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ABSTRACT

Large-scaletopographic analysesshow that hemisphere-scaleclimate variations are a
®rst-order control on the morphology of the Andes. Zonal atmospheric circulation in the
Southern Hemisphere createsstrong latitudinal precipitation gradients that, when incor-
porated in a generalizedindex of erosion intensity, predict strong gradients in erosion
rates both along and acrossthe Andes. Cross-rangeasymmetry, width, hypsometry, and
maximum elevationre ect gradientsin both the erosionindex and the relative dominance
of "uvial, glacial, and tectonic processesand show that major morphologic features cor-
relate with climatic regimes.Latitudinal gradientsin inferred crustal thickening and struc-
tural shortening correspond to variations in predicted erosion potential, indicating that,
like tectonics,nonuniform erosion due to large-scaleclimate patterns is a ®rst-order con-
trol on the topographic evolution of the Andes.
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INTRODUCTION

The presencer absenceof mountainrang-
esat the global scaleis deteminedby the lo-
cationandtype of plateboundariesOtherfac-
tors becomeimportant in the evolution of
individual mountain systems.In particular
spatially variable erosion resulting from cli-
mate gradientsmay localize exhumationand
deformationin orogensandtherebyin uence
the geologic structure and morphology of
mountainranges(Beaumontet al., 1991; Zei-
tler et al., 1993; Avouac and Burov, 1996).
Earlier studies of climatic geomorphology
have limited relevanceto this issue because
they simply classify Earthinto nomal ("uvi-
al), glacial, and arid zonesand generallyde-
pict an alpineareaasa single morphoclimatic
zone that crosscuts multiple low-elevation
morphoclimatic zones (Tricart and Cailleux,
1972). Even thoughthe large-scalemorphol-
ogy of mountainbelts must recordthe com-
binedeffectsof climatic andtectonicprocess-
es,only a few studiesexploreclimatic factors
(Willett etal., 1993;Brozovic et al., 1997).

Here we show that geomorphometrigoa-
rameterssuchascross-rangesymmety, hyp-
somety, and maximum elevationof the An-
des re ect the in‘uence of zonal climate
regimeson the nature and intensity of ero-
sional processesln addition, we show that
consequeniatitudinal gradientsn erosionpo-
tentialarecorrelatedwith the crustalmassdis-
tribution and inferred orogenicshorteningof
the range,suggestingan ambiguityin the cur
rentinterpretationof crustalmassdistribution
asthe result of variationsin the tectonicen-
vironment.On the basisof theseobsewations

we argue for the ®rst-orderimportance of
large-scalelimatezonationsandresultingdif-
ferencesn geomorphicprocesseso the mor-
phology of mountainranges.

TECTONIC AND CLIMATIC SETTING
OF THE ANDES

The in"uences of climate, erosional pro-
cessesand tectonicson orogen morphology
may be deconvolvedn the Andeanorogenbe-
causeit is a hemisphere-scalajorth-south+
orientedrangewith large gradientsin temper
ature and rainfall acrossa single convergent
margin. Uplift of the Andesbeganca. 25 Ma,
concomitantwith accelerate¢onvergencée-
tween the Nazca and South America plates
(Allmendingeret al., 1997). Early theoriesof
formation of the Andes emphasizedcrustal
growth by magmaticprocesseshut estimates
of structuralshorteningandevidencefor sym-
metric paleomagneticalljde®nedrotation on
the northen and southen "anks of the Alti-
planogaverise to the hypothesighat the var
iable size and thicknessof the rangeresult
from nonunifom crustal shortening, with
maximum shorteningand consequenthick-
eningat the centerof the Andeanorocline(Is-
acks, 1988; Gregow-Wodzicki, 2000). How-
ever direct structuralshorteningestimatesare
limited to the Easten Cordillera and Suban-
deanfold andthrustbelt. In the Altiplano and
Westen Cordillera, crustal structuresare ob-
scured by sedimentationor volcanism, and
globalpositioningsystemmeasurementéNor-
abuenaet al., 1998; Kendrick et al., 1999)
may be in"uenced by short-tem strain accu-

earthquakecycle. Somestudieshaveattribut-
ed local variationsin structural,metamorphic,
and geomorphiccharacteristicof the central
Andesto erosion(Gephart1994;Maseketal.,
1994; Horton, 1999),but nonehasconsidered
variationsin erosionalmassremoval at the
scaleof the entiremountainrange.

The highly variable climate of the Andes
re ects its position transverseéo hemisphere-
scale Hadleycell-drivenprecipitationregimes
(Fig. 1). In the Intertropicalconvergenceone
(108\N£38S), both sides of the rangereceive
annualrainfall exceedin2 m’y21, In thesub-
equatorial northen Andes (385+1%S), oro-
graphicinterceptionof the tradewinds deliv-
ers. 2 m’ye?® of rainfall to the Amazonside
of the rangeand, 0.2 m’y21 to the Paci®c
side,andwesterlywinds producethe opposite
relationshipin the temperatdatitudessouthof
338. The central part of the range (1585+
338) is in the subtropical belt of deserts,
wherethereis little precipitationon eitherside
of the range,or on the high plateauof the
Altiplano. Thesemajor climate boundariesn
the Andesare not dependentiponorographic
effects, but are robustfeaturesof the general
circulation in the Southen Hemisphereand
thereforemay be considereda priori condi-
tions under which the mountain range
developed.

TOPOGRAPHIC ANALYSIS

We focuson four aspectof the large-scale
geomorphologyof the Andes: (1) a general-
ized index of erosionintensity basedon re-
gional slopeand "uvial discharge,(2) cross-

mulation associatedvith the subduction-zone range asymmety, (3) regional hypsomety
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Figure 1. A: Maximum (dark line) and mean (gray area) elevation in 18latitude bins. Red circles are elevations of modern perennial snowline
and blue circles are lowest elevation of Pleistocene glacier extent, both from Schwertfelder (1976). B: Topography and convergence
velocity . Vectors headed in open circles denote long-term velocity of Nazca and Antarctic plates relative to South American plate (DeMets
et al., 1994); those headed in closed circles denote global positioning system (GPS) velocities at coastal sites, relative to stable South
America (Norabuena et al., 1998; Kendrick et al., 1999). C: Mean annual precipitation, overlain on shaded-relief map of western South
America. D: False-color image of South America showing areas with steep slope in yellow, high precipitation in blue. Red pixels have
calculated Iz above 90th percentile relative to all pixels in image. E: Cross-range asymmetry , de®ned to be fraction of range volume above

sea level that drains to west: values greater than 0.5 (lighter shade of gray) indicate that bulk of range is west of divide.

(the elevationdistribution of the topography),
and(4) therelationshipbetweerthemaximum
elevationandthe perennialsnowline.We used
topographyfrom the global 30 s GTOPO30
digital elevation model; topography slope,
and ow directionfrom the 1 km HYDRO1K
DEM; andmeanannualprecipitationdigitized
from Hoffmann (1975). For purposesof our
analysis,we de®nedhe easten bounday of
the Andesasthe approximatdimit of Tertiary
or older units mappedon continental-scale
geologicmaps(UNESCO,1978).

Erosion Index

Ratesof "uvial and hillslope erosion are
govemned by processesharacterizedoy dif-
ferent erosion laws, but the net large-scale
erosional potential of a landscapeincreases
with precipitation, drainagearea, and slope.
Thus,we evaluatedarge-scalgattensin ero-
sion potential by using a simple parametric
measureof erosionalintensity (Ig) basedon
the product of local slope (S and discharge
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detemined by summingthe annualprecipita-
tion (P) over the matrix of upslopegrid cells
eachof drainageareaA:

le 5 Qiﬁﬁﬁ

We usedthis simple approachbecausgl) it
is not clearwhich processormulationis most
appropriatefor modelinglandscape-scalero-
sion ratesacrossl km grid cellsin which net
erosionre ects an aggregationof ®nerscale
effects from multiple, interacting processes;
(2) vegetationand land use,which cannotbe
predictedfrom digital elevationmodels,com-
plicate simple relationshipsbetweenprecipi-
tation and erosionrate; (3) erosionmodelsat
this scale inherently require calibration be-
causeslopescalculatedrom coarse-resolution
grids are gentlerthan actualgradients(Zhang
and Montgomey, 1994); and (4) dataon dif-
ferencesn erosivity dueto soil type and par
entlithology generallyare not availableat the
scaleof interest.In the Andes,the patten of

@

Ig valuesshowsthat the zone of maximum
predictederosionis on the easten side of the
rangein the northen Andesand on the west-
em side in the southen Andes.Only small,
localizedareasof high I¢ are predictedin the
centralAndes(Fig. 1D).

Cross-RangeAsymmetry

We de®nedh cross-rangasymmety index
asthe ratio of the volume of the topography
abovesealevel on the westside of the divide
to that of the entire rangewithin a given lat-
itude band (Fig. 1E). Between28 and 4285
mostof therangeis to the eastof thedrainage
divide, whereassouth of 4285 most of the
rangeis westof the drainagedivide. North of
285, the inclusion of the areasdrainingto the
CaribbeanSeawith areasdrainingto the Pa-
ci®c Oceanplacesmost of the rangeon the
west side of the drainagedivide. Cross-range
asymmety tracks latitudinal variations in
moisture delivery due to prevailing wind
directions.
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Figure 2. Normalized hypsometric curves for 38latitude bins of Andes; curve color
corresponds to location in northern (red), central (yellow), and southern (blue) Andes.

Hypsometry

Hypsometric curves, which show the pro-
portionsof a landscapeat differentnormalized
elevationshavestrikingly different, butregion-
ally consistentshapesn the northern,central,
and southernAndes (Fig. 2). Theselatitudinal

variationssuggesthat uvial, tectonic,andgla-
cial processesiespectively dominatethe mor
phology of the rangein thesedifferent zones.
Although individually these hypsometric
curves could reect different developmental
stagesin a classical interpretation (Strahley
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Figure 3. A: Volume of Andes above sea level calculated from 18latitude bins. B: Excess erosion
rate, relative to largest 18bin, is required to explain volume difference under uniform tectonic
convergence. We calculated required latitudinal variation in erosion rates under constant tec-
tonic convergence by calculating missing mass above sea level in each 18latitude bin as Visa/
At, where Vg is excess volume in given bin compared to largest bin (148:158S), A is bin area,
tis time (taken to be 25 m.y.),and a5r J(r,2r ), where r 5 2.7g’cm?3and r,5 3.3g’cm?3,
Note that because of selection of strictly east-trending bins for analysis, region between 138
and 1785, where range trends northwest rather than north, has anomalously large volume in
each bin. C: Mean annual precipitation. D: Mean erosion intensity index value.

GEOLOGY, July 2001

1957), herethe aggregatepatternis geograph-
ically consistentwith variationsin erosional
processesln the northern Andes, concave-up
hypsometriccurves,which are characteristiof
“uvially dissectedandscapesie ect the dom-
inanceof "uvial erosionin a wet tropical cli-
mate.In the southerrmpart of therange glaciers
have selectivelyerodedhigh elevations creat-
ing a shoulderin the hypsometriccurves. In
the central Andes, the hypsometriccurves are
nearly linear with a convexityimposedby the
relatively "at hypsomety at elevationof the
Altiplano. This form describesweaklyincised
tectonic wedge and mechanicallylimited pla-
teau,implying that uvial incisionis ineffective
relative to tectonicuplift. This strongassocia-
tion of hypsomety with climatically driven
variationsin geomorphologicprocessesiem-
onstrateghat both the natureof the dominant
erosionaimechanisnandits raterelativeto tec-
tonic uplift are fundamentalto the overall to-
pographicexpressiorof the Andes.

Maximum Elevation

The tendencyfor the elevationof the pe-
rennialsnowlineto track mountaintopss well
known (Mill, 1892), but the causalbasisfor
this relationshipandthe relative ef®ciencyof
glacial erosionremain more controversial.ln
the Andes, the maximum elevation and the
snowlinearegreaterthan5 km north of 308S,
and both decreasdoward the pole thereafter
suchthat only a small fraction of the topog-
raphy remainsabovethe snowlineat any lat-
itude (Fig. 1A). The distinct shoulderto the
hypsomety of the southen Andes also de-
scendswith the perennialsnowline. The cor
respondencdetweeentotal relief and snow-
line elevation supports the hypothesisthat
higherratesof erosionin glacial and perigla-
cial environment®ffectivelylimit therelief of
mountainranges(Brozovic et al., 1997).This
implies that high topographycannotpersistat
high latitudesand that the high Andestemi-
nateat 3585 in part becausehey intersectthe
perennialsnowlineat this latitude.

DISCUSSION

The obsewation that topographicchanges
along the Andes correspondwith large-scale
variationsin climatesuggestshatzonalclimate
patternsaffect the orogen-scalenorphologyof
the Andes. This conclusion has implications
both for generalunderstandingof landscape
evolution and for speci®clarge-scaletectonic
interpretationdor the Andes.For example,Is-
acks (1988) neglectedthe effect of massre-
moval by erosion when inferring latitudinal
variationsin convergencdrom a crustalmass
balance.However the latitudinal variationsin
meanlg alsotrack variationsin presenexcess
crustalvolume in the Andes (Fig. 3). An ex-
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treme interpretationof this correlation,taking
the oppositeassumptiongo the analysisof Is-

acks(1988),would hold net convergenceon-
stantfrom 4585 t 58N andexplainthe current
width of, and crustalvolumein, the Andesas
the result of latitudinal variationsin erosion
rate. In this case,the obsewed distribution of

crustalvolumerequireslatitudinal variationsin

averageerosionrate during the lifetime of the
Andesof , 2 mm’ye? (excludingthe glaciated
southernAndes). Theserequiredvariationsare
within therangeof reasonablerosionratesand
broadly correlatewith the independentlydeter

mined|g values.Hence,it is reasonabléo sug-
gest that climatically in uenced gradientsin

erosionratescontributeto the latitudinal vari-

ation in rangewidth and crustalvolume.

Otherlocal structuralvariationsmay be the
resultof variableerosion.Range-widechanges
in geologyarebroadlyconsistentvith thisidea:
the crystallinerocksof the northernandsouth-
ern Andesre ect deeperexhumation,and the
preseved sedimentay and volcanic cover of
the central Andes indicatesthat exhumation
therehasbeenminimal. For example the East-
ern Cordilleraand Subandearzone of Bolivia
have undergone2+6 km of exhumationsince
10 Ma north of 1985 (Benjaminet al., 1987),
but, 1km sincethattime to the south(Masek
et al., 1994; Gregok-Wodzicki, 2000). This
differenceis immediatelyapparenin the trun-
cation of the prominentfold-and-thrustbelt by
the apparenterosionalbite" in the areawith
high rainfall to the north.

We are not arguing that tectonic variations
are unimportantin the evolution of the Andes.
In fact, the major changesin the topography
and massdistributionin the Andesalso corre-
late with tectonic parameterssuch as the ori-
entationanddip of the subductingslab(Jorden
etal., 1983;Gephart,1994)andmajorgeologic
provinces (Gansser 1973). For example,the
high volume segmenbf the centralAndesbe-
tween108S and308S correspondso the steeply
dipping segmenbf the Nazcaslab,particularly
when one recognizesthat our analysislikely
overestimatethe massbetweenl38S and1785
(Fig. 3). This situation complicatesthe inter
pretationof crustalmassdistributionasthe re-
sult of oneor the otherof thesetwo seemingly
covariantforcings. We view tectonicsand ero-
sion as a coupled system,with potential for
feedbackbetweenclimate-drivenerosionand
tectonic forcing on shallow crustal processes
(Willett, 1999),0r evendeep,mantleprocesses.
Could the large accumulationof massin the
Altiplano, which seemso havebeenpermitted
by slow surfaceerosion,alsoaffectthe dynam-
ics of the subductionzone?

CONCLUSIONS
Our resultssupportthe ideathat global cli-
mate patternsin uence orogen morphology
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Speci®callywe seethreearchetypesf climatic
control on large-scaldandscapdorm: (1) nor
mal uvial erosionin the northernAndeswhere
high precipitation rates maintain a narrow
mountain range; (2) tectonic dominance of
landscapeform in the central Andes, where
thereis little erosionexceptin big river valleys,
leadingto crustalthickeningby tectonicwedge
propagation,the formation of a mechanically
limited plateau,andlinear hypsomety; and(3)
glacial land sculptingthat preferentiallyerodes
the highestgroundin the southernAndes, re-
sulting in an excessof elevationat the glacial
limit and a systematiadeclinein maximumel-
evation toward the pole. The coincidenceof
low inferred erosionrates(on the basisof cal-
culatedlg values)in the deserfatitudesandthe
greatestwidth of the Andessuggestghat lack
of erosionplaysanimportantrole in massac-
cumulationin the mountainbelt. If the devel-
opmentof the Altiplano re ectsthe mechanical
limit to crustal thickening (Pope and Willett,
1998), then its existenceimplies that tectonic
thickeninghasoutpacecerosionaimassremov-
al; its positionin the global desertelt suggests
that this dominanceof tectonicshorteningwas
possible,at leastin part, becauseof the arid
climate of this latitudinal band. We conclude
that the large-scalalistribution of crustalmass
in a mountainbelt is controlled by not only
tectonic shortening,but also by the type and
intensity of erosionalprocesses.
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