
ABSTRACT

The elevation of the Andean Cordillera is a crucial boundary condi-
tion for both climatic and tectonic studies. The Andes affect climate be-
cause they form the only barrier to atmospheric circulation in the
Southern Hemisphere, and they intrigue geologists because they have
the highest plateau on Earth formed at a noncollisional plate margin,
the Altiplano-Puna. Yet, until recently, few quantitative studies of their
uplift history existed. This study presents both (1) a review of the quan-
titative paleoelevation estimates that have been made for the Central
and Colombian Andes and (2) an examination of the source and mag-
nitude of error for each estimate. In the Central Andes, paleobotanical
evidence suggests that the Altiplano-Puna had attained no more than a
third of its modern elevation of 3700 m by 20 Ma and no more than half
its modern elevation by 10.7 Ma. These data imply surface uplift on the
order of 2300–3400 m since the late Miocene at uplift rates of
0.2–0.3 mm/yr. Paleobotanical and geomorphological data suggest a
similar uplift history for the Eastern Cordillera—namely no more than
half the modern elevation present by 10 Ma. No evidence exists for an
exponential increase in uplift rate, as has been interpreted from fission-
track data. These uplift rates mostly reflect mean surface uplift rather
than rock uplift—that is, uplift of material points—because little dis-
section of the western Eastern Cordillera has occurred south of lat 19°S
and of the Altiplano-Puna. Thus, the Central Andean Plateau appears
to be young. In the Colombian Andes, paleobotanical data imply rapid
uplift of the Eastern Cordillera between 2 and 5 Ma at rates on the or-
der of 0.6–3 mm/yr. However, some of this uplift is likely rock uplift due
to erosion-driven isostatic rebound rather than mean surface uplift.

Keywords: Andes, Cenozoic, mountain building, paleoclimate, paleo-
geology, tectonics.

INTRODUCTION

The history of Andean uplift is crucially important to both climatic and tec-
tonic studies, but, until recently, few quantitative studies existed. Mountains af-
fect climate because they change patterns of precipitation and seasonal heat-
ing, act as a barrier to atmospheric circulation, affect upper-atmosphere flow
patterns, and may increase rates of chemical weathering (Ruddiman and
Kutzbach, 1989; Raymo and Ruddiman, 1992; Hay, 1996; Broccoli and Man-
abe, 1997). In fact, Raymo and Ruddiman (1992) proposed mountain building
as the culprit for the marked global-cooling trend observed since the Eocene.

The newer, fine-resolution general circulation models can simulate the
Andes more accurately. Thus, their uplift history is becoming more impor-
tant to climate studies. Andean uplift probably has affected global circula-

tion, especially in terms of the paths of mean planetary waves and of the
transportation of water vapor, because the Andes have the second highest
plateau on earth and form the only barrier to circulation in the Southern
Hemisphere (Lenters and Cook, 1995).

As for tectonic studies, the process of mountain building at noncollisional
margins is widely debated. Topics of contention include the relative contri-
butions of magmatic addition vs. crustal shortening to crustal thickness, the
role of the mantle vs. that of the crust in driving uplift, and whether high-
standing plateaus can be supported for long periods of time (F. Pazzaglia,
1999, personal commun.). Paleoelevation data provide useful constraints for
these debates, because elevation is a function of the thickness, temperature,
and strength of the lithosphere.

The purpose of this study is, first, to review the paleotopographic infor-
mation that exists for the Cenozoic Andes, with an emphasis on those stud-
ies that provide quantitative estimates of paleoelevation. Second, the pur-
pose is to discuss the sources and magnitude of error for each paleoelevation
estimate, so that subsequent studies can use them appropriately. The esti-
mates come from indicators representing a variety of subdisciplines includ-
ing tectonics, sedimentology, geochemistry, volcanology, paleobotany, geo-
morphology, and geochronology. Typically, each method has a different set
of assumptions and caveats. Many of the original studies did not include de-
tailed error analyses or were published before important advances in our un-
derstanding of how to interpret paleoelevation data, such as the discussion
of rock uplift and surface uplift of England and Molnar (1990). Thus, it is
extremely important to evaluate the accuracy of the elevation estimates be-
fore using them to constrain climate or tectonic models.

The estimated standard errors for the paleoelevation data tend to be large,
on the order of 1000 m, so that we have limited confidence in any single
data point. However, if errors are random, the low precision of individual es-
timates can be mitigated somewhat by compiling a large set of estimates
based on a variety of methods and then analyzing the patterns. Thus, the
third goal of this study is to combine the paleoelevation estimates into an in-
tegrated uplift history.

We must keep in mind that the Andes are not a single entity, and that the tim-
ing of uplift most likely varied from north to south and from east to west. Thus,
when producing an uplift history, we should not analyze all the estimates to-
gether, but must distinguish them based on location. In this study, most data
come from the Central Andes, especially the zone between lat 16°S and 28°S,
with some additional data from the Eastern Cordillera of the Colombian An-
des. Thus, the study produces uplift histories for these regions only.

ANDEAN DOMAINS AND MORPHOTECTONIC PROVINCES

The Andean Cordillera extends for 5000 km along the western coast of
South America, reaching its greatest width of ~700 km in the Central Andes
of Bolivia (Fig. 1). The tectonic style of the orogen varies significantly both
along and across strike.
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Domains: Along-Strike Variation

Along-strike variations reflect changing plate geometry along the Pa-
cific margin. Between lat 2–15°S and 28°–33°30′S, the Nazca plate
subducts at an angle of 5°–10° beneath the South American plate; these re-
gions are termed “flat-slab zones” (Fig. 1) and are distinguished by a lack
of late Miocene to Holocene volcanic activity. Elsewhere along the margin,
the Nazca plate subducts at an angle of 30°. These steeply dipping zones
correspond to areas of young volcanism. The zone to the south of lat
33°30′S is termed the southern volcanic zone; that from 15°S to 28°S, the
central volcanic zone; and that north of 2°S, the northern volcanic zone
(Jordan et al., 1983).

In general, Andean domains coincide with these volcanic zones. The
Southern Andes correspond to the southern volcanic zone; the Central An-
des correspond to the central volcanic zone and the two flanking slab zones;
and the Northern Andes correspond to the northern volcanic zone.

For the purposes of this study, which primarily deals with data from the
Central Andes, it is useful to further divide the Central Andean domain into
subdomains: the Altiplano subdomain from lat 15°S to 24°S, the Puna sub-
domain from 24°S to 28°S, and the southern flat slab subdomain from 28°S
to 33°30′S (Fig. 2).

Morphotectonic Provinces: Across-Strike Variation

Across-strike variation of the orogen reflects the generally eastward mi-
gration of Andean arc magmatism and deformation through time. In general
terms, there are three morphotectonic units in each subdomain—from west
to east, a forearc zone, a magmatic arc, and a backarc region. In detail these
units vary significantly.

Altiplano Subdomain. In the Altiplano subdomain, the forearc consists
of the remains of the Mesozoic volcanic arc (Coastal Cordillera,
1000–1500 m) and a forearc depression (Pacific Piedmont). The magmatic
arc consists of widely spaced volcanic peaks superimposed on a 4500-m-
high plateau (Western Cordillera). The backarc is composed of a hinterland,
consisting of a 250-km-wide, 3700-m-high plateau with internal drainage
(Altiplano) and a Miocene thrust belt (Eastern Cordillera). The foreland
consists of an active, thin-skinned fold-thrust belt (Subandean zone,
400–1000 m), and an active foreland basin (Chaco basin; Fig. 2; All-
mendinger et al., 1997; Jordan et al., 1997).

Southern Flat-Slab Subdomain. In the southern flat-slab subdomain,
the forearc is a steady rise to the crest of the Andes, which is formed by an
inactive magmatic arc and thrust belt (Frontal Cordillera or Principal
Cordillera). The foreland consists of an active, thin-skinned fold-thrust belt
(Precordillera) and zone of basement uplifts (Sierras Pampeanas,
2000–6000 m; Fig. 2; Jordan et al., 1997).

Puna Subdomain. The Puna subdomain is a transitional zone; the west-
ern portion resembles the Altiplano region, because it contains an active
magmatic arc (Western Cordillera) and a hinterland region, consisting of
high plateau with internal drainage (Puna) and a Miocene fold-thrust belt
(Eastern Cordillera). The eastern portion is more similar to the southern flat-
slab subdomain, because there is some basement involvement in the fold-
thrust belt (Santa Bárbara zone and northern Sierras Pampeanas; Fig. 2; All-
mendinger et al., 1997; Jordan et al., 1997).

Colombian Andes. North of lat 2°N, the Colombian Andes are divided
into three ranges: an accreted arc (Western Cordillera) and the ancient and
modern fold-thrust belt (Central and Eastern Cordilleras; Fig. 3; Cooper
et al., 1995). The Cauca-Patia graben separates the Western and Central
Cordilleras, and the Magdalena Valley divides the Central and Eastern
Cordilleras. The modern foreland basin (Llanos basin) is located east of the
Eastern Cordillera (Fig. 3). 

PALEOTOPOGRAPHY ESTIMATES

Measuring modern elevations is trivial; however, extracting paleoele-
vation data from the geologic record is considerably more difficult. In
most cases, paleoelevations cannot be measured directly but must be in-
ferred from some other factor that varies with elevation, such as climate
or erosion (Chase et al., 1998). Indicators used to provide paleotopo-
graphic information for the Andes include upper crustal deformation,
marine facies, geochemistry of volcanic rocks, climate from fossil floras,
erosion rates, erosion surfaces, fission-track ages, and rates of terrige-
nous flux.

When using paleoelevation estimates to obtain an uplift history, both
what is being displaced and the frame of reference must be defined (Eng-
land and Molnar, 1990; Molnar and England, 1990). Surface uplift repre-
sents the displacement of the average elevation of the landscape on a re-
gional scale (103–104 km2) with respect to mean sea level, whereas rock
uplift is the displacement of a material point with respect to sea level. Rock
uplift reflects only regional surface displacements if no erosion occurs
(England and Molnar, 1990). This distinction is significant because surface
uplift reflects driving forces due to orogenesis, whereas rock uplift can re-
flect both orogenic forces and isostatic rebound.

Molnar and England (1990) illustrated this difference using two scenar-
ios for eroding a low-relief plateau. In the first scenario, erosion uniformly
removes a given thickness (h km) of material from the plateau surface,
completely destroying the old surface (Fig. 4A). Isostatic rebound then oc-
curs, on the order of 5/6h, and the new surface stands 1/6h lower. In the
second scenario, stream erosion carves a deep canyon. It removes the same
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volume of material as in the first scenario, but the removal is localized
rather than uniform (Fig. 4B). Regional isostatic rebound again occurs, on
the order of 5/6 of the average depth of material removed (h). The remnants
of the old surface, the interfluves, are uplifted, although the average height
of the surface has decreased. Thus, the interfluves experience rock uplift,
not surface uplift.

The indicators discussed in this study either record the paleoelevation of
a limited area or amounts of exhumation. Currently, we know of no geo-
logic features that are tied to the mean elevation of a landscape. Because of
the small amount of exhumation that has occurred in the arid Altiplano-
Puna since the late Miocene (Isacks, 1988), we can use paleoelevation data
from this region to reconstruct surface uplift. For the purposes of this study,
we probably can assume that the arid Western Cordillera also underwent lit-
tle exhumation (Isacks, 1988; Masek et al., 1994).

Parts of the Eastern Cordillera and Subandean zone of the Central Andes,
however, have undergone significant amounts of erosion (Isacks, 1988).
Masek et al. (1994) estimated that 2–6 km of erosion has occurred in the last
10 m.y. north of lat 19°S, which would suggest between about 200 and
1200 m of isostatic rebound of the remaining surfaces. They estimated less
erosion (on the order of 1 km) to the south of lat 19°S. Mass-balance stud-
ies have not been undertaken for the Eastern Cordillera of Colombia, but
significant erosion probably has occurred in this tropical wet zone.

Estimates Based on Crustal Deformation History

Several processes can produce or support elevated terranes in convergent
tectonic settings. These include those that (1) thicken the crust, such as
crustal shortening due to compression, crustal underplating, magmatic ad-
dition, and ductile flow of the lower crust; (2) thin the mantle lithosphere,
such as delamination and tectonic erosion; and (3) either dynamically or
physically support the crust, such as thermal anomalies due to magmatism
and mantle plumes and very rigid crust or mantle lithosphere.

Geophysical studies have revealed much about the deep crustal structure
under the Central Andes and help to identify processes responsible for the
modern high elevations of the orogen. In the Northern Andes, geophysical
studies have focused more on shallow crustal structure; these studies will
not be discussed.

Interpretations of refraction and broadband data suggest the presence of
a thick crustal root that reaches 60–65 km under the Altiplano and
70–74 km under both the Western and Eastern Cordilleras (James, 1971;
Wigger et al., 1994; Beck et al., 1996; Dorbath and Granet, 1996; Zandt
et al., 1996). The crust thins to 40 km along the coast and 32–38 km under
the Chaco Plain (Beck et al., 1996). The lithosphere appears to be around
125–150 km thick under the Altiplano and thins to the south under the Puna
(Whitman et al., 1992) and to the east under the Eastern Cordillera (Myers
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et al., 1998). The signature of mantle-derived helium in water samples also
suggests that the lithosphere is thin under the Eastern Cordillera (Hoke
et al., 1994; Lamb and Hoke, 1997). This information also implies thin
lithosphere under the Altiplano, but the geophysical studies do not corrobo-
rate this interpretation.

Many workers have suggested that crustal shortening created most of the
crustal root (Isacks, 1988; Sempere et al., 1990; Sheffels, 1990, 1995; All-
mendinger et al., 1997). Workers document large amounts of shortening in
the Eastern Cordillera and Subandean zone, and balanced cross sections
suggest that this shortening can account for between 80% and 90% of the
crustal thickness under the Altiplano and Eastern Cordillera (Roeder, 1988;
Sheffels, 1995; Allmendinger et al., 1997; Baby et al., 1997; Lamb et al.,
1997). Also, the low mean P-wave velocity of the Altiplano crust observed
in seismic studies suggests that it is felsic in composition, which precludes
magmatic addition as a major component of crustal thickening (Zandt et al.,
1996). However, for the Western Cordillera, studies suggest that magmatic
addition contributed from 20% to 40% of the crustal thickness (Schmitz,
1994; Allmendinger et al., 1997; Lamb and Hoke, 1997).

The contribution of crustal shortening to crustal thickness also appears
to vary along strike. For example, the balanced cross sections of Kley and
Monaldi (1998) suggest that crustal shortening contributed a significant
amount to crustal thickening between 17°S and 18°S and 30°S, while it
contributed perhaps as little as 30% for the region between 18°S and 26°S.

Gravity data are consistent with an Airy model of local isostatic compen-
sation with the exception of the Subandean zone and Chaco basin between
the latitudes of about 15° and 23°S, which appear to be partially supported
by the underthrust Brazilian shield (Watts et al., 1995; Beck et al., 1996;
Whitman, 1999), and for the coastal area, which appears to be partially sup-
ported by the subducting Nazca plate (Whitman, 1999).

Because of the importance of crustal shortening to crustal thickening, at
least for the northern Altiplano and flat-slab subdomains, the timing of up-
per crustal thickening has been used to fix the timing of surface uplift of the
Central Andes.

Central Andes. From the Triassic to Early Cretaceous, subduction along
the western margin of South America was associated with an extensional-
transtensional regime in the backarc (Coney and Evenchick, 1994). Then,
around 89 Ma, the tectonic regime in the backarc became compressional, as
evidenced by foreland deposits in what is now the Altiplano-Puna region
(Sempere et al., 1997). Subsidence in the Andean foreland basin increased
at ca. 73 Ma and again around 58 Ma; Sempere et al. (1997) considered the
latter date to represent the onset of “classic” foreland sedimentation.

Traditionally, compression was thought to have occurred in up to six
short pulses separated by periods of extension (e.g., Mégard et al., 1984;
Sébrier et al., 1988). More recent studies suggest that deformation took
place fairly continuously, creating a fold-thrust belt and foreland-basin sys-
tem that migrated eastward (Jordan et al., 1983, 1997; Sempere, 1995; Hor-
ton and DeCelles, 1997; Sempere et al., 1997).

In the Central Andes, Eocene deformation (called the Incaic deformation)
affected the Western Cordillera and some local regions of the foreland basin
(Fig. 5; Sempere et al., 1997; Lamb and Hoke, 1997; Jordan et al., 1997). The
locus of thrusting then shifted to the east. In the Altiplano subdomain, com-
pression in the Altiplano–Eastern Cordillera began in the Oligocene, be-
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Figure 4. Rock uplift vs. surface uplift. (A)A surface of low relief has
an average surface elevation of 2 km. If we remove 1 km of rock uni-
formly, the elevation of the surface will drop by isostasy on the order of
1/6 km (the exact figure depends on the density contrast between the
crust and mantle), whereas the rocks below the eroded material will rise
5/6 km. Thus, the resulting average surface elevation will be 1.8 km.
Note that any paleoelevation indicators on that surface (circles), such as
a leaf deposit, are destroyed. (B) If the same amount of material is
eroded but in a nonuniform fashion, the mean surface elevation will de-
crease 1/6 km, and the rocks below the eroded material will uplift
5/6 km. In this case, the average surface elevation is still 1.8 km, but the
interfluves have uplifted to 2.8 km. Paleoelevation indicators would only
survive on the interfluves, and would preserve a record of rock uplift.
See Molnar and England (1990) for additional explanation.
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tween 25 and 29 Ma and continued until about 10–6 Ma (Sempere et al.,
1990; Allmendinger et al., 1997; Jordan et al., 1997; Lamb et al., 1997), and
the foreland shifted east to the Subandean area (Fig. 5). Then, around
10–6 Ma, deformation again shifted to the east, this time to the Subandean
zone, and the foreland basin shifted to its present location in the Chaco basin.

In general, the timing of deformation is similar to the south, with some
exceptions: is similar to that south of the Altiplano subdomain. Eocene com-
pression occurred only in the region west of the Western Cordillera in the
Puna subdomain and appears to be absent in the southern flat-slab subdo-
main. Deformation began later in the central part of the orogen; it began be-
tween 13 and 17 Ma in the Puna and Eastern Cordillera and continued until
around 2–3 Ma, contemporaneous with deformation in the Santa Bárbara
system to the east (Fig. 5; Jordan et al., 1997). Farther to the south, defor-
mation began around 20 Ma in the Frontal Cordillera, and the locus shifted
to the east around 15 Ma to the central Precordillera.

Some authors considered that most surface uplift occurred in the Oligocene
phase of deformation (Sempere et al., 1990; Jordan et al., 1997). Jordan et al.
(1997) estimated that Eocene deformation accounted for between 25% and
50% of uplift in the Western Cordillera and in some local regions in the Alti-
plano and Eastern Cordillera, and that the late Oligocene–Holocene phase of
deformation produced most uplift of the plateau and all uplift of the Suban-
dean zone (Table 1). Lamb and Hoke (1997) concurred with this scenario.
Based on estimates of crustal thickening from crustal shortening, they sug-
gested that only about 30% of the uplift of the Altiplano had occurred by
ca. 25 Ma, although they noted that this estimate could be modified by surface
uplift caused by other mechanisms (Table 1).

There are several problems with using upper crustal deformation data to
infer surface uplift history. As discussed above, it appears that crustal short-
ening cannot account for modern crustal thickness for all domains or mor-
photectonic units, which suggests that other processes contributed to the
thick crustal root. Those that have been proposed include underplating by
material tectonically eroded from the continental margin (Baby et al., 1997),
magmatic addition (James, 1971; Lamb and Hoke, 1997), ductile flow of
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TABLE 1. PALEOELEVATION ESTIMATES FOR THE CENTRAL ANDES, 
ALTIPLANO-PUNA SUBDOMAINS

Locality* P† Age Elevation %M S A Ref††

(Ma) Paleo- Modern elev.§ error# error**
(m) (m) (m) (m)

Crustal def ormation
Shortening W ~25 25–50 1
Shortening AE ~25 30 2
Marine facies
El Molino Formation A 60–73 <0 4000 0 N.D. ±200## 3
Moquegua Formation F 25 <0 1100 0 N.D. ±200## 4
Anta Formation S 14–15 <0 <1000 0 N.D. ±100## 5
Yecua Formation S 8–10 <0 <1000 0 N.D. ±100## 6
Paleobotan y; nearest-living-relative method
Chucal (6) A 25–19 1000 4200 24 ±200 ±1500 7
Corocoro (8) A mid Mio. 2000 4000 50 N.D. ±2000 8
Potosí (9) E 20.8–13.8 2800 4300 65 N.D. ±2000 9
Paleobotan y; foliar -physiognomic method
Potosi (9) E 20.8–13.8 0–1320 4300 0–31 ±800§§ ±1200 10
Jakokkota (7) A 10.66 ± 0.6 590–1610 3940 15–41 ±800§§ ±1200 10
Other c limate pr oxies
Erosion rates (1) W ~15 1000–4500§§ ~4500 44–67 N.D. N.D. 11
Internal drainage (2) E ~15 some ~3800 ? N.D. N.D. 12
Landscape de velopment
Coastal Cordillera (5) F 25(–18?) 0 1100 0 N.D. ±100## 13
Pacific Piedmont (5) F 25(–18?) 0 1100–1800 0 N.D. ±100## 13
Western Cordillera (5) W 25(–18?) ~0 3000 0–33 N.D. +1000 13
Eastern Cordillera (10) E 10 1000–1500 3500 29–43 N.D. ±1000 14

Notes: Mio.—Miocene. N.D.—not determined.
*Number in parentheses after name gives location in Figure 6.
†P—province: F—forearc, W—Western Cordillera, A—Altiplano, E—Eastern Cordillera, S—Subandes.
§%M elev.—percent of modern elevation represented by paleoelevation.
#S error—paleoelevation error (standard) stated by original study.
**A error—actual standard error, as suggested by this study.
††Ref—references: 1—Jordan et al. (1997); 2—Lamb and Hoke (1997); 3—Sempere et al. (1997); 4—Sébrier

et al. (1988); 5—Jordan and Alonso (1987); 6—Marshall et al. (1993); 7—Muñoz and Charrier (1996);
8—Singewald and Berry (1922); 9—Berry (1939); 10—Gregory-Wodzicki et al. (1998); 11—Alpers and Brimhall
(1988); 12—Vandervoort et al. (1995); 13—Tosdal et al. (1984); 14—Kennan et al. (1997).

§§Recalculated using new lapse rate error term (see text).
##Error due to sea-level change (Hallam, 1992).
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the lower crust (Kley and Monaldi, 1998), and undocumented pre-
Oligocene shortening (Horton and DeCelles, 1997). Also, the geophysical
evidence for thin mantle lithosphere under the Puna and Eastern Cordillera
suggests that delamination of the mantle lithosphere could be an important
process (Kay and Kay, 1993). Thus, these estimates of surface uplift based
on upper crustal shortening should be considered to have fairly large errors
until more is known about the mechanisms of Andean uplift.

Colombian Andes. The Northern Andes have a fundamentally different
tectonic history than the Central Andes in that crustal deformation was pri-
marily associated with the collision of allochthonous terranes. In the Late
Cretaceous–Paleocene, a volcanic arc collided with the South American mar-
gin from northern Peru to Colombia; remnants of the arc are preserved in the
Western Cordillera of Ecuador and Colombia (Dengo and Covey, 1993).
This event caused compressional deformation of the Western and Central
Cordilleras and foreland deposition in the area of the Eastern Cordillera
(Cooper et al., 1995; Branquet et al., 1999). Some folding and thrusting in
the middle Magdalena Valley and western Eastern Cordillera occurred in the
middle Eocene (Branquet et al., 1999), perhaps associated with collision of
the Piñon-Macuchi terrane (Toussaint and Restrepo, 1994). The Panama-
Choco island arc collided with the northwest margin of the South American
plate from 12 to 6 Ma (Dengo and Covey, 1993; Kellogg and Vega, 1995);
this event is associated with deformation in the Eastern Cordillera region.

Workers have not made quantitative estimates of uplift from this history,
but in general, have concluded that uplift of the Western and Central
Cordilleras occurred mostly in the Late Cretaceous–Paleocene, and that up-
lift of the Eastern Cordillera mostly occurred in the Pliocene–Holocene. The
same problems discussed for the Central Andean estimates apply to these
studies; they are even more uncertain because less is known about deep-
crustal structure.

Estimates Based on Volcanic History

Magmatic activity can be associated with (1) the addition of significant vol-
ume to the crust, (2) delamination or thermal thinning of the lithosphere, and
(3) weakening of the crust, which can facilitate compression (Isacks, 1988).
Thus, in some cases, magmatic activity coincides with uplift. The rocks them-
selves also can be indirect paleoaltimeters, because their chemistry gives a
clue to the thickness of the crustal column through which they were erupted.

Timing of Magmatic Activity . In the Central Andes, the volcanic arc
was located along the present coastal area from the Jurassic to the Early Cre-
taceous; its remnants are preserved in the Coastal Cordillera of Peru and
Chile. The arc then shifted to the east and was located in the Pacific Pied-
mont and western foothills of Western Cordillera from the Early Cretaceous
to early Eocene (Coira et al., 1982). After a hiatus in volcanism from 35 to
25 Ma, the arc shifted to the Western Cordillera, and widened considerably
to include the Altiplano-Puna and Eastern Cordillera (Fig. 5; Coira et al.,
1982; Jordan and Alonso, 1987; Allmendinger et al., 1997). An intense pe-
riod of ignimbrite eruptions occurred between 12 and 5 Ma in the Altiplano-
Puna and Eastern Cordillera, whereas most subsequent volcanism has been
concentrated in the Western Cordillera.

In the flat-slab subdomain, the arc shifted to the Frontal-Principal
Cordillera in the Oligocene. The subducting slab began to shallow around
20 Ma, which reduced the amount of volcanic activity. By 10 Ma, virtually
no andesitic volcanism existed in this region.

This history would suggest that, if there were thermal effects or crustal
thickening due to magmatic addition, it would have occurred since 25 Ma
in the Western Cordillera and between 12 and 5 Ma in the Altiplano-Puna
and Eastern Cordillera. However, seismic studies are not consistent with
significant magmatic addition under the Altiplano (Zandt et al., 1996), as
discussed previously. 

Eruption of Mafic Lavas and Delamination.As discussed earlier, geo-
physical and geochemical data suggest that the lithosphere is thin below the
Eastern Cordillera and southern Puna, even though we might expect it to
have been thickened along with the overlying crust during compression.
One way to thin the lithosphere is by extension. This mechanism is unlikely,
however, because crustal extension in this region is limited. Another way to
thin the lithosphere is by convective removal of the basal part of the lithos-
phere (delamination; Houseman et al., 1981). Delamination can occur when
the thickened mantle lithosphere becomes heavier than the surrounding as-
thenosphere causing convective removal. The removal of this dense mater-
ial would cause the overlying lithosphere to uplift rapidly.

Kay and Kay (1993) and Kay et al. (1994a) proposed that a delamination
event occurred between 2 and 3 Ma under the Puna, as indicated by extensive
magmatism of the oceanic-island basalt type, which suggests both mantle-de-
rived melts and a cessation of compressional deformation. Such an event
would have caused rapid surface uplift, perhaps on the order of 1–2 km.

Lamb and Hoke (1997) suggested that delamination could have occurred
beneath the Altiplano and Eastern Cordillera during two phases of wide-
spread mafic volcanism—one at 23–24 Ma and another at around 5 Ma.
However, based on the geochemistry of the 5 Ma mafic lavas as compared
with the 2–3 Ma lavas from the Puna, Kay and Kay (1993) suggested that
the older Altiplano lavas reflect the margins of a delamination event cen-
tered under the Puna.

Trace Elements.The arc volcanics from the Central Andes show evi-
dence of significant amounts of crustal contamination; workers have learned
about the type, amount, and sources of the assimilated material through geo-
chemical and isotopic studies. This information, in turn, can provide infor-
mation on crustal thickness.

Hildreth and Moorbath (1988) analyzed the composition of Quaternary
volcanoes along a transect of thin (30–35 km) to thick (50–65 km) crust in
the Central Andes. They found that the volcanoes on thick crust were en-
riched in light rare earth elements (LREE) and depleted in heavy rare
earth elements (HREE), which contrasts to that of volcanoes on thin crust.
They attributed this trend to the presence of residual garnet, which is sta-
ble at great depths in the crust (Hildreth and Moorbath, 1988; Kay et al.,
1991). Workers subsequently have used this modern correlation between
high LREE/HREE ratios and thick crust to delimit the timing of crustal
thickening. 

Kay et al. (1991, 1994b) analyzed trace-element compositions of
Oligocene and Miocene volcanic rocks from the flat-slab subdomain (Fig. 6).
By comparing LREE/HREE ratios from these rocks with those from the re-
cent volcanoes, they estimated that the crust thickened from 35–40 km in the
Oligocene–early Miocene to 50–55 km in the middle Miocene and then to
modern crustal thicknesses of 55–65 km by ca. 6 Ma (Table 2). Using the
same method, Kay et al. (1994b) estimated that 22–25 Ma volcanic rocks
from the southern Puna subdomain imply a 45-km-thick crust (Table 2).

Trumbull et al. (1999), however, found low LREE/HREE ratios in
Miocene to Quaternary volcanic centers just to the north of the study area
of Kay et al. (1991, 1994b), even though the modern crust is around 60 km
thick. They explained the apparent lack of a garnet signature by either vari-
ation in the bulk composition of the lower crust or crustal contamination at
shallower levels in the crust. They did find evidence for increasing crustal
contamination through time, which they suggested was due to thickening
crust. Contamination was low from 20 to 8 Ma, and then increased at 8 Ma
to attain modern values at 5 Ma (Table 2).

McMillan et al. (1993) analyzed the geochemistry of lava flows from the
Altiplano subdomain. They found that 10.5–6.6 Ma lavas have trace-ele-
ment ratios similar to modern arc magmas erupted on thin crust, even
though structural studies suggest the late Miocene crust was fairly thick. In
contrast, Pleistocene lavas show a garnet signature. To explain this result,
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they suggest that, in the Miocene, the garnet in the source had all been con-
sumed due to continual production of melt during the Cenozoic. Because of
the time lag needed for the thickened crust to attain a new thermal equilib-
rium, no new crust had yet been added to the lower-crustal interaction zone.
By the time of the Pleistocene eruptions, however, the new crust had been
added, and garnet could again be a residual phase.

It would appear, therefore, that trace-element signature varies with more
than just crustal thickness. Therefore, estimates based on trace-element sig-
nature should be considered as very low precision estimates. Additional un-
certainty arises if we try to use crustal thickness estimates to produce paleo-

elevation estimates, because, as discussed previously, several mechanisms
besides crustal thickening can cause surface uplift.

Estimates Based on Marine and Coastal Facies

Marine facies indicate that elevations were below sea level; along with
coastal facies, they provide some of the only high-precision paleoelevation
estimates.

Marine Facies, Central Andes.Marine sediments accumulated at dif-
ferent times in each morphotectonic unit of the Central Andes. From west
to east, the Coastal Cordillera and Pacific Piedmont of Peru around lat 16°S
were at or near sea level in the Oligocene. Evidence for the low elevation is
a 25 Ma marine transgression in the Moquegua Formation that eroded the
top surface of the Coastal Cordillera, leaving shell debris and rounded peb-
bles, and invaded the lower Pacific Piedmont basin to the east (Sébrier et al.,
1979, 1988; Tosdal et al., 1984). Today, the marine abrasion surface in the
Coastal Cordillera is found at an elevation of 1200 m.

The Altiplano-Puna and Eastern Cordillera were last at sea level in the
Paleocene. The 73–60 Ma El Molino Formation, a sequence of extensive,
mostly shallow-water or restricted-marine limestones and mudstones, was
deposited in the Altiplano-Puna area of Peru, Bolivia, and northern Ar-
gentina (Table 1 and Fig. 5; Sempere et al., 1997).

The Subandean zone was at sea level until the late Miocene; the
ca. 8–10 Ma Yecua Formation from the Subandean zone of Bolivia contains
restricted marine facies (Marshall et al., 1993), and the 14–15 Ma Anta
Formation from the Subandean zone of northern Argentina consists of al-
ternating shallow-marine and nonmarine beds (Table 1 and Fig. 5; Jordan
and Alonso, 1987; Reynolds et al., 1994).

These paleoelevation estimates are subject to errors associated with sea-
level change, which has been on the order of ~100–200 m for the Cenozoic
(Table 1; Hallam, 1992).

Marine Facies, Northern Andes.The youngest episode of marine sedi-
mentation was in the Late Cretaceous in the Central Cordillera, Magdalena
Valley, and Eastern Cordillera, and in the middle Miocene in the Llanos
basin (Cooper et al., 1995).

Estimates Based on Climate History as Inferred from Vegetation

Fossil floras can be used as paleoaltimeters, because temperature can be
estimated from vegetation type, and temperature decreases as elevation in-
creases. Two methods have been used to analyze Andean paleofloras, the
nearest-living-relative method and the foliar-physiognomic method.

Nearest-Living-Relative Method, Northern Andes.In the nearest-liv-
ing-relative method, every form in a fossil flora is identified to the nearest
living species. Then, the ecological ranges of the nearest living relatives are
summed to give the temperature or elevation of the fossil flora. In this way,
Van der Hammen et al. (1973) and Wijninga (1996) analyzed nine pollen
and macrofossil assemblages from the Eastern Cordillera of Colombia
(Fig. 3). They interpreted that the oldest sites, which are early–middle
Miocene, were lowland floras with paleoelevations of <700 ± 500 m (stan-
dard error = 2σ) (Table 3). The estimated paleoelevations of the floras in-
creased through the Pliocene until they reached modern elevations at 2.7 ±
0.6 Ma (Table 3).

Such elevation estimates are only valid if the ancient climates match the
modern climate as Wijninga (1996) pointed out. For instance, a global-cool-
ing trend since the Miocene could explain the progression from lowland to
upland floras. Over the long term, the assumption of similar climate appears
to be reasonable; marine isotope records suggest that tropical sea-surface
temperatures in the middle Miocene were similar or perhaps a degree
warmer than temperatures today (Savin et al., 1975). Pliocene sea-surface
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Figure 6. Location of sites discussed in text. 1—Erosion rate (La Es-
condida); 2—Puna internal drainage; 3—supergene enrichment; 4—
Huayna Potosi/Zongo plutons; 5—erosion surfaces, Western
Cordillera (Peru); 6—Chucal flora; 7—Jakokkota flora; 8—Corocoro
flora; 9—Potosí flora; 10—Erosion surfaces, Eastern Cordillera; 11—
rare earth element (REE) study (Kay et al., 1991); 12—REE study
(Trumbull et al., 1999). See Tables 1–3 for references.

TABLE 2. CRUSTAL THICKNESS ESTIMATES BASED ON 
GEOCHEMISTRY OF VOLCANIC ROCKS

Location* Lat Age Thick† M thick§ Ref#

(S) (Ma) (km) (km)
Sierra de Gorbea (12) 25°30′ 5 60 ~60 1
Cerros Bravos (11) 27° 22–25 45 43-60 2
Doña Ana, Pulido Fms (11) 28°–33° 16–24 35–40 ~55-65 3
C. de Tórtolas, Jotabeche (11) 28°–33° 11–16 50–55 ~55-65 3
Pircas Negras (11) 28°–33° 6 55–65 ~55-65 3

*Number in parentheses after name gives location on Figure 6.
†Thick—crustal thickness estimated from light rare earth elements (REE) and/or

heavy REE or crustal contamination (see text).
§M thick—modern crustal thickness.
#Ref—references: 1—Trumbull et al. (1999); 2—Kay et al. (1994b); 3—Kay 

et al. (1991).
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temperatures also appear to have been similar to those of today (Hays et al.,
1989; Dowsett et al., 1996; King, 1996).

Because the paleofloras represent short periods of time, from 500 to
10 000 yr, however, short-term temperature fluctuations must be taken
into account. Marine isotope data suggest that short-term temperature
fluctuations were on the order of 1.5–4 °C in the Pliocene (King, 1996).
This error can be calculated in terms of elevation by using the appropri-
ate terrestrial lapse rate. The free-air lapse rate is the temperature decline
with altitude in a column of free air, observed to be 0.6 °C per 100 m,
whereas the terrestrial lapse rate (γ of Forest et al., 1995) is the relation-
ship between altitude and mean annual temperature at the Earth’s sur-
face. For the Eastern Cordillera of Colombia, modern temperature data
reported by van der Hammen et al. (1981) and Wijninga (1996) suggest
a terrestrial lapse rate of 0.65 ± 0.02 °C per 100 m, translating to an ele-
vation error of up to 700 m (2σ).

Because of continental drift, Colombia was slightly closer to the equator
in the middle Miocene, on the order of 1°–2° of latitude (Smith et al., 1981).
Modern-day latitudinal gradients are on the order of 0.2 °C per degree of lat-
itude. Thus, any errors due to continental drift should be small.

Changes in climate due to changes in paleogeography beyond just the de-
crease in temperature associated with increased elevation must also be con-
sidered. For example, the creation of topography can contribute to oro-
graphic rainfall and the conversion of latent heat to sensible heat and can
obstruct large-scale air flow (Hay, 1996). However, it is difficult to specu-
late about specific changes for the Eastern Cordillera without detailed cli-
mate models for the region.

Other possible errors stem from the assumption that the fossil taxa
evolved into their modern counterparts, and that the ecological ranges did
not evolve during this process. However, this may not be correct (Wolfe,
1971; Wolfe and Schorn, 1990; Parrish, 1998, p. 150). For example, both
the Río Frío and Subachoque sites contain mixes of lowland and upland
genera, suggesting that some of relatives of the modern lowland elements
may have been upland elements, or vice versa (Wijninga, 1996). This
source of error becomes more of a problem for analysis of data from far-
ther back in time. Another possible complication is that the ancient taxa

were probably not adapted to the new, high elevations, and thus compari-
son with modern altitudinal ranges probably results in an overestimation of
paleoaltitude (Wijninga, 1996).

These assumptions introduce errors that are hard to quantify, but the total
error is probably larger than that for the foliar-physiognomic method, which
workers consider to be more reliable (see following section). Thus, I esti-
mate a standard error on the order of ±1500 m (Table 3).

Nearest-Living-Relative Method, Altiplano.Charrier et al. (1994) and
Muñoz and Charrier (1996) used the nearest-living-relative method to esti-
mate that a 19–25 Ma flora preserved in the Chucal Formation of the west-
ern Altiplano of Chile (Fig. 6) grew at an elevation of 1000 ± 200 m
(Table 1). As discussed above for the Colombian sites, the actual standard
error should be considered on the order of 1500 m.

In several papers cited below, E.W. Berry used the nearest-living-relative
method to estimate the paleoelevation of a number of fossil floras from the
Central Andes (Fig. 6). Only three of these have been dated using radio-
metric techniques. These include the Potosí flora from the Eastern
Cordillera of Bolivia, dated as early to middle Miocene (Gregory-Wodzicki
et al., 1998), and the Corocoro and Jakokkota floras from the Bolivian Alti-
plano, dated as middle Miocene and 10.66 ± 0.6 Ma, respectively (Avila-
Salinas, 1990; Gregory-Wodzicki et al., 1998). Berry (1919a, 1922a, 1938,
1939) and Singewald and Berry (1922) estimated that the Potosí flora grew
at least 1500 m lower, that the Corocoro flora grew about 2000 m lower, and
that the Jakokkota flora grew “much nearer sea level” (Table 1).

Berry (1923, 1938) considered the Jadibamba flora from the Andes of
northern Peru to be Pliocene. However, it is interbedded with a thick sequence
of tuffs that are probably Miocene (Megard, 1984). The modern climate of the
area is cold temperate, but Berry suggested that the flora was tropical in na-
ture and that it grew at least 700 m lower. Other floras that lack age control in-
clude the Loja and Cuenca floras from southern Ecuador, which grew at
“much lower” elevations, and the Pislepampa flora from Bolivia, which grew
at least 2000–2700 m lower (Berry, 1919b, 1922b, 1929, 1934, 1938). These
floras are not included in Table 1 because of uncertainties in their ages.

Berry’s estimates are subject to the sources of error discussed above for
the Colombian floras plus an additional source of error. For the nearest-liv-

TABLE 3. PALEOELEVATION ESTIMATES FOR THE EASTERN CORDILLERA, COLOMBIA

Locality Age* Elevation %M S A Ref**
(Ma) Paleo- Modern elev.† error§ error#

(m) (m)
Climate histor y
Sal. de Tequendama I e–mid? Mio. <700 2450 <29–36 ±250†† ±1500 1
Sal. de Tequendama II mid? Mio. <700 2475 <29–36 ±250†† ±1500 1
Sal. de Tequendama mid? Mio. 0–500 2475 0–20 N.D. ±1500 2
Río Frío 17 5.3 ± 1 1000 3165 32 ±250+§§ ±1500 1
Subachoque 39 ca. 4-5 1000 2820 35 ±250+§§ ±1500 1
Facatativa 13 3.7 ± 0.7 2000 2750 73 ±250 ±1500 1
Facatativa 13 3.7 ± 0.7 1500 2750 55 N.D. ±1500 2
Río Sotaquirá ca. 3–4 1600 2600 62 N.D. ±1500 2
Guasca 103 2.8 ± 0.5 2200 2650 83 ±250 ±1500 1, 3
Chocontá 4 2.8 ± 0.5 2300 2690 86 N.D. ±1500 2, 3
Chocontá 1 2.7 ± 0.6 2800 2800 100 N.D. ±1500 2, 3
Erosion histor y
Honda Group 11.8 Relief 2500–4500 ? N.D. N.D. 4

Note: N.D.—not determined.
*e—early; mid—middle; Mio.—Miocene.
†%M elev.—percent of modern elevation represented by paleoelevation.
§S error—error for paleoelevation stated in original study.
#A error—actual error, as suggested by this study.
**Ref—references: 1—Wijninga (1996); 2—Van der Hammen et al. (1973); 3—Van der Hammen

and Hooghiemstra (1997); 4—Hoorn et al. (1995), Guerrero (1997).
††Wijninga (1996) estimated short-term temperature fluctuations of 3 °C, and thus a standard error

of ±250 m.
§§Although Wijninga (1996) preferred the interpretation that these sites represent lowland forest, he

noted that they might represent Subandean forest. Subandean forests are today found between 1000
and 2300 m, thus errors could be higher.
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ing-relative method to work, detailed information of the present vegetation
and its spatial and temporal evolution must be available. However, in the
early 1900s, when Berry was working with the Andean material, relatively
little was known about the modern vegetation of South America, let alone
the ancient vegetation. Consequently, modern workers generally do not ac-
cept his identifications of plant material (Taylor, 1991). Thus, these esti-
mates have lower precision than those previously discussed, with errors on
the order of ~2000 m.

Foliar-Physiognomy Method, Central Andes.The foliar-physiognomic
method of Wolfe (1993, 1995) is based on the observation that leaf mor-
phology varies with climate. For example, mean annual temperature (MAT)
can explain 83% of the variation observed in the percentage of species with
smooth-margined leaves (untoothed leaves) for a data set from 144 modern
vegetation sites. Using this and other correlations, Gregory-Wodzicki et al.
(1998) estimated the paleoclimate of the 10.7 Ma Jakokkota flora and the
early–middle Miocene Potosí flora. The paleoelevation was then estimated
(equation 1) by comparing the MAT of the floras to the modern MAT and
correcting for any changes in MAT due to factors other than uplift. 

, (1)

where Z = paleoelevation; Zm = modern elevation; MATi = MAT from the
fossil flora; ∆MATgc, ∆MATcd, ∆MATpg = the change in MAT since deposi-
tion of the fossil flora due to global climate change (gc), latitudinal conti-
nental drift (cd), and changes in paleogeography (pg), respectively; MATm=
modern MAT; γ = terrestrial lapse rate; and S= ancient sea level relative to
modern sea level.

Gregory-Wodzicki et al. (1998) used the modern terrestrial lapse rate of
0.43 °C per 100 mobserved for the Altiplano, Cordillera Oriental, and east-
ern lowlands of the Central Andes forγ. This figure is lower than average
values observed by other authors (Axelrod and Bailey, 1976; Meyer, 1986,
1992), probably because of the presence of an elevated plateau (Parrish and
Barron, 1986). Thus, the use of this value may tend to overestimate the
paleoelevation of lowland floras.

The paleotemperatures of the floras imply paleoelevations of 590–1610 ±
800 m for the Jakokkota flora and 0–1320 ± 800 m for the Potosí flora; the
present elevations of these sites are 3940 m and 4300 m, respectively
(Table 1). The range of elevation given for each site reflects the range in val-
ues for the global climate change and climate change due to continental drift
terms. The stated errors include the standard error (2σ) of estimating mean
annual temperature from leaf physiognomy, estimated from model residu-
als, the sampling error as calculated by Wilf (1997), and the standard error
for the estimated lapse rate.

The standard error for the estimated lapse rate is somewhat difficult to es-
timate. Meyer (1986, 1992) calculated terrestrial lapse rates for 39 areas of
1°–2° latitude and 1°–5° longitude from around the world and observed a
mean value of 0.59 ± 0.11 °C per 100 m. His estimated error, however, re-
flects geographical variation due to different atmospheric circulation sys-
tems and topography plus the error due to comparing temperatures over a
fairly wide range of latitude. The study of Wolfe et al. (1997) is perhaps
more relevant. They analyzed the paleoelevation of 14 middle and late
Miocene floras from California and Nevada using the enthalpy method of
Forest et al. (1995), which does not rely on lapse rate, and found a differ-
ence of 0.066 °C per 100 m between modern lapse rates and Miocene lapse
rates. Thus, this error was used for the lapse rate error term in the above er-
ror calculation.

Actual errors are likely to be higher. As discussed above, short-term cli-
mate variability could have been on the order of 1.5–4 °C, translating into a
standard error of up to 350 m, and additional error could arise from climate

change due to paleogeographic changes. The fossil floras, which represent
lake and stream deposits, are compared with samples collected from living
plants. Processes such as leaf fall, transport, and deposition could introduce
some bias. For example,Wolfe (1993) found that leaf samples collected from
ephemeral streambeds had mean annual temperature estimates up to 0.7 °C
different than samples collected from the surrounding live plants, although
some of this difference can be attributed to sampling error. Gregory and
McIntosh (1996), Chase et al. (1998), and Gregory-Wodzicki et al. (1998)
discussed these caveats in more detail.

These additional errors are somewhat hard to quantify, but are probably
on the order of at least ~400 m. Thus, actual standard errors are probably on
the order of ~1200 m.

Other Estimates Based on Climate History

Large amounts of precipitation fall on the eastern slope of the Andes
(Subandes and Eastern Cordillera) because of the orographic effect. The
long, high barrier formed by the Cordillera forces moist air masses from
the Amazon to rise. As the air masses rise, they cool, and condensation oc-
curs. The area leeward of this zone, the Altiplano-Puna, Western Cordil-
lera, and coastal zone, becomes increasingly more arid from east to west.
The coastal strip from lat 4°S to 30°S (Atacama Desert), which receives on
the order of 1–5 cm of annual rainfall, is one of the driest regions on Earth
(Trewartha, 1981).

The extreme aridity of the coast is due to three factors: (1) the South Pa-
cific subtropical anticyclone, which creates a descending current of dry air
along the coast; (2) the cool coastal waters of the Humbolt or Peru Coastal
Current, which, because of its low temperatures, provide little moisture to
the descending air masses; and (3) the rain shadow created by the Andean
Cordillera, which blocks moist air masses from the Amazon (Trewartha,
1981). The interrelationships between these factors make it difficult to sep-
arate out their individual effects. For example, the South Pacific subtropical
anticyclone drives the Peru Coastal Current, and the Andean Cordillera both
stabilizes the location of the anticyclone and intensifies its circulation (Tre-
wartha, 1981; Hay, 1996).

Because of the rain-shadow effect created by the Andean Cordillera, some
authors have used the timing of the onset of aridity in the forearc region (At-
acama Desert) and the Altiplano-Puna to restrict the timing of surface uplift.

Onset of Aridity in the Atacama Desert.Using geochronologic dating
and paleotopographic reconstruction,Alpers and Brimhall (1988) estimated
average erosion rates during hypogene, supergene, and postmineralization
phases at the La Escondida porphyry-copper deposit in the Atacama Desert
of northern Chile (Fig. 6). They inferred that erosion rates and thus precipi-
tation levels were higher during supergene enrichment and then decreased
to modern hyperarid levels sometime between 14.7 ± 0.6 and 8.7 ± 0.4 Ma,
with a best guess of 15 Ma.

As Alpers and Brimhall (1988) noted, this transition coincides with a ma-
jor global cooling event, which is considered to be one of the most signifi-
cant climate changes of the Neogene (Crowley and North, 1991; Kennett,
1995; Wright, 1998). Workers have documented a large increase in the δ18O
of benthic foraminifera between 15 and 12.5 Ma, which they attributed to a
combination of cooling of deep waters and major expansion of the Antarc-
tic ice sheet (Flower and Kennett, 1993; Kennett, 1995; Wright, 1998).

This cooling event corresponds with other climatic and paleoceanographic
changes, including an intensification of the upwelling system in the eastern
Pacific around 14–11 Ma, as indicated by the onset of biosiliceous sedimen-
tation along the coast of Peru (Dunbar et al., 1990; Tsuchi, 1997). Both the
cooling of deep waters, which would have caused a cooling of the Peru
Coastal Current, and an increase of upwelling would cool surface waters
along the Pacific coast of South America. This situation could have caused a
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drying of the Atacama region. Also, the increased polar cooling would have
increased the meridional thermal gradient, and thus possibly could have in-
tensified Hadley circulation and thus increased drying in the mid-latitudes
(Flower and Kennett, 1994). Indeed, there is evidence of contemporaneous
cooling and drying of middle- to high-latitude continental regions, including
Australia, Africa, and North America (Flower and Kennett, 1994).

Alpers and Brimhall (1988) hypothesized that these changes in global cli-
mate and ocean circulation, however, were not sufficient to create the shift to
hyperaridity, and that 2000–3000 m of Andean elevation was needed to create
a rain shadow and stabilize the Peru Coastal Current (Table 1). They did not
detail how they chose this elevation figure, noting only that they based it on a
comparison with other mountain ranges. Presumably, this paleoelevation
range refers to the height of the Eastern Cordillera–Puna and/or plateau under
the volcanic peaks of the Western Cordillera rather than the volcanic peaks
themselves. In general, a chain of isolated cones will not create a continuous
rain shadow, because air masses can flow around the individual peaks.

There are two problems with this estimate. Firstly, Alpers and Brimhall
(1988) suggested that the observed climate change at 15 Ma was not enough
to create the shift to hyperaridity but offered no evidence to support this
statement. In fact, modern patterns of rainfall suggest that the Peru Coastal
Current plays a major role in creating an arid forearc region. For example,
the transition from the hyperarid climate of northern coastal Peru to the wet-
ter climates of northern coastal Ecuador and Colombia coincides with the
transition from cool Peru Coastal Current waters to warm equatorial waters
(Trewartha, 1981). Also, in El Niño years, as the area of warm equatorial
water expands south, normally dry coastal areas in northern Peru can re-
ceive heavy rainfall. Clearly, more observations and detailed climate mod-
els are needed to better understand the role of each factor in this system.

The second problem is that a significant rain shadow could have been
created at lower elevations than the 2000–3000 m proposed by Alpers and
Brimhall (1988) even if surface uplift did cause the shift to hyperaridity. For
example, studies of orographic rainfall in Britain show that most precipita-
tion enhancement occurs at low levels, around the first 1000–2000 m
(Browning, 1980).

Because of the problems with this estimate, it should not be considered
reliable at this time; the paleoelevation could have been as low as 1000 m or
as high as 4500 m.

Supergene Enrichment, Atacama Desert.Both climate and tectonics
have important effects on the supergene enrichment of porphyry copper de-
posits. Supergene enrichment occurs when oxidizing solutions encounter a
reducing horizon, typically the water table, and precipitate chalcocite (Tit-
ley and Marozas, 1995). The unusually thick supergene-enriched horizons
found in the Atacama Desert of northern Chile suggest a rapidly descend-
ing water table, which could have been produced by rock or surface uplift,
a desiccation trend (Titley and Marozas, 1995; Sillitoe and McKee, 1996),
and/or falling sea level (Brimhall and Mote, 1997).

Alpers and Brimhall (1988) deduced that supergene enrichment was ac-
tive from 18 to 15 Ma in the Atacama Desert based on dating of supergene
alunites at the La Escondida deposit (Fig. 6). Sillitoe and McKee (1996)
dated supergene alunites from 14 other mineral deposits in the Precordillera
and Coastal Cordillera of northern Chile (Fig. 6) and found that supergene
enrichment occurred mostly between 23 and 14 Ma, although the enrich-
ment occurred earlier, from 30 to 34 Ma, at two deposits. 

These studies imply that the period from 23 to 14 Ma was either a time
of rock or surface uplift, of desiccation due to surface uplift, or of desicca-
tion due to global climate change (Table 4), perhaps correlated with the
worldwide drying trend in the Cenozoic (Crowley and North, 1991). The
explanation of a falling sea level is unlikely because marine sediments in the
forearc basins of Peru suggest that 24–16 Ma was a time of transgression
(Dunbar et al., 1990).

The problem with using this method to determine the timing of surface
uplift is similar to that for the erosion study described above; namely, it is
difficult to separate the effects of surface uplift vs. climate change. Vascon-
celos et al. (1994) observed that deep weathering profiles similar to those in
Chile formed at the same time in Nevada and West Africa, suggesting that
the weathering event was related to global climate rather than local climate
or tectonics.

Establishment of Internal Drainage, Altiplano.The internal drainage
of the Altiplano is associated with its geographic setting—an intermontane
basin surrounded by highlands. The uplands to the east, the Eastern
Cordillera, block moisture from the Amazon region and create an oro-
graphic desert as discussed previously. Vandervoort et al. (1995) argued that
thick accumulations of nonmarine evaporites in the southernmost Puna-Al-
tiplano in Argentina (Fig. 6) suggest the presence of an arid, internally
drained system. By dating interbedded tuffs, they determined that these de-
posits began to accumulate at some point between 14.1 and 24.2 Ma; their
best guess was ca. 15 Ma. They suggested that the onset of these conditions
implies a similar physiographic setting to that of the present in which the
plateau is a distinct geographic entity with uplifted margins (Table 1). Note
that this study derived the same age for the onset of aridity as the studies of
erosion rates and supergene enrichment discussion above. However, the
problems with turning this information into a paleoelevation estimate are
similar. As they discussed, errors reflect the uncertainty over (1) the relative
importance of aridity vs. internal drainage to the accumulation of evapor-
ites, and (2), as in the Atacama erosion-rate study, the relative importance of
climate change vs. surface uplift to the onset of arid conditions.

Estimates Based on Landscape Development History

Paleoclimate indicators based on the history of landscape development
must be treated with care, as the potential for mixing climatic and tectonic
signals is great (Chase et al., 1998). However, low-relief surfaces that are
tied to sea level can provide important paleoelevation datums.

Low-Relief Surfaces, Western Cordillera.Sébrier et al. (1979) and
Tosdal et al. (1984) recognized three paleolandscape stages in the Western
Cordillera of southern Peru (Fig. 4), and Mortimer (1973) described a sim-
ilar set of surfaces in the Western Cordillera of northern Chile. The oldest
stage, dated as Oligocene to early Miocene, is represented by remnants of a
low-relief erosion surface in the Coastal and Western Cordillera. This degra-
dational surface is correlated with an aggradational plain in the upper Mo-
quegua Formation, which contains the 25 Ma marine transgression de-
scribed previously. This suggests that the Pacific Piedmont, along with the
Coastal Cordillera to the west, were near sea level at that time. Today, the
surface remnants are at elevations of 1100–1800 m (Table 1).

Tosdal et al. (1984) interpreted that the remnants of this low-relief surface
in the Western Cordillera, now at elevations around 3000–3500 m, were also

TABLE 4. TRENDS USED TO INFER UPLIFT/CLIMATE CHANGE

Evidence* P† Age Ref§

(Ma)
Increased denudation E 22–27 1
Desiccation trend (3) W 14–23 2
Increased denudation (4) E 0 to (10–15) 3
Increased terrigenous flux C 0–10 4
Canyon Cutting (5, 10) W, E 0–3 5

*Number in parentheses after name gives location on Figure 6.
†P—province: C—Cordillera, undifferentiated; E—Eastern Cordillera;

W—Western Cordillera.
§Ref = References: 1—Kennan et al. (1995), Lamb et al. (1997);

2—Sillitoe and McKee (1996); 3—Masek et al. (1994); 4—Curry et al.
(1995); 5—McLaughlin (1924), Walker (1949), Petersen (1958), Sébrier
et al. (1988); age from Gubbels et al. (1993) and Kennan et al. (1997).
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close to sea level and remained near sea level until 18 Ma, when the surface
in this region was buried by ignimbrite sheets. However, we do not know the
original slope of the surface. If we assume that the modern slope of ~2° ex-
isted in the Miocene, then the Western Cordillera could have been up to
about 1000 m high (Tosdal et al., 1994, Fig. 3).

Low-Relief Surfaces, Eastern Cordillera.Kennan et al. (1997) studied
remnants of a ca. 10 Ma low-relief erosion surface in the Eastern Cordillera
of Bolivia (Fig. 6). They suggested that the lowest, easternmost remnants
formed at elevations near sea level, because they have low gradients and are
located near the Subandean zone, the estimated location of the Miocene
foreland. Recall that the foreland was at sea level at the time, as indicated by
the ca. 8–10 Ma Yecua Formation. They assumed that the Miocene slope of
the surface was the same as the modern slope, and thus estimated a paleo-
elevation of 1000–1500 m for the westernmost remnants, which are now at
elevations around 3500 m (Table 1; Kennan et al., 1997, Fig. 10).

Again, we do not know the original slope of the surface. Many tectonic
models suggest that the Brazilian shield was being “subducted” beneath the
Altiplano and Eastern Cordillera during the Miocene (Allmendinger et al.,
1997), which could have conceivably caused regional tilting. The western-
most remnants were at least 100 km from the Miocene foreland. Thus, a
mere 0.25° of regional tilt since 10 Ma would translate into a 400 m error on
the paleoelevation estimate. It is difficult to calculate how much tilting could
have occurred, but probably we should consider the errors on this estimate
to be at least ~1000 m.

Canyon Cutting. As discussed above, both the Western and Eastern
Cordillera of the Central Andes contain remnants of one or more widespread,
Neogene low-relief surfaces. These surfaces were deeply incised during the
Pliocene–Pleistocene. Several studies have interpreted that this incision was
triggered by surface uplift (Table 4; i.e., McLaughlin, 1924; Walker, 1949;
Petersen, 1958; Hollingworth and Rutland, 1968; Servant et al., 1989).
Sébrier et al. (1988) and Mortimer (1973) suggested that the depth of inci-
sion of a surface is equal to amount of surface uplift that occurred after the
formation of the surface. The onset of incision, however, is not necessarily a
response to surface uplift. It could also be a response to climate change, such
as the switch from a nonglacial to glacial climate or from a climate with a
high frequency of small storms to a climate with larger, more erosive storms
(Molnar and England, 1990; Gregory and Chase, 1994). Even if incision
were triggered by surface uplift, an estimate of the magnitude from the depth
of incision cannot be estimated because this calculation ignores the isostatic
response to erosion (Molnar and England, 1990).

Estimates Based on Erosion History

All of the estimates discussed previously deal with indicators tied to sur-
viving surfaces. Another approach to determining surface-uplift history is to
reconstruct erosion history. Most studies of modern erosion rates have found
that, as drainage basin relief and thus slope increase, so does the erosion rate
(Ahnert, 1970; Pazzaglia and Brandon, 1996). The response to climate is
more complex because of interactions with vegetation. Ritter (1988) sug-
gested that erosion rates reach a maximum in semiarid climates (200–
400 mm/yr precipitation) and again in very wet climates (>1000 mm/yr pre-
cipitation). Some authors stressed that this climate effect is important (Ritter,
1988; Molnar and England, 1990), whereas others suggested that slope is of
primary importance on regional scales (Pazzaglia and Brandon, 1996).

Erosion rates have been estimated for the Central Andes from fission-track
ages and from mass-accumulation rates for the Amazon fan, and indications
of relative relief have been obtained from studies of paleocurrent indicators.

Erosion Rates from Cooling History. Fission-track ages of apatite and
zircon record the time at which these minerals passed through their closing
temperatures. If isotherms remain generally horizontal and sample transport

is perpendicular to isotherms, then, for a given area, samples that are
presently at high elevations should have passed through the closing-tem-
perature isotherm at an earlier age than samples from lower elevations.
Thus, a plot of sample age vs. sample elevation will show a positive corre-
lation. The slope of this relationship represents the denudation rate; a break
in slope can represent either the onset of a cooling event, such as tectonic or
erosional denudation, or changes in denudation rate (Gallagher et al., 1998).

Laubacher and Naeser (1994) obtained three apatite fission-track ages
from the Eastern Cordillera of Peru. Their plot of age vs. sample elevation
has a prominent break in slope if the modern depth of the apatite closing-
temperature isotherm (~120 °C) is included, which the authors suggested
implies two periods of denudation. The first period began around 22 Ma and
was associated with the erosion of around 2 km of overburden, and the sec-
ond period occurred sometime after ca. 12 Ma and was associated with the
erosion of around 3–4 km of overburden. However, these interpretations
must be viewed as preliminary because of the small number of samples and
the lack of track-length data.

Fission-track data from the Eastern Cordillera of Bolivia also suggest two
periods of cooling. A preliminary study by Crough (1983) of fission-track
ages from the Triassic Huayna Potosi batholith suggested that from 2.5 to
5.0 km of material were eroded over the past 12 m.y. Benjamin et al. (1987)
measured apatite and zircon fission-track ages for elevation profiles for this
same pluton and for the Zongo pluton (Fig. 6). Based on these data, they
suggested that the uplift rate increased exponentially since 40 Ma, with a
significant increase between 10 and 15 Ma. An earlier phase of erosion is
supported by unpublished fission-track data cited in Kennan et al. (1995)
and Lamb et al. (1997), which suggested rapid cooling between 22 and
27 Ma for the Quimsa Cruz pluton in the western Eastern Cordillera.

Errors can arise from the assumptions that cooling is due only to erosion
(it could also be due to tectonic denudation) and that the elevation differ-
ences between samples have not changed due to faulting or tilting since they
passed the closure temperature (Hurford, 1991; Gallagher et al., 1998). Er-
ror can also stem from failure to identify samples from an ancient partial-
annealing zone; their age will be younger than the time they entered the par-
tial zone and older than the present event. Such samples can be identified
with histograms of track length, but none of the studies cited above provides
this information.

There are additional problems with the study of Benjamin et al. (1987).
Their plot of sample age vs. sample elevation, which is the standard type of
fission-track interpretive plot, suggested that denudation rates accelerated
around 10–15 Ma. The conclusion that uplift rates increased exponentially
since 40 Ma is based on a plot of uplift rate vs. age (Benjamin et al., 1987,
Fig. 3). As Masek et al. (1994) discussed, this plot is rather deceptive; es-
sentially, it is a plot of 1/time vs. time, which necessarily results in an expo-
nential curve. Thus, the data do not support an exponential increase in ero-
sion rates in the past 40 Ma; they only support the conclusion that
denudation rates increased around 10–15 Ma (Masek et al, 1994; Anders
et al., in preparation). 

In summary, fission-track data suggest two cooling events in the Eastern
Cordillera of the Central Andes, one around 22 Ma and the other around
10–15 Ma.

Terrigenous Flux to the Amazon Fan.Marine-sediment cores from the
Amazon fan area in the equatorial Atlantic show that terrigenous flux from
the Amazon basin began to increase significantly after 10 Ma (Table 4;
Curry et al., 1995), suggesting increased input from the Central Andes
(Meade et al., 1985). The authors attributed this increase to accelerated ero-
sion due to either surface uplift and/or climate change.

The deformation and uplift of the soft Miocene foreland sediments of the
Subandean zone beginning at 10 Ma probably caused at least some of the
increased flux; the fission-track studies discussed above suggest that in-
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creased erosion of the Eastern Cordillera also could have contributed. How-
ever, we do not know whether the increase in erosion in the Eastern
Cordillera was due to uplift or climate change. To answer this question, we
would need to compare records of climate and surface uplift with more de-
tailed records of cooling history and terrigenous flux.

Drainage Development, Central Andes.Based on paleocurrent data, it
appears that the Eastern Cordillera of the Central Andes had some relief as
early as the Eocene; paleocurrent directions from the Eocene Totora For-
mation from the central Altiplano of Bolivia were westerly (Lamb et al.,
1997). This differentiation apparently has continued until the present. Paleo-
currents were westerly in the Altiplano at 25 Ma (Lamb et al., 1997), and
Vandervoort et al. (1995) observed that 15 Ma alluvial strata in the south-
ernmost Puna have an eastern provenance. Note that these studies only de-
termine relief, not absolute elevation.

Drainage Development, Northern Andes.Hoorn et al. (1995) found
that in the early to early-middle Miocene, the Amazonas and Solimões
basins received sediments from the Guyana shield to the northeast (Fig. 3).
In the Magdalena Valley (Fig. 3), 12.9–13.5 Ma sediments indicate that the
Central Cordillera was drained by an east-southeast drainage system that
flowed into the Amazon region, suggesting that the Eastern Cordillera was
not a significant barrier (Hoorn et al., 1995; Guerrero, 1997).

Then, in the late middle Miocene, the Amazonas and Solimões basins be-
gan to receive sediments from the Andean Cordillera to the west (Hoorn
et al., 1995). In the Magdalena Valley, directions were still predominantly to
the east-southeast between 11.8 and 12.9 Ma, but there was some flow to
the north and northeast. Then, at 11.8 Ma, flow directions shifted to the
west, indicating the Eastern Cordillera was high enough to be a sediment
source (Table 3; Guerrero, 1997). Note that these studies only tell us that
some relief was created and do not provide absolute paleoelevations before
or after the change in drainage patterns.

DISCUSSION: ANDEAN UPLIFT HISTORY

The paleoelevation estimates discussed previously are summarized in
Figure 7. The estimates are plotted in terms of the percentage of modern el-
evation represented rather than raw paleoelevation so that they can be com-
pared more easily.

Central Andes

If we take the estimates from crustal shortening and landscape develop-
ment at face value, the Western Cordillera of the Altiplano subdomain of the
Central Andes reached no more than half its present height by 18–25 Ma
(Fig. 7). Note that the erosion-surface study suggests lower elevations than
the crustal-shortening study. This discrepancy could arise for several reasons,
including (1) dissection of the erosion surface, which would cause rock up-
lift of the remnants and thus a lower percent modern elevation represented by
the paleosurface, or (2) an overestimate of the amount of crustal shortening,
or (3) a failure to take into account other processes affecting uplift.

The Altiplano was at sea level until about 60 Ma. Based on paleoelevation
estimates from crustal shortening and the Chucal and Jakokkota floras, it at-
tained about 25%–30% of its modern elevation in the early Miocene and had
reached no more than half its modern elevation by 10 Ma (Fig. 7). Thus, it ap-
pears that on the order of 2300–3500 m of uplift occurred from the Miocene
to present. These estimates suggest uplift rates up to 0.1 mm/yr in the early
and middle Miocene, increasing to 0.2–0.3 mm/yr in the Miocene to present
(Table 5). Because the Altiplano has experienced little erosion since the
Miocene, we can assume that most of the uplift represents surface uplift.

The uplift history of the Eastern Cordillera of the Altiplano subdomain of
the Central Andes appears to be similar to that of the Altiplano based on

studies of the Potosí flora and erosion surfaces in Bolivia; it attained no
more than a third of its modern elevation by the early-middle Miocene and
no more than half its modern elevation by 10 Ma. This history suggests that
from 2000 to 2500 m of uplift has occurred since the Miocene at rates of
0.2–0.3 mm/yr (Table 5). The Potosí flora and most of the surface remnants
occur south of lat 19°S, so probably only 100–200 m of this uplift is due to
erosionally driven isostatic rebound. Taken together, the data from the West-
ern Cordillera, Altiplano, and Eastern Cordillera suggest that the Central
Andean Plateau experienced significant amounts of uplift in the late
Miocene–Pliocene.

All of these paleoelevation estimates have fairly low degrees of precision,
with errors on the order of ~1000–1500 m. However, note that the errors for
the various indicators stem from different sources. For example, the errors
for estimates based on crustal shortening derive from uncertainties in the
amounts of shortening and uplift mechanisms; those for the paleobotani-
cally based estimates derive from errors in estimating climate from leaves
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and uncertainties in amounts of regional climate change; and those based on
remnants of erosion surfaces derive from uncertainties in amounts of re-
gional tilt. Thus, although estimates from a given method may have non-
random errors, it is unlikely that estimates from other methods would have
the same nonrandom errors. The fact that the estimates in Figure 7 are con-
sistent with each other suggests that their true values do not lie at the ex-
tremes of their confidence limits.

The fission-track and terrigenous-flux data and the indicators of the shift
to hyperaridity suggest that the period from 10 to 15 Ma was a threshold of
climatic and/or tectonic change in the Central Andes. These data, however,
do not provide any absolute paleoelevation estimates because of the diffi-
culty in distinguishing the effects of uplift vs. climate change. The studies
of erosion rates, supergene enrichment, and deposition of evaporites all sug-
gest that the Western Cordillera became significantly drier around 15 Ma
(Tables 1 and 3). Fission-track data suggest that at about the same time,
10–15 Ma, denudation rates increased in the Eastern Cordillera, and at
10 Ma, terrigenous flux to the Amazon fan began increasing (Table 4).

This paired response, desiccation in the forearc and increasing erosion in
the Eastern Cordillera, could be a response to surface uplift. If the elevation
of the Central Andean Plateau increased, more precipitation would fall in
the Eastern Cordillera and less would reach the Altiplano and Atacama
Desert. The higher slopes and increased precipitation in the Eastern
Cordillera would increase erosion rates. On the other hand, it could be a re-
sponse to climate change. The event involving deep-water cooling and ice
growth at 15 Ma could have reduced the amount of moisture available to
coastal air masses, thus creating a drier Atacama. At the same time, this
change could have increased Hadley circulation, creating a stormier and
more erosive climate in the Eastern Cordillera. More likely, this paired re-
sponse is a reaction to both factors. The evidence for drying on other conti-
nents around 15 Ma suggests that global climate change played a large role
in the shift to hyperaridity. However, the increasing erosion in the Eastern
Cordillera seems more likely due to surface uplift. If we believe the paleo-
elevations from fossil floras, erosion surfaces, and crustal shortening, then
the Altiplano and Eastern Cordillera underwent significant uplift at some
time since the late Miocene. Uplift would have undoubtedly caused an in-
crease in erosion, and we do see such an increase around 10–15 Ma. More
climate, fission-track, and terrigenous-flux data are needed to further exam-
ine this interesting period of Andean history.

Colombian Andes

The paleobotanical data from the Eastern Cordillera of Colombia suggest
that in the middle Miocene through early Pliocene, elevations were fairly
low, no more than 40% of their modern values (Fig. 7). Elevations then in-
creased rapidly between 2 and 5 Ma, at rates on the order of 0.5–3 mm/yr
(Table 5), reaching modern elevations by around 2.7 Ma. Although the in-

dividual paleoelevation estimates have large estimated errors, they reveal a
very consistent pattern when plotted together, which suggests that they pro-
vide accurate paleoelevation data. However, it is likely that some portion of
this uplift represents rock uplift due to erosionally isostatic rebound.

CONCLUSIONS

The data compiled in this study suggest the following conclusions:
1. In the Altiplano subdomain of the Central Andes, the Western

Cordillera was at no more than half its modern elevation by 25 Ma. The Al-
tiplano and Eastern Cordillera were at 25%–30% of their modern elevation
by 20 Ma and ca. 14 Ma, respectively, and reached no more than half of
their modern elevation by 10 Ma.

2. On the order of 2000–3500 m of surface uplift of the Altiplano and
Eastern Cordillera has occurred since 10 Ma, at rates of 0.2–0.3 mm/yr.
Contrary to the assertion of Benjamin et al. (1987), there is no evidence for
exponentially increasing rates of uplift during this time period.

3. The Atacama Desert and Puna-Altiplano became drier at 15 Ma, and
erosion rates increased in the Eastern Cordillera at 10–15 Ma. Although it
is difficult to discern the effects of global climate change vs. surface uplift,
it is most likely that global climate change played the major role in the shift
to hyperaridity, whereas surface uplift played the major role in the increase
in erosion rates.

4. The Eastern Cordillera of the Colombian Andes was at no more than
40% of its modern elevation by 4 Ma; some of the subsequent rapid uplift
could reflect erosionally driven isostatic rebound.
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