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ABSTRACT tion, especially in terms of the paths of mean planetary waves and of th
transportation of water vapor, because the Andes have the second highe
The elevation of the Andean Cordillera is a crucial boundary condi- plateau on earth and form the only barrier to circulation in the Southern
tion for both climatic and tectonic studies. The Andes affect climate be- Hemisphere (Lenters and Cook, 1995).
cause they form the only barrier to atmospheric circulation in the As for tectonic studies, the process of mountain building at noncollisional
Southern Hemisphere, and they intrigue geologists because they havanargins is widely debated. Topics of contention include the relative contri-
the highest plateau on Earth formed at a noncollisional plate margin, butions of magmatic addition vs. crustal shortening to crustal thickness, the
the Altiplano-Puna. Yet, until recently, few quantitative studies of their role of the mantle vs. that of the crust in driving uplift, and whether high-
uplift history existed. This study presents both (1) a review of the quan- standing plateaus can be supported for long periods of time (F. Pazzagli
titative paleoelevation estimates that have been made for the Central 1999, personal commun.). Paleoelevation data provide useful constraints fc
and Colombian Andes and (2) an examination of the source and mag-these debates, because elevation is a function of the thickness, temperatu
nitude of error for each estimate. In the Central Andes, paleobotanical and strength of the lithosphere.
evidence suggests that the Altiplano-Puna had attained no more thana The purpose of this study is, first, to review the paleotopographic infor-
third of its modern elevation of 3700 m by 20 Ma and no more than half mation that exists for the Cenozoic Andes, with an emphasis on those stuc
its modern elevation by 10.7 Ma. These data imply surface uplift on the ies that provide quantitative estimates of paleoelevation. Second, the pu
order of 2300-3400 m since the late Miocene at uplift rates of pose is to discuss the sources and magnitude of error for each paleoelevati
0.2-0.3 mm/yr. Paleobotanical and geomorphological data suggest aestimate, so that subsequent studies can use them appropriately. The e:
similar uplift history for the Eastern Cordillera—namely no more than  mates come from indicators representing a variety of subdisciplines includ
half the modern elevation present by 10 Ma. No evidence exists for aning tectonics, sedimentology, geochemistry, volcanology, paleobotany, geo:
exponential increase in uplift rate, as has been interpreted from fission- morphology, and geochronology. Typically, each method has a different se
track data. These uplift rates mostly reflect mean surface uplift rather of assumptions and caveats. Many of the original studies did not include de
than rock uplift—that is, uplift of material points—because little dis- tailed error analyses or were published before important advances in our ur
section of the western Eastern Cordillera has occurred south of lat 19°S derstanding of how to interpret paleoelevation data, such as the discussic
and of the Altiplano-Puna. Thus, the Central Andean Plateau appears of rock uplift and surface uplift of England and Molnar (1990). Thus, it is
to be young. In the Colombian Andes, paleobotanical data imply rapid extremely important to evaluate the accuracy of the elevation estimates be
uplift of the Eastern Cordillera between 2 and 5 Ma at rates on the or- fore using them to constrain climate or tectonic models.
der of 0.6-3 mm/yr. However, some of this uplift is likely rock uplift due The estimated standard errors for the paleoelevation data tend to be larg
to erosion-driven isostatic rebound rather than mean surface uplift. 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-
Keywords: Andes, Cenozoic, mountain building, paleoclimate, paleo- timates can be mitigated somewhat by compiling a large set of estimate

geology, tectonics. based on a variety of methods and then analyzing the patterns. Thus, tt
third goal of this study is to combine the paleoelevation estimates into an in
INTRODUCTION tegrated uplift history.

We must keep in mind that the Andes are not a single entity, and that the tirr

The history of Andean uplift is crucially important to both climatic and teag of uplift most likely varied from north to south and from east to west. Thus,
tonic studies, but, until recently, few quantitative studies existed. Mountainsvetfien producing an uplift history, we should not analyze all the estimates to
fect climate because they change patterns of precipitation and seasonaldether, but must distinguish them based on location. In this study, most dat
ing, act as a barrier to atmospheric circulation, affect upper-atmosphere ftome from the Central Andes, especially the zone between lat 16°S and 28°
patterns, and may increase rates of chemical weathering (Ruddimanvetidsome additional data from the Eastern Cordillera of the Colombian An-
Kutzbach, 1989; Raymo and Ruddiman, 1992; Hay, 1996; Broccoli and Mdes. Thus, the study produces uplift histories for these regions only.
abe, 1997). In fact, Raymo and Ruddiman (1992) proposed mountain building
as the culprit for the marked global-cooling trend observed since the EocANDEAN DOMAINS AND MORPHOTECTONIC PROVINCES

The newer, fine-resolution general circulation models can simulate the
Andes more accurately. Thus, their uplift history is becoming more impor-The Andean Cordillera extends for 5000 km along the western coast o
tant to climate studies. Andean uplift probably has affected global circuauth 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
*E-mail: gregory@Ideo.columbia.edu. along and across strike.
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Domains: Along-Strike Variation

Along-strike variations reflect changing plate geometry along the
cific margin. Between lat 2-15°S and 28°-33%0he Nazca plate
subducts at an angle of 5°-10° beneath the South American plate; the
gions are termed “flat-slab zones” (Fig. 1) and are distinguished by a
of late Miocene to Holocene volcanic activity. Elsewhere along the mal
the Nazca plate subducts at an angle of 30°. These steeply dipping
correspond to areas of young volcanism. The zone to the south
33°30S is termed the southern volcanic zone; that from 15°S to 28°S
central volcanic zone; and that north of 2°S, the northern volcanic :
(Jordan et al., 1983).

In general, Andean domains coincide with these volcanic zones.
Southern Andes correspond to the southern volcanic zone; the Centr: Nazca
des correspond to the central volcanic zone and the two flanking slab z
and the Northern Andes correspond to the northern volcanic zone.

For the purposes of this study, which primarily deals with data from flat-slab
Central Andes, it is useful to further divide the Central Andean domain region
subdomains: the Altiplano subdomain from lat 15°S to 24°S, the Puna o Elevation (m)
domain from 24°S to 28°S, and the southern flat slab subdomain from : 4000

to 33°308S (Fig. 2). 30008 L 40
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Morphotectonic Provinces: Across-Strike Variation

Across-strike variation of the orogen reflects the generally eastwarc
gration of Andean arc magmatism and deformation through time. In ge
terms, there are three morphotectonic units in each subdomain—from
to east, a forearc zone, a magmatic arc, and a backarc region. In detai T T
units vary significantly. 8w °\80

Altiplano Subdomain. In the Altiplano subdomain, the forearc consist™ Figure 1. Elevation map of South America, with present plate con-
of the remains of the Mesozoic volcanic arc (Coastal Cordilleifigyrations.

1000-1500 m) and a forearc depression (Pacific Piedmont). The magn

arc consists of widely spaced volcanic peaks superimposed on a 450. ...

high plateau (Western Cordillera). The backarc is composed of a hinterl&#l,EOTOPOGRAPHY ESTIMATES

consisting of a 250-km-wide, 3700-m-high plateau with internal drainage

(Altiplano) and a Miocene thrust belt (Eastern Cordillera). The forelandMeasuring modern elevations is trivial; however, extracting paleoele-
consists of an active, thin-skinned fold-thrust belt (Subandean zowetjon data from the geologic record is considerably more difficult. In
400-1000 m), and an active foreland basin (Chaco basin; Fig. 2; Atlest cases, paleoelevations cannot be measured directly but must be in-
mendinger et al., 1997; Jordan et al., 1997). ferred from some other factor that varies with elevation, such as climate

Southern Flat-Slab Subdomain In the southern flat-slab subdomainpr erosion (Chase et al., 1998). Indicators used to provide paleotopo-
the forearc is a steady rise to the crest of the Andes, which is formed bgraphic information for the Andes include upper crustal deformation,
inactive magmatic arc and thrust belt (Frontal Cordillera or Principakrine facies, geochemistry of volcanic rocks, climate from fossil floras,
Cordillera). The foreland consists of an active, thin-skinned fold-thrust betbsion rates, erosion surfaces, fission-track ages, and rates of terrige-
(Precordillera) and zone of basement uplifts (Sierras Pampeamasis flux.

2000-6000 m; Fig. 2; Jordan et al., 1997). When using paleoelevation estimates to obtain an uplift history, both

Puna Subdomain The Puna subdomain is a transitional zone; the wegthat is being displaced and the frame of reference must be defined (Eng-
ern portion resembles the Altiplano region, because it contains an adawel and Molnar, 1990; Molnar and England, 1990). Surface uplift repre-
magmatic arc (Western Cordillera) and a hinterland region, consistingsefts the displacement of the average elevation of the landscape on a re-
high plateau with internal drainage (Puna) and a Miocene fold-thrust lggtinal scale (18-10* km?) with respect to mean sea level, whereas rock
(Eastern Cordillera). The eastern portion is more similar to the southern figlift is the displacement of a material point with respect to sea level. Rock
slab subdomain, because there is some basement involvement in the diplift reflects only regional surface displacements if no erosion occurs
thrust belt (Santa Barbara zone and northern Sierras Pampeanas; Fig. ZENgland and Molnar, 1990). This distinction is significant because surface
mendinger et al., 1997; Jordan et al., 1997). uplift reflects driving forces due to orogenesis, whereas rock uplift can re-

Colombian Andes North of lat 2°N, the Colombian Andes are dividedlect both orogenic forces and isostatic rebound.
into three ranges: an accreted arc (Western Cordillera) and the ancient aktblnar and England (1990) illustrated this difference using two scenar-
modern fold-thrust belt (Central and Eastern Cordilleras; Fig. 3; Coopes for eroding a low-relief plateau. In the first scenario, erosion uniformly
et al., 1995). The Cauca-Patia graben separates the Western and Ceatnalves a given thickneds Km) of material from the plateau surface,
Cordilleras, and the Magdalena Valley divides the Central and Eastesmpletely destroying the old surface (Fig. 4A). Isostatic rebound then oc-
Cordilleras. The modern foreland basin (Llanos basin) is located east oftims, on the order of 54 and the new surface stands ti@wer. In the
Eastern Cordillera (Fig. 3). second scenario, stream erosion carves a deep canyon. It removes the same

1000 km
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Figure 2. (A) Relief map of the Central Andes (U.S. Geological Survey 30 arc-second digital elevation model (DEM) data as pemzbby the
Cornell Andes Project). (B) Subdomains and morphotectonic provinces of the Central Andes (after Jordan et al., 1983). The heawy indicates
the location of the continental divide.

volume of material as in the first scenario, but the removal is localizEstimates Based on Crustal Deformation History

rather than uniform (Fig. 4B). Regional isostatic rebound again occurs, on

the order of 5/6 of the average depth of material remdwed@ii{e remnants  Several processes can produce or support elevated terranes in convergs
of the old surface, the interfluves, are uplifted, although the average hetghtonic settings. These include those that (1) thicken the crust, such &
of the surface has decreased. Thus, the interfluves experience rock ugtifstal shortening due to compression, crustal underplating, magmatic ac
not surface uplift. dition, and ductile flow of the lower crust; (2) thin the mantle lithosphere,

The indicators discussed in this study either record the paleoelevatiosuzh as delamination and tectonic erosion; and (3) either dynamically ol
a limited area or amounts of exhumation. Currently, we know of no g@bwysically support the crust, such as thermal anomalies due to magmatist
logic features that are tied to the mean elevation of a landscape. Becausediantle plumes and very rigid crust or mantle lithosphere.
the small amount of exhumation that has occurred in the arid AltiplanoGeophysical studies have revealed much about the deep crustal structu
Puna since the late Miocene (Isacks, 1988), we can use paleoelevationutater the Central Andes and help to identify processes responsible for th
from this region to reconstruct surface uplift. For the purposes of this studgdern high elevations of the orogen. In the Northern Andes, geophysica
we probably can assume that the arid Western Cordillera also underwerttlilies have focused more on shallow crustal structure; these studies wi
tle exhumation (Isacks, 1988; Masek et al., 1994). not be discussed.

Parts of the Eastern Cordillera and Subandean zone of the Central Andésterpretations of refraction and broadband data suggest the presence
however, have undergone significant amounts of erosion (Isacks, 19&8)hick crustal root that reaches 60-65 km under the Altiplano and
Masek et al. (1994) estimated that 2—6 km of erosion has occurred in theflas?4 km under both the Western and Eastern Cordilleras (James, 197
10 m.y. north of lat 19°S, which would suggest between about 200 afiyger et al., 1994; Beck et al., 1996; Dorbath and Granet, 1996; Zandt
1200 m of isostatic rebound of the remaining surfaces. They estimatedéess., 1996). The crust thins to 40 km along the coast and 32—38 km unde
erosion (on the order of 1 km) to the south of lat 19°S. Mass-balance sthd-Chaco Plain (Beck et al., 1996). The lithosphere appears to be arour
ies have not been undertaken for the Eastern Cordillera of Colombia, 128150 km thick under the Altiplano and thins to the south under the Puni:
significant erosion probably has occurred in this tropical wet zone. (Whitman et al., 1992) and to the east under the Eastern Cordillera (Myer:
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Figure 3. Physiographic provinces of the Northern Andes of Colom
bia (after Hoorn et al., 1995). W—Western Cordillera, CC—Central B o ! 0 !

Cordillera, EC—Eastern Cordillera, MV—Magdalena Valley. Cir- Distance (km) ¢ Distan%:e (km)

le—pal ical .
cle—paleobotanical study area 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
etal., 1998). The signature of mantle-derived helium in water samples 1/6 km (the exact figure depends on the density contrast between the
suggests that the lithosphere is thin under the Eastern Cordillera (Hcrust and mantle), whereas the rocks below the eroded material will rise
et al., 1994; Lamb and Hoke, 1997). This information also implies tt5/6 km. Thus, the resulting average surface elevation will be 1.8 km.
lithosphere under the Altiplano, but the geophysical studies do not corrcNote that any paleoelevation indicators on that surface (circles), such as
rate this interpretation. a leaf deposit, are destroyed. (B) If the same amount of material is
Many workers have suggested that crustal shortening created most ceroded but in a nonuniform fashion, the mean surface elevation will de-
crustal root (Isacks, 1988; Sempere et al., 1990; Sheffels, 1990, 1995;crease 1/6 km, and the rocks below the eroded material will uplift
mendinger et al., 1997). Workers document large amounts of shortenin5/6 km. In this case, the average surface elevation is still 1.8 km, but the
the Eastern Cordillera and Subandean zone, and balanced cross seinterfluves have uplifted to 2.8 km. Paleoelevation indicators would only
suggest that this shortening can account for between 80% and 90% csurvive on the interfluves, and would preserve a record of rock uplift.
crustal thickness under the Altiplano and Eastern Cordillera (Roeder, 1¢See Molnar and England (1990) for additional explanation.
Sheffels, 1995; Allmendinger et al., 1997; Baby et al., 1997; Lamb et
1997). Also, the low mean P-wave velocity of the Altiplano crust observ
in seismic studies suggests that it is felsic in composition, which preclu_.__
magmatic addition as a major component of crustal thickening (Zandt et alCentral Andes. From the Triassic to Early Cretaceous, subduction along
1996). However, for the Western Cordillera, studies suggest that magntéacwestern margin of South America was associated with an extensional-
addition contributed from 20% to 40% of the crustal thickness (Schmitanstensional regime in the backarc (Coney and Evenchick, 1994). Then,
1994; Allmendinger et al., 1997; Lamb and Hoke, 1997). around 89 Ma, the tectonic regime in the backarc became compressional, as
The contribution of crustal shortening to crustal thickness also appeasisienced by foreland deposits in what is now the Altiplano-Puna region
to vary along strike. For example, the balanced cross sections of Kley @empere et al., 1997). Subsidence in the Andean foreland basin increased
Monaldi (1998) suggest that crustal shortening contributed a significahta. 73 Ma and again around 58 Ma; Sempere et al. (1997) considered the
amount to crustal thickening between 17°S and 18°S and 30°S, whilatter date to represent the onset of “classic” foreland sedimentation.
contributed perhaps as little as 30% for the region between 18°S and 26°Braditionally, compression was thought to have occurred in up to six
Gravity data are consistent with an Airy model of local isostatic compesfrort pulses separated by periods of extension (e.g., Mégard et al., 1984;
sation with the exception of the Subandean zone and Chaco basin bet®ébner et al., 1988). More recent studies suggest that deformation took
the latitudes of about 15° and 23°S, which appear to be partially suppopiede fairly continuously, creating a fold-thrust belt and foreland-basin sys-
by the underthrust Brazilian shield (Watts et al., 1995; Beck et al., 1986 that migrated eastward (Jordan et al., 1983, 1997; Sempere, 1995; Hor-
Whitman, 1999), and for the coastal area, which appears to be partially soip-and DeCelles, 1997; Sempere et al., 1997).
ported by the subducting Nazca plate (Whitman, 1999). In the Central Andes, Eocene deformation (called the Incaic deformation)
Because of the importance of crustal shortening to crustal thickeningfégcted the Western Cordillera and some local regions of the foreland basin
least for the northern Altiplano and flat-slab subdomains, the timing of pig. 5; Sempere etal., 1997; Lamb and Hoke, 1997; Jordan et al., 1997). The
per crustal thickening has been used to fix the timing of surface uplift of heus of thrusting then shifted to the east. In the Altiplano subdomain, com-
Central Andes. pression in the Altiplano—Eastern Cordillera began in the Oligocene, be-
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Figure 5. General timing of upper crustal compression (black
boxes), arc magmatism (v's), and last marine facies (“sea level”) for the
(A) Altiplano and (B) Puna subdomains. WC—Western Cordillera,
A—Altiplano, P—Puna, EC—Eastern Cordillera, SA—Subandes,
SB—Santa Béarbara. See text for data sources.

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 subc
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 unt
around 2—-3 Ma, contemporaneous with deformation in the Santa Barbar:
system to the east (Fig. 5; Jordan et al., 1997). Farther to the south, defo
mation began around 20 Ma in the Frontal Cordillera, and the locus shiftec
to the east around 15 Ma to the central Precordillera.

Some authors considered that most surface uplift occurred in the Oligocen
phase of deformation (Sempere et al., 1990; Jordan et al., 1997). Jordan et
(1997) estimated that Eocene deformation accounted for between 25% ar
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
deformation produced most uplift of the plateau and all uplift of the Suban-
dean zone (Table 1). Lamb and Hoke (1997) concurred with this scenaric
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 surfac
uplift caused by other mechanisms (Table 1).

There are several problems with using upper crustal deformation data t
infer surface uplift history. As discussed above, it appears that crustal shor

tween 25 and 29 Ma and continued until about 10-6 Ma (Sempere etegling cannot account for modern crustal thickness for all domains or mor:
1990; Allmendinger et al., 1997; Jordan et al., 1997; Lamb et al., 1997), @hdtectonic units, which suggests that other processes contributed to th
the foreland shifted east to the Subandean area (Fig. 5). Then, ardhitc#t crustal root. Those that have been proposed include underplating b
10-6 Ma, deformation again shifted to the east, this time to the Subandeaterial tectonically eroded from the continental margin (Baby et al., 1997),
zone, and the foreland basin shifted to its present location in the Chaco basigmatic addition (James, 1971; Lamb and Hoke, 1997), ductile flow of

TABLE 1. PALEOELEVATION ESTIMATES FOR THE CENTRAL ANDES,
ALTIPLANO-PUNA SUBDOMAINS

Locality* pt Age Elevation %M S A Refff

(Ma) Paleo- Modern elev.s error’ error**

(m) (m) (m) (m)

Crustal def ormation
Shortening W ~25 25-50 1
Shortening AE ~25 30
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
Potosi (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 +80088 +1200 10
Jakokkota (7) A 10.66 + 0.6 590-1610 3940 15-41 +800%8 +1200 10
Other climate pr oxies
Erosion rates (1) w ~15 1000-4500%8  ~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.

TP—province: F—forearc, W—Western Cordillera, A—Altiplano, E—Eastern Cordillera, S—Subandes.

59M 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.

TTRef—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—Mufioz 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).

88Recalculated using new lapse rate error term (see text).

#Error due to sea-level change (Hallam, 1992).

Geological Society of America Bulletin, July 2000 1095



K.M. GREGORY-WODZICKI

the lower crust (Kley and Monaldi, 1998), and undocumented pre-Eruption of Mafic Lavas and Delamination.As discussed earlier, geo-
Oligocene shortening (Horton and DeCelles, 1997). Also, the geophyspaa}sical and geochemical data suggest that the lithosphere is thin below the
evidence for thin mantle lithosphere under the Puna and Eastern Cordilirstern Cordillera and southern Puna, even though we might expect it to
suggests that delamination of the mantle lithosphere could be an impotiase been thickened along with the overlying crust during compression.
process (Kay and Kay, 1993). Thus, these estimates of surface uplift b&mselway to thin the lithosphere is by extension. This mechanism is unlikely,
on upper crustal shortening should be considered to have fairly large etovgever, because crustal extension in this region is limited. Another way to
until more is known about the mechanisms of Andean uplift. thin the lithosphere is by convective removal of the basal part of the lithos-
Colombian Andes The Northern Andes have a fundamentally differeqthere (delamination; Houseman et al., 1981). Delamination can occur when
tectonic history than the Central Andes in that crustal deformation was thré thickened mantle lithosphere becomes heavier than the surrounding as-
marily associated with the collision of allochthonous terranes. In the Ltitenosphere causing convective removal. The removal of this dense mater-
Cretaceous—Paleocene, a volcanic arc collided with the South American mbwould cause the overlying lithosphere to uplift rapidly.
gin from northern Peru to Colombia; remnants of the arc are preserved in th&y and Kay (1993) and Kay et al. (1994a) proposed that a delamination
Western Cordillera of Ecuador and Colombia (Dengo and Covey, 1998)ent occurred between 2 and 3 Ma under the Puna, as indicated by extensive
This event caused compressional deformation of the Western and Centegimatism of the oceanic-island basalt type, which suggests both mantle-de-
Cordilleras and foreland deposition in the area of the Eastern Cordillévad melts and a cessation of compressional deformation. Such an event
(Cooper et al., 1995; Branquet et al., 1999). Some folding and thrustingvisuld have caused rapid surface uplift, perhaps on the order of 1-2 km.
the middle Magdalena Valley and western Eastern Cordillera occurred in theamb and Hoke (1997) suggested that delamination could have occurred
middle Eocene (Branquet et al., 1999), perhaps associated with collisiohesfeath the Altiplano and Eastern Cordillera during two phases of wide-
the Pifion-Macuchi terrane (Toussaint and Restrepo, 1994). The Panampi@ad mafic volcanism—one at 23-24 Ma and another at around 5 Ma.
Choco island arc collided with the northwest margin of the South Ameriddowever, based on the geochemistry of the 5 Ma mafic lavas as compared
plate from 12 to 6 Ma (Dengo and Covey, 1993; Kellogg and Vega, 1995ijth the 2—3 Ma lavas from the Puna, Kay and Kay (1993) suggested that
this event is associated with deformation in the Eastern Cordillera regibe. older Altiplano lavas reflect the margins of a delamination event cen-
Workers have not made quantitative estimates of uplift from this histagred under the Puna.
but in general, have concluded that uplift of the Western and Centralrace Elements.The arc volcanics from the Central Andes show evi-
Cordilleras occurred mostly in the Late Cretaceous—Paleocene, and thadepee of significant amounts of crustal contamination; workers have learned
lift of the Eastern Cordillera mostly occurred in the Pliocene—Holocene. ®&imut the type, amount, and sources of the assimilated material through geo-
same problems discussed for the Central Andean estimates apply to tiemmical and isotopic studies. This information, in turn, can provide infor-
studies; they are even more uncertain because less is known about ae&{Bn on crustal thickness.

crustal structure. 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
Estimates Based on Volcanic History 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

Magmatic activity can be associated with (1) the addition of significant velarth elements (HREE), which contrasts to that of volcanoes on thin crust.
ume to the crust, (2) delamination or thermal thinning of the lithosphere, ditby attributed this trend to the presence of residual garnet, which is sta-
(3) weakening of the crust, which can facilitate compression (Isacks, 1988. at great depths in the crust (Hildreth and Moorbath, 1988; Kay et al.,
Thus, in some cases, magmatic activity coincides with uplift. The rocks ther®91). Workers subsequently have used this modern correlation between
selves also can be indirect paleoaltimeters, because their chemistry givegraL REE/HREE ratios and thick crust to delimit the timing of crustal
clue to the thickness of the crustal column through which they were eruptieidkening.

Timing of Magmatic Activity . In the Central Andes, the volcanic arc Kay et al. (1991, 1994b) analyzed trace-element compositions of
was located along the present coastal area from the Jurassic to the Earlydigacene and Miocene volcanic rocks from the flat-slab subdomain (Fig. 6).
taceous; its remnants are preserved in the Coastal Cordillera of PeruByntcbmparing LREE/HREE ratios from these rocks with those from the re-
Chile. The arc then shifted to the east and was located in the Pacific Riedt volcanoes, they estimated that the crust thickened from 35—-40 km in the
mont and western foothills of Western Cordillera from the Early Cretace@igyocene—early Miocene to 50-55 km in the middle Miocene and then to
to early Eocene (Coira et al., 1982). After a hiatus in volcanism from 35modern crustal thicknesses of 55-65 km by ca. 6 Ma (Table 2). Using the
25 Ma, the arc shifted to the Western Cordillera, and widened consideraalsne method, Kay et al. (1994b) estimated that 22—25 Ma volcanic rocks
to include the Altiplano-Puna and Eastern Cordillera (Fig. 5; Coira et &#lgm the southern Puna subdomain imply a 45-km-thick crust (Table 2).
1982; Jordan and Alonso, 1987; Allmendinger et al., 1997). An intense pefrumbull et al. (1999), however, found low LREE/HREE ratios in
riod of ignimbrite eruptions occurred between 12 and 5 Ma in the Altiplaridiocene to Quaternary volcanic centers just to the north of the study area
Puna and Eastern Cordillera, whereas most subsequent volcanism hasdféay et al. (1991, 1994b), even though the modern crust is around 60 km
concentrated in the Western Cordillera. thick. They explained the apparent lack of a garnet signature by either vari-

In the flat-slab subdomain, the arc shifted to the Frontal-Princigalon in the bulk composition of the lower crust or crustal contamination at
Cordillera in the Oligocene. The subducting slab began to shallow aroshdllower levels in the crust. They did find evidence for increasing crustal
20 Ma, which reduced the amount of volcanic activity. By 10 Ma, virtuallgontamination through time, which they suggested was due to thickening
no andesitic volcanism existed in this region. crust. Contamination was low from 20 to 8 Ma, and then increased at 8 Ma

This history would suggest that, if there were thermal effects or crustahttain modern values at 5 Ma (Table 2).
thickening due to magmatic addition, it would have occurred since 25 MavicMillan et al. (1993) analyzed the geochemistry of lava flows from the
in the Western Cordillera and between 12 and 5 Ma in the Altiplano-Pukitiplano subdomain. They found that 10.5-6.6 Ma lavas have trace-ele-
and Eastern Cordillera. However, seismic studies are not consistent withnt ratios similar to modern arc magmas erupted on thin crust, even
significant magmatic addition under the Altiplano (Zandt et al., 1996), ti®ugh structural studies suggest the late Miocene crust was fairly thick. In
discussed previously. contrast, Pleistocene lavas show a garnet signature. To explain this result,
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y elevation estimates, because, as discussed previously, several mechanis

J 65 besides crustal thickening can cause surface uplift.

more erosion 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 paleoelevatior
1 20°s estimates.

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

The Altiplano-Puna and Eastern Cordillera were last at sea level in the
1 28°s Paleocene. The 73-60 Ma El Molino Formation, a sequence of extensive
mostly shallow-water or restricted-marine limestones and mudstones, wa
deposited in the Altiplano-Puna area of Peru, Bolivia, and northern Ar-

gentina (Table 1 and Fig. 5; Sempere et al., 1997).
0 0 The Subandean zone was at sea level until the late Miocene; the
| {55 ca. 8-10 Ma Yecua Formation from the Subandean zone of Bolivia contain:
T [/p restricted marine facies (Marshall et al., 1993), and the 14—-15 Ma Anta
N . Formation from the Subandean zone of northern Argentina consists of al
ZW 8wV o ternating shallow-marine and nonmarine beds (Table 1 and Fig. 5; Jorda

Figure 6. Location of sites discussed in text. 1—Erosion rate (La Es-and Alonso, 1987; Reynolds etal., 1994).
condida); 2—Puna internal drainage; 3—supergene enrichment; 4—  1hese paleoelgvation estimates are subject to errors associated with s¢
Huayna Potosi/Zongo plutons; 5—erosion surfaces, Western [€vel change, which has been on the order of ~100-200 m for the Cenozoi

Cordillera (Peru); 6—Chucal flora; 7—Jakokkota flora; 8—Corocoro ~ (Table 1; Hallam, 1992).

- less erosion

1 24S

12

11

11

m>|—(n—|)>l—'n|)>ZC‘U|OZ)>I_‘U——|

flora; 9—Potosi flora; 10—Erosion surfaces, Eastern Cordillera; 11—  Marine Facies, Northern AndesThe youngest episode of marine sedi-
rare earth element (REE) study (Kay et al., 1991): 12—REE study mentation was in the Late Cretaceous in the Central Cordillera, Magdalen:
(Trumbull et al., 1999). See Tables 1-3 for references. Valley, and Eastern Cordillera, and in the middle Miocene in the Llanos

basin (Cooper et al., 1995).

TABLE 2. CRUSTAL THICKNESS ESTIMATES BASED ON Estimates Based on Climate History as Inferred from Vegetation
GEOCHEMISTRY OF VOLCANIC ROCKS
Location* Lat Age Thick? ~ Mthick® Ref?

Fossil floras can be used as paleoaltimeters, because temperature can

S) (Ma) (km) (km) . . S

Sierra de Gorbea (12) 2530 5 60 60 1 estimated from vegetation type, and temperature decreases as elevation |

Cerros Bravos (11) 27° 22-25 45 43-60 2 creases. Two methods have been used to analyze Andean paleofloras, t

Dofia Ana, Pulido Fms (11) ~ 28°-83°  16-24 3540  ~5565 3 pegrest-living-relative method and the foliar-physiognomic method.

C. de Tértolas, Jotabeche (11) 28°-33° 11-16 50-55 ~55-65 3 T . .

Pircas Negras (11) 28°_33° 6 5565 ~55-65 3 Nearest-Living-Relative Method, Northern Andes.In the nearest-liv-
*Number in parentheses after name gives location on Figure 6. lng-relatlve method, every form in a fossil flora is identified to the nearest
fThick—crustal thickness estimated from light rare earth elements (REE) and/or ||V|ng Species_ Then’ the eco|ogica| ranges of the nearest ||V|ng relatives ar

heavy REE or crustal contamination (see text). d to give the t t I fi f the f il fl In thi
SM thick——modern crustal thickness. summed to give the temperature or elevation of the fossil flora. In this way
#Ref—references: 1—Trumbull et al. (1999); 2—Kay et al. (1994b); 3—Kay Van der Hammen et al. (1973) and Wijninga (1996) analyzed nine pollen

etal. (1991). and macrofossil assemblages from the Eastern Cordillera of Colombiz

(Fig. 3). They interpreted that the oldest sites, which are early—middle
Miocene, were lowland floras with paleoelevations of <700 + 500 m (stan-
they suggest that, in the Miocene, the garnet in the source had all beendzama error = @) (Table 3). The estimated paleoelevations of the floras in-
sumed due to continual production of melt during the Cenozoic. Becauserefsed through the Pliocene until they reached modern elevations at 2.7
the time lag needed for the thickened crust to attain a new thermal equilib-Ma (Table 3).
rium, no new crust had yet been added to the lower-crustal interaction zon8uch elevation estimates are only valid if the ancient climates match the
By the time of the Pleistocene eruptions, however, the new crust had baedern climate as Wijninga (1996) pointed out. For instance, a global-cool-
added, and garnet could again be a residual phase. ing trend since the Miocene could explain the progression from lowland to
It would appear, therefore, that trace-element signature varies with mapkand floras. Over the long term, the assumption of similar climate appear:
than just crustal thickness. Therefore, estimates based on trace-elemertbsi reasonable; marine isotope records suggest that tropical sea-surfa
nature should be considered as very low precision estimates. Additionatemyperatures in the middle Miocene were similar or perhaps a degre
certainty arises if we try to use crustal thickness estimates to produce paleomer than temperatures today (Savin et al., 1975). Pliocene sea-surfac
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TABLE 3. PALEOELEVATION ESTIMATES FOR THE EASTERN CORDILLERA, COLOMBIA

Locality Age* Elevation %M S A Ref**
(Ma) Paleo- Modern  elev.t error® error®

(m) (m)

Climate histor y

Sal. de Tequendama | e-mid? Mio. <700 2450 <29-36  +2507T +1500 1
Sal. de Tequendama Il mid? Mio. <700 2475 <29-36  +2507f +1500 1
Sal. de Tequendama mid? Mio. 0-500 2475 0-20 N.D. +1500 2
Rio Frio 17 53+%1 1000 3165 32 +£250+88 +1500 1
Subachoque 39 ca.4-5 1000 2820 35 +250+8%  +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
Rio Sotaquira ca.3-4 1600 2600 62 N.D. +1500 2
Guasca 103 28+0.5 2200 2650 83 +250 +1500 1,3
Choconta 4 28+05 2300 2690 86 N.D. +1500 2,3
Choconta 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).

Tfwijninga (1996) estimated short-term temperature fluctuations of 3 °C, and thus a standard error
of £250 m.

88Although 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.

temperatures also appear to have been similar to those of today (Hays ®texk, probably not adapted to the new, high elevations, and thus compari-
1989; Dowsett et al., 1996; King, 1996). son with modern altitudinal ranges probably results in an overestimation of
Because the paleofloras represent short periods of time, from 50@ateoaltitude (Wijninga, 1996).
10000 yr, however, short-term temperature fluctuations must be takeifhese assumptions introduce errors that are hard to quantify, but the total
into account. Marine isotope data suggest that short-term temperaéurer is probably larger than that for the foliar-physiognomic method, which
fluctuations were on the order of 1.5—4 °C in the Pliocene (King, 199@jorkers consider to be more reliable (see following section). Thus, | esti-
This error can be calculated in terms of elevation by using the appropréte a standard error on the order of +1500 m (Table 3).
ate terrestrial lapse rate. The free-air lapse rate is the temperature decliNearest-Living-Relative Method, Altiplano. Charrier et al. (1994) and
with altitude in a column of free air, observed to be 0.6 °C per 100 Mufioz and Charrier (1996) used the nearest-living-relative method to esti-
whereas the terrestrial lapse ratef(Forest et al., 1995) is the relation-mate that a 19-25 Ma flora preserved in the Chucal Formation of the west-
ship between altitude and mean annual temperature at the Earth’sesur-Altiplano of Chile (Fig. 6) grew at an elevation of 1000 + 200 m
face. For the Eastern Cordillera of Colombia, modern temperature d@&ble 1). As discussed above for the Colombian sites, the actual standard
reported by van der Hammen et al. (1981) and Wijninga (1996) suggasdr should be considered on the order of 1500 m.
a terrestrial lapse rate of 0.65 + 0.02 °C per 100 m, translating to an eldn several papers cited below, E.W. Berry used the nearest-living-relative
vation error of up to 700 m . method to estimate the paleoelevation of a number of fossil floras from the
Because of continental drift, Colombia was slightly closer to the equaBientral Andes (Fig. 6). Only three of these have been dated using radio-
in the middle Miocene, on the order of 1°-2° of latitude (Smith et al., 198f)etric techniques. These include the Potosi flora from the Eastern
Modern-day latitudinal gradients are on the order of 0.2 °C per degree ofCairdillera of Bolivia, dated as early to middle Miocene (Gregory-Wodzicki
itude. Thus, any errors due to continental drift should be small. etal., 1998), and the Corocoro and Jakokkota floras from the Bolivian Alti-
Changes in climate due to changes in paleogeography beyond just thpldee, dated as middle Miocene and 10.66 = 0.6 Ma, respectively (Avila-
crease in temperature associated with increased elevation must also beSatinas, 1990; Gregory-Wodzicki et al., 1998). Berry (1919a, 1922a, 1938,
sidered. For example, the creation of topography can contribute to dr@39) and Singewald and Berry (1922) estimated that the Potosi flora grew
graphic rainfall and the conversion of latent heat to sensible heat andatdeast 1500 m lower, that the Corocoro flora grew about 2000 m lower, and
obstruct large-scale air flow (Hay, 1996). However, it is difficult to specthat the Jakokkota flora grew “much nearer sea level” (Table 1).
late about specific changes for the Eastern Cordillera without detailed cliBerry (1923, 1938) considered the Jadibamba flora from the Andes of
mate models for the region. northern Peru to be Pliocene. However, it is interbedded with a thick sequence
Other possible errors stem from the assumption that the fossil taktffs that are probably Miocene (Megard, 1984). The modern climate of the
evolved into their modern counterparts, and that the ecological rangesadéa is cold temperate, but Berry suggested that the flora was tropical in na-
not evolve during this process. However, this may not be correct (Wottege and that it grew at least 700 m lower. Other floras that lack age control in-
1971; Wolfe and Schorn, 1990; Parrish, 1998, p. 150). For example, bdtide the Loja and Cuenca floras from southern Ecuador, which grew at
the Rio Frio and Subachoque sites contain mixes of lowland and uplandch lower” elevations, and the Pislepampa flora from Bolivia, which grew
genera, suggesting that some of relatives of the modern lowland elematisast 2000-2700 m lower (Berry, 1919b, 1922b, 1929, 1934, 1938). These
may have been upland elements, or vice versa (Wijninga, 1996). Tidgas are not included in Table 1 because of uncertainties in their ages.
source of error becomes more of a problem for analysis of data from faBerry’s estimates are subject to the sources of error discussed above for
ther back in time. Another possible complication is that the ancient tdlxa Colombian floras plus an additional source of error. For the nearest-liv-
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ing-relative method to work, detailed information of the present vegetatithmnge due to paleogeographic changes. The fossil floras, which represe
and its spatial and temporal evolution must be available. However, indiee and stream deposits, are compared with samples collected from livin
early 1900s, when Berry was working with the Andean material, relativgliants. Processes such as leaf fall, transport, and deposition could introdut
littte was known about the modern vegetation of South America, let al@mne bias. For example, Wolfe (1993) found that leaf samples collected fron
the ancient vegetation. Consequently, modern workers generally do noepbemeral streambeds had mean annual temperature estimates up to 0.7
cept his identifications of plant material (Taylor, 1991). Thus, these eslifferent than samples collected from the surrounding live plants, althougt
mates have lower precision than those previously discussed, with errorsame of this difference can be attributed to sampling error. Gregory anc
the order of ~2000 m. Mclntosh (1996), Chase et al. (1998), and Gregory-Wodzicki et al. (1998)

Foliar-Physiognomy Method, Central AndesThe foliar-physiognomic discussed these caveats in more detail.
method of Wolfe (1993, 1995) is based on the observation that leaf morFhese additional errors are somewhat hard to quantify, but are probabl;
phology varies with climate. For example, mean annual temperature (MAR)the order of at least ~400 m. Thus, actual standard errors are probably c
can explain 83% of the variation observed in the percentage of species thétorder of ~1200 m.
smooth-margined leaves (untoothed leaves) for a data set from 144 modern
vegetation sites. Using this and other correlations, Gregory-Wodzicki etGther Estimates Based on Climate History
(1998) estimated the paleoclimate of the 10.7 Ma Jakokkota flora and the
early-middle Miocene Potosi flora. The paleoelevation was then estimatedarge amounts of precipitation fall on the eastern slope of the Andes
(equation 1) by comparing the MAT of the floras to the modern MAT atfiubandes and Eastern Cordillera) because of the orographic effect. Tt
correcting for any changes in MAT due to factors other than uplift. 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 o

_OMAT; + AMAT, + AMAT, +A MAT, — MAT, D+ g, (1) curs. The area leeward of this zone, the Altiplano-Puna, Western Cordil

Yy ' lera, and coastal zone, becomes increasingly more arid from east to wes

The coastal strip from lat 4°S to 30°S (Atacama Desert), which receives ol

whereZ = paleoelevationZ, = modern elevatiorMAT, = MAT from the the order of 1-5 cm of annual rainfall, is one of the driest regions on Earth
fossil flora,AMAT, , AMAT_, AMATpg =the change in MAT since deposi-(Trewartha, 1981).

tion of the fossil ?Iora due to global climate change),(latitudinal conti- The extreme aridity of the coast is due to three factors: (1) the South Pa

nental drift ¢d), and changes in paleogeograpbg)(respectivelyMAT, = cific subtropical anticyclone, which creates a descending current of dry air

modern MAT;y = terrestrial lapse rate; agd= ancient sea level relative to along the coast; (2) the cool coastal waters of the Humbolt or Peru Coast:

modern sea level. Current, which, because of its low temperatures, provide little moisture to

Gregory-Wodzicki et al. (1998) used the modern terrestrial lapse ratéhef descending air masses; and (3) the rain shadow created by the Ande
0.43 °C per 100 mobserved for the Altiplano, Cordillera Oriental, and eaSbrdillera, which blocks moist air masses from the Amazon (Trewartha,
ern lowlands of the Central Andes forThis figure is lower than average1981). The interrelationships between these factors make it difficult to sep
values observed by other authors (Axelrod and Bailey, 1976; Meyer, 19%8®@te out their individual effects. For example, the South Pacific subtropical
1992), probably because of the presence of an elevated plateau (Parrishraingclone drives the Peru Coastal Current, and the Andean Cordillera bot
Barron, 1986). Thus, the use of this value may tend to overestimatedtailizes the location of the anticyclone and intensifies its circulation (Tre-
paleoelevation of lowland floras. wartha, 1981; Hay, 1996).

The paleotemperatures of the floras imply paleoelevations of 590-1610 Because of the rain-shadow effect created by the Andean Cordillera, som
800 m for the Jakokkota flora and 0-1320 + 800 m for the Potosi flora; &wthors have used the timing of the onset of aridity in the forearc region (At:
present elevations of these sites are 3940 m and 4300 m, respectaedyna Desert) and the Altiplano-Puna to restrict the timing of surface uplift.
(Table 1). The range of elevation given for each site reflects the range in va®nset of Aridity in the Atacama Desert.Using geochronologic dating
ues for the global climate change and climate change due to continentalafiftpaleotopographic reconstruction, Alpers and Brimhall (1988) estimatec
terms. The stated errors include the standard ediofZstimating mean average erosion rates during hypogene, supergene, and postmineralizatic
annual temperature from leaf physiognomy, estimated from model resipliases at the La Escondida porphyry-copper deposit in the Atacama Dese
als, the sampling error as calculated by Wilf (1997), and the standard esfarorthern Chile (Fig. 6). They inferred that erosion rates and thus precipi-
for the estimated lapse rate. tation levels were higher during supergene enrichment and then decreas

The standard error for the estimated lapse rate is somewhat difficult td@srodern hyperarid levels sometime between 14.7 + 0.6 and 8.7 + 0.4 Ma
timate. Meyer (1986, 1992) calculated terrestrial lapse rates for 39 areasithf a best guess of 15 Ma.
1°-2° latitude and 1°-5° longitude from around the world and observed &s Alpers and Brimhall (1988) noted, this transition coincides with a ma-
mean value of 0.59 + 0.11 °C per 100 m. His estimated error, howeverjoeglobal cooling event, which is considered to be one of the most signifi-
flects geographical variation due to different atmospheric circulation sgant climate changes of the Neogene (Crowley and North, 1991; Kennett
tems and topography plus the error due to comparing temperatures o99&; Wright, 1998). Workers have documented a large increasediiGhe
fairly wide range of latitude. The study of Wolfe et al. (1997) is perhapgbenthic foraminifera between 15 and 12.5 Ma, which they attributed to a
more relevant. They analyzed the paleoelevation of 14 middle and ladmbination of cooling of deep waters and major expansion of the Antarc-
Miocene floras from California and Nevada using the enthalpy methodiofice sheet (Flower and Kennett, 1993; Kennett, 1995; Wright, 1998).
Forest et al. (1995), which does not rely on lapse rate, and found a diffefFhis cooling event corresponds with other climatic and paleoceanographi
ence of 0.066 °C per 100 m between modern lapse rates and Miocene mseges, including an intensification of the upwelling system in the easterr
rates. Thus, this error was used for the lapse rate error term in the aboveseific around 14—11 Ma, as indicated by the onset of biosiliceous sedimer
ror calculation. tation along the coast of Peru (Dunbar et al., 1990; Tsuchi, 1997). Both the

Actual errors are likely to be higher. As discussed above, short-term ctioling of deep waters, which would have caused a cooling of the Pert
mate variability could have been on the order of 1.5-4 °C, translating intB@astal Current, and an increase of upwelling would cool surface water:
standard error of up to 350 m, and additional error could arise from climalieng the Pacific coast of South America. This situation could have caused

z=27,
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drying of the Atacama region. Also, the increased polar cooling would hi
increased the meridional thermal gradient, and thus possibly could hav
tensified Hadley circulation and thus increased drying in the mid-latituc
(Flower and Kennett, 1994). Indeed, there is evidence of contemporane
cooling and drying of middle- to high-latitude continental regions, includir
Australia, Africa, and North America (Flower and Kennett, 1994).

Alpers and Brimhall (1988) hypothesized that these changes in global
mate and ocean circulation, however, were not sufficient to create the sh
hyperaridity, and that 2000-3000 m of Andean elevation was needed to ci
a rain shadow and stabilize the Peru Coastal Current (Table 1). They dic
detail how they chose this elevation figure, noting only that they based it «

TABLE 4. TRENDS USED TO INFER UPLIFT/CLIMATE CHANGE

Evidence* pt Age RefS
(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.

TP—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).

comparison with other mountain ranges. Presumably, this paleoeleva
range refers to the height of the Eastern Cordillera—Puna and/or plateau (
the volcanic peaks of the Western Cordillera rather than the volcanic pe _.. .
themselves. In general, a chain of isolated cones will not create a continuoliie problem with using this method to determine the timing of surface
rain shadow, because air masses can flow around the individual peaks. uplift is similar to that for the erosion study described above; namely, it is
There are two problems with this estimate. Firstly, Alpers and Brimhélfficult to separate the effects of surface uplift vs. climate change. Vascon-
(1988) suggested that the observed climate change at 15 Ma was not enmigh et al. (1994) observed that deep weathering profiles similar to those in
to create the shift to hyperaridity but offered no evidence to support tBhile formed at the same time in Nevada and West Africa, suggesting that
statement. In fact, modern patterns of rainfall suggest that the Peru Co#istalveathering event was related to global climate rather than local climate
Current plays a major role in creating an arid forearc region. For exampleectonics.
the transition from the hyperarid climate of northern coastal Peru to the weEstablishment of Internal Drainage, Altiplano. The internal drainage
ter climates of northern coastal Ecuador and Colombia coincides withdhée Altiplano is associated with its geographic setting—an intermontane
transition from cool Peru Coastal Current waters to warm equatorial watesin surrounded by highlands. The uplands to the east, the Eastern
(Trewartha, 1981). Also, in El Nifio years, as the area of warm equato@airdillera, block moisture from the Amazon region and create an oro-
water expands south, normally dry coastal areas in northern Peru cagraghic desert as discussed previously. Vandervoort et al. (1995) argued that
ceive heavy rainfall. Clearly, more observations and detailed climate mthdek accumulations of nonmarine evaporites in the southernmost Puna-Al-
els are needed to better understand the role of each factor in this systptano in Argentina (Fig. 6) suggest the presence of an arid, internally
The second problem is that a significant rain shadow could have beeined system. By dating interbedded tuffs, they determined that these de-
created at lower elevations than the 2000—3000 m proposed by Alperspasits began to accumulate at some point between 14.1 and 24.2 Ma; their
Brimhall (1988) even if surface uplift did cause the shift to hyperaridity. Hoest guess was ca. 15 Ma. They suggested that the onset of these conditions
example, studies of orographic rainfall in Britain show that most precipiterplies a similar physiographic setting to that of the present in which the
tion enhancement occurs at low levels, around the first 1000—200@lateau is a distinct geographic entity with uplifted margins (Table 1). Note
(Browning, 1980). that this study derived the same age for the onset of aridity as the studies of
Because of the problems with this estimate, it should not be considexetssion rates and supergene enrichment discussion above. However, the
reliable at this time; the paleoelevation could have been as low as 1000 praslems with turning this information into a paleoelevation estimate are
as high as 4500 m. similar. As they discussed, errors reflect the uncertainty over (1) the relative
Supergene Enrichment, Atacama DeserBoth climate and tectonics importance of aridity vs. internal drainage to the accumulation of evapor-
have important effects on the supergene enrichment of porphyry coppeitds;and (2), as in the Atacama erosion-rate study, the relative importance of
posits. Supergene enrichment occurs when oxidizing solutions encountdinaate change vs. surface uplift to the onset of arid conditions.
reducing horizon, typically the water table, and precipitate chalcocite (Tit-
ley and Marozas, 1995). The unusually thick supergene-enriched horizésismates Based on Landscape Development History
found in the Atacama Desert of northern Chile suggest a rapidly descend-
ing water table, which could have been produced by rock or surface uplifPaleoclimate indicators based on the history of landscape development
a desiccation trend (Titley and Marozas, 1995; Sillitoe and McKee, 1998)st be treated with care, as the potential for mixing climatic and tectonic
and/or falling sea level (Brimhall and Mote, 1997). signals is great (Chase et al., 1998). However, low-relief surfaces that are
Alpers and Brimhall (1988) deduced that supergene enrichment wadiad-to sea level can provide important paleoelevation datums.
tive from 18 to 15 Ma in the Atacama Desert based on dating of supergenew-Relief Surfaces, Western Cordillera.Sébrier et al. (1979) and
alunites at the La Escondida deposit (Fig. 6). Sillitoe and McKee (1996sdal et al. (1984) recognized three paleolandscape stages in the Western
dated supergene alunites from 14 other mineral deposits in the Precordilenalillera of southern Peru (Fig. 4), and Mortimer (1973) described a sim-
and Coastal Cordillera of northern Chile (Fig. 6) and found that supergéaeset of surfaces in the Western Cordillera of northern Chile. The oldest
enrichment occurred mostly between 23 and 14 Ma, although the enrgthge, dated as Oligocene to early Miocene, is represented by remnants of a
ment occurred earlier, from 30 to 34 Ma, at two deposits. low-relief erosion surface in the Coastal and Western Cordillera. This degra-
These studies imply that the period from 23 to 14 Ma was either a tidational surface is correlated with an aggradational plain in the upper Mo-
of rock or surface uplift, of desiccation due to surface uplift, or of desicapsegua Formation, which contains the 25 Ma marine transgression de-
tion due to global climate change (Table 4), perhaps correlated with skhebed previously. This suggests that the Pacific Piedmont, along with the
worldwide drying trend in the Cenozoic (Crowley and North, 1991). Tl@astal Cordillera to the west, were near sea level at that time. Today, the
explanation of a falling sea level is unlikely because marine sediments irsiiiace remnants are at elevations of 1100-1800 m (Table 1).
forearc basins of Peru suggest that 24—16 Ma was a time of transgressidasdal et al. (1984) interpreted that the remnants of this low-relief surface
(Dunbar et al., 1990). in the Western Cordillera, now at elevations around 3000—-3500 m, were also
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close to sea level and remained near sea level until 18 Ma, when the suifaperpendicular to isotherms, then, for a given area, samples that ar
in this region was buried by ignimbrite sheets. However, we do not know finesently at high elevations should have passed through the closing-ten
original slope of the surface. If we assume that the modern slope of ~2}exature isotherm at an earlier age than samples from lower elevation:
isted in the Miocene, then the Western Cordillera could have been ufphas, a plot of sample age vs. sample elevation will show a positive corre
about 1000 m high (Tosdal et al., 1994, Fig. 3). lation. The slope of this relationship represents the denudation rate; a bree
Low-Relief Surfaces, Eastern CordilleraKennan et al. (1997) studied in slope can represent either the onset of a cooling event, such as tectonic
remnants of a ca. 10 Ma low-relief erosion surface in the Eastern Cordillerasional denudation, or changes in denudation rate (Gallagher et al., 1998
of Bolivia (Fig. 6). They suggested that the lowest, easternmost remnantsaubacher and Naeser (1994) obtained three apatite fission-track age
formed at elevations near sea level, because they have low gradients aricbanghe Eastern Cordillera of Peru. Their plot of age vs. sample elevatior
located near the Subandean zone, the estimated location of the Miobeisea prominent break in slope if the modern depth of the apatite closing
foreland. Recall that the foreland was at sea level at the time, as indicatedimperature isotherm (~120 °C) is included, which the authors suggeste
the ca. 8-10 Ma Yecua Formation. They assumed that the Miocene slopeplies two periods of denudation. The first period began around 22 Ma anc
the surface was the same as the modern slope, and thus estimated a palsassociated with the erosion of around 2 km of overburden, and the se
elevation of 1000-1500 m for the westernmost remnants, which are noarat period occurred sometime after ca. 12 Ma and was associated with th
elevations around 3500 m (Table 1; Kennan et al., 1997, Fig. 10). erosion of around 3—4 km of overburden. However, these interpretations
Again, we do not know the original slope of the surface. Many tectomiwst be viewed as preliminary because of the small number of samples ar
models suggest that the Brazilian shield was being “subducted” beneatltitbdack of track-length data.
Altiplano and Eastern Cordillera during the Miocene (Allmendinger et al.,Fission-track data from the Eastern Cordillera of Bolivia also suggest two
1997), which could have conceivably caused regional tilting. The westguariods of cooling. A preliminary study by Crough (1983) of fission-track
most remnants were at least 100 km from the Miocene foreland. Thuages from the Triassic Huayna Potosi batholith suggested that from 2.5 t
mere 0.25° of regional tilt since 10 Ma would translate into a 400 m error®f km of material were eroded over the past 12 m.y. Benjamin et al. (1987
the paleoelevation estimate. Itis difficult to calculate how much tilting coutteasured apatite and zircon fission-track ages for elevation profiles for thi:
have occurred, but probably we should consider the errors on this estirsatee pluton and for the Zongo pluton (Fig. 6). Based on these data, the
to be at least ~1000 m. suggested that the uplift rate increased exponentially since 40 Ma, with
Canyon Cutting. As discussed above, both the Western and Eastesignificant increase between 10 and 15 Ma. An earlier phase of erosion i:
Cordillera of the Central Andes contain remnants of one or more widespreag@ported by unpublished fission-track data cited in Kennan et al. (1995
Neogene low-relief surfaces. These surfaces were deeply incised duringutlieLamb et al. (1997), which suggested rapid cooling between 22 an
Pliocene—Pleistocene. Several studies have interpreted that this incisior2@&da for the Quimsa Cruz pluton in the western Eastern Cordillera.
triggered by surface uplift (Table 4; i.e., McLaughlin, 1924; Walker, 1949; Errors can arise from the assumptions that cooling is due only to erosiol
Petersen, 1958; Hollingworth and Rutland, 1968; Servant et al., 198&)could also be due to tectonic denudation) and that the elevation differ-
Sébrier et al. (1988) and Mortimer (1973) suggested that the depth of ianees between samples have not changed due to faulting or tilting since the
sion of a surface is equal to amount of surface uplift that occurred afterghssed the closure temperature (Hurford, 1991; Gallagher et al., 1998). E
formation of the surface. The onset of incision, however, is not necessarilgracan also stem from failure to identify samples from an ancient partial-
response to surface uplift. It could also be a response to climate change auesaling zone; their age will be younger than the time they entered the pa
as the switch from a nonglacial to glacial climate or from a climate wittiial zone and older than the present event. Such samples can be identifie
high frequency of small storms to a climate with larger, more erosive stomvith histograms of track length, but none of the studies cited above provide:
(Molnar and England, 1990; Gregory and Chase, 1994). Even if incistbis information.
were triggered by surface uplift, an estimate of the magnitude from the depfhhere are additional problems with the study of Benjamin et al. (1987).
of incision cannot be estimated because this calculation ignores the isostatir plot of sample age vs. sample elevation, which is the standard type c

response to erosion (Molnar and England, 1990). fission-track interpretive plot, suggested that denudation rates accelerate
around 10-15 Ma. The conclusion that uplift rates increased exponentially
Estimates Based on Erosion History 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

All of the estimates discussed previously deal with indicators tied to ssentially, it is a plot of 1/time vs. time, which necessarily results in an expo-
viving surfaces. Another approach to determining surface-uplift history iswential curve. Thus, the data do not support an exponential increase in er
reconstruct erosion history. Most studies of modern erosion rates have faiod rates in the past 40 Ma; they only support the conclusion that
that, as drainage basin relief and thus slope increase, so does the erosiaferatéation rates increased around 10-15 Ma (Masek et al, 1994; Andel
(Ahnert, 1970; Pazzaglia and Brandon, 1996). The response to climat &l., in preparation).
more complex because of interactions with vegetation. Ritter (1988) sugn summary, fission-track data suggest two cooling events in the Eastert
gested that erosion rates reach a maximum in semiarid climates (200«dillera of the Central Andes, one around 22 Ma and the other arounc
400 mm/yr precipitation) and again in very wet climates (>1000 mm/yr pB-15 Ma.
cipitation). Some authors stressed that this climate effect is important (RitteTerrigenous Flux to the Amazon FanMarine-sediment cores from the
1988; Molnar and England, 1990), whereas others suggested that slopeAsnaizon fan area in the equatorial Atlantic show that terrigenous flux from
primary importance on regional scales (Pazzaglia and Brandon, 1996). the Amazon basin began to increase significantly after 10 Ma (Table 4;

Erosion rates have been estimated for the Central Andes from fission-t@akry et al., 1995), suggesting increased input from the Central Andes
ages and from mass-accumulation rates for the Amazon fan, and indicatipteade et al., 1985). The authors attributed this increase to accelerated er
of relative relief have been obtained from studies of paleocurrent indicatsien due to either surface uplift and/or climate change.

Erosion Rates from Cooling History.Fission-track ages of apatite and The deformation and uplift of the soft Miocene foreland sediments of the
zircon record the time at which these minerals passed through their cloSinigandean zone beginning at 10 Ma probably caused at least some of t
temperatures. If isotherms remain generally horizontal and sample transporeased flux; the fission-track studies discussed above suggest that ir

Geological Society of America Bulletin, July 2000 1101



K.M. GREGORY-WODZICKI

creased erosion of the Eastern Cordillera also could have contributed. | A Central Andes

ever, we do not know whether the increase in erosion in the Eas

Cordillera was due to uplift or climate change. To answer this question Proposed delamination evemsﬁ ,ﬁ

would need to compare records of climate and surface uplift with more

tailed records of cooling history and terrigenous flux. Bl Western Cordillera
EE Altiplano

[ Eastern Cordillera
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Drainage Development, Central AndesBased on paleocurrent data, i
appears that the Eastern Cordillera of the Central Andes had some rel
early as the Eocene; paleocurrent directions from the Eocene Totora
mation from the central Altiplano of Bolivia were westerly (Lamb et &
1997). This differentiation apparently has continued until the present. P¢
currents were westerly in the Altiplano at 25 Ma (Lamb et al., 1997), ¢
Vandervoort et al. (1995) observed that 15 Ma alluvial strata in the so
ernmost Puna have an eastern provenance. Note that these studies o
termine relief, not absolute elevation.

Drainage Development, Northern AndesHoorn et al. (1995) found
that in the early to early-middle Miocene, the Amazonas and Solim

]
o
ETHNET]

[e2]
o

N
o

8ﬁl||||||||||||||||||||||||||||

Percent modern elevation
w [oa]
o o

2N
o O

basins received sediments from the Guyana shield to the northeast (Fi 0 20 20 20 10 /I\ M
In the Magdalena Valley (Fig. 3), 12.9-13.5 Ma sediments indicate that Age (Ma) b
Central Cordillera was drained by an east-southeast drainage syster incision
flowed into the Amazon region, suggesting that the Eastern Cordillera increased denudation
not a significant barrier (Hoorn et al., 1995; Guerrero, 1997). B Eastern Cordillera. Colombia onset of aricity

Then, in the late middle Miocene, the Amazonas and Solimdes basin !
gan to receive sediments from the Andean Cordillera to the west (He 100 3
etal., 1995). In the Magdalena Valley, directions were still predominantl: 90 ﬂ
the east-southeast between 11.8 and 12.9 Ma, but there was some fl 5§ g, 3
the north and northeast. Then, at 11.8 Ma, flow directions shifted to ‘g 3
west, indicating the Eastern Cordillera was high enough to be a sedi ks 70'5
source (Table 3; Guerrero, 1997). Note that these studies only tell us QE) 60 1
some relief was created and do not provide absolute paleoelevations t S &g 3
or after the change in drainage patterns. g 40_f

€ 3 i
DISCUSSION: ANDEAN UPLIFT HISTORY 8 304 ]
& 203

The paleoelevation estimates discussed previously are summariz 10_5
Figure 7. The estimates are plotted in terms of the percentage of mode ]
evation represented rather than raw paleoelevation so that they can be L R L L S S B L L L
pared more easily. 20 18 16 14 1/T\ Alge (I\/?a) 6 4 2 0
Central Andes becomes sediment source

If we take the estimates from crustal shortening and landscape deve Figure 7. Paleoelevation estimates for the (A) Altiplano §ubdomain
ment at face value, the Western Cordillera of the Altiplano subdomain ofO‘c the Central Andes and (B) Eastern Cordillera of Colombia.
Central Andes reached no more than half its present height by 18—2&
(Fig. 7). Note that the erosion-surface study suggests lower elevations . .__.
the crustal-shortening study. This discrepancy could arise for several reastuadies of the Potosi flora and erosion surfaces in Bolivia; it attained no
including (1) dissection of the erosion surface, which would cause rock omre than a third of its modern elevation by the early-middle Miocene and
lift of the remnants and thus a lower percent modern elevation representatbhyore than half its modern elevation by 10 Ma. This history suggests that
the paleosurface, or (2) an overestimate of the amount of crustal shorteffingy 2000 to 2500 m of uplift has occurred since the Miocene at rates of
or (3) a failure to take into account other processes affecting uplift. 0.2-0.3 mm/yr (Table 5). The Potosi flora and most of the surface remnants
The Altiplano was at sea level until about 60 Ma. Based on paleoelevatioour south of lat 19°S, so probably only 100—200 m of this uplift is due to
estimates from crustal shortening and the Chucal and Jakokkota floras, érasionally driven isostatic rebound. Taken together, the data from the West-
tained about 25%-30% of its modern elevation in the early Miocene and éadCordillera, Altiplano, and Eastern Cordillera suggest that the Central
reached no more than half its modern elevation by 10 Ma (Fig. 7). Thus, itapdean Plateau experienced significant amounts of uplift in the late
pears that on the order of 2300-3500 m of uplift occurred from the Miocéiecene—Pliocene.
to present. These estimates suggest uplift rates up to 0.1 mm/yr in the eatyl of these paleoelevation estimates have fairly low degrees of precision,
and middle Miocene, increasing to 0.2—0.3 mm/yr in the Miocene to preseith errors on the order of ~1000-1500 m. However, note that the errors for
(Table 5). Because the Altiplano has experienced little erosion sincettieevarious indicators stem from different sources. For example, the errors
Miocene, we can assume that most of the uplift represents surface uplift.for estimates based on crustal shortening derive from uncertainties in the
The uplift history of the Eastern Cordillera of the Altiplano subdomain amounts of shortening and uplift mechanisms; those for the paleobotani-
the Central Andes appears to be similar to that of the Altiplano basectalty based estimates derive from errors in estimating climate from leaves
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TABLE 5. UPLIFT RATES CALCULATED FROM PALEOELEVATION DATA dividual paleoelevation estimates have large estimated errors, they reveal
Area Rate Type* very consistent pattern when plotted together, which suggests that they prc
Time period (mmiyr) vide accurate paleoelevation data. However, it is likely that some portion of
Altiplano i i i i i ;

(19.25) to 60 Ma 0.02-0.03 s this uplift represents rock uplift due to erosionally isostatic rebound.

11 to (19-25) Ma 0-0.1 s?

Present to 11 Ma 0.2-0.3 S CONCLUSIONS

Eastern Cor dillera, Central Andes

(14-21) to 10 Ma 0-0.4 s? o ) )

Present to 10 Ma 0.2-0.3 S, R The data compiled in this study suggest the following conclusions:

EliSSt;e{n ?101r (ilgﬂ\i Northern Andes 0.05-0.05 o 1. In the Altiplano subdomain of the Central Andes, the Western

(0] —. a .05-0. ¢ . . .

2.7+0.6 10 (4-5) Ma 0.6-3.0 RS (_:ordlllera was at no more than half its modern eIevatlon_ by 25 Ma. The AI-

Present to 2.7 + 0.6 Ma 0 N.D. tiplano and Eastern Cordillera were at 25%—-30% of their modern elevatior
*Type—type of uplift: R—rock uplift, S—surface uplift, N.D.—not determined. by 20 Ma and ca. 14 Ma, respectively, and reached no more than half o

their modern elevation by 10 Ma.

2. On the order of 2000—3500 m of surface uplift of the Altiplano and
and uncertainties in amounts of regional climate change; and those basé&thstern Cordillera has occurred since 10 Ma, at rates of 0.2—0.3 mm/yr
remnants of erosion surfaces derive from uncertainties in amounts ofQentrary to the assertion of Benjamin et al. (1987), there is no evidence fo
gional tilt. Thus, although estimates from a given method may have nexrponentially increasing rates of uplift during this time period.
random errors, it is unlikely that estimates from other methods would hav8. The Atacama Desert and Puna-Altiplano became drier at 15 Ma, anc
the same nonrandom errors. The fact that the estimates in Figure 7 areazosion rates increased in the Eastern Cordillera at 10-15 Ma. Although i
sistent with each other suggests that their true values do not lie at thesadifficult to discern the effects of global climate change vs. surface uplift,
tremes of their confidence limits. it is most likely that global climate change played the major role in the shift

The fission-track and terrigenous-flux data and the indicators of the stafhyperaridity, whereas surface uplift played the major role in the increase
to hyperaridity suggest that the period from 10 to 15 Ma was a thresholahadrosion rates.
climatic and/or tectonic change in the Central Andes. These data, howevet, The Eastern Cordillera of the Colombian Andes was at no more thar
do not provide any absolute paleoelevation estimates because of the difli6 of its modern elevation by 4 Ma; some of the subsequent rapid uplift
culty in distinguishing the effects of uplift vs. climate change. The studiesuld reflect erosionally driven isostatic rebound.
of erosion rates, supergene enrichment, and deposition of evaporites all sug-
gest that the Western Cordillera became significantly drier around 15 MaKNOWLEDGMENTS
(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 &his work was supported by National Science Foundation grant EAR 97-
10 Ma, terrigenous flux to the Amazon fan began increasing (Table 4). 09114. Many thanks to P.J. Coney and the Cornell Andes Group for en
This paired response, desiccation in the forearc and increasing erosi@oimaging me to study Andean uplift, to J.D. Lenters and D. Rind for shar-
the Eastern Cordillera, could be a response to surface uplift. If the elevaitigrtheir insight into South American climates, to T.E. Jordan for help with
of the Central Andean Plateau increased, more precipitation would fallefinitions of Andean domains, to W.A. Wodzicki for helpful discussions on
the Eastern Cordillera and less would reach the Altiplano and Atacasupergene enrichment, and to M. Seidl for discussions of erosion and cli
Desert. The higher slopes and increased precipitation in the Eastaate. Reviews by M.T. Brandon, P. Molnar, and an anonymous reviewer
Cordillera would increase erosion rates. On the other hand, it could be aiggificantly improved the manuscript. This is Lamont-Doherty Earth Ob-
sponse to climate change. The event involving deep-water cooling ands@watory contribution number 6057.
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,RffﬁERENCES CITED
change could have increased Hadley circulation, creating a stormier &, F., 1970, Functional relationship between denudation, relief, and uplift in large mid-lati-
more erosive climate in the Eastern Cordillera. More likely, this paired re- tude drainage basins: American Journal of Science, v. 268, p. 243-263. )
Sponse is a reaction to both factors. The evidence for crying on other ARSI W, Joden, TE, Kay S, and isaos B, 1997 Toe evolton oftne At
nents around 15 Ma suggests that global climate change played a large role 25, p. 139-174.
in the shift to hyperaridity. However, the increasing erosion in the East&fgrs: C.N., and Brimhall, G.H., 1988, Middle Miocene climatic change in the Atacama Desert,
. ; . . northern Chile: Evidence from supergene mineralization at La Escondida: Geological So-
Cordillera seems more likely due to surface uplift. If we believe the paleo- ciety of America Bulletin, v. 100, p. 1640-1656.
elevations from fossil floras, erosion surfaces, and crustal shortening, théa-Salinas, W.A., 1990, Origin of copper ores at Corocoro, Bolimi&ontbote, L., Amstutz,
the AItipIano and Eastern Cordillera underwent signiﬁcant uplift at some S.C:, Card‘ozo, M., Cedillo, E., and Frutose, J., eds., Stratabound ore deposits in the Andes
i . . . . erlin, Springer-Verlag, p. 660-670.
time since the late Miocene. Uplift would have undoubtedly caused anageirod, D.1., and Bailey, H.P., 1976, Tertiary vegetation, climate and altitude of the Rio Grande
crease in erosion, and we do see such an increase around 10-15 Ma. Moggpression, New Mexico—Colorado: Paleobiology, v. 2, p. 235-254. o
climate, fission-track, and terrigenous-flux data are needed to further exai ot B o & o o w20 o S g o 10 Cuse
ine this interesting period of Andean history. Beck, S.L., Zandt, G., Myers, S.C., Wallace, T.C., Silver, P.G., and Drake, L., 1996, Crustal-thick-
ness variations in the Central Andes: Geology, v. 24, p. 407-410.
Benjamin, M.T., Johnson, N.M., and Naeser, C.W., 1987, Recent rapid uplift in the Bolivian An-

Colombian Andes des: Evidence from fission track dating: Geology, v. 15, p. 680—683.
Berry, E.W., 1919a, Fossil plants from Bolivia and their bearing upon the age of uplift of the East-

; ; ; ern Andes: Proceedings of the U.S. National Museum, v. 54, p. 103-164.
The paIeObOtamcal data from the Eastern Cordillera of Colombia SUQ%%%[/, E.W., 1919b, Miocene fossil plants from northern Peru: Proceedings of the U.S. National

that in the middle Miocene through early Pliocene, elevations were fairly "Museum, v. 55, p. 279-294.

low, no more than 40% of their modern values (Fig. 7). Elevations then&awy, E.W., 1922a, Late Tertiary plants from Jancocata, Bolivia: Johns Hopkins University Stud-
. ies in Geology, v. 4, p. 205-221.

creased rapidly between 2 and 5 Ma, at rates on the order of 0.5-3 mEJ!W E.W.,, 1922b, Pliocene fossil plants from eastern Bolivia: John Hopkins University Studies

(Table 5), reaching modern elevations by around 2.7 Ma. Although the in- in Geology, v. 4, p. 145-202.

Geological Society of America Bulletin, July 2000 1103



K.M. GREGORY-WODZICKI

Berry, E.W., 1923, Tertiary plants from the Andes of Cajamarca, Peru: American Journal of Sely, W.W., 1996, Tectonics and climate: Geologische Rundschau, v. 85, p. 409-437.

ence, 5th series, v. 5, p. 239-246. Hays, P.E., Pisias, N.G., and Roelofs, A.K., 1989, Paleoceanography of the eastern equatorial
Berry, E.W., 1929, The fossil flora of the Loja basin in southern Ecuador: Johns Hopkins Univer- Pacific during the Pliocene: A high resolution radiolarian study: Paleoceanography, v. 4,
sity Studies in Geology, v. 10, p. 79-136. p.57-73.
Berry, E.W., 1934, Pliocene in the Cuenca basin of Ecuador: Journal of the Washington Acaddildyeth, W., and Moorbath, S., 1988, Crustal contributions to arc magmatism in the Andes of
of Sciences, v. 24, p. 184-186. central Chile: Contributions to Mineralogy and Petrology, v. 98, p. 455-489.
Berry, E.W., 1938, Tertiary flora from the Rio Pichileufu, Argentina: Geological Society of Amefoke, L., Hilton, D.R., Lamb, S.H., Hammerschmidt, K., and Friedrichsen, H., £af@devi-
ica Special Paper 12, 149 p. dence for a wide zone of active mantle melting beneath the Central Andes: Earth and Plan-
Berry, E.W., 1939, The fossil flora of Potosi, Bolivia: John Hopkins University Studies in Geol-  etary Science Letters, v. 128, p. 341-355.
ogy, v. 13, p. 1-67. Hollingworth, S.E., and Rutland, R.W.R., 1968, Studies of Andean uplift Part |—Post-Cretaceous

Branquet, Y., Laumonier, B., Cheilletz, A., and Giuliani, G., 1999, Emeralds in the Eastern evolution of the San Bartolo area, northern Chile: Geological Journal, v. 6, p. 49-62.
Cordillera of Colombia: Two tectonic settings for one mineralization: Geology, v. 2Hoorn, C., Guerrero, J., Sarmiento, G.A., and Lorente, M.A., 1995, Andean tectonics as a cause
p. 597-600. for changing drainage patterns in Miocene northern South America: Geology, v. 23,
Brimhall, G.H., and Mote, T.I., 1997, Optimal secondary mineralization in the Andes: Vadose re- p. 237-240.
sponse to global Cenozoic cooling events, glaciation, eustasy, and desiccation: Geologficebn, B.K., and DeCelles, P.G., 1997, The modern foreland basin system adjacent to the Cen-

Society of America Abstracts with Programs, v. 29, no. 6, p. 503. tral Andes: Geology, v. 25, p. 895-898.
Broccoli, A.J., and Manabe, S., 1997, Mountains and midlatitude amdRyddiman, W.F., ed., Houseman, G.A., McKenzie, D.P., and Molnar, P., 1981, Convective instability of a thickened
Tectonic uplift and climate change: New York, Plenum Press, p. 89-121. boundary layer and its relevance for the thermal evolution of continental convergent belts:

Browning, K.A., 1980, Structure, mechanism, and prediction of orographically enhanced rain in Journal of Geophysical Research, v. 86, p. 6115-6132.
Britain: Global Atmospheric Research Programme Publications Series no. 23, p. 85—Hu#ford, A.J., 1991, Uplift and cooling pathways derived from fission track analysis and mica dat-
Charrier, R., Mufioz, N., and Palma-Heldt, S., 1994, Edad y contenido paleofloristico de la For- ing: A review: Geologische Rundschau, v. 80, p. 349-368.
macién Chucal y condiciones paleoclimaticas para el Oligoceno tardio—Mioceno inferiotsatks, B.L., 1988, Uplift of the Central Andean Plateau and bending of the Bolivian orocline:
el Altiplano de Arica, Chilen Proceedings, Congreso Geoldgico Chileno, 7th: Concepcion, — Journal of Geophysical Research, v. 93, p. 3211-3231.
Chile, 1994, v. 1, p. 434-437. James, D.E., 1971, Andean crustal and upper mantle structure: Journal of Geophysical Research,
Chase, C.G., Gregory-Wodzicki, K.M., Parrish-Jones, J.T., and DeCelles, P., 1998, Topographic v. 76, p. 3246-3271.
history of the western Cordillera of North America and controls on clima@eowley, T.J.,  Jordan, T.E., and Alonso, R.N., 1987, Cenozoic stratigraphy and basin tectonics of the Andes
and Burke, K., eds., Tectonic boundary conditions for climate model simulations: Oxford, Mountains, 20°-28° south latitude: American Association of Petroleum Geologists Bulletin,
UK, Oxford University Press, Oxford Monographs on Geology and Geophysics 39, V.71, p.49-64.
p. 73-99. Jordan, T.E., Isacks, B.L., Almendinger, R.W., Brewer, J.A., Ramos, V.A., and Ando, C.J., 1983,
Coira, B., Davidson, J., Mpodozis, C., and Ramos, V., 1982, Tectonic and magmatic evolution of Andean tectonics related to geometry of subducted Nazca plate: Geological Society of
the Andes of northern Argentina and Chile: Earth-Science Reviews, v. 18, p. 303-332. America Bulletin, v. 94, p. 341-361.
Coney, P.J., and Evenchick, E.A., 1994, Consolidation of the American Cordilleras: Journalafian, T.E., Reynolds, J.H., lll, and Erikson, J.P., 1997, Variability in age of initial shortening
South American Earth Sciences, v. 7, p. 241-262. and uplift in the Central Andes, 16—-33°3fn Ruddiman, W.F., ed., Tectonic uplift and cli-
Cooper, M.A., Addison, F.T., Alvarez, R., Coral, M., Graham, R.H., Hayward, A.B., Howe, S., mate change: New York, Plenum Press, p. 41-61.
Martinez, J., Naar, J., Pefias, R., Pulham, A.J., and Taborda, A., 1995, Basin developidapt R.W., and Kay, S.M., 1993, Delamination and delamination magmatism: Tectonophysics,
and tectonic history of the Llano basin, Eastern Cordillera, and middle Magdalena Valley, v. 29, p. 177-189.
Colombia: American Association of Petroleum Geologists Bulletin, v. 79, p. 1421-144y, S.M., Mpodizis, C., Ramos, V.A., and Munizaga, F., 1991, Magma source variations for
Crough, S.T., 1983, Apatite fission-track dating of erosion in the Eastern Andes, Bolivia: Earth mid—late Tertiary magmatic rocks associated with a shallowing subduction zone and a thick-

and Planetary Science Letters, v. 64, p. 396-397. ening crust in the central Andes (28 to 33 ft8jjarmon, R.S., and Rapela, C.W., eds., An-
Crowley, T.J., and North, G.R., 1991, Paleoclimatology: Oxford, UK, Oxford University Press, dean magmatism and its tectonic setting: Geological Society of America Special Paper 265,
349 p. p. 113-137.

Curry, W.B., Shackleton, N.J., Richter, C., et al., 1995, Leg 154 syntireBimceedings of the Kay, S.M., Coira, B., and Viramonte, J., 1994a, Young mafic back arc volcanic rocks as indica-
Ocean Drilling Program, initial results, Leg 154: College Station, Texas, Ocean Drilling tors of continental lithospheric delamination beneath the Argentine Puna plateau, Central
Program, v. 154, p. 421-442. Andes: Journal of Geophysical Research, v. 99, p. 24323-24339.

Dengo, C.A., and Covey, M.C., 1993, Structure of the Eastern Cordillera of Colombia: Impli€ay, S.M., Mpodozis, C., Tittler, A., and Cornejo, P., 1994b, Tertiary magmatic evolution of the
tions for trap styles and regional tectonics: American Association of Petroleum Geologists Maricunga mineral belt in Chile: International Geology Review, v. 36, p. 1079-1112.
Bulletin, v. 77, p. 1315-1337. Kellogg, J.N., and Vega, V., 1995, Tectonic development of Panama, Costa Rica, and the Colom-

Dorbath, C., and Granet, M., 1996, Local earthquake tomography of the Altiplano and Eastern bian Andes: Constraints from global positioning system geodetic studies and gravity,
Cordillera of northern Bolivia: Tectonophysics, v. 259, p. 117-136. Mann, P., ed., Geologic and tectonic development of the Caribbean plate boundary in south-

Dowsett, H., Barron, E.J., and Poore, R.Z., 1996, Middle Pliocene sea surface temperatures: Aern Central America: Geological Society of America Special Paper 295, p. 75-90.
global reconstruction: Marine Micropaleontology, v. 27, p. 13-25. Kennan, L., Lamb, S.H., and Rundle, C., 1995, K-Ar dates from the Altiplano and Cordillera Ori-

Dunbar, R.B., Marty, R.C., and Baker, P.A., 1990, Cenozoic marine sedimentation in the Sechura ental of Bolivia: Implications for Cenozoic stratigraphy and tectonics: Journal of South
and Pisco basins, Peru: Palaeogeography, Palaeoclimatology, Palaeoecology, v. 77,American Earth Sciences, v. 8, p. 163—-186.

p. 235-261. Kennan, L., Lamb, S.H., and Hoke, L., 1997, High-altitude palaeosurfaces in the Bolivian Andes:
England, P., and Molnar, P., 1990, Surface uplift, uplift of rocks, and exhumation of rocks: Geol- Evidence for late Cenozoic surface upliftWiddowson, M., ed., Palaeosurfaces: Recog-
ogy, v. 18, p. 1173-1177. nition, reconstruction, and palaeoenvironmental interpretation: Geological Society of Lon-

Flower, B.P., and Kennett, J.P., 1993, Middle Miocene ocean-climate transition: High resolution don Special Publication no. 120, p. 307-323.
oxygen and carbon isotopic records from Deep Sea Drilling Project Site 588A, southw@stinett, J.P., 1995, A review of polar climatic evolution during the Neogene, based on the ma-
Pacific: Paleoceanography, v. 8, p. 811-843. rine sediment recordh Vrba, E.S., Denton, G.H., Partridge, T.C., Burckle, L.H., eds.,
Flower, B.P., and Kennett, J.P., 1994, The middle Miocene climatic transition: East Antarctic Ice Paleoclimate and evolution, with emphasis on human origins: New Haven, Connecticut,
Sheet development, deep ocean circulation, and global carbon cycling: Palaeogeography,Yale University Press, p. 49-64.

Palaeoclimatology, Palaeoecology, v. 108, p. 537-555. King, T., 1996, Equatorial Pacific sea surface temperatures, faunal patterns, and carbonate burial
Forest, C.E., Molnar, P., and Emanuel, K.A., 1995, Palaeoaltimetry from energy conservation during the Pliocene: Marine Micropaleontology, v. 27, p. 63—-84.
principles: Nature, v. 374, p. 347-350. Kley, J., and Monaldi, C.R., 1998, Tectonic shortening and crustal thickness in the Central An-

Gallagher, K., Brown, R., and Johnson, C., 1998, Fission track analysis and its applications to ge-des: How good is the correlation?: Geology, v. 26, p. 723-726.

ological problems: Annual Reviews in Earth and Planetary Science, v. 26, p. 519-378mb, S., and Hoke, L., 1997, Origin of the high plateau in the Central Andes, Bolivia, South
Gregory, K.M., and Chase, C.G., 1994, Tectonic and climatic significance of a late Eocene low- America: Tectonics, v. 16, p. 623-649.

relief, high-level geomorphic surface, Colorado: Journal of Geophysical Research, v.198mb, S., Hoke, L., Kennan, L., and Dewey, J., 1997, Cenozoic evolution of the Central Andes in

p. 20141-20160. Bolivia and northern Chilen Burg, J.-P., and Ford, M., eds., Orogeny through time: Geo-
Gregory, K.M., and MclIntosh, W.C., 1996, Paleoclimate and paleoelevation of the Oligocene logical Society [London] Special Publication 121, p. 237-264.

Pitch-Pinnacle flora, Sawatch Range, Colorado: Geological Society of America Bulletiaubacher, G., and Naeser, C.W., 1994, Fission-track dating of granitic rocks from the Eastern

v. 108, p. 545-561. Cordillera of Peru: Evidence for Late Jurassic and Cenozoic cooling: Journal of the Geo-
Gregory-Wodzicki, K.M., McIntosh, W.C., and Velasquez, K., and Mclintosh, W.C., 1998, Paleo- logical Society, London, v. 151, p. 473-483.

climate and paleoelevation of the late Miocene Jakokkota flora, Bolivian Altiplano: Jourhahters, J.D., and Cook, K.H., 1995, Comments on “On the influence of the Andes on the general

of South American Earth Sciences, v. 11, p. 533-560. circulation of the Southern Hemisphere”: Journal of Climate, v. 8, p. 2113-2115.
Gubbels, T.L., Isacks, B.L., and Farrar, E., 1993, High-level surfaces, plateau uplift, and forelstadshall, L.G., Sempere, T., and Gayet, M., 1993, The Petaca (late Oligocene—middle Miocene)
development, Bolivian Central Andes: Geology, v. 21, p. 695-698. and Yecua (late Miocene) Formations of the Subandean-Chaco basin, Bolivia, and their tec-

Guerrero, J., 1997, Stratigraphy, sedimentary environments, and the Miocene uplift of the Colom- tonic significance: Documents des Laboratoires de Géologie, Lyon, v. 125, p. 291-301.
bian Andesin Kay, R.F., Madden, R.H., Cifelli, R.L., and Flynn, J.J., eds., Vertebrate pal®asek, J.G., Isacks, B.L., Gubbels, T.L., and Fielding, E.J., 1994, Erosion and tectonics at the
ontology in the neotropics: The Miocene fauna of La Venta, Colombia: Washington, D.C., margins of continental plateaus: Journal of Geophysical Research, v. 99, p. 13941-13956.
Smithsonian Institution Press, p. 15-43. McLaughlin, D.H., 1924, Geology and physiography of the Peruvian Cordillera, Departments of

Hallam, A., 1992, Phanerozoic sea-level changes: New York, Columbia University Press, 266 p. Junin and Lima: Geological Society of America Bulletin, v. 35, p. 591-632.

1104 Geological Society of America Bulletin, July 2000



ANDEAN UPLIFT HISTORY

McMillan, N.J., Davidson, J.P., Wérner, G., Harmon, R.S., Moorbath, S., and Lopez-Escobar;Tlaylor, D.W., 1991, Paleobiogeographic relationships of Andean angiosperms of Cretaceous t
1993, Influence of crustal thickening on arc magmatism: Nevado de Payachata volcanic re- Pliocene age: Palaeogeography, Palaeoclimatology, Palaeoecology, v. 88, p. 69-84.
gion, northern Chile: Geology, v. 21, p. 467—-470. Titley, S.R., and Marozas, D.C., 1995, Processes and products of supergene copper enrichme
Meade, R.H., Dunne, T., Richey, J.E., de M. Santos, U., and Salati, E., 1985, Storage and remo-in Pierce, F.W., and Bolm, J.G., eds., Porphyry copper deposits of the American Cordillera:
bilization of suspended sediment in the lower Amazon River of Brazil: Science, v. 228, Arizona Geological Society Digest, v. 20, p. 156-168.

p. 488—490. Tosdal, R.M., Clark, A.H., and Farrar, E., 1984, Cenozoic polyphase landscape and tectonic evo
Mégard, F., 1984, The Andean orogenic period and its major structures in central and northernlution of the Cordillera Occidental, southernmost Peru: Geological Society of America Bul-
Peru: Journal of the Geological Society of London, v. 141, p. 893-900. letin, v. 95, p. 1318-1332.

Mégard, F., Noble, D.C., McKee, E.H., and Bellon, H., 1984, Multiple pulses of Neogene coheussaint, J.F., and Restrepo, J.J., 1994, The Colombian Andes during Cretaceoirs3iafes,
pressive deformation in the Ayacucho intermontane basin, Andes of central Peru: Geologi- fity, J.A., ed., Cretaceous tectonics of the Andes: Wiesbaden, Germany, Vieweg, p. 61-100.
cal Society of America Bulletin, v. 95, p. 1108-1117. Trewartha, G.T., 1981, The Earth’s problem climates: Madison, Wisconsin, University of Wis-

Meyer, H.W., 1986, An evaluation of the methods for estimating paleoaltitudes using Tertiary flo- consin Press, 371 p.
ras from the Rio Grande Rift vicinity, New Mexico and Colorado [Ph.D. dissert.]: Berkeléjrumbull, R.B., Wittenbrink, R., Hahne, K., Emmerman, R., Bisch, W., Gerstenberger, H., and

University of California, 217 p. Siebel, W., 1999, Evidence for late Miocene to Recent contamination of arc andesites by

Meyer, H.W., 1992, Lapse rates and other variables applied to estimating paleoaltitudes from fos-crustal melts in the Chilean Andes (25-26°S) and its geodynamic implications: Journal of
sil floras: Palaeogeography, Palaeoclimatology, Palaeoecology, v. 99, p. 71-99. South American Earth Sciences, v. 12, p. 135-155.

Molnar, P., and England, P., 1990, Late Cenozoic uplift of mountain ranges and global clinfatechi, R., 1997, Marine climatic responses to Neogene tectonics of the Pacific Ocean seaway
change: Chicken or egg?: Nature, v. 346, p. 29-34. Tectonophysics, v. 281, p. 113-124.

Mortimer, C., 1973, The Cenozoic history of the southern Atacama Desert, Chile: Journal oMie der Hammen, T., and Hooghiemstra, H., 1997, Chronostratigraphy and correlation of the
Geological Society of London, v. 129, p. 505-526. Pliocene and Quaternary of Colombia: Quaternary International, v. 40, p. 81-91.

Mufioz, N., and Charrier, R., 1996, Uplift of the western border of the Altiplano on a west-vergean der Hammen, T., Werner, J.H., and Van Dommelen, H., 1973, Palynological record of the up-
thrust system, northern Chile: Journal of South American Earth Sciences, v. 9, p. 171-181. heaval of the Northern Andes: A study of the Pliocene and lower Quaternary of the Colom-
Myers, S.C., Beck, S., Zandt, G., and Wallace, T., 1998, Lithospheric-scale structure across thebian Eastern Cordillera and the early evolution of its high-Andean biota: Review of Palaeob-
Bolivian Andes from tomographic images of velocity and attenuation for P and S waves: otany and Palynology, v. 16, p. 1-122.
Journal of Geophysical Research, v. 103, p. 21233-21252. Van der Hammen, T., Barelds, J., de Jong, H., and de Veer, A.A., 1981, Glacial sequence and et
Parrish, J.T., 1998, Interpreting pre-Quaternary climate from the geologic record: New York, Co- vironmental history in the Sierra Nevada del Cocuy (Colombia): Palaeogeography, Palaeo:
lumbia University Press, 338 p. climatology, Palaeoecology, v. 32, p. 247-340.
Parrish, J.T., and Barron, E.J., 1986, Paleoclimates and economic geology: Tulsa, Oklahoma/é@alervoort, D.S., Jordan, T.E., Zeitler, P.K., and Alonso, R.N., 1995, Chronology of internal
ciety of Economic Paleontologists and Mineralogists Short Course 18, 162 p. drainage development and uplift, southern Puna plateau, Argentine central Andes: Geology
Pazzaglia, F.J., and Brandon, M.T., 1996, Macrogeomorphic evolution of the post-Triassic Appa- v. 23, p. 145-148.
lachian Mountains determined by deconvolution of the offshore basin sedimentary recgasconcelos, P.M., Brimhall, G.H., Becker, T.A., and Renne, P.R., 19943°r analysis of su-
Basin Research, v. 8, p. 255-278. pergene jarosite and alunite: Implications to the paleoweathering history of the western
Petersen, U.B., 1958, Structure and uplift of the Andes of Peru, Bolivia, Chile and adjacent Ar- USA and West Africa: Geochimica et Cosmochimica Acta, v. 58, p. 401-420.
gentina: Boletin de la Sociedad Geoldgica del Pert, v. 33, p. 57-129. Walker, E.H., 1949, Andean uplift and erosion surfaces near Uncia, Bolivia: American Journal of
Raymo, M.W., and Ruddiman, W.F., 1992, Tectonic forcing of late Cenozoic climate: Nature, Science, v. 247, p. 646—-663.
v. 359, p. 117-122. Watts, A.B., Lamb, S.H., Fairhead, J.D., and Dewey, J.F., 1995, Lithospheric flexure and bending
Reynolds, J.H., Idleman, B.D., Hernandez, R.M., and Naeser, C.W., 1994, Preliminary chrono- of the Central Andes: Earth and Planetary Science Letters, v. 134, p. 9-21.
stratigraphic constraints on Neogene tectonic activity in the Eastern Cordillera and S#féman, D., 1999, The isostatic residual gravity anomaly of the Central Andes, 12° to 29° S: A
Barbara system, Salta Province, NW Argentina [abs.]: Geological Society of America Ab- guide to interpreting crustal structure and deeper lithospheric processes: International Ge
stracts with Programs, v. 26, no. 7, p. 503. ology Review, v. 41, p. 457-475.
Ritter, D.F., 1988, Landscape analysis and the search for geomorphic unity: Geological Sociétytofman, D., Isacks, B.L., Chatelain, J., Chiu, J., and Perez, A., 1992, Attenuation of high-fre-
America Bulletin, v. 100, p. 160-171. guency seismic waves beneath the Central Andean Plateau: Journal of Geophysical Re
Roeder, D., 1988, Andean-age structure of Eastern Cordillera (Province of La Paz, Bolivia): Tec- search, v. 97, p. 19929-19947.
tonics, v. 7, p. 23-39. Wigger, P.J., Schmitz, M., Araneda, M., Asch, G., Bladzuhn, S., Giese, P., Heinsohn, W.-D.,
Ruddiman, W.F., and Kutzbach, J.E., 1989, Forcing of late Cenozoic Northern Hemisphere cli- Martinez, E., Ricaldi, E., Réwer, P., and Viramonte, J., 1994, Variation in the crustal struc-
mate by plateau uplift in southern Asia and the American West: Journal of Geophysical Re- ture of the southern Central Andes deduced from seismic refraction investigatioes-
search, v. 94, p. 18409-18427. ter, K.-J., Scheuber, E., and Wigger, P.J., eds., Tectonics of the southern Central Andes
Ruddiman, W.F., Prell, W.L., and Raymo, M.E., 1989, Late Cenozoic uplift in southern Asia and Berlin, Springer-Verlag, p. 23-48.
the American West: Rationale for general circulation modeling experiments: JournalMjninga, V.M., 1996, Palaeobotany and palynology of Neogene sediments from the high plain of

Geophysical Research, v. 94, p. 18379-18391. Bogotéa (Colombia): Wageningen, Netherlands, Ponsen and Looingen, BV, 370 p.
Savin, S.M,, Douglas, R.G., and Stehli, F.G., 1975, Tertiary marine paleotemperatures: Geoljf; P., 1997, When are leaves good thermometers?: Paleobiology, v. 23, p. 373-390.
cal Society of America Bulletin, v. 86, p. 1499-1510. Wolfe, J.A., 1971, Tertiary climatic fluctuations and methods of analysis of Tertiary floras:

Schmitz, M., 1994, A balanced model of the southern Central Andes: Tectonics, v. 13, p. 484-492. Palaeogeography, Palaeoclimatology, Palaeoecology, v. 9, p. 27-57.
Sébrier, M., Marocco, R., Gross, J.J., Macedo, B.S., and Montoya, R.M., 1979, Evolucidblfe, J.A., 1993, A method of obtaining climatic parameters from leaf assemblages: U.S. Geo-
Neogena del Piedemonte Pacifico de los Andes del sur del Per(: Proceedings, Congreso Gdegical Survey Bulletin 2040, 71 p.
olégico Chileno, 2nd: Arica, Chile, p. 171-188. Wolfe, J.A., 1995, Paleoclimatic estimates from Tertiary leaf assemblages: Annual Reviews in
Sébrier, M., Lavenu, A., Fornari, M., and Soulas, J., 1988, Tectonics and uplift in Central Andes Earth and Planetary Science, v. 23, p. 119-142.
(Peru, Bolivia and northern Chile) from Eocene to present: Géodynamique, v. 3, p. 85-16lfe, J.A., and Schorn, H.E., 1990, Taxonomic revision of the Spermatopsida of the Oligocene
Sempere, T., 1995, Phanerozoic evolution of Bolivia and adjacent regidrekard, A.J., Creede flora, southern Colorado: U.S. Geological Survey Bulletin 1923, 40 p.
Suérez, S., and Welsink, H.J., eds., Petroleum basins of South America: American Asstiafe, J.A., Schorn, H.E., Forest, C.E., and Molnar, P., 1997, Paleobotanical evidence for high
tion of Petroleum Geologists Memoir 62, p. 207-230. altitudes in Nevada during the Miocene: Science, v. 276, p. 1672—-1675.
Sempere, T., Hérall, G., Oller, J., and Bonhomme, M.G., 1990, Late Oligocene—early Mioc®velfe, J.A., Forest, C.E., and Molnar, P., 1998, Paleobotanical evidence of Eocene and Oligocen
major tectonic crisis and related basins in Bolivia: Geology, v. 18, p. 946-949. paleoaltitudes in midlatitude western North America: Geological Society of America Bul-
Sempere, T., Butler, R.F., Richards, D.R., Marshall, L.G., Sharp, W., and Swisher, C.C., lll, 1997, letin, v. 110, p. 664-678.
Stratigraphy and chronology of Upper Cretaceous—lower Paleogene strata in Bolivia\aight, J.D., 1998, Role of the GreenlaSdotland Ridge in Neogene climate changeSrow-
northwest Argentina: Geological Society of America Bulletin, v. 109, p. 709-727. ley, T.J., and Burke, K., eds., Tectonic boundary conditions for climate model simulations:
Servant, M., Sempere, T., Argollo, J., Bernat, M., Feraud, G., and Lo Bello, P., 1989, Mor- Oxford, UK, Oxford University Press, Oxford Monographs on Geology and Geophysics 39,
phogenése et soulevement de la Cordillére Orientale des Andes de Bolivie au Cénozoiquep. 192-211.

Comptes Rendus de L’Academie des Sciences, Série II, v. 309, p. 417-422. Zandt, G., Beck, S.L., Ruppert, S.R.,Ammon, C.J., Rock, D., Minaya, E., Wallace, T.C., and Sil-
Sheffels, B.M., 1990, Lower bound on the amount of crustal shortening in the central Bolivian ver, P.G., 1996, Anomalous crust of the Bolivian Altiplano, Central Andes: Constraints from
Andes: Geology, v. 18, p. 812-815. broadband regional seismic waveforms: Geophysical Research Letters, v. 23, p. 1159-116

Sheffels, B.M., 1995, Mountain building in the Central Andes: An assessment of the contribution
of crustal shortening: International Geology Review, v. 37, p. 128-153.

Sillitoe, R.H., and McKee, E.H., 1996, Age of supergene oxidation and enrichment in the Chilean
porphyry copper province: Economic Geology, v. 91, p. 164-179.

Singewald, J.T., and Berry, E.W., 1922, The geology of the Corocoro copper district of Bolivia:

Johns Hopkins University Studies in Geology, v. 1, p. 1-117. MANUSCRIPTRECEIVED BY THE SOCIETY SEPTEMBER25, 1998
Smith, A.G., Hurley, A.M., and Briden, J.C., 1981, Phanerozoic paleocontinental world maRsviSED MANUSCRIPTRECEIVED NOVEMBER 18, 1999
Cambridge, UK, Cambridge University Press, 102 p. MANUSCRIPTACCEPTEDNOVEMBER 22, 1999

Printed in USA

Geological Society of America Bulletin, July 2000 1105



