating paleoelevation and uplift in the Andes have focused 

on the Altiplano-Puna, recognizing that despite long-lived subduction since the 

Jurassic, uplift of the Altiplano has occurred since 40 Ma (Isacks, 1988; Sempere, 

1990; Allmendinger et al., 1997; Capitanio et al., 2011). Some work supports a period 

of very rapid uplift between 10 and 4 Ma (Gregory-Wodzicki, 2000; Ghosh et al., 

2006; Hoke et al., 2007; Garzione et al., 2008; Lamb, 2011) whereas other suggests 

more protracted uplift since Eocene time (McQuarrie et al., 2005; Barnes and Ehlers, 

2009). The proposed mechanisms to accommodate Altiplano uplift include crustal 

shortening (Isacks et al., 1988), lithospheric delamination (Kay and Kay, 1993; 

Garzione et al., 2006), lower-crustal ductile flow (Beck and Zandt, 2002; Husson and 

Sempere, 2003), mass addition through sedimentation and magmatism (Lamb and 

Hoke, 1997), and dynamic effects of the subducting oceanic lithosphere (Capitanio et 

al., 2011).  However, any mechanism proposed as an explanation for the formation of 

the Andes must account for the along-strike morphologic, tectonic and climatic 

segmentation. At present, it is not known whether or not these dynamical mechanisms 

apply more generally to the Andes as a whole or are restricted to the Altiplano region.    

 The Altiplano region is characterized by a wider zone of high topography, arc-

like crustal heat flow and a “normal” angle of subduction. In contrast, the region of 

focus in this study, the north-central Peruvian Andes (Fig. 4.1), are characterized by 

flat-slab subduction (Barazangi and Isacks, 1976), relatively low heat flow (Henry 
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and Pollack, 1988), and a narrow zone of high topography. Further, the north and 

central Andes have highly asymmetric east-to-west modern precipitation, with the 

eastern flank receiving the majority of the precipitation, and a subtle north-south 

precipitation gradient (Bookhagen and Strecker, 2008). Exactly when the modern 

moisture patterns developed is not well constrained, however, there is evidence from 

sedimentological records (Fig.ueiredo et al., 2009; Uba et al., 2009) and regional 

climate models (Ehlers and Poulsen, 2009; Poulsen et al., 2010) for an increase in 

precipitation along the eastern Andean flank during the mid-to-late Miocene. 

 Both far-field tectonic forces (i.e. subduction angle) and climate (i.e. strong 

precipitation gradients) are reflected in the segmented morphology of the Andes, 

suggesting potential couplings (Isacks, 1988; Masek, 1994; Montgomery et al., 2001, 

Pelletier et al., 2010). While it remains challenging to isolate potential feedbacks 

between far-field and near-field forces driving the Andean orogenic system, 

understanding the locus and chronology of uplift is critical for deconvolving the 

relative contributions of tectonic and climatic processes (e.g. Strecker et al., 2007; 

Barnes et al., 2008; McQuarrie et al., 2008; Whipple et al., 2009).

Low-temperature thermochronometer systems, such as (U-Th)/He in apatite 

and zircon, are able to constrain exhumational histories of the shallow (<10 km depth) 

crust and are thus extremely powerful for the study of growth and decay of orogens 

(e.g. Stockli et al., 2000; Ehlers and Farley, 2003; Reiners and Brandon, 2006). Here, 

we use (U-Th)/He thermochronology to quantify crustal exhumation in order to 
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develop a regional model of crustal exhumation and uplift using both apatite and 

zircon (U-Th)/He from transects at three locations spanning ~200 km along-strike.

4.2 Deformation and Uplift in the north-central Peruvian Andes

 Long-lived subduction of the Nazca plate under the South America plate (e.g. 

James, 1971) has produced the classic, “Andean-style” margin, consisting of a 

subduction trench, forearc basin, magmatic arc and foreland fold and thrust belt (e.g. 

Dewey and Bird, 1970). In the Peruvian Andes between ~5°S-15°S, the structural 

zones from west to east (Fig. 4.2) are i) the Western Cordillera, including the Coastal 

Batholith associated with Mesozoic magmatism which has intruded into Precambrian 

metamorphic rocks and is overlain by Cenozoic continental sediments and volcanics, 

ii) the Eastern Cordillera, folded and faulted Precambrian-Paleozoic low-grade 

metamorphic basement and minor intrusive rocks, and iii) the Sub-Andean fold and 

thrust belt, involving Mesozoic through Cenozoic marine and continental sedimentary 

deposits (James, 1971; Cobbing and Pitcher, 1972; Megard, 1984; Sebrier et al., 

1988; Lamb and Hoke, 1997; Hermoza et al., 2005; McQuarrie et al., 2005). In 

addition, the north-central Peruvian Andes are host to the Cordillera Blanca (Fig. 4.2), 

which consists mainly of a late Miocene granodioritic batholith (Atherton and 

Petford, 1993; McNulty et al. 1998). The Cordillera Blanca batholith is thought to 

represent the last episode of magmatism prior to initiation of flat slab subduction of 
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the Nazca plate along the north-central Peruvian Andean margin (McNulty and 

Farber, 2002). Soon after intrusion, the Cordillera Blanca Batholith was uplifted 

along the west-dipping Cordillera Blanca detachment system, which extends for ∼200 

km along the range (McNulty and Farber, 2002; Garver et al., 2005; Giovanni et al., 

2010). Rapid rock uplift and exhumation of the Cordillera Blanca has occurred since 

6 Ma (Garver et al., 2005, Giovanni et al., 2010).

 The first major phase of deformation recognized within the Peruvian Andes, 

the ‘Peruvian phase’ began ~85-70 Ma, affecting the Paleozoic rocks of the eastern 

side of the Western Cordillera and was coincident with intense volcanism along the 

entire Andean arc (Megard, 1978). The deformation front propagated eastward in the 

Paleocene-Eocene ‘Incaic phases’ (I and II) producing the Marañon fold and thrust 

belt, followed by the Miocene-Pliocene ‘Quechua phases’ (I, II, and III) that primarily 

affected the Eastern Cordillera and Sub-Andean zones (Megard, 1984; Noble et al., 

1990; Sebrier et al., 1988). At present the major crustal deformation is focused along 

the Sub-Andean fold and thrust belt (Horton and DeCelles, 1997; Hermoza et al., 

2005).

In the Peruvian Andes, the tectonic chronology has been described in terms of 

five or temporally restricted pulses of compressive tectonism, separated by longer 

periods of quiescence or extensional stress (McKee and Noble, 1982; Megard et al., 

1984; Noble et al., 1990). Several studies suggest that the major uplift event was the 

Eocene Incaic phase of tectonic shortening (e.g. Megard, 1984; Sebrier et al., 1988; 
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Noble et al., 1990). However, these estimates of the timing of uplift are based on 

structural studies and not on data that can directly constrain rock or surface uplift. In 

Peru, workers have identified three regional scale erosional surfaces; from oldest to 

youngest these are the Puna, Vallé and Cañon surfaces. The Puna surface is thought to 

have been cut at sea level, is now at 4200-4400 m.a.s.l. and has developed in 

volcanics as young as 15 Ma of the Calipuy Group (Bowman 1906, McLaughlin, 

1924, Tosdal et al., 1984). The Vallé stage is characterized by incision of river valleys 

in response to initial surface uplift which occurred in the mid-to-late Miocene. The 2 

km thickness of the Forteleza Ignimbrite suggests that at least this much relief formed 

by 5-7 Ma. The Cañon stage, which cuts both the Puna and Valle surfaces, is the most 

recent uplift episode, thought to account for 2-3 km of uplift since the Pliocene 

(Myers, 1980; Cobbing et al. 1981, 1997; Garver et al., 2005). 

4.3 Previous thermochronologic studies

 Through much of the Andes, workers have undertaken thermochronologic 

studies investigating the timing, amount and style of deformation, and rock uplift and 

exhumation. The areas best studied include the Bolivian Andes (e.g. Benjamin et al., 

1987; Gillis et al., 2006; Safran et al., 2006; Ege et al. 2007; Barnes et al., 2008), the 

Western Cordillera of Southern Peru (Schildgen et al., 2007; 2009; Gunnell et al., 

2010) and the Puna Plateau in NW Argentina (e.g. Sobel et al., 2003; Carrapa et al., 
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2005; Coutand et al., 2006). Many of these studies have related the timing of 

deformation, uplift and exhumation of the central Andes to the uplift of the Altiplano-

Puna Plateau. 

However, in the Andes of north-central Peru, outside of the Altiplano-Puna 

Plateau region, studies are fewer and more spatially confined. From fission track 

work, Laubacher and Naeser (1994) interpret post 30 Ma cooling from the Eastern 

Cordillera of Central Peru near Huachon (~10.5°S) to represent 4-6 km of erosion. 

Garver et al. (2005) suggest late Miocene zircon fission track (ZFT) and zircon (U-

Th)/He (ZHe) ages from the Cordillera Huayhuash record an adjustment of the 

geothermal gradient due to post-intrusive cooling from the adjacent Cordillera Blanca 

batholith, canyon incision and associated isostatic rebound. Pliocene apatite (U-Th)/

He cooling ages from the Cordillera Blanca batholith have been interpreted as a 

signal of rapid exhumation of the batholith achieved by a combination of batholitic 

cooling and uplift along the Cordillera Blanca detachment fault (Giovanni, 2007). In 

the Western Cordillera of Peru, Wipf (2006) used apatite and zircon fission track and 

(U-Th)/He apatite ages from mostly lower elevations (<500m) along the western 

flank of the Coastal Batholith to investigate rates of exhumation along-strike from 

5°S to 15°S.  They show that ZFT ages range between 130 and 45 Ma, AFT ages lie 

between 124 and 24 Ma, and suggest that there is little correlation between cooling 

age and latitudinal position in along-strike age spectra.
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4.4 Apatite and zircon (U-Th)/He thermochronology

Thermochronology measures the time at which a rock, due to rock 

exhumation, cools through a closure isotherm. In the (U-Th)/He isotopic system, 

radiogenic helium produced by alpha decay diffuses out of the mineral at high 

temperatures, but below its closure temperature (Dodson, 1973), 4He is retained, thus 

starting the radioactive “clock.” The time since the sample cooled through the closure 

isotherm is referred to as a cooling age. Cooling ages are calculated from the 

measured ratios of 4He/3He, and parent nuclides 238U/233U, 236U/233U and 232Th/229Th 

(Farley, 2000; Reiners et al., 2004), and we apply an alpha ejection correction based 

on mineral volume and shape (Hourigan et al., 2005).  

 In this study, we use both apatite and zircon (U-Th)/He thermochronology, 

closure temperatures of 60ºC, (Farley, 2002) and 180ºC (Reiners at al., 2005), 

respectively, because the combination of these systems allows us to obtain a more 

robust time-averaged exhumation rates across a thicker section of crust. If the 

different mineral thermochronometers from a single surface sample yield 

substantially different cooling ages, it is possible to calculate acceleration or 

deceleration of the rock exhumation rate over time (Reiners and Brandon, 2006). 

 In order to determine exhumation rates we implement a first-order approach 

of sampling bedrock transects of both apatite and zircon for (U-Th)/He analysis (i.e. 

Braun, 2002a). From north to south these locations are: 1) the Balsas region within 
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the Eastern Cordillera (~6°S), 2) the Sihuas region east of the Cordillera Blanca 

(~8°S), and 3) along the Rio Pampas River just north of the Cordillera Blanca (~7°S; 

Fig. 4.2). These three locations display different source rocks, elevations and relief 

within different tectonomorphic provinces in the north-central Peruvian Andes. The 

first two locations are within river valleys that are part of the Rio Marañon drainage 

system, ultimately flowing east to the Amazon basin. The Rio Pampas section is a 

west-draining system connected to the Pacific Ocean lying north of the Cordillera 

Blanca Batholith (Fig. 4.2).  

4.5 Results

 Each of the three sites contain one sub-vertical transect; each transect contains 

four to five samples, where apatite (AHe) and/or zircon (ZHe) (U-Th)/He cooling 

ages have been measured.  All ages reported here are mean ages, which are calculated 

from a weighted mean of four to six individual grain-ages (Appendix 4.1).

 The Balsas transect spans 900 vertical meters and contains four samples 

yielding both good quality zircon and apatite grains (Fig. 4.3A). All four samples are 

taken within granitic units mapped as late Paleozoic (INGEMMET, 1998). AHe ages 

are mid-late Miocene (8.1 ± 1.2 to 10.7 ± 1.8 Ma), while the ZHe ages are scattered 

from Paleozoic to Mesozoic. Several of the ZHe samples exhibit poor reproducibility 

across the measured grain-ages, which is reflected in large errors. However, the AHe 
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ages are much younger, and more reproducible. 

 The Sihuas transect is ~200 km south of Balsas, spans ~1800 m of elevation and 

contains four high-quality apatite samples with mid-to-late Miocene AHe ages (6.4± 

3.8 to 9.5 ± 2.3 Ma) and five samples with scattered Paleozoic to Mesozoic ZHe ages 

(Fig. 4.3B). All the apatite samples were taken from the Precambrian Marañon 

complex gneiss, or Paleozoic granitic units, and the five zircon samples were sampled 

from both igneous and sedimentary lithologies, mapped as Precambrian to Cretaceous 

in age (INGEMMET, 1995a).

 The Rio Pampas transect (~600 m vertical), contains four samples where we 

were able to measure ZHe ages and a single sample that yielded an AHe age (Fig. 

4.4). The upper three sample locations are within Jurassic-Cretaceous 

metasedimentary rocks and yielded ZHe ages from early-to-mid-Miocene, but the 

samples yield no apatite grains. The sampled transect extends across the Rio Pampas; 

the lowest elevation sample from a mapped Neogene granitic bedrock unit 

(INGEMMET, 1995b) yielded a very young age from both ZHe and AHe, 2.7 ± 0.39 

Ma and 2.0 ± 0.24 Ma, respectively.

4.6 Regional rock exhumation rates

 A vertical transect sampling-strategy is a powerful tool for first-order 

approaches to calculating exhumation rates by examining the age vs. elevation 
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relationship (Braun, 2002a). While not exact, this method combined with knowledge 

of the regional tectonics, thermal structure and/or paleotopography can provide 

accurate estimations of exhumation rates from calculations incorporating (U-Th)/He 

ages. In order to interpret our data, we investigate two end-member model cases of 

crustal thermal structure: 1) a flat closure isotherm and 2) a closure isotherm that 

mimics topography (Fig. 4.5). Higher temperature thermochronometers, due to their 

significant closure depths, will not closely mimic topography, and are thus less 

thermally perturbed by surficial modification (Fig. 4.5A). Lower temperature 

thermochronometers on the other hand, will closely mimic topography, as their 

shallow closure depths are significantly perturbed by surface topography (Fig. 4.5B). 

However, the wavelength of surface topography also influences the shape of closure 

isotherms of both high and low thermochronometers. Short-wavelength topography, 

i.e. a valley to peak distance that is less than ~12 km, (Braun, 2002b) does not 

significantly perturb the isotherms hotter than 100°C. In cases where the wavelength 

of topography is large enough that the geothermal gradient is the same everywhere, 

closure isotherms of all low-temperature thermochronometers will mimic topography. 

Based on the horizontal distances of 5-18 km in our transects, the end-member case 

where the isotherms are flat relative to the topography (Fig. 4.5A) is more suitable for 

our ZHe ages, whereas the thermal structure for the AHe ages likely behaves similarly 

to Fig. 4.5B. Unless local relief is changing faster than the isotherms can adjust, or a 

large thermal perturbation occurs during the time frame sampled, a flat closure 
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isotherm will remain stationary with respect to topography throughout the duration of 

a particle’s passage of the isotherm to Earth’s surface and a vertically sampled 

transect will record the exhumation rate of the time frame measured, without 

requiring independent knowledge of the thermal structure (Braun, 2002a). However, 

if the closure isotherm mimics topography, surface samples along a vertical transect 

will give an overestimation of exhumation rate, in extreme cases, an apparently 

infinitely fast exhumation rate (Fig. 4.5B; Braun, 2002b).

  The exhumation signal recorded by the zircons at the Balsas site is largely 

Mesozoic, sampled from plutonic units mapped as Carboniferous-Permian 

(INGEMMET, 1998). While the precise age(s) of the plutonic units we sampled are 

unknown, other plutons within the Balsas section have been dated by U-Pb zircon 

geochronology, ranging from 309-320 Ma (Mišković et al., 2009). The ZHe age 

spectrum we show, 280 ± 60 Ma and 213 ± 20 Ma vs. 137 ± 80 Ma and 101 ± 34 Ma, 

within these plutons do not reflect crystallization ages. We attribute the age scatter 

and poor reproducibility to partial retention of He near the zircon closure isotherm. 

The Sihuas transect, which is 200 km south of the Balsas site, also yields zircon ages 

showing considerable scatter across the transect. As the Sihuas zircon were sampled 

from mostly meta-sedimentary rocks, it is not clear whether the range and apparent 

scatter within each sample is due to detrital zircons within the meta-sedimentary units 

that were not reset, or to partial retention of He. The major outlier to the age spectra 

pattern in the ZHe ages from Balsas and Sihuas is the lone Oligocene age, 28.0 ± 4.5 
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Ma and the only ZHe age that exhibits good reproducibility. Although the sample is 

from a plutonic rock mapped as Carboniferous, we have a preliminary U-Pb zircon 

age on this sample that indicates crystallization in the Eocene. As there are few 

known plutons in this age range in this region, we note this anomalous plutonic and 

cooling age, but do not use it in our exhumation calculations, as we believe it records 

localized cooling and our focus is on estimated regional rock exhumation rates. 

 Although the age range and scatter in ZHe ages from both the Balsas and Sihuas 

sections makes extracting precise exhumation rates difficult, these data show that this 

section of crust has remained above or near the ZHe closure isotherm (~6 km depth) 

but below the AHe closure isotherm (~2 km depth) since Mesozoic time. However, 

the structural and sedimentological interpretations of the Eocene Incaic orogeny in 

this region (Megard et al., 1984) suggest a significant period of uplift in the mid-to-

late Eocene. Our ZHe results indicate that the Eocene Incaic orogeny was 

characterized by slow rock exhumation, and possibly little relief growth. By 

averaging ZHe ages from both Sihuas and Balsas and assigning a 25°C/km 

geothermal gradient and 180°C closure isotherm we estimate approximate regionally-

averaged exhumation rates that are 0.03-0.07 mm/yr for Balsas and 0.04-0.21 mm/yr 

for Sihuas, where the larger range at Sihuas is due to the larger spread in ZHe ages. 

Using a mean-weighted average approach for these ranges, 0.05 mm/yr is the 

spatially and temporally averaged exhumation rate for the Balsas and Sihuas sections 

during the Mesozoic and early Cenozoic. 
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 The AHe ages from both Balsas and Sihuas are significantly younger than the 

ZHe ages, adding an important piece to the time-temperature history of this region. 

The eight AHe ages (4 from each site) lie within a remarkably small time-span of 4 

myr, between 6.5 and 10.5 Ma. In both transects, the AHe data display steeply 

dipping age-elevation relationships (AER), which we believe is most likely an 

overestimation of exhumation rate due to the sensitivity of the AHe system to 

topography (see Fig. 4.5B). Within error, however, a positive AER relationship is 

possible, and one interpretation of the steeply dipping AERs is that a brief period of 

rapid exhumation (>1 mm/yr) records a pulse of incision of the Rio Marañon. The 

mean AHe age obtained from the Sihuas transect is younger than the age at Balsas, to 

the north, which is consistent with a wave of incision propagating south. However, 

this scenario is unlikely, as we would expect to see older cooling ages in the higher 

elevations, as exhumation would have been locally focused within the river channel. 

In both transects, the AHe age from the highest elevations are younger than those 

from the lowest elevations, in disagreement this notion. Another possibility is to 

interpret the AERs as having a slightly negative slope indicative of steady relief 

lowering (Braun 2002b), however, given recent relief generation observed elsewhere 

in the north-central Peruvian Andes (McNulty and Farber, 2002; Giovanni et al., 

2010) and preservation of the long recognized (McLaughlin, 1924) high-elevation, 

low-relief surfaces that are thought to have been uplifted from near sea level to up to 

4.4 km above sea level mostly since the Miocene (Garver et al., 2005) this is unlikely. 
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 Instead, we explore the idea that the increase in exhumation rate is recording an 

increase in regional erosion rates, perhaps coupled with rock uplift. If we assume that 

the AHe closure isotherm is adjusted to topography fully and apply an AHe closure 

temperature of 55°C and a geothermal gradient of 25°C/km, the average exhumation 

rates from the AHe data for the Balsas and Sihuas regions are 0.24 ± 0.05 mm/yr and 

0.30 ± 0.09 mm/yr, respectively. However, it is shown that a significant increase in 

erosion rate affects the thermal structure, by causing isotherms to migrate, therefore 

affecting calculations of exhumation rates. We use M. Brandon’s code RESPTIME 

(Ehlers et al., 2005) to model an erosional perturbation to the system by increasing 

the erosion rate from the background rate of 0.05 mm/yr, which is the regional 

average we estimated from the ZHe ages, to an estimated 0.25 mm/yr. Due to the 

sensitivity of the AHe system, by ~3 Ma after the modeled instantaneous increase in 

erosion rate, the AHe closure isotherm has adjusted to within 0.5°C of the new steady 

state condition. We use this new thermal condition to recalculate the exhumation rates 

from Balsas and Sihuas, which are 0.19 ± 0.03 mm/yr and 0.25 ± 0.05 mm/yr, 

respectively (Fig. 4.6). They are slightly slower than originally predicted because 

faster advection of rock and compression of isotherms occurs due to the modeled 

increased erosion signal. Given the 200 km distance spanned between these two sites, 

we interpret this as a regional signal of enhanced exhumation driven by an increase in 

regional erosion rates, which in turn is possibly a coupled response to increased rock 

uplift rates. 

90



    Contrary to scattered Mesozoic-aged zircon cooling ages in the Sihuas and 

Balsas sections, the ZHe ages of the Rio Pampas transect show a Miocene cooling 

history. The three highest samples span ~20-13 Ma during the mid-to-late Miocene 

and cover an elevation difference of 350 m, yields an exhumation rate of 0.024 ± 

0.013 mm/yr, using the approach of Braun (2002a), which does not require any 

assumptions about thermal structure or cooling rate, but does assume that the thermal 

field did not change significantly during exhumation. However, the lowest sample 

yields a late Pliocene-Pleistocene cooling age of 2.7 ± 0.2 Ma and the youngest 

apatite age measured in this study, 2.0 ± 0.2 Ma. Taken together, the zircon and 

apatite ages from this transect indicate exhumation rates increased dramatically 

during the late Miocene or Pliocene. These very young ages are consistent with other 

thermochronologic data from the Cordillera Blanca region (Giovanni, 2007), and are 

most likely related to cooling after batholithic emplacement and rapid tectonic 

exhumation accommodated along the Cordillera Blanca Detachment Fault System 

(McNulty and Farber, 2002; Rousse et al., 2003; Giovanni et al., 2010). Regional 

magmatism in the Cordillera Blanca and Huayhuash Range to the south occurred in 

the Late Miocene, which Garver et al. (2005) suggest elevated geothermal gradients 

to ca. 40°-50°C/km regionally, and from ZHe and ZFT data, determine a cooling rate 

of 12-30°C/my. Applying these values, we calculate a range of possible exhumation 

rates from 0.60 – 0.88 mm/yr for our AHe data, and 1.26 – 1.84 mm/yr for our ZHe 

data (Fig. 4.6). These data, from the Rio Pampas, located at north of the Cordillera 
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Blanca Batholith, exhibit some of the fastest exhumation rates documented in Peru, 

which we believe are recording rapid exhumation accommodated by the Cordillera 

Blanca Detachment System. 

4.7 Discussion

 These new data document recent accelerations in exhumation in the central 

Peruvian Andes, specifically, i) in the Balsas and Sihuas transects, an increase in 

exhumation initiated prior to the late Miocene, and ii) in the Rio Pampas transect 

rapid exhumation initiated in the latest Miocene-Pliocene. A signal of accelerated 

exhumation can be accomplished by increased denudation, often coupled with 

increased rock uplift, or, a major thermal perturbation with associated cooling and 

denudation. We treat the data in the Rio Pampas section, which is in close proximity 

to the late Miocene-aged Cordillera Blanca Batholith, by applying an elevated 

geothermal gradient and fast cooling rates. However, there is little evidence to 

suggest the Rio Marañon corridor experienced any major thermal perturbations since 

the Miocene. Thus, we attribute the accelerated exhumation signal in the Sihuas and 

Balsas sites to enhanced erosional exhumation, coupled with rock uplift. We explore 

the following possible mechanisms that could be responsible for the accelerated rock 

exhumation we document: i) surface uplift driven by delamination of the lower crust, 

ii) rock uplift by increasing magmatism, iii) rock/surface uplift by lower crustal flow, 
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iv) tectonic exhumation associated with extensional tectonics and v) erosional 

exhumation associated with a regional climate change. 

 Lithospheric delamination typically produces surface uplift only, not 

necessarily requiring exhumation, therefore thermochronometers are unlikely to 

record the signal. However, as delamination is proposed to explain recent, rapid uplift 

of the Altiplano plateau (Garzione et al., 2008), it is an important mechanism to 

consider in the broader context of models for Andean orogenesis. In the central 

Peruvian Andes, delamination of the lower crust since the late Miocene seems 

unlikely, as this region has been characterized by flat-slab subduction, a lack of an 

active volcanic arc, and very low heat flow, suggesting an absence of hot 

asthenosphere at shallow levels (Henry and Pollack, 1988). Recently, Pelletier et al. 

(2010) show that the processes of eclogitic root production, delamination of the root, 

and climatically controlled surface erosion maintain a mass balance for crustal 

thickness. Given the tectonic and climatic variation between the northern Andes and 

the Central Andes, Pelletier et al. (2010) suggest that while delamination events are 

plausible in the Central Andes, high rates of erosion in the Northern Andes (i.e. 

central Peru) have lead to higher rates of mass removal thereby preventing eclogitic 

production and inhibiting delamination.  Other models for Andean uplift, such as 

increased magmatism and lower crustal flow also appear unlikely. The absence of a 

volcanic arc since the late Miocene rules out magmatism as an important recent 

process. Lower crustal flow, typically modeled as a low-viscosity material flowing 
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laterally away from the keel of the orogen in response to a topographic load (Bird, 

1991) does not fit the morphology of the north-central Peruvian Andes, where unlike 

the Tibetan Plateau (Clark and Royden, 2000) and the Altiplano (Husson and 

Sempere, 2003), is characterized by a narrow zone of high topography. Thus, 

magmatism, delamination and lower crustal flow all appear to be unlikely 

mechanisms for recent rock uplift in the Peruvian Andes.

 It has been noted that localized basins in the Western Cordillera of the 

Peruvian Andes exhibited active extensional tectonics in the Miocene, (i.e. the 

Cajamarca, San Marcos and Namora basins) (Bonnot et al., 1988; Bellier et al., 

1989), as well as the Cordillera Blanca mountain range (McNulty and Farber, 2002). 

Certainly, extensional tectonics like those observed along the Cordillera Detachment 

Fault System could produce an exhumation signal like we document in this study. The 

Rio Pampas site, just north of the Cordillera Blanca proper, we believe is recording 

the tectonic exhumation associated with Mio-Pliocene slip along the Cordillera 

Detachment Fault System. However, at present, there is no evidence for active or 

recently active extensional features east of the Western Cordillera, specifically, within 

the Rio Marañon corridor and we do not attribute the late Miocene accelerated 

exhumation signal in the Rio Marañon corridor to extensional features. 

 Increased precipitation to the northeastern Andean slope brought about by a 

regional climate change may provide a more plausible explanation for the accelerated 

exhumation signal we observe in the Rio Marañon sample sites. A shift to higher 
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erosion rates in the Eastern Andes in the mid-late Miocene is consistent with 

documented increases in sedimentation rates in the Amazon basin (Fig.uerido et al., 

2009; Uba et al., 2009), changes in stable isotopes in the Sub-Andean foreland 

deposits of the Chaco Basin, Bolivia (Mulch et al., 2010) and regional climate 

modeling that indicates the late Miocene was characterized by initiation and 

intensification of convective rainfall (Poulsen et al., 2010). These studies support the 

notion that regional climate change c.a. 8-10 Ma was characterized by 1) more 

intense convective precipitation along the eastern margin of the Andes, 2) increased 

orogenic erosion rates, and 3) higher sedimentation rates into the Amazon basin, 

which may explain the Miocene increase in exhumation rates we document in the Rio 

Marañon corridor of the Eastern Cordillera.  

4.8 Conclusions

 We show a regional acceleration in exhumation rates during the Miocene and 

Pliocene-Pleistocene in the north-central Peruvian Andes. This late Miocene pulse of 

rock exhumation is not accompanied by any of the thermal signatures expected from 

magmatism or lithospheric delamination and is more consistent with the timing of 

regional climate perturbations that brought increased precipitation to the region. 

While the active tectonic extension presently occurring along the Cordillera 

Detachment Fault System likely explains the exhumation signal we document in the 
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Rio Pampas site, we do not believe active extension is the driver of the exhumation 

signal we show in the two sites within the Rio Marañon corridor. We suggest a 

regional climate shift characterized by increased amounts and intensity of 

precipitation enhanced orogenic erosion and exhumation of the north-central Peruvian 

Andes. This scenario is consistent with both the acceleration in exhumation rates we 

show here, and the lack of a development of an over-thickened eclogitic root 

(Pelletier et al., 2010). Thus, in contrast to the Central Andes, where there is a similar, 

late Miocene timing of uplift and exhumation, the morphologic and tectonic history 

of the Northern Andes does not reflect any of the geodynamical mechanisms that 

have been proposed for the Altiplano, such as a delamination event, increased 

magmatism, or lower crustal flow, rather, the Northern Andes likely reflects 

orogenesis and along-strike relief growth through a strong coupling of tectonic and 

climatic forces.
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Figure 4.1: The Andean margin showing the trench axis, active 
volcanism and heat flow values (modified from Barazangi and 
Isacks, 1976; Henry and Pollack, 1988). The study area is denoted by 
the yellow dashed box (Fig 4.2).
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Figure 4.2: A DEM of the regional study area, highlighting the three study areas 
where apatite and zircon were sampled for (U-Th)/He thermochronology. The 
dashed line separate the following tectonomorphic provinces, the Western 
Cordillera (W.C.), the Eastern Cordillera (E.C.), and the Sub-Andean zone (S.A.). 
The Cordillera Blanca Batholith (C.B.) region is outlined in solid black.
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Figure 4.3A: Regional geology and zircon and apatite (U-Th)/He 
thermochronology results from the Balsas section of the Rio Marañon, shown as 
cooling age vs. elevation plots. 4.3B: Regional geology and zircon and apatite (U-
Th)/He thermochronology results from the Sihuas section of the Rio Marañon, 
shown as cooling age vs. elevation plots. The mean ages and error bars represent 
the mean weighted average of the measured single grains. Geologic map adapted 
from INGEMMET, 1998, Lima, Peru.
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Figure 4.4: Regional geology and zircon and apatite (U-Th)/He 
thermochronology results from the Rio Pampas section, shown as cooling age vs. 
elevation plots. The mean ages and error bars  represent the mean weighted 
average of the measured single grains. Geologic map adapted from INGEMMET, 
1998, Lima, Peru.
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Figure 4.5: Two end-member cases demonstrating position and shape of the 
closure isotherm with respect to topography and their respective schematic 
age vs. elevation relationships, AERs (adapted from Braun 2002b). 5A shows 
the case of a flat closure isotherm, which yields an AER with a slope that is 
the exhumation rate, and 5B shows the case of a closure isotherm that mimics 
topography perfectly, resulting in a vertical AER. 
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Figure 4.6: Calculated exhumation rates (in mm/yr) versus time (Ma) 
for all the sampled geologic sections. For the Rio Pampas ZHe section, 
the Braun (2002a) approach is applied, for all other sections, average 
regional age is used, with 2σ errors and time-averaged.
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Chapter 5.

Cenozoic exhumation of the Western Cordillera of the Peruvian Andes (5-12ºS)

5.1 Introduction

 The South American Andes form a large segment of the Circum-Pacific 

mountain system, spanning 60° of latitude from the equator to near the Antarctic 

peninsula.  Characterized by some of the worlds highest topography, a large plateau, 

and drastic precipitation gradients, the Andes provide an excellent natural laboratory 

for studying orogenesis and the interactions of processes responsible for the growth 

and decay of mountainous topography. 

 The Andes, considered the archetypal orogen of oceanic-continental plate 

convergence, have been produced by subduction of the Nazca plate under the South 

America plate, which initiated in the Jurassic (e.g. James, 1971). The high topography 

is organized along-strike into two major chains, the Western and Eastern Cordilleras; 

they diverge between 15 and 27ºS, flanking the Altiplano-Puna plateau, Earth’s 

second largest continental plateau (Fig. 5.1). Despite a subduction setting since the 

Jurassic, the topography of the Western and Eastern Cordilleras and the Altiplano-

Puna plateau has uplifted since the Eocene (Isacks, 1988, Allmendinger et al., 1997; 

Isacks, 1988; Sempere, 1990, Barnes and Ehlers, 2009). Active deformation is 

presently focused east of the Cordilleras along the Subandean zone which is 
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characterized by an active fold-and-thrust belt (Horton and DeCelles, 1997; Hermoza 

et al., 2005). While the general tectonic setting of the Andes is known, significant 

questions remain with respect to i) the timing and magnitude of the uplift of the 

Andes, ii) the mechanism(s) responsible for uplift, and iii) how the tectonically 

segmented nature of the orogen affects the nature, timing and magnitude of uplift and 

deformation. 

 Most recent work in the Andes has focused on Altiplano-Puna Plateau, and 

there remains disagreement as to the nature and timing of plateau uplift. Some studies 

support a period of very rapid uplift of the  between 10 and 4 Ma (Garzione et al., 

2008; Ghosh et al., 2006; Gregory-Wodzicki, 2000; Hoke et al., 2007; Lamb, 2011) 

whereas other suggests more steady uplift since Eocene time (Barnes and Ehlers, 

2009; McQuarrie et al., 2005). The timing of the uplift has direct bearing on the 

geodynamic models proposed to explain the development of the Altiplano. Presently a 

number of models have been suggested, including crustal shortening and thinning 

(Isacks et al., 1988); lithospheric delamination (Garzione et al., 2006; Kay and Kay, 

1993); lower-crustal ductile flow (Beck and Zandt, 2002; Husson and Sempere, 

2003); mass addition through sedimentation and magmatism (Lamb and Hoke, 1997) 

and the dynamic effects of the subducting oceanic lithosphere (Capitanio et al., 2011).  

However, it is unclear if the mechanisms important to driving uplift in one region will 

be equally as important in other regions of the range. Given the tectonic 

segmentation, morphological changes and structural deflections along-strike, it is 
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important to address regions outside the Altiplano region, in order to characterize 

Andean orogenesis holistically. In this paper, we quantify rates of crustal exhumation 

using low temperature thermochronology in the Western Cordillera of the Peruvian 

Andes between 5 and 12°S, and show that the timing and magnitude of exhumation in 

this region of the Andes is very similar to timings seen in the Central Andes, 

indicating an along-strike signal of Miocene rock exhumation that is not just 

restricted to the central Andean Altiplano region.

5.2 General Geologic Setting

5.2.1 The Andean Orogen of Peru

 In the Peruvian segment of the Andes, morphotectonic features occur in 

remarkably consistent parallel structural zones.  From west to east these are i) the 

Coastal Batholith associated with Mesozoic arc magmatism which has intruded into 

Precambrian metamorphic rocks and is overlain by Cenozoic continental sediments 

and volcanics, ii) folded and faulted Precambrian-Paleozoic low-grade metamorphic 

basement and minor intrusive rocks and iii) folded and faulted Mesozoic-Cenozoic 

marine and continental sedimentary deposits of the Sub-Andean fold-and-thrust belt 

(James, 1971; Cobbing and Pitcher, 1972; Megard, 1984; Sebrier et al., 1988; Lamb 

and Hoke, 1997) (Fig. 2).  

 In the Peruvian Andes between ~5°S-15°S, the tectonic chronology has been 

described in terms of five or more short, compressive pulses of activity separated by 
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longer periods of quiescence or extensional stress (Megard et al., 1984; Noble et al.,

1990; McKee and Noble, 1982). The first major phase of deformation recognized 

within the Peruvian Andes, the ‘Peruvian phase’ began ~85-70Ma, affecting the 

Paleozoic rocks of the eastern side of the Western Cordillera and was coincident with 

intense volcanism along the entire Andean arc (Megard, 1978). The deformation front 

propagated eastward in the Paleocene-Eocene ‘Incaic phases’ (I and II) which 

affected the Eastern Cordillera and produced the Marañon fold and thrust Belt, 

followed by the Miocene-Pliocene ‘Quechua phases’ (I, II, and III) that primarily 

affected the Eastern Cordillera and Sub-Andean zones (Megard, 1984; Noble et al., 

1990; Sebrier et al., 1988).  At present the major crustal deformation is focused along 

the Sub-Andean Fold-and-Thrust Belt (Hermoza et al., 2005; Horton and DeCelles, 

1997).

5.2.2 Orogen Morphology

 Morphologically, the Peruvian Andes are host to two major orogenic 

deflections, which are abrupt changes in the direction of major structures, the 

Huancabamba Deflection (~6°S) and the Abancay Deflection (~13.5°S) (Fig. 5.1; 

Thornburg and Kulm, 1981; Cobbing et al., 1981). Changes in subduction slab angle 

are also observed along the Andean margin, where shallower angles of subduction are 

associated with lack of active volcanism (Barazangi and Isacks, 1976; Hasegawa and 

Sacks, 1981; Pilger, 1981). Between 5°N and 2°S the subducting slab dips at 35° and 
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represents a sector of  “normal” subduction with active volcanism. At latitudes 5°S 

-14°S, in the Peruvian segment, the location of the Wadati-Benioff zone indicates that 

the Nazca Plate initially descends to a depth of 100 km at an angle of 30° before 

extending horizontally to the east for several hundred kilometers. Between 14°S and 

16°S, the angle of subduction abruptly increases to 30° and active volcanism is 

present. The location of this change in subduction angle and coincides with the map 

position of the Abancay deflection, but how the two are linked is unknown. 

 Several explanations have been suggested to explain the Peruvian flat slab 

region, including intraplate hydrostatic suction (Jischke, 1975), subduction of young 

and buoyant lithosphere (Wortel and Vlaar, 1976; Cloos, 1993; Abbott et al., 1994), 

the curvature of the Andean margin (Cahill and Isacks, 1992; Gephart, 1994), and the 

presence of a buoyant oceanic plateau that has subducted along with the Nazca Ridge 

(Gutscher, 1999). While these hypotheses may explain some of the observations in 

the Peruvian segment, they are not necessarily applicable of other to flat subduction 

zones around the globe.  Thus, it remains enigmatic not only how flat slab subduction 

lithosphere evolves, but how it may affect crustal thickening, the development of 

geologic structures, and orogenic uplift. 

 Slab geometry is known to change through time, in the Central Andean 

segment, which currently is characterized by 30°, “normal” angle subduction, 

experienced a flattening ca. 30-35Ma, and after 10m.y. of flat-slab style subduction, 

asthenospheric corner flow presumably resumed at ca. 21-25Ma (Haschke et al., 
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2006; Hoke and Lamb, 2007). Based on the presence of an active volcanic arc until 

about 7-10 Ma, is thought that flat slab subduction in the Peruvian segment initiated 

in the Late Miocene (Coira et al., 1982; Jordan et al., 1983). 

 
5.2.3 The Coastal Batholith of the Peruvian Segment

 The Western Cordillera of Peru is flanked by the ~1600 km long Coastal 

Batholith, which represents the major phase of Mesozoic magmatism (Fig. 5.2; 

Cobbing and Pitcher 1972, Myers 1976, Pitcher and Bussell 1977). Over 1000 

plutons have been mapped, consisting mainly of tonalite, with diorite, granodiorite 

and granite. The ages of intrusion range from 100-37Ma (Cobbing and Pitcher, 1972; 

Mukasa, 1986; Atherton and Petford, 1996). Unlike other major batholiths in other 

orogens, (e.g. the Sierra Nevada Batholith of the Western U.S.) the Coastal Batholith 

of Peru is not thought to be the unroofed plutonic root of a volcanic arc. Instead, as 

the Coastal Batholith lies along a major trench-parallel crustal-scale lineament, and 

crops out almost entirely within the mid-Cretaceous marginal basin. The basin is 

thought to have been formed by rifting of continental crust and filling with ~10km of 

basaltic rocks (Atherton et al., 1985). Shallow melting of these basaltic rocks at the 

bottom of the basin resulted in the formation of the magmas of the Coastal Batholith 

(Atherton, 1990, Haederle and Atherton, 2002). Melting was induced by major 

basaltic dyke swarms that produced anomalously high heat flow (Atherton 1990). As 

large amounts of magma were rapidly produced, they quickly intruded up fractures 

parallel to the plutonic crustal-scale lineament, then horizontally to form a thin 
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tabular geometry, within the marginal basin basaltic rocks, suggested by gravity 

modeling (Haederle and Atherton, 2002). Haederle and Atherton (2002) also show 

that the present lower bound of the batholith does not extend deeper than 3km. While 

this mid-Cretaceous marginal basin extends nearly 10,000km from Columbia to south 

Chile (Aguirre et al., 1989), and Cretaceous plutons intrude in many places, the 

Coastal Batholith of the Peruvian segment is among the best studied and thoroughly 

described (Cobbing and Pitcher, 1972; Pitcher and Bussell, 1977; Atherton, 1985; 

1990).

 Early workers described a major period of uplift from the Late Cretaceous 

through early Tertiary in the forearc, including the Coastal Batholith, (Atherton and 

Petford, 1996). In Southern Peru, it is noted that the presence of cobbles of batholithic 

rocks in the lower Moquegua formation provides evidence that at least some 

unroofing of the batholith, occurred by the Oligocene, requiring a phase of 

exhumation and uplift by this time  (Huaman, 1985; Roperch et al., 2006). More 

recent work in Southern Peru calls for up to 3km of uplift of the forearc since ~10Ma, 

from quantification of canyon incision (Schildgen et al., 2007; 2009a,b; Gunnell et 

al., 2010). 

5.2.4 Western Cordillera of Peru: Previous low-T Thermochronology

 Low-temperature thermochronology is a helpful tool to deconstruct uplift and 

exhumation histories, canyon incision rates and magnitudes, as well as explore the 
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thermal history in an orogenic belt. In the Western Cordillera of Peru, it has been 

applied to investigate along-strike exhumation histories in an attempt to image the 

effect of the subducting Nazca ridge along the margin of Peru (Wipf, 2006), to 

quantify canyon incision rates to infer magnitudes of Altiplano surface uplift in 

Southern Peru (Schildgen et al., 2007; 2009a,b; Gunnell et al., 2010) and to provide 

insights on past thermal gradients in this region (Gunnell et al., 2010). Wipf (2006) 

use zircon and apatite fission track (ZFT and AFT) and apatite (U-Th)/He (AHe) from 

lower elevations (<600m) in the forearc to investigate rates of exhumation along-

strike from 5°S to 15°S.  They show that ZFT ages range between 130 and 45Ma with 

a cluster between 80 and 60Ma, and AFT ages lie between 124 and 24Ma. There is 

little variation in along-strike age spectra, thus, Wipf (2006) concludes the AFT and 

ZFT systems are not sensitive enough to detect changes in exhumation rate due to the 

subduction of the Nazca ridge. However, few AHe ages show a weak correlation with 

location of the ridge, and thermal modeling shows a small increase in exhumation 

after 10Ma in the vicinity of the Nazca ridge (Wipf, 2006). 

 A suite of thermochonometers (AFT, ZFT, AHe and ZHe) as well as thermal 

modeling and other geologic and geochronologic evidence have been used to explore 

the tectonic and incision histories of the Cotahuasi-Ocona and Colca-Majes canyons 

of the forearc in Southern Peru (~16°S) (Thouret et al., 2007; Schildgen et a., 2007; 

2009a,b; Gunnell et al., 2010). While regional uplift was occurring by 24Ma (Gunnell 

et al., 2010), the modern-day deep canyons experienced a large magnitude of canyon 
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incision (2.4-3km) from ~14 - 2.2Ma (Schildgen et al., 2009a). Thus, it is thought that  

the rapid canyon incision is a response to dramatic uplift of the Altiplano-Puna 

plateau at this time (Thouret et al., 2007; Schildgen et a., 2007; 2009a,b; Gunnell et 

al., 2010).

 Here, we quantify crustal exhumation recorded by apatite and zircon (U-Th)/

He thermochronology along three E-W transects along three river canyons in the 

Western Cordillera of Peru at 5, 8 and 12°S, all within the ‘flat slab’ portion of the 

north-central Peruvian Andes. We show that fast exhumational signals characterize 

the higher relief sections of the river canyons, a similar pattern that is observed 

elsewhere, in the Southern Peruvian Andes (Schildgen et al., 2007). Finally, we 

explore the implications of these results in the context of models of Andean uplift. 

5.3 Methods

5.3.1. Apatite and Zircon (U-Th)/He thermochronology

 Low-temperature thermochronometer systems measure cooling due to 

exhumation. In this study, we use both apatite and zircon (U-Th)/He 

thermochronology, closure temperatures of 60ºC, (Farley, 2002) and 180ºC (Reiners 

at al., 2005), respectively. Apatite and zircon (U-Th)/He thermochronometers (AHe 

and ZHe, respectively) are sensitive to changes in erosion rates, thermal 

perturbations, and changes in topography, and thus are ideal for the study of growth 

and decay of orogens (e.g. Stockli et al., 2000; Ehlers and Farley, 2003; Reiners and 
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Brandon, 2006). In these isotopic systems, radiogenic helium produced by alpha 

decay diffuses out of the mineral at high temperatures, but below it’s closure 

temperature (Dodson, 1973), 4He is retained. The time since the sample cooled 

through the closure isotherm is referred to as a cooling age. Cooling ages are 

calculated from the measured ratios of 4He/3He, and parent isotopes of U, Th and Sm 

(Farley, 2000; Reiners et al., 2004), and we apply an alpha ejection correction based 

on mineral volume and shape (Hourigan et al., 2005).  

 In this study, we measure both AHe and ZHe cooling ages for every hand 

sample, provided there are quality grains of each, and sample along an along-valley 

transect. This approach is especially powerful, because it gives us the ability to detect 

both spatial and temporal changes in exhumation. 

5.3.2 Crustal thermal assumptions

 The common approach to analyzing sampled transects of thermochronometers 

is an age vs. elevation profile, however, the long-wavelength monocline topography 

that characterizes the forearc is more consistent with isotherms have fully adjusted to 

the topography and there is thus little information to be extracted from the age vs. 

elevation approach (Braun, 2002). In this study, the large spatial distance over which 

we sample in two of the three canyons requires some consideration of laterally 

changing thermal fields, due to the likely changes in geothermal gradient moving 

away from the oceanic trench, toward the internal part of the range. This effect is 
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greater in regions of the orogen where there is an active volcanic arc and normal 

angle subduction, which permits asthenospheric corner flow (Gutscher et al., 2000). 

Due to the complicated history of changing slab angle along the Andean margin 

throughout the Miocene, it is critical to consider the thermochronologic cooling ages 

in the thermal field that most likely represents the region during the time of cooling 

that the thermochronometers capture. The leading hypothesis for flattening of the slab 

in the Peruvian segment involves the subduction of the aseismic Nazca ridge, the 

timing of which is also coincident with the cessation of magmatism in Peru, which 

occurred at the latest by 5Ma (Leeman, 1983; Gutscher et al., 2002). Because the time 

span over which the thermochonometers we sampled represents Oligocene through 

Late Miocene cooling, the thermal conditions that existed during this time most likely 

resembled the conditions that presently characterize the central Andean segment. 

 We apply the boundary conditions of the thermal field of Springer (1999) who 

fit a cross-sectional thermal model of the the Andean subduction margin at 21ºS to 

measured modern heat flow data. Springer’s model used fixed thermal boundary 

conditions and typical values of lithospheric density, thermal conductivity, diffusivity, 

specific heat, radiogenic heat production, lithospheric thickness and plate velocities to 

vary subduction angle and plate shear stress in order to fit the heat flow data at 21ºS. 

Schildgen et al., (2009b) also applied Springer’s (1999) 2-D thermal model in 

southern Peru where they used a range of basal crustal boundary conditions of 

110-400ºC at 60km depth at the coast, and a lateral temperature gradient of 
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10.5-15ºC/km inland along the 60km depth, to a maximum of 1400ºC in the orogen 

interior. Here we test a similar range of values to predict a range of geothermal 

gradients used to calculate the depths to closure of the apatite and zircon (U-Th)/He 

thermochonologic systems.

5.3.3 LA-ICP-MS U-Pb zircon geochronology

 While extensive studies of the geochronology of the Coastal Batholith have 

been conducted (e.g. Cobbing and Pitcher, 1972; Pitcher and Bussell, 1977; Atherton, 

1985; 1990), not every individual pluton has been dated. We dated the crystallization 

U-Pb ages on several of the samples used for thermochronologic analysis, in order to 

better inform our assignment of a thermal field. Magmatism elevates the thermal 

field, and it important to our thermochronologic interpretation to understand the past 

thermal structure of this area, on a local and regional level. In situ laser ablation-

inductively coupled plasma-mass spectrometry (LA-ICP-MS) was conducted on 

seven rock samples, where 14-17 individual zircon grains were analyzed at the UCSC 

LA-ICP-MS laboratory, which couples a Thermo Element XR single-collector ICP-

MS to a Photon Machines Analyte 193H ArF excimer laser ablation system. Analyses 

included 26um spot-sizes, 30 seconds of baseline data collection followed by 30 

seconds of on-peak data collection. The ablated zircon material is carried from the 

ablation cell by helium gas, mixed with argon sample gas and injected into an 

inductively coupled plasma stream where it is measured using the XR single-collector 
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ICP-MS. Data reduction was conducted using Iolite, a free software available on the 

Igor Pro platform (Paton et al., 2011) where downhole fractionation and common-Pb 

corrections were made.

5.4 Results

 We sampled three E-W along-valley transects: 1) at 5ºS, which we call the 

Morropan transect; 2) at 8ºS, the Rio Moche transect; and 3) 12ºS, the Rio Rimac 

transect (Fig. 5.3; Appendix 5.1). All samples were bedrock and taken from the 

Coastal Batholith lithologies, to ensure high quality zircon and apatite separates. The 

river valleys sampled increase in maximum relief from the north to the south. The 

elevations of the sample localities ranged from 217 to 2234 m.a.s.l., and the distances 

from the coast ranged from 20 to 125 km inland. We have derived the mean (U-Th)/

He cooling ages from the analysis of 4-6 individual grains of zircon and apatite (ZHe 

and AHe, respectively), as well as the range of predicted cooling rates given our 

thermal assumptions (Fig. 5.4). 

5.4.1 Morropan

  At Morropan, the morphology of the coast differs from the two southern 

transects; the topographic front lies 100km inland from a wide coastal plain. The 

Morropan transect extends for only 5km and comprises four samples which were 

collected along a small river valley, from 326-791m.a.s.l. The canyon walls ascend to 

2000 m.a.s.l. proximal to the samples while the highest elevations in the catchment 
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area top out around 3000 m.a.s.l. The small areal extent of this transect was limited by 

the available outcrops of the plutonic lithologies of the batholith. Four samples 

yielded quality zircons, but unfortunately no quality apatite grains. Zircon ages lie 

within a small range, 36.6 ± 6.1Ma, 33.6 ± 4.1Ma, 37.4 ± 5.1Ma, 33.5 ± 5.6Ma (from 

low to high elevation, Fig. 5.3A). The U-Pb zircon ages for three of the four samples 

are 45.3 ± 0.8Ma, 50.0 ± 1.7Ma, and 50.5 ± 0.8Ma (Fig. 5.3D). 

5.4.2 Rio Moche

 The Rio Moche is an E-W oriented river that drains to the Pacific ocean just 

south of the city of Trujillo. Here, we collected seven along-valley samples over a 

range of 20-50km inland from the coast, at elevations of 217 - 2191m.a.s.l. The 

average elevation of the canyon rim in the catchment headwaters is 3.5km. All seven 

of the bedrock samples were taken from batholithic rocks, yielded quality zircons and 

in three samples we were able to recover high quality apatites. The ZHe ages 

exhibited no distinguishable pattern with either elevation or distance from the coast. 

The range of ZHe ages is 20.9 ± 2.4Ma at the youngest, and 29.2 ± 2.6Ma at the 

oldest. The apatite separates also did not produce a convincing age spectral pattern 

with either elevation or distance from the coast, as the three mean ages, from west to 

east are 8.4 ± 0.8Ma, 14.8 ± 1.6Ma and 13.6 ± 3.7Ma (Fig. 5.3B). In addition, four 

samples were dated for U-Pb analyses, and the ages are similar; from west to east 

they are, 30.6 ± 1.6, 30.0 ± 0.6, 31.1 ± 0.8, 31.5 ± 0.7 (Fig. 5.3E)
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5.4.3 Rio Rimac

 The Rio Rimac is also an orogen perpendicular river draining to the Pacific 

ocean, through the city of Lima, Peru. In this drainage, the along-valley sampled 

transect extends from 35km inland from the coast at 635m.a.s.l to 80km inland from 

the coast at 2234m.a.s.l. The surrounding canyon rim is perched at 4.5km with a 

maximum canyon relief of 2.8km. In this river canyon, we collected six bedrock 

samples, five of which yielded quality zircons and four of which produced quality 

apatites. Unlike the other two transects, both the ZHe and AHe cooling ages show a 

clear spectral pattern of younging-inland. The ZHe ages, from west to east are 48.7 ± 

3.3Ma, 26.1 ± 7.6Ma, 14.4 ± 0.7Ma, 9.3 ± 3.5Ma and 9.3 ± 0.9Ma. The AHe ages, 

also reported up river, are 10.5 ± 1.9Ma, 8.1 ± 1.1Ma, 6.8 ± 3.9Ma and 4.4 ± 2.5 Ma 

(Fig. 5.3C).  In addition, three samples were dated for U-Pb analyses, and the ages 

from west to east are, 84.4 ± 3.7, 85.8 ± 1.6, and 23.1 ± 3.2 (Fig. 5.3F).

5.5 Discussion

5.5.1. Along-valley sampled bedrock transects

 We discuss each of the three along-valley bedrock transects, from north to 

south, the modeled exhumation rates, and then discuss implications for regional uplift 

models.

5.1.1. Morropan transect
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 Due to the proximity of sample locations, as all four samples only span five 

kilometers of distance and less than 500m in elevation difference, it is not surprising 

that the data yield the same cooling ages, within error. Thus, we treat this area as a 

small crustal block that has experienced the same exhumation history. The range in 

geothermal gradients predicted by the thermal field applied are 26.8-27.9ºC/km, 

corresponding to closure depths of 6.4-6.9km (Fig. 5.4), predicting exhumation rates 

for these samples range from 0.13-0.22mm/yr, which are a time-averaged rate since 

passage through the zircon closure temperature c.a. 35Ma, and we are unable to 

determine accelerations of decelerations of exhumation rate over this time period. 

 However, Pleisotocene-Holocene denudation rates from basin-averaged sand 

samples using cosmogenic radionuclides in the nearby Rio Piura are of a similar 

scale, from 0.09-0.3mm/yr (Abbuhl et al., 2010). Thus, while our data do not permit 

us to explore temporal changes in exhumation rate, the modern denudation rates 

match the time-averaged exhumation rates very well, indicating that on short and long 

timescales, it’s possible the landscape has been somewhat close to steady state, with 

roughly 7km of erosion in the past ~35Ma. 

5.1.2 Rio Moche transect

 In the Rio Moche transect, located at 8ºS, we analyze seven ZHe ages and 

three AHe ages, and unlike the Morropan transect, are able to spatially and temporally  

resolve changes in exhumation rates. Using the range of thermal boundary conditions 
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explained above, geothermal gradients are estimated at 20-26ºC/km, and closure 

depths for the ZHe cooling ages range from 9.8 to 6.7km, and 2.3-2.4km for AHe 

(Fig. 5.4). These values correspond to exhumation rates ranging from 0.16-0.34mm/

yr, and record a deceleration in cooling rates recorded by the AHe ages in the mid-to-

late Miocene. We explore two possibilities, that the decrease in cooling is due to a 

changing thermal gradient, or a deceleration in exhumation, which could be due to 

slowing erosion rates.

 As the cessation of magmatic intrusions in the Coastal Batholith occurred by 

30Ma, it is reasonable to assume that thermal conditions changed at this time, perhaps 

cooling to the thermal field similar to what we see in the modern. We use a range of 

geothermal gradients from 12-15ºC/km as a first order test to interpret the three AHe 

ages in this transect. The three sampled ages span 7km of along-valley distance and 

over 700m in elevation. From coast to inland, the ages are 8.4 ± 0.8Ma, 14.8 ± 1.6Ma 

and 13.6 ± 3.7Ma, resulting in exhumation rates of 0.29 - 0.55mm/yr, where the 

fastest rate is derived from the youngest age. Ignoring for a moment this young 

sample, we see similar exhumation rates  for both the AHe and the ZHe exhumation 

data from this proposed changing thermal condition. If this is a realistic thermal 

adjustment to make, we image relatively constant exhumation of ~0.3mm/yr since 

~25Ma to the present, on the order of a total of ~7.5km of erosion since the late 

Oligocene-early Miocene. 
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 One way rapid exhumation or uplift in the early Miocene might be induced is 

by changes in the subducting slab angle, and the subduction of the buoyant Nazca 

ridge. However, It is thought that the angle of subducting lithosphere in the Peruvian 

segment was occurring at a normal, 30º angle prior to 7-10Ma. Thus, the timings of 

these tectonic events does not correlate with the enhanced exhumation rates we see at 

25-14Ma., The Nazca ridge is calculated to have impacted the coast at 8ºS at 8Ma 

(McNulty and Farber, 2000), well after the supposed deceleration in exhumation. 

Finally, it is worth examining the extent to which changes in the climate of the forearc 

could produce the signal we find. Modern climate produces extremely low 

background denudation and weathering rates, however, it is possible that during the 

early Miocene, the orogen experienced an accelerated exhumation signal due to 

enhanced, focused precipitation. It is difficult to evaluate this scenario, as regional 

paleoclimate in the Western Cordillera of the central Peruvian Andes is not well 

constructed prior to the Late Miocene. The onset of hyperaridity for northern Chile is 

estimated to have existed since 25 Ma from cosmogenic radionuclide exposure ages 

(Dunai et al. 2005). However, others estimate hyperaridity onset at 19-13 Ma (Rech et 

al. 2006), between 14.7 and 8.7 Ma (Alpers and Brimhall 1988) and as recent as ~4 

Ma (Hartley, 2003). In Late Miocene time, it is proposed that convective rainfall 

increases on the eastern flank of the Andean orogen (Mulch et al., 2010; Poulsen et 

al., 2010). Without direct evidence for a climate change in the Western Peruvian 

Andes between 25 and 14Ma, climate change is not a convincing explanation for the 
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window of possible accelerated exhumation.  As there are few convincing geological 

or geophysical explanations to explain a scenario of rapid exhumation from 25-14Ma, 

and slowing by a factor of 2-4 from 14-0Ma, we favor the explanation that the 

thermal field has not been constant since the Oligocene, due to an elevated thermal 

field resulting from Oligocene-aged intrusives, and that exhumation of the orogen at 

this locality has been more or less constant since ~25Ma.

5.1.3 Rio Rimac transect

 
 The Rio Rimac transect lies east of the major city of Lima, Peru, at about 12ºS 

in latitude, our most southern field location. Here, analyzing both ZHe and AHe 

cooling ages enhance our interpretation. The sampled distance of 45km of the along-

valley transect is the longest transect of our three, affording the ability to quantify 

exhumation spatially. Here we see a strong trend in both the ZHe and AHe age 

spectra. Ages young inland, from 48.7 ± 3.3Ma to 9.3 ± 0.9Ma from the ZHe data and 

10.5 ± 1.9Ma to 4.4 ± 2.4Ma from the AHe cooling ages (Fig. 5.3). Using the initial 

thermal boundary conditions explained above, geothermal gradients are predicted to 

range from 15-24ºC along this 50km along-valley transect. The corresponding closure 

depths, range from 10.5-7.5km (coast to inland) for the ZHe ages and 2.9-2.1km 

(coast to inland) for the AHe ages (Fig. 5.4C). These spatially variable exhumation 

rates are, by definition, temporally variable as well, as the wide spread in cooling 
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ages limits the information available; i.e. a 9.3Ma ZHe cooling age cannot constrain 

the exhumation rate prior to this time period at this location. 

 However, the pattern of inland-younging ZHe and AHe ages is significant and 

seen as well in the Colca-Majes and Cotahausi-Ocona canyons in Southern Peru, 

where it was interpreted as a signal of late Miocene upstream propagating canyon 

incision (Schildgen et al., 2007). This incision in southern Peru is believed to be a 

direct response to uplift of the margin and the Altiplano (Schildgen et al., 2007; 

2009b; Gunnell et al., 2010). 

  While the general trends of ages in the Rio Rimac, at 12º and the Cotahausi-

Ocono canyon at 16ºS are similar, a major difference between the two datasets is the 

average cooling ages. Schildgen et al. (2007) report ZHe ages of 43-158 Ma and AHe 

ages of 5.3-72.5 Ma, over similar elevations and similar distances from the coast as 

our data from the Rio Rimac. The much younger ZHe ages in the Rio Rimac transect 

imply that while Southern Peru experienced slow exhumation during the Mesozoic 

and early Cenozoic, until the late Miocene when canyon incision accelerated crustal 

cooling, the Rio Rimac transect at 12ºS is characterized by at least 0.15 mm/yr of 

exhumation starting in the Eocene. 

 We calculate a significant increase in the exhumation rate since the mid-to-late 

Miocene from 0.23mm/yr (40km from coast) to 0.74mm/yr (80km from coast) in the 

ZHe cooling ages, and 0.3mm/yr (50km from coast) - 0.52mm/yr (80km from coast) 

in the AHe cooling ages. Taking the three most-inland samples and their ZHe-AHe 
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pairs together, this implies a short period of rapid exhumation followed by a slowing 

signal for the three sample pairs (Fig. 5.4). Additionally, the signal of faster 

exhumation propagates up valley, occurring from 14.4 - 8.1Ma (RMC10-3), 9.3 - 

6.8Ma (RMC10-2) and 9.3 - 4.4Ma (RMC10-1). 

 These exhumation rates are extremely rapid for this part of the Andes, and 

represent ~7.5km of exhumation in the upper reaches of the Rio Rimac, since 14Ma. 

Due to the absence of geologic indicators such as easily dated, undeformed volcanic 

units that provide bounds on timing of canyon incision, we are cautions to relate the 

magnitude of crustal exhumation we show solely to canyon incision, and surface 

uplift. In fact, the maximum relief of the Rio Rimac canyon in the sampled area is 

3.8km. Even given the end member case where topography was flat in the early 

Miocene and surface uplift and associated canyon incision was entirely responsible 

for the exhumation documented here, this would only account for 3.8km of 

exhumation, of the 7.5km we show. 

 We explore two possible scenarios to explain the extremely young cooling 

ages we find in the upper reaches of the Rio Rimac valley. One, we suggest that 

perhaps background exhumation rates were much higher, due to a more actively 

eroding margin. Two, we test the idea that the exhumation signal shown here is 

largely due to a falling geothermal gradient. Schildgen et al. (2009b) use background 

exhumation rates of 0.03 - 0.07mm/yr to their data in Southern Peru, as the Atacama 

desert of Southern Peru is not only currently one of the driest places in the world but 
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appears to have experienced negligible erosion and weathering for at least the last 

7Ma. This is in part due to the orographic effect of the Central Andes and Altiplano-

Puna Plateau, which were at least 2km high in the mid-Miocene according to the most 

conservative models (Garzione et al., 2008), and possibly higher (Barnes and Ehlers, 

2009). However, the paleotopography of the Eastern Cordillera of Peru between 5 and 

12ºS is poorly understood. It is possible that lower elevations permitted more 

moisture to the forearc in the north-central Peruvian Andes, resulting in higher 

background erosion and denudation rates. If we apply a background erosion rate of 

0.20mm/yr, this accounts for ~3km of exhumation since the mid-Miocene (14Ma), 

requiring that ~4km of additional exhumation was accomplished by incision of the 

Rio Rimac, which is reasonable given the calculated exhumation rates. 

 Alternatively, we assume that topography has roughly been in steady state 

since ~14Ma and attribute the exhumation signal fully to a falling geothermal 

gradient. Garver et al. (2005) interprets Miocene-aged ZFT and ZHe data from the 

Cordillera Huayash as recording a falling geothermal gradient from 40-50ºC/km in 

the late Miocene, due to intrusion of the Cordillera Blanca to the south. For example, 

a geothermal gradient of 40ºC/km that falls to 15ºC/km, would record 7.5km of 

exhumation in the ZHe system, but require some erosion to exhume the thermally 

perturbed rocks to the surface. However, given that the major pulse of magmatism in 

this area occurred by 80Ma (Mukasa, 1986), and only isolated plutons exist in this 
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region to be much younger, a geothermal gradient decrease of that magnitude is 

surprising and unlikely, especially since last 14Ma. 

 

5.6 Conclusions

 The Andes are a long-lived subduction margin, but interestingly, their uplift is 

a more recent phenomenon. The mechanism(s) that caused the uplift as well as the 

timing of uplift are a subject of current debate. Further, models for Andean uplift have 

largely focused on data from the central Andean Altiplano region, and it is unclear 

how and if the northern and southern Andes fit in with these models for uplift of the 

plateau. In quantifying exhumation rates from the Coastal Batholith of the Western 

Cordillera, aided by thermal constraints from intrusion ages and a modeled thermal 

field, we show that the forearc of Peru has exhumed relatively consistently along-

strike and in time, at rates of 0.2-0.3mm/yr. The interesting exception is in the upper 

part of the Rio Rimac, which has experienced fast cooling since the mid-Miocene. We 

suggest a combination of background exhumation rates of ~0.15mm/yr and focused 

river incision to account for this exhumation. The rates of cooling and age spectra in 

the Rio Rimac show a similar pattern as those presented in the Cotahuasi-Ocona and 

Colca-Majes canyons (Schildgen et al., 2007; Schildgen et al., 2009a,b; Gunnell et al. 

2010). This is an intriguing result, as those authors explain the rapid cooling signal by 

fast canyon incision due to uplift of the Altiplano Plateau. Our data at 12º show a 

similar signal, yet this region along the Andean margin is characterized by a distinct 
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lack of the broad-plateau topography that is observed to the south. Perhaps the uplift 

signal seen in Southern Peru along the flanks of the Altiplano is not recording isolated 

uplift of the Altiplano only. Taking these studies together, we suggest that a regional, 

along-strike signal of significant uplift along the Peruvian margin characterized the 

Western Cordillera of the Andean margin since the early-to-mid Miocene. 

 Further, the region of study in this paper lies entirely within the Peruvian flat-

slab zone. The tectonic segmentation of the Andes has inspired models for its 

formation (Isacks, 1988; Husson and Sempere, 2003; Lamb and Davis, 2003; 

Capitanio et al., 2011). We show here, similar timings of crustal exhumation in the 

flat-slab north-central Peruvian Andes margin, compared to the Southern Peruvian 

margin within the region of normal angle subduction and active arc. While we cannot 

rule out the importance of late Miocene lower crustal flow and lower lithospheric 

removal in the Central Andes, it is unlikely these mechanism operated in the flat-slab 

setting of the Peruvian Andes, which is inferred to have existed since the late 

Miocene. Very low values of crustal heat flow do not support the thermal signals 

typically seen in areas that permit lower lithospheric delamination (Henry and 

Pollack, 1988), and while the crust is relatively thick in the north-central Peruvian 

chain (~50-60km thick), a narrow (<200km) band of high topography does not fit the 

morphology of crustal models that predict lateral flow in the mid-to-low crust (e.g. 

Bird, 1991; Clark and Royden, 2000). Thus, if there is a unifying mechanism that is 
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facilitating uplift of the Andes since the mid-Miocene, it is must be a mechanism that 

operates similarly across the tectonic and morphological segmentation of the Andes. 
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Figure 5.1. Shows the morphotectonic zones of the northern and central South 
American Andes. Elevation above 1500km is shown in gray, red triangles 
represent active volcanic centers; WC=Western Cordillera; EC=Eastern Cordillera; 
AP=Altiplano; P=Puna; SA=Sub Andean Fold and thrust belt; SB=Santa Barbara 
fold and thrust belt; SP=Sierra Pampenas fold and thrust belt. Flat slab zones are 
marked in between the dashed lines. 
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Figure 5.2. All Cenozoic batholithic rocks shown on a DEM of the Peruvian 
Andes. Black boxes show field areas. Modified from Cobbing et al., 1977.
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Figure 5.3. Apatite and zircon (U-Th)/He and zircon U-Pb results for all three 
sampled locations. In A, B and C, the cooling ages are plotted with respect to 
elevation. In D, E and F, the cooling ages are shown as distance from coast 
along the valley bottom. 
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Fig. 5.4. DEMs of each sampled transect showing location of samples. 
Colors represent corresponding location of sample in the closure 
depth-time- space. Solid colored boxes show depth-time data from 
ZHe cooling ages, where hollow boxes show depth-time data from 
AHe cooling ages. 
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Chapter 6. 
Conclusion

6.1 Goals

 The main goals of this thesis are:

 1) To test models of Andean orogensis by quantifying rock exhumation, using 

low-temperature thermochronology, and develop a model of regional uplift in the 

north-central Peruvian Andes (Chapters 4 and 5).

 2) To investigate early Andean topography and tectonics, by using detrital U-

Pb zircon geochronology in the Cretaceous back-arc basin of the Andes, which now 

occupies the Eastern Cordilleran spine of the Andean Orogen. (Chapter 3).

6.2 Summary of Findings

 Prior to this work, thermochonologic studies in the Peruvian Andes were few 

and spatially confined. From six sites in the Peruvian Andes between 5 and 12°S, we 

use both apatite and zircon (U-Th)/He thermochronology to determine rates and 

timings of crustal cooling due to exhumation. These sites lie within different 

tectonomorphic and geologic regions of Peru, from the Mesozoic Coastal Batholith of 

the Western Cordillera, to the Cordillera Blanca Batholith region to the Marañon 

corridor of the Eastern Cordillera. In this work, we find:
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i) Slow cooling throughout the Mesozoic, and plausible partial retention of He from 

zircon (U-Th)/He thermochronometers in the Rio Marañon corridor from two sample 

sites that span several kilometers of elevation. Apatite (U-Th)/He ages from the same 

samples in these sites records late Miocene cooling. Taking these two systems 

together, we image a regional acceleration in rock exhumation increasing by roughly 

and order of magnitude, from ~0.04mm/yr to 0.25mm/yr by late Miocene time. 

ii) A shift from Paleozoic basement to Amazon cratonic sources from detrital U-Pb 

zircons within the Cretaceous sandstones of the Marañon fold-and-thrust belt. The 

source shift most likely results from subsidence and burial of the Marañon High, 

which changes fluvial and eolian sources from the Marañon High to the cratons of the 

Amazon shelf. This provenance change is show in two sample sites, at 6.5 and 8.5°S, 

indicating that if local basins were isolated, they were fed by the same sources. 

iii) a Miocene rock cooling signal using both zircon and apatite (U-Th)/He 

thermochronologic systems in the Coastal Batholith of the Western Cordillera in Peru, 

from three sites at 5, 8 and 12°S, while U-Pb zircon geochonologic ages on the same 

samples vary from late-Cretaceous to Oligocene. In the site at 12°S, along the Rio 

Rimac, the age spectra displays younging orogen-ward, indicating a spatial gradient 
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in exhumation, where faster rock exhumation occurs in the internal part of the orogen, 

compared to the coast.

 The thermochronologic findings of this dissertation provide the first 

regionally extensive study in north-central Peru using multiple low temperature 

chronometer systems. We image a previously undocumented acceleration in regional 

rock exhumation rates in the Marañon Corridor of the Eastern Cordillera. In spite of 

structural and stratigraphical studies that assign the major deformation pulse of the 

Eastern Cordillera to Eocene time, from this data, we show that rock exhumation 

rates were actually slow during the Eocene. U-Pb detrital zircon provenance from the 

Cretaceous aged-sandstones and quartzite samples from the Marañon sample sites 

confirms that the ZHe cooling ages are not reflecting unreset ages, rather, partial 

retention of He near the closure depth of Zr. Thus, in piecing together the time-

temperature history of the Marañon fold-and-thrust belt from the Cretaceous to the 

present, we document cratonic sources sources for the Marañon (West Peruvian 

Trough) basin, accompanied by subsidence of the Paleozoic-aged Marañon High. 

Despite active subduction and an active magmatic arc to the west, the back-arc basin 

remained near sea level until the Tertiary. During the Eocene, structural relationships 

record intense deformation and folding and faulting, but our thermochronologic data 

do not record significant exhumation until the late Miocene. The AHe data record 

increasing rock exhumation rates in the late Miocene, which we attribute to a regional 

change in enhanced erosion, driven by a regional shift in climate.
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 In the Western Cordillera, Miocene rock cooling signal is also observed, 

despite an entirely different geologic setting compared to the Eastern Cordillera. 

Here, in the Coastal Batholithic rocks of the Western Cordillera, which were 

emplaced largely in the late Cretaceous through Oligocene, exhumation recorded by 

both zircon and apatite thermochronometers are Miocene. In general, at two sites at 8 

and 12°S, cooling ages are observed to be younger farther toward the orogen, away 

from the coast, even after applying the lateral thermal gradients we would expect in 

an arc-type setting. A younging-inland pattern of cooling ages is also observed in 

Southern Peru, where deep canyons incise the flanks of the Altiplano Plateau 

(Schildgen et al., 2009). The similar pattern of ages and age spectra we document in 

the Peruvian Andes lie within regions of the Andes that lack the high plateau. Thus, 

despite differing tectonic settings, and range morphology, the timings and patterns of 

rock exhumation are similar. This result is intriguing, because it may suggest a more 

unifying, along-strike mechanism driving Miocene rock exhumation along the chain 

of the Andes, and that Miocene rock exhumation and uplift is not just restricted to the 

central Andes, which contain the Altiplano-Puna Plateau.

6.3 Concluding Remarks

 Pioneering geologists of the early 20th century working Peru noted the 

presence of planar surfaces, stranded several kilometers above sea level (Bowman, 

1916; McLaughlin, 1924; Steinmann, 1929). They surmised that uplift of these 
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surfaces had occurred since the mid-to-late Miocene, or perhaps even more recently. 

In 1916, Bowman wrote, “proof of the rapid and great uplift of certain now lofty 

mountain ranges in late geologic time is one of the largest contributions of 

physiography to geologic history.” Such a simple, but astute observation was made 

decades before reliable geochronologic techniques were developed, and before the 

theory of global plate tectonics was presented. Since then, seismic imagery, GPS data, 

geochronological, techniques, refined geologic mapping, and numerical modeling 

have developed upon the platform of what these original geologists posed; the 

topography of the modern Andean Orogen has formed largely in the latter half of the 

Cenozoic, despite its tectonic record of oceanic-continental convergence since the 

early Mesozoic. 

 Of great interest to scientists working in the Andes over the past few decades 

has been explaining the morphological differences along-strike; the Andes, despite 

long-lived subduction with little exotic terrane accretion, display major bends in 

strike, as well as a large plateau that only exists in the central portion of the Andes. 

The regional area of focus of this work, within the north-central Peruvian Andes, 

which display narrow topography and “flat slab” subduction, is quite different than 

the relatively well-studied central Andean segment that contains the Altiplano-Puna 

Plateau. In comparing these two regions, we seek to characterize the differences and 

similarities in order to investigate models of Andean formation. At present, 

controversy remains as to the precise timing, mechanisms and magnitude of uplift of 
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the central Andes (Barnes and Ehlers, 2009). However, we find here that the general 

timings (Miocene to present) of rock exhumation in the north-central Peruvian Andes 

are similar to the timings of uplift and generation of modern topography documented 

in the Central Andean segment, despite such tectonomorphic differences between the 

two regions. Perhaps the tectonic and morphological segmentation of the Andes is not 

as strong of a control on the timings and mechanisms of Andean formation as we 

initially thought. A unifying mechanism that has previously been proposed to account 

for regional and global uplift is global climate change. Late Cenozoic climate change 

and orogenesis on a global scale have been suggested to be profoundly linked 

(Molnar and England, 1990; Raymo and Ruddiman, 1992). While quantifying the 

details of the specific feedbacks between climate and tectonics remain challenging, 

the notion of Late Cenozoic climate change influencing along-strike relief growth of 

the Andes, despite along-strike tectonomorphic heterogeneities is a provocative, yet, 

simple explanation for the results presented in this dissertation.  
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