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Tectonics, climate, and mountain topography
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[1] By regressing simple, independent variables that describe climate and tectonic
processes against measures of topography and relief of 69 mountain ranges worldwide,
we quantify the relative importance of these processes in shaping observed landscapes.
Climate variables include latitude (as a surrogate for mean annual temperature and
insolation, but most importantly for the likelihood of glaciation) and mean annual
precipitation. To quantify tectonics we use shortening rates across each range. As a
measure of topography, we use mean and maximum elevations and relief calculated over
different length scales. We show that the combination of climate (negative correlation)
and tectonics (positive correlation) explain substantial fractions (>25%, but <50%) of
mean and maximum elevations of mountain ranges, but that shortening rates account for
smaller portions, <25%, of the variance in most measures of topography and relief (i.e.,
with low correlations and large scatter). Relief is insensitive to mean annual precipitation,
but does depend on latitude, especially for relief calculated over small (~1 km) length
scales, which we infer to reflect the importance of glacial erosion. Larger-scale (averaged
over length scales of ~10 km) relief, however, correlates positively with tectonic
shortening rate. Moreover, the ratio between small-scale and large-scale relief, as well as
the relative relief (the relief normalized by the mean elevation of the region) varies most
strongly with latitude (strong positive correlation). Therefore, the location of a mountain
range on Earth with its corresponding climatic conditions, not just tectonic forcing, appears
to be a key factor in determining its shape and size. In any case, the combination of
tectonics and climate, as quantified here, can account for approximately half of the variance
in these measures of topography. The failure of present-day shortening rates to account for
more than 25% of most measures of relief raises the question: Is active tectonics overrated

in attempts to account for present-day relief and exhumation rates of high terrain?
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1. Introduction

[2] The topography of mountain ranges results from both
tectonic processes that elevate the Earth’s surface with the
rock beneath it, and erosive processes, which depend on
climate among several factors (Figure 1). Understanding
how tectonics and climate affect topography remains con-
voluted in part because of the interactions and feedbacks
among them and because of the various processes that may
affect erosion rates. Perhaps most obvious is the effect of
isostatic balance on an eroding landscape. First, the removal
of material alters vertical normal stress, and hence the
deviatoric stress, which in turn alters the distribution of
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tectonic deformation [e.g., Dahlen and Suppe, 1988]. Second,
and simultaneously, uneroded rock rises to compensate for the
rock removed, so that as valleys deepen, adjacent ridges and
peaks can rise to create more relief, which then facilitates
accelerated erosion [e.g., Holmes, 1944, 1965; Wager, 1937].

[3] A long tradition in geomorphology associates land-
scapes with some form of equilibrium, which introduces a
second difficulty in understanding how climate and tec-
tonics affect landscapes. As Strahler [1950] pointed out, a
state of equilibrium underlies the concept of a “graded
stream”; Leopold and Maddock [1953] used the term “quasi
equilibrium,” and Hack [1960] “dynamic equilibrium.” In a
state of equilibrium, however, neither cause nor effect can be
assigned to any of the constituent parts. Accordingly, insofar
as the landscape represents the interface of an equilibrium
between tectonic and erosive processes, one cannot assign
“cause” to either tectonics or climate (Figure 1), and attempts
to determine the extent to which climate or tectonics is
responsible for a landscape cannot merely consider the state
of a landscape in its present-day tectonic setting and climate
[e.g., Molnar, 2009]. In principle the landscape will evolve
so as to balance the supply of rock provided by tectonic
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Figure 1. Schematic sketch of the links between the lithosphere and the atmosphere displaying the rela-
tionship between tectonics, climate, erosion and the landscape. Many have explored the effect of climate
on erosion and landscape, and erosion on tectonics (links 1, 2 and 5). [Avouac and Burov, 1996; Beaumont
et al., 1992; Bonnet et al., 2007; Burbank, 2002; Grujic et al., 2006, Molnar, 1990; Montgomery and
Brandon, 2002; Roe et al., 2008; Whipple and Meade, 2006; Willett et al., 1993], and most agree that ero-
sion modifies the pattern of deformation (link 2) [Beaumont et al., 2001; Calais et al., 2010; Champagnac
et al., 2008; Dahlen and Suppe, 1988; Herman et al., 2010b; Konstantinovskaia and Malavieille, 2005;
Koons et al., 2003; Willett et al., 1993]. Erosion also affects the thermal structure of the crust [Batt and
Braun, 1997; Grasemann and Mancktelow, 1993; Stiiwe et al., 1994; Zeitler et al., 2001] and the mean
crustal thickness, which in isostatic equilibrium dictates the maximum elevation of mountain ranges
(link 3) [4bbott et al., 1997; Holmes, 1965; Molnar and England, 1990; Montgomery, 1994; Small and
Anderson, 1998; Stern et al., 2005; Wager, 1937; Whipple et al., 1999]. The topography, in turn, affects
the climate (link 4) by modifying the atmospheric circulation [Hoskins and Karoly, 1981; Kasahara et al.,
1973], orographic precipitation [Roe et al., 2002], and global climate [e.g., Seager et al., 2002]. The idea
that glacial and peri-glacial condition are able to modify the distribution of the surface elevation and limit
the topography of a mountain range (link 5) is as old as Penck [1905], later formalized by [Brocklehurst
and Whipple, 2004; Broecker and Denton, 1989; Brozovic et al., 1997; Montgomery et al., 2001; Porter,
1977; 1989], and named the “glacial buzzsaw” by B. L. Isacks in 1992 [e.g., Egholm et al., 2009; Mitchell
and Montgomery, 2006; Spotila et al., 2004]. The other links are not directly addressed in this paper, and
are the direct tectonic effect on the climate (e.g., volcanism, link 6, [Zielinski, 2000]) and on the erosion
itself (link 7) by fracturing of rock [Clarke and Burbank, 2011; Diihnforth et al., 2010; Molnar et al.,
2007], and earthquake-triggered landslides [e.g., Dadson et al., 2003; Parker et al., 2011]. The direct
effects of erosion/sedimentation on climate through chemical weathering and carbon burial are depicted
by link 8 [Hay, 1996; Volk, 1987], and the most direct effect of the landscape on erosion is the slope/
erosion relationship (link 9) [Ahnert, 1970; Burbank et al., 1996; Dietrich et al., 2003; Montgomery
and Brandon, 2002; Portenga and Bierman, 2011; Roering et al., 2007]. Finally, climate affects tecton-
ics by loading or unloading the lithosphere (link 10) [Bettinelli et al., 2008; Bollinger et al., 2010; Doser
and Rodriguez, 2011; Hampel et al., 2007].
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processes and the removal by erosive processes that are
intertwined with the prevailing climate [Beaumont et al.,
1992; Dahlen and Suppe, 1988; Garcia-Castellanos, 2007,
Koons, 1990; Roe et al., 2008; Willett, 1999; Willett and
Brandon, 2002]. How landscapes evolve, however, depends
not only on the boundary conditions imposed by tectonics,
climate, and their interaction through erosion, but also on
how these boundary conditions change with time. Accord-
ingly, a landscape that is not in such a state of equilibrium
may owe its morphology more to recent changes in tectonics
or in climate than to the states that characterize the present-
day (or past 10%, 10°, or 10° years). In such case, neither
climate nor tectonics should be seen as the cause of a land-
scape, but a change in climate or tectonics can be such a
cause.

[4] To understand how climate and tectonics affect the
topography of a region, as well as the rates of the erosive
processes that shape that topography, two logical strategies

present themselves. First, one may quantify changes that
have occurred to a landscape and relate them to known
changes in either tectonics or climate. Doing so, however, is
difficult, because only rarely can we fully quantify changes
in the landscape, tectonics, and climate. Second, one may
compare regions with different tectonics and different cli-
mates and seek correlations with measures of topography
and relief that make physical sense. For example, one might
imagine that regions with highest rainfall will have the most
relief, because of rapid incision, or the least relief, because
erosion would remove rock more rapidly than tectonics can
supply it. As another example, perhaps regions of rapid
horizontal shortening and crustal thickening would show the
maximum topography, at least by some sensible measure. We
take a first step toward implementing this second approach.
[5s] Of course, we are by no means the first to consider the
relative roles played by tectonics and climate, or by climate
change, in shaping the landscape or altering erosion rates.
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Following the insights of Dahlen and Suppe [1988], others
have sought quantitative understanding of the links among
tectonics, climate, and erosion [e.g., Beaumont et al., 1992;
Roe et al., 2008; Stolar et al., 2006; Whipple and Meade,
2006; Willett, 1999]. Most tests of these theoretical infer-
ences using natural data, however, have considered only one
(or at most a few different) mountain range(s). For instance,
thanks to its very active tectonics, high precipitation gradient
and rate, and the occurrence of large temperate glaciers, the
South Island of New Zealand was one of the first cases studied
[Adams, 1980; Kirkbride and Matthews, 1997; Koons, 1990;
Wellman, 1979]. In the Andes, Montgomery et al. [2001] and
Strecker et al. [2007] addressed the question of whether cli-
matic or geodynamic processes are more important in shap-
ing that landscape, and concluded that climate has a major
impact on the landscape and possibly on the tectonic evolu-
tion, but many working in the Central Andes have attributed
deep incision to surface uplift beginning near or since 10 Ma
[Barke and Lamb, 2006; Hoke et al., 2007; Kober et al.,
2006; Schildgen et al., 2007; Schlunegger et al., 2006; von
Rotz et al., 2005]. Based on Late Pleistocene erosion rates
calculated from riverborne cosmogenic '°Be in SE Tibet,
Henck et al. [2011] recently postulated that the tectonic
setting is more prominent than rainfall or relief to explain
erosion rates, but the same method led Moon et al. [2011] to
the opposite conclusion for the Washington Cascades, where
denudation scales with precipitation rate. Several studies
have attempted to provide a global (i.e., worldwide) view of
the relationship of Earth’s topography to snow lines and
glaciations [Broecker and Denton, 1989; Egholm et al.,
2009; Pedersen et al., 2010; Porter, 1977], to links between
climate and erosion [Molnar, 2004; Willenbring and von
Blanckenburg, 2010; Zhang et al., 2001], to relationships
between relief and erosion [Ahnert, 1970; Dietrich et al.,
2003; Montgomery and Brandon, 2002; Portenga and
Bierman, 2011; Simoes et al., 2010; von Blanckenburg,
2005], and to relationships linking all of climate, topogra-
phy, and erosion [Pinet and Souriau, 1988], but to the best of
our knowledge, none has tried to relate topography to quan-
titative measures of both climate and tectonics.

[6] Based on a worldwide data set of mountain belts and
regions of high terrain, we attempt to quantify the relative
contributions of tectonic and climatic processes in shaping
the topography of mountain ranges. We use multiparameter
analyses of 69 ranges worldwide distributed over five con-
tinents (Figure 2). Our goals include examining plausible
general rules that govern average shapes and heights of
mountain ranges and presenting a set of data and statistical
analyses that will enable readers to decide whether they
think that, by some definition, tectonics or climate plays the
more important role in shaping the landscape. Although we
note a few exceptional or peculiar cases, we try to avoid
discussions of specific, individual belts or regions or of
detailed processes, either of which could lead to endless
digression.

2. Methodology

[71 We considered a set of 69 mountain belts or otherwise
high terrain distributed worldwide (Table 1) regardless of
their “tectonic ages” (as defined by Pedersen et al. [2010]),
tectonic setting, the properties of rock exposed at the surface
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(in particular the erodibility), or the rheological properties of
the crust and mantle lithosphere. We discarded ranges that
are obviously high because they overlie hot upper mantle
and those with a significant contribution of volcanism to
high elevations (e.g., Yellowstone, Cordillera Neovolcanica
de Mexico, Japan, etc.). We also discarded mountain ranges
related to active extension (e.g., East African Rift system),
but we included several inactive regions for which topog-
raphy may (at least partly) result from rift shoulder tumes-
cence (e.g., Corsica, Australian Alps, Norway, etc.). Finally,
we discarded belts with small topographic expression (like
the Central Australian Range or the Belgian Ardennes) and
avoided mountain ranges with large ice cover (e.g., the
Transantarctic Mountains) that would have precluded a proper
topographic analysis. For each individual mountain belt, we
first determined meaningful boundaries, and we split long
belts (e.g., Andes, Himalaya, Tien Shan, etc.) into separate
segments, according to geological, hydrographic, or topo-
graphic boundaries. For every range, we empirically deter-
mined a base level (“BL” in the following, Table 1), above
which further calculations have been made, in order to
remove large-scale topography that presumably is supported
by a hot upper mantle. In the case of asymmetric ranges with
different base levels on each side (Himalaya, Qilian Shan,
Sierra Nevada, etc.) we determined the two base levels and
used their average as BL. For most ranges the base level is
close to sea level; for 48 (70%) of 69 ranges, BL < 500 m
above sea level (a.s.l.) (Figure A1), but for some it is locally
much higher (e.g., ~2000 m in the western United States,
or >2000 m in the Himalaya).

[8] For each range, we compiled topographic, climate, and
tectonic variables, discussed below (Table 1). Comprehensive
statistical analyses require that the degree of knowledge of
each parameter be homogeneous. Therefore, we used tec-
tonic, climatic, and topographic parameters that are known
with approximately the same accuracy for each mountain
ranges, and we ignored parameters that may be more perti-
nent locally, but poorly known for other ranges, such as
thickness of deforming layer (thin- versus thick-skinned
tectonics), rock type at the surface, or total shortening that has
occurred since the range started to form.

2.1.

[s] These variables can describe either “elevation” or
“relief” (Figure 3). Elevation variables quantify the “pres-
ence” of rock above the chosen base level. Relief parameters
document the “lack” of rock, due either to “gaps” between
tectonic structures or to incision and erosion of material from
valleys. Both have been calculated from the Digital Elevation
Model (DEM) SRTM30 Plus V6.0 (http://www.dgadv.com/
srtm30/), with a pixel dimension of 30" (~925 m at the
equator) [Becker et al., 2009; Farr et al., 2007]. Calculations
have been made within the boundaries determined for each
range, and above the base level, BL (Figure 2 and Table Al).

[10] Elevation variables are (1) the maximum elevation of
range (E\.x), calculated by isolating the highest elevation of
the topography smoothed over sliding window with a 10-km
radius (to remove the effect of a high isolated local peak);
E .« 1s meant to represent the mean crestline elevation of the
range; and (2) the mean elevation of the range (Ecan)- For
most analysis, we use the difference between E ., and the
height of regional base level BL, E .., — BL, to eliminate

Topographic Variables
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Figure 2. Maps of mountain ranges studied (black polygons and letters codes) on ETOPO DEM
(2' resolution). Note that calculations have been made within these polygons and above base level
(“BL”) specified in Table 1. The Verkhoyansk Range (VKH) in eastern Russia, as well as Southern India
(SI) and Sri Lanka (SL) are not pictured.
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CHAMPAGNAC ET AL.: TECTONICS CLIMATE MOUNTAIN TOPOGRAPHY

Sea Level h

Vertical exageration ~ 25x

Figure 3. Sketch of the variables used in this paper, based on a topographic profile across the Central
Alps (North is to the left). Black curve is the actual topography, with its maximum elevation noted “Eio,”
(not used in this study, but specified in Table A1), blue curve is the topography smoothed over a radius of
10 km (including the region east and west of the profile), and the maximum elevation of this curve is
“Emax-” The overall average topography over the entire range is “Eean.” The base level is arbitrarily
defined by geometric consideration and is the elevation above sea level of the transition between the
mountain front and the foreland basin. The red curve defines a profile through a surface that passes
through peaks within a given radius x (in pixels). A pixel is treated as lying within the sliding window
if part of it within the considered circle. A sliding window with a “radius” of one pixel is therefore actually
a square consisting of a central pixel and 8 surrounding pixels. GRx is the mean value of the difference
between this surface envelope (red curve) and the topography, calculated for each pixel. Note that the sur-
face envelope does not intersect the peaks, because the calculation was made in 3D (plotted here as a cross
section for which the highest peaks lie outside of the line of the cross section). Thus, GRx is the volume
between red and black curve (pink area), divided by the area of the range. “V},” depicted by an arrow is the
geodetic shortening rate across the range. Convergence accommodated by subduction has been ignored,

B02403

and only the shortening component of oblique convergence has been considered.

the contribution of background elevations not associated
with the building of a mountain belt.

[11] For relief variables we use “Geophysical Relief” in
the sense of Small and Anderson [1998, p. 123], which is
“the mean elevation difference between a smooth surface
connecting the highest points in the landscape ... and the
current topography.” The smooth surfaces are calculated
using sliding windows with radii of 1, 5, and 15 pixels
(GR1, GRS, and GR15). Geophysical Relief is therefore the
difference between maximum elevations smoothed in this
way and the raw present-day elevations (pink area in Figure 3).
Geophysical Relief increases with the area over which it is
calculated following approximately a power law, with most
exponents lying between 0.3 and 0.5 (Figure 4 and Table 1),
as previously noted by Ahnert [1984] and Lucazeau and
Hurtrez [1997]. This scaling of relief versus area of calcu-
lation window allows a comparison of values from different
ranges and computation of values for specified radii. As
pixel size decreases with latitude, we calculated values so
that GR1, GRS, and GR15 correspond to radii of 0.925,
4.625 and 13.875 km, appropriate for 1, 5, and 15 pixels at
the equator (Table 1). (Raw values of GR1, GRS, and GR15
that ignore this latitude dependence of pixel size are pre-
sented in Table Al.) Because mountain belts of high mean
elevation offer greater potential for creating relief than ranges
with moderate or low mean elevation, we also examined
normalizations of relief, obtained by dividing the relief value

(GR1, GR5, and GR15) by (Enean — BL). These represent the
“relative relief” of a mountain range and are noted below as
“nGR1,” “nGRS5” and “nGR15.” Normalization by (Epax)
yields similar results (Table A1) and will not be discussed
here. Note that in most cases, neither GR5 nor nGR5 is dis-
cussed in detail, because values and patterns are intermediate
between those for GR1 and GR15.

2.2. Climate Variables

[12] To address climate differences, we used the mean
annual precipitation and the mean latitude of each range, as a
surrogate for mean annual temperature and insolation. The
elevation of the mean snow line, hence the potential for
glaciers to develop and erode, depends mostly on temperature
and precipitation. Since mean annual insolation is highest at
the equator, and decreases toward the poles as the cosine of
the mean latitude of each range, we use “coslat,” rather than
latitude itself. This parameter is therefore independent of the
topography that affects glaciation (higher mountains should
have more glaciers), and also independent of precipitation,
that also affects glaciation. Obviously, the best quantity
assessing the role of glaciation would be present-day equi-
librium line elevations (ELAs), and comparably good might
be snow line elevations lines, which Egholm et al. [2009] and
Pedersen et al. [2010] have used in their analysis of the role
of glaciation at high altitudes. Unfortunately, we do not
know either ELAs or snow line altitudes for most of the belts
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Figure 4. Log-log plot of five end-member examples of
relief (Geophysical Relief, GR on the y-axis) calculated over
different circular sliding windows (“Area of GR calculation”
on the x-axis). Linear fits (R* > 0.95) in log-log space indicate
power law functions, with an exponent (“m”) ranging from
0.3 to 0.6 (slopes of the dashed lines). These linear relation-
ships in log-log space have been used to correct relief calcu-
lations made at different latitudes, because the dimension of
a pixel decreases with latitude (see text for details); for
example, for the Western Canadian Cordillera (WCR), raw
GR values are shown as red circles, and corrected values
as red stars. Ranges undergoing severe glacial conditions
tend to have small exponents (here Baffin Island, BAF, and
the Western Canadian Cordillera, WCR, in green and red,
respectively). Ranges with no glacial imprint tend to have
large exponents (here Western New Guinea, WNG, and
Sumatra, SUM, in orange and black, respectively). This
dependence on latitude is particularly exploited further in
Figure 9 and section 3.2.3.

that we consider here, for the present or the Late Glacial
Maximum (LGM). In fact, we found that published values
of ELAs from the same ranges can differ by as much as
1000 m, mostly because of the climate characteristics, the
hypsometry, and the orientation of the glaciated basins
[Allen, 1998; Flint, 1971; Gilbert, 1904; Huybers and Roe,
2009]. Hence we are forced to use a less direct measure of
glaciation, but one that takes into account other periglacial
processes, such as frost shattering [Delunel et al., 2010;
Hales and Roering, 2009], which may affect topography at
high latitude/high elevation. Note that when coslat increases,
the latitude decreases. Therefore, a negative correlation
between coslat and another variable means that the other
variable increases toward the equator. We compiled precipi-
tation from the Global Precipitation Climatology Centre
worldwide database (GPCC Normal Version 2010, 1951-2000)
with a 0.25° grid size (ftp:/fip-anon.dwd.de/pub/data/gpcc/
html/gpcc_normals_download.html) to quantify the role of

CHAMPAGNAC ET AL.: TECTONICS CLIMATE MOUNTAIN TOPOGRAPHY
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mean annual precipitation (precip) in shaping the topography
of mountain ranges. We used the average of values within the
boundary of each range and its standard deviation over the
region to describe spatial variability of precipitation. We did
not take into account geographic (leeward versus windward
flanks) and temporal (storminess) distributions of precipita-
tion or precipitation phase (rain versus snow) that have been
shown to be important in geomorphology [Anders et al.,
2008, 2006; Barros et al., 2006; Bookhagen and Burbank,
2006; Snyder et al., 2003], because we do not have this
information for most of the mountain ranges used.

2.3. Tectonic Variables

[13] To quantify the relative contribution of tectonics in
shaping mountain ranges, we used geodetically (i.e., decadal),
or in a few cases geologically, measured shortening rates (7},
across ranges (see Appendix A for details). We tried to avoid
any geological complications that would have jeopardized
internal consistency of the database, which is the backbone of
this study. We acknowledge that the shortening rate imper-
fectly describes geometric and geologic constraints on
mountain belt evolution, with two main pitfalls: (1) Neither
the duration of shortening, nor variations of shortening rates
through time are considered, and hence we do not try to
quantify total amounts of shortening across different belts
(though we do discuss this source of error for some ranges in
the text). (2) The initial thickness of deforming layer(s) is also
not taken into account, and hence we do not distinguish
between thin- and thick-skinned belts. We also assume for all
ranges that the decadal observations reflect the long-term
rates of shortening across the belts (i.e., many millennia to
millions of years). Most relative plate motions measured
geodetically [e.g., Argus et al., 2010] and with magnetic
anomalies spanning seafloor younger than ~2 Ma [e.g.,
DeMets et al., 2010] match one another within uncertainties.
Across mountain ranges, geodetically measured rates on
decadal time scales match those measured geologically over
millennial times scales for instance in Asia [England and
Molnar, 2005; Thompson et al., 2002], in New Zealand
[Beavan et al., 1999; Sutherland et al., 2006], and elsewhere,
as well as for most of the inactive ranges used in this study,
that have been tectonically quiet for (at least) several Ma. In
regions where recent major earthquakes have displaced GPS
control points, we used studies that considered intervals of
time that preceded the earthquakes or that demonstrated no
affect of the earthquakes.

[14] We base the analyses in this study on bi- and multi-
variable linear regressions among the aforementioned vari-
ables (summarized in Figure 3 and Table 1). Most of the
correlations shown in this paper are rather poor (R < 0.5,
Tables 2a—2c). This is due in part to the poor signal/noise
ratio of data averaged over large areas and to internal vari-
ability within the belts themselves (e.g., strain localization,
rain shadows, etc.). Regardless of the traditions in statistics,
we labeled the quality of correlation depending on the value
of R* of a linear regression at the 95% confidence level:
“no correlation” for R* < 0.1 (|R| < 0.3), “weak correlation”
for 0.1 < R* < 0.25 (0.3 < |R| < 0.5), “fair correlation” for
0.25 < R* < 0.5 (0.5 < |R| < 0.7 and “good correlation” for
R*> 0.5 (JR| > 0.7). All of the correlations are summarized
when the entire data set was used (Table 2a), and when
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B02403 CHAMPAGNAC ET AL.: TECTONICS CLIMATE MOUNTAIN TOPOGRAPHY B02403
Table 2a. Pearson Correlation Matrix for the Entire Data Set®
Precip Coslat Eax FEmean — BL GRI1 GRS GR15 Grl15/GR1 m nGR1 nGRS nGR15

Vi

R 0.376 0.153 0.312 0.177 0.356 0.444 0.494 0.078 0.060 0.059 0.067 0.013

P-value 0.001 0.210 0.009 0.147 0.003 0.000 0.000 0.525 0.625 0.633 0.586 0914
Precip

R 0.509 —0.126 —0.132 —0.111 —0.009 0.138 0.403 0.351 —0.030 0.070 0.334

P-value 0.000 0.303 0.279 0.366 0.943 0.258 0.001 0.003 0.806 0.566 0.005
Coslat

R 0.407 0.378 —0.370  —0.203 0.024 0.575 0.590 —0.573 —0.471 —0.254

P-value 0.001 0.001 0.002 0.095 0.844 0.000 0.000 0.000 0.000 0.036
Ernax

R 0.626 0.199 0.335 0.430 0.091 0.125 —0.306 —0.331 —0.651

P-value 0.000 0.102 0.005 0.000 0.458 0.306 0.011 0.005 0.000
Emcan — BL

R 0.097 0.178 0.248 0.114 0.118 —0.614 —0.703 —0.524

P-value 0.428 0.143 0.040 0.350 0.336 0.000 0.000 0.000
GRI1

R 0.936 0.721 —0.647 —0.669 0.560 0.421 0.109

P-value 0.000 0.000 0.000 0.000 0.000 0.000 0.374
GRS

R 0.917 —0.403 —0.402 0.422 0.358 0.121

P-value 0.000 0.001 0.001 0.000 0.003 0.322
GR15

R —0.036 —0.022 0.208 0.233 0.137

P-value 0.767 0.856 0.087 0.054 0.260
GR15/GR1

R 0.984 —0.528 —0.329 0.095

P-value 0.000 0.000 0.006 0.437
m

R —0.562 —0.344 0.054

P-value 0.000 0.004 0.660
nGR1

R 0.955 0.542

P-value 0.000 0.000
nGR5

R 0.633

P-value 0.000

“Bold italic values indicate high correlation, |R| > 0.7; bold values indicate fair correlation 0.5 <|R| < 0.7, italic values indicate weak correlation, 0.3 < |R| <0.5;

regular values indicate no correlation, |R| < 0.3.

inactive (Table 2b) and active (Table 2c) belts were treated
separately.

3. Bivariate Data Analysis

[15] We examine bivariate statistical relations among
the aforementioned variables using linear regressions
(Tables 2a—2c). To avoid overwhelming readers with too many
plots, we show only those yielding meaningful regressions
and/or offering significant insights (Figures 5-10).

3.1. Topography (Elevation and Relief) Versus
Tectonics

3.1.1. Elevation Versus Tectonics

[16] We first regress the topography of ranges against
shortening rates to document the links between the maximum
elevation above sea level (E...) and the mean elevation
above base level(s) (Enean — BL) of mountain ranges against
tectonic shortening rates (7,) (Figure 5). Plots of all data
give hints of trends but show a large scatter. This scatter
may be intrinsically related to our limited knowledge of
tectonic geometry and history (different durations or ages
of mountain building, thick- versus thin-skin tectonics, etc.),
but it appears, at least qualitatively, that this scatter derives
from external processes. Specifically, different erosion rates

in different climates are an important source of scatter (dis-
cussed below). For instance, some ranges with low mean
elevations above base level (low Epc., — BL) and signifi-
cantly rapid tectonic shortening (large V7;,) are known for their
high erosion rates: e.g., the Southern Alps of New Zealand
(SNZ) [Herman and Braun, 2006; Herman et al., 2010a;
Hovius et al., 1997], Taiwan (T) [Dadson et al., 2003], and
the St Elias Range (SEL) [Berger et al., 2008]. The mean
elevations of these belts seem to be limited by rapid erosion,
controlled by rock uplift, climate, and the type of rock at the
surface, which controls the angles of critical slopes and
therefore valley spacing and elevation [e.g., Perron et al.,
2009]. Oppositely, ranges with high mean elevation (large
E\ean — BL) appear to be related to plateau conditions, such
as most of the high Andes of Peru (SPA and NPA), Bolivia
(SBA and NBA), and Northern Chile (CN), or the Karakorum
(KKR) and Alborz (ALB), where there are large arid portions
and a bimodal distribution of precipitation (see section 3.2.1).
3.1.2. Relief Versus Tectonics

[17] Relief results from (1) inhomogeneous surface uplift
due to slip on discrete faults and to folding, plus (2) the
spatially varying amount of rock that has been removed
from the range by inhomogeneous erosion (incision) [e.g.,
Champagnac et al., 2007; Kirkbride and Matthews, 1997,
Montgomery, 1994; Shuster et al., 2005; Small and Anderson,
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B02403 CHAMPAGNAC ET AL.: TECTONICS CLIMATE MOUNTAIN TOPOGRAPHY B02403
Table 2b. Pearson Correlation Matrix for the Inactive Ranges Only®
Precip  Coslat  Epax  Emean — BL  GRI GR5  GRI5  Grl5/GRI m nGRI  nGR5  nGRI5

Precip

R 0.588 —0.141 0.018 —0.264 —0.105 0.115 0.561 0.511 —-0.271 —0.123 0.299

P-value 0.003 0.511 0.933 0.212 0.624 0.592 0.004 0.011 0.200 0.568 0.155
Coslat

R 0.351 0.287 —0.437 —0.174  0.143 0.710 0.753 —0.669 —0.506 —0.164

P-value 0.093 0.174 0.033 0.312 0.374 0.000 0.000 0.000 0.012 0.443
Emax

R 0.822 0.186 0.312 0.374 —0.076 0.000 —0.406  —0.505  —0.652

P-value 0.000 0.384 0.138 0.072 0.724 1.000 0.049 0.012 0.001
Emcan - BL

R 0.356 0.487 0.528 —0.191 —-0.121  —0.372  —-0.510 —0.485

P-value 0.088 0.016 0.008 0.370 0.572 0.074 0.011 0.016
GR1

R 0.930 0.717 —0.647 —0.667 0.696 0.525 0.270

P-value 0.000 0.000 0.001 0.000 0.000 0.008 0.203
GRS

R 0.921 —0.418 —0.401 0.522 0.450 0.308

P-value 0.000 0.042 0.052 0.009 0.027 0.143
GR15

R —0.072 —0.034 0.279 0.328 0.345

P-value 0.738 0.874 0.187 0.118 0.098
GR15/GR1

R 0.980 —-0.506 —0.226 0.200

P-value 0.000 0.012 0.288 0.350
m

R —-0.573  —-0.277 0.125

P-value 0.003 0.190 0.560
nGR1

R 0.929 0.615

P-value 0.000 0.001
nGRS

R 0.792

P-value 0.000

“Bold italic values indicate high correlation, |R| > 0.7; bold values indicate fair correlation 0.5 <|R| < 0.7, italic values indicate weak correlation, 0.3 < |R| <0.5;

regular values indicate no correlation, |R| < 0.3.

1998; Stern et al., 2005; Valla et al., 2011]. In this section,
we discuss the links between relief and shortening rates, in
order to isolate the source of relief that is directly linked to
tectonic processes (faulting/folding). At small scale (GR1),
the correlation of relief with tectonic shortening is weak
(R = 0.36, Figure 6a and Tables 2a—2c); GR1 spans almost
one order of magnitude, regardless the shortening rate. The
correlation with shortening rate, however, increases with
calculation size of the relief (GRS and GR15, Figures 6b
and 6c¢), and is best (R = 0.5, p < 0.01%) for larger
averaging areas (GR15). Thus, GR15 values depend in part
on rates of crustal shortening (with a large scatter), but GR1
does not; large-scale relief is more sensitive to tectonics
than is small-scale relief.

[18] These results differ from those of Pedersen et al
[2010], who reported a clear relationship between tectonic
activity and relief above snow line. Despite similarities in
the terminology used in the present study and in Pedersen’s
study (“relief” and “tectonic activity”), the definitions of the
variables used are different; i.e., they used relief above the
mean snow line, whereas we used mean geophysical relief,
and they used three groups of tectonic activity (active,
almost active and inactive), whereas we use GPS shortening
rates. Therefore, these apparently different conclusions appear
to result from different definitions.

3.1.3. Topography Versus Relief

[19] For active ranges (¥, > 0 mm/yr), relief, as defined by

GR1, GRS and GR15, appears not to correlate with the mean

elevation above base level (E,,can — BL) of ranges (gray dots
on Figures 7a and 7b). One might expect that the mean relief
of high-elevation ranges would be larger than relief of low-
elevation ranges, simply because incision has greater poten-
tial to cut deep valleys in higher than in lower ranges. If
anything, however, relief decreases slightly with mean ele-
vation (Table 2c). These poor correlations suggest that the
relief of a belt is not strongly linked to its mean elevation, at
least where tectonic shortening occurs across the belt. In
contrast, for inactive ranges (¥, = 0 mm/yr; red dots in
Figure 7) fair correlations do exist between relief (GR1,
GR5 and GR15) and (Eean — BL) (Table 2b). The correla-
tion is higher (R = 0.53) for GR15 versus (Ejpean — BL) than
for GR1 versus (Eyean — BL) (R = 0.36). Interestingly, two
ranges located at high latitude with only moderate mean
elevation (Denali, DEN, and Baffin, BAF) show a large relief
(especially for GR1).

3.2. Topography (Elevation and Relief) Versus Climate

3.2.1. Topography Versus Precipitation

[20] To address climate, we consider two independent
measures of climate, both imperfect, but easily quantified. As
a surrogate for a general climatic influence on erosion, we use
mean annual precipitation, and for likelihood of glaciation,
we use the mean latitudes of belts.

[21] Measures of elevation (£, and E can — BL) do not
show linear correlations with mean annual precipitation
(Figures 8a and 8b). Very high precipitation (more than
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Table 2¢. Pearson Correlation Matrix for the Active Ranges Only®
Precip  Coslat Erax E\ean — BL GR1 GRS GR15 Grl5/GR1 m nGR1 nGRS nGRI15

Vi

R 0.487 0.099 0.086 —0.131 0.315 0.364 0.395 0.061 0.011 0.301 0.304 0.260

P-value 0.001 0.523 0.581 0.396 0.037 0.015 0.008 0.695 0.941 0.047 0.045 0.089
Precip

R 0.495  —0.173 —0.220 —0.065 0.009 0.143 0.317 0.261 0.106 0.166 0.420

P-value 0.001 0.262 0.152 0.676 0.955 0.354 0.036 0.087 0.495 0.281 0.005
Coslat

R 0.391 0.388 —-0.453 —0.382 —0.200 0.497 0.485 —0.481 —0417 —0.283

P-value 0.009 0.009 0.002 0.010 0.193 0.001 0.001 0.001 0.005 0.063
Emax

R 0.478 0.033 0.120 0.212 0.151 0.154 —0.146  —0.147 —0.690

P-value 0.001 0.831 0.436 0.167 0.328 0.317 0.346 0.340 0.000
Emcan — BL

R —-0.136 —0.141 —0.106 0.185 0.156 —-0.712 —-0.768 —0.621

P-value 0.377 0.360 0.494 0.228 0311 0.000 0.000 0.000
GR1

R 0.942 0.690 —0.726 —0.768 0.660 0.533 0.133

P-value 0.000 0.000 0.000 0.000 0.000 0.000 0.388
GRS

R 0.891 —0.503 —0.534 0.622 0.557 0.199

P-value 0.000 0.001 0.000 0.000 0.000 0.196
GR15

R —0.079 —0.101 0.443 0.468 0.255

P-value 0.610 0.513 0.003 0.001 0.095
GR15/GR1

R 0.988 —0.553 —0.394 0.011

P-value 0.000 0.000 0.008 0.945
m

R —0.557 —0.382 0.011

P-value 0.000 0.011 0.944
nGR1

R 0.973 0.431

P-value 0.000 0.003
nGRS5

R 0.501

P-value 0.001

“Bold italic values indicate high correlation, |R| > 0.7; bold values indicate fair correlation 0.5 <|R| < 0.7, italic values indicate weak correlation, 0.3 < |R| <0.5;

regular values indicate no correlation, |R| < 0.3.

2 m/yr, pale gray dots in Figure 8), however, seem limited to
belts with moderate (2000-4000 m), not high (>4000 m),
maximum elevations. The average .y is 2944 + 707 m for
the 10 wettest ranges, but is 3327 &+ 1417 m for the 59 others.
Similarly, the average Ecan — BL is 1030 £ 328 m for
the 10 wettest ranges, but is 1120 &= 638 m for the 59 others.
One should note, however, that precipitation and elevation
variables (Epax and Eean — BL) are not independent of one
another, because of orographic effects on precipitation [e.g.,
Roe, 2005; Smith, 1979], and because precipitation tends to
be maximum not at the highest elevations, but commonly
below ~2000 m, as, for example, in the Himalaya [Anders
et al., 2006]. Hence precipitation, when averaged over the
entire area of the range, may be less for high than lower ranges.
If rainfall at lower elevations leads to greater erosion there
than at high elevations, the isostatic response to the removal
of material might raise the high parts and enhance the contrast
in rainfall between high and low parts of the range.

[22] Overall, measures of relief (GR1 and GRIS5,
Figures 8c and 8d) show no correlations with mean annual
precipitation. The average GRI is 119 £ 24 m for the
10 wettest ranges, but it is 154 + 60 m for the 59 other
ones, hence overlapping at 1o. For GR15, the difference is
also negligible between mean values (1128 + 146 m versus
1069 + 308 m). Precipitation rates seem unlikely to depend
on relief; hence a correlation between these variables would

carry more sense than that between precipitation rates and
elevation. For small to moderate rainfall, relief is insensitive
to precipitation, but relief in ranges with rainfall above a
threshold (~2 m/yr) appears to be relatively small. One may
conclude that if erosion rates depended on precipitation,
relief must depend on erosion patterns that do not scale with
mean annual precipitation amounts. High precipitation rates
do not increase the relief, in agreement with results from
[Bonnet and Crave, 2003; Stolar et al., 2007; Whipple et al.,
1999] that show that relief decreases when precipitation
increases.
3.2.2. Topography Versus Latitude

[23] As shown by Herman et al. [2010a] and Koppes and
Montgomery [2009], the rate of fluvial erosion can keep
pace with glacial erosion, at least in regions where both are
high. Fluvial erosion, however, appears to be more homo-
geneously distributed over a wider area than glacial erosion,
which tends to carve valleys with steep sides [e.g.,
Haeuselmann et al., 2007; Shuster et al., 2005; Valla et al.,
2011]. Moreover, ice can protect high and especially cold
summits where glaciers are frozen to their beds, where ice
deforms without sliding over the rock, and/or where debris
in the ice is sparse [Anderson, 2005; Foster et al., 2008;
Griffiths, 1952; Herman et al., 2011; Pedersen et al., 2010;
Thomson et al., 2010; Tomkin and Braun, 2002], and hence
increase the relief.
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Figure 5. Topographic parameters (elevation, E.x and
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[24] The correlations between average maximum elevation
(Emax) and mean elevation (Ec., — BL) with cosine of
latitude (Figure 9) confirm what others have noted before:
mean elevation is limited at relatively high latitudes
[Brocklehurst and Whipple, 2004; Egholm et al., 2009;
Montgomery et al., 2001; Pedersen et al., 2010; Porter,
1989]. Low values of E,,, and E .., — BL are common at
high and low latitude, but the scatter is much larger in the
tropics (coslat > 0.9, latitude < 25°), and becomes greatly
reduced at mid to high latitudes (i.e., coslat < 0.7, latitude >
45°). Overall correlations between E,ax and Eyca, — BL with
coslat remain poor, R = 0.16 and 0.1, respectively, and the
latter is not statistically significant for inactive ranges
P = 17%).

[25] Relief calculated using small averaging areas (GRI,
Figure 9c¢) appears to correlate with coslat; GR1 increases as
latitude increases (R = —0.37, —0.44 and —0.45 for the
entire data set, and for inactive and active ranges only,
respectively, see Tables 2a—2c). Note that this trend might be
improved if it were possible to take into account the hidden
part of the relief at high latitude (coslat < 0.5, latitude > 60°),
that due to valley floors submerged beneath glaciers, beneath
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water in fjords and lakes, and beneath sediment, but such
information is not currently available for enough regions.
Thus, bedrock topography partly covered by these features
biases the analysis proposed here toward lower relief. We
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GR15) plotted against tectonic shortening (77,). Note particu-
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BAF, Chugach, CHU, and St Elias, SEL), and exceptionally
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Figure 7. Relief plotted against mean elevation above base
level(s) (Emean — BL). (2) GR1 versus (Eean — BL): Inactive
ranges are pictured in red (pink for the outlier not used in the
regression, Baffin, BAF), and active ranges are displayed in
gray, and not used in the regression (correlations for the
entire data set and for active ranges only not statistically
significant, see Tables 2a and 2c). Regressions shown in
this paper are least squares linear regressions with 95%
confidence bands and p-value < 1%. (b) GR15 versus
(Emean — BL): Same color coding than in Figure 7a, with
regression using only inactive ranges (correlations for the
entire data set and for active ranges only not statistically
significant, see Tables 2a and 2c).

tried to select regions where ice sheets, fjords, and lakes
were sparse, but their effects cannot be avoided at high
latitude. Relief calculated over a larger averaging length
scale (GR15) shows no correlation for either inactive or
active ranges (Figure 9d).

[26] As demonstrated in section 3.1.3 and illustrated in
Figure 7, the relationship between relief and the mean ele-
vation of the range (Enc.n — BL) differs for active and
inactive ranges. To take this difference into account, we
normalized relief (GR1 and GR15) by the mean elevation of
each range (Eean — BL). This leads to two new variables,
nGR1 and nGR15, that quantify “relative relief.” Not only
does nGRI1 appear to correlate positively and well with
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coslat (R = 0.6) (Figure 9¢), but the relation also applies
comparatively well for active and inactive ranges. The rela-
tion of the larger-scale relative relief (nGR15) with coslat is
much weaker, with almost no correlation between them
(Figure 9f). By contrast, the relation between nGR1 and
coslat is one of the strongest we found (R = 0.71 for inactive
ranges, Tables 2a—2c). This suggests (1) not only do the data
in Table 1 allow such correlations, but also the generally poor
correlations shown in previous sections are also meaningful,
and not due simply to low signal/noise ratios, and therefore
inaccurate data; and (2) a process that is latitude-dependent
seems to exert a strong control on small-scale relief, and
tends to increase it toward the poles. Furthermore, this cor-
relation between normalized relief (nGR1) and latitude is
not an artifact due to the decrease of the mean elevation
toward the pole: normalization of other variables (e.g., GR15
or GR15/GR1) by the mean elevation (E .., — BL) yields
insignificant, negligibly small correlations.

3.2.3. Scaling Factor of Relief Versus Climate

[27] As described in the previous section, relief averaged
over areas with different dimensions carries different infor-
mation regarding climate and tectonics. To investigate this
difference we use both the simple ratio between GR15 and
GR1 (GR15/GR1) and the exponent that describes the slope
of [log GRx versus log (averaging area)] in Figure 4 (“m” in
the following). These two parameters measure the relative
importance of different horizontal length scales on the total
relief. As suggested by the examples shown in Figure 4,
ranges with high values of GR15/GR1 (>10) and large
exponents (m > 0.4) lie close to the equator, and ranges with
low ratios GR15/GR1 (<5) and small exponents (m < 0.3)
are located at higher latitudes (Figures 10a and 10b), despite
the fact that part of the small-scale relief is hidden by ice,
fjords, lakes, and thick sediment. Correlations between
GR15/GR1 and coslat are positive (R = 0.57) for the entire
data set. Consideration of active and inactive ranges sepa-
rately, however, reveals different patterns: for active ranges
(gray dots in Figure 10a) the correlation between GR15/GR1
and coslat is weaker (R = 0.5, not plotted), and for inactive
ranges it is larger (R = 0.71, red dots in Figure 10a). The
same pattern is observed for the regression between m and
coslat, with an even better correlation for inactive ranges
(R = 0.75, red dots on Figure 10b).

[28] The correlation of GR15/GR1 with precip is positive
but small (R = 0.4), with higher values of GR15/GR1 for
wetter ranges. The correlation is larger for inactive (R = 0.56,
Figure 10c) than active ranges (R = 0.32). Similarly, the
correlation of m with precip is positive but small (R = 0.35)
when all ranges are considered. Again, the correlation is
larger for inactive (R = 0.51, Figure 10d) than active ranges
(R=10.20).

[29] Correlations between (GR15/GR1) and m with climatic
variables are much larger for latitude than for precipitation.
Moreover, these correlations are fair to good for inactive
ranges (R = 0.56 and 0.51 for precip, and R = 0.71 and 0.75
for coslat) but not statistically significant for active ranges
(p > 5%, see Table 2¢). This indicates that the climate
signal (here represented by latitude and precipitation rate) is
recorded in the topography, and expresses itself more clearly
without tectonics. In general, relief averaged over large dis-
tances tends to be relatively large for low latitudes and high
precipitation rates, whereas relief averaged over smaller
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scales tends to be relatively large at high latitudes and where
precipitation rates are low [e.g., Sugden and John, 1969].

4. Multivariate Regressions

[30] In section 3 we have arrived at the unsurprising result
that both climate and tectonics correlate with various aspects
of topography, and we have tried to determine the relative
importance of both in shaping and modifying mountainous
landscapes by examining different parameters (e.g., relief,
mean elevation, etc.) represented by different variables. The
previous analysis, however, is limited to a series of bivariate
analyses, using linear regressions (Figures 5-10) and their
correlation coefficients (summarized in Tables 2a—2c). These
analyses document the existence (or absence) of statistical
correlations between pairs of variables. Some relations are
stronger than others, but the different dimensions of the
variables, as well as multiple relations among these variables,
prevent the calculation of their relative importance in shaping
topography.

[31] To explore this further, we use multivariate linear
regressions that give relative contributions of “independent”

variables (climate and tectonics) to topographic variables
(Figures 11-13 and Figure A3, summarized in Tables 3a—3c
and Tables 4a—4c). All variables (4) have been normalized
using Ayom = (A — p)/o, where p is the mean of the pop-
ulation and o the standard deviation of this population, so
that the average of the 4, is 0 with a standard deviation of
1. Independent (external) variables are V), precip, and coslat,
and dependent variables are topographic variables (see
section 2.1). In Tables 3a—3c and Tables 4a—4c, statistically
significant results (p value < 0.02) are in bold.

[32] Regressions of E.x and of E.., — BL show a
classical result (Figures 11a and 11b): tectonic shortening
(V},) raises the mountains (positive correlations), and the
impact of climate on erosion, parameterized by mean annual
precipitation (precip) and latitude (coslat), decreases mean
elevations. Correlations are negative for precip, but positive
for coslat, which increases as latitude decreases.

[33] Relief (GR1 and GR15), however, is not affected
much by mean annual precipitation rates (Figures 11c and
11d), but depends on coslat (negative correlation), at least for
small length-scale relief (GR1), and on tectonic shortening
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Figure 10. The scaling ratios of relief (GR15/GR1 and m) plotted against cosine of latitude (coslat). See
section 3.2.3 and Figure 4 for further explanation of how m is calculated. Red dots show inactive ranges
used in the regression, and gray dots show active ranges not used in the regressions. For precipitation error

bars, see caption of Figure 8.

rate (positive correlation). Although large-scale relief (GR15)
appears to be controlled only by tectonic shortening, the
overall quality of the regression is poor (R> = 0.25).

[34] This latter correlation is probably not independent of
the relation between relief and elevation (see section 3.1.3
and Figure 7), an inference corroborated by the poor quality
of the correlation when relief is normalized by mean eleva-
tion (Epean — BL), namely nGR1 and nGR15 (Figures 11e
and 11f, respectively). Specifically, and not surprisingly, ¥},
does not explain nGR1 and nGR15 (large error bars, small
coefficients and high p-values). nGR1 is better explained by
a combination of precip (slight positive contribution) and
coslat (large negative contribution). nGR15 is explained as
well by the climate variable, that act together more equally
(Figure 11f). The normalized relief (nGR1 and nGRI15)
therefore appears to be largely explained by climatic factors,
and latitude plays an important role to control small-scale
normalized relief, that is higher at high latitude. One cannot
exclude, however, that part of this correlation may come

from the normalization procedure, because of the weak cor-
relation between coslat and the mean elevation (£ can — BL)
used to normalize relief (R* = 0.14, see Table 2a). The scaling
factor of the relief (GR15/GR1 and m, see section 3.2.3)
correlates only with latitude (decrease toward the poles,
Figures 11g and 11h), which confirms the observations pre-
sented in Figure 10. Contributions of the other independent
variables (7}, and precip) are not statistically significant.
These results confirm the global analysis and are summarized
in Tables 3b and 3c, and presented in Figure A3.

[35] What Figure 11 does not show well is the quality of
each regression (Table 3a), and thus the importance of tec-
tonics or climate variables in explaining the topographic
variables. Recall that R? defines the fraction of the variance
in the data that has been accounted for, and there remains a
fraction, 1 — R?, that has not been accounted for. The frac-
tion of the variance in the various topographic variables that
V5, precip, and coslat explain ranges from ~1/4 to 1/2
(Figure 12 and Tables 4a—4c), the larger of which might
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seem to be surprisingly large given the scatter observed in
the various topographic variables when plotted against only
one of ¥}, precip, and coslat (Figures 5-10), and consider-
ation of only these three variables. The interpretations of the
different panels of Figure 12 are similar to those of Figure 11.
Convergence rates 7, our measure of tectonics, accounts for,
at most, only ~20% of the variance in all measures of
topography (for large scale relief, GR15, Figure 12d), and

Emean -BL

E max

nGR1 [E]

=]

G
GR15/GR1 m

Figure 12. Pie charts of the relative contributions of each
external variable — V, (tectonic forcing), precip (mean annual
precipitation), and coslat — to the observed variance of the
topographic variables, as summarized in Table 4a. As in
Figure 11, significant factors (p-values < 5%) are pictured
in bright colors, and insignificant factors (p-values > 5%)
are pictured in pale colors (same color coding as in
Figure 11). The gray shading is the unexplained part of the
variance that is due to unused variables and natural scatter.
Similar pie charts calculated for inactive and active ranges
separately are presented in Figure 13 (from Tables 4b
and 4c, respectively).
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Figure 13. Pie charts similar to those in Figure 12, calculated for active ranges only (Figure 13a) and for
inactive ranges only (Figure 13b) related to Tables 4b and 4c, respectively. As in Figures 11 and 12,
significant factors (p-values < 5%) are pictured in bright colors, and insignificant factors (p-values > 5%)
are pictured in pale colors. These data confirm, for instance, that GR15 is not well explained by climatic
variables, since most of the variance of GR 15 remains unexplained for inactive ranges (Figure A3b). This also
confirms that the scale length of the relief (GR15/GR1 and m, i.e., the ratio between large scale relief and
small scale relief) mostly depends on climatic factors, especially latitude, for both active and inactive ranges.

accounts for a negligible fraction of the normalized relief and
relief length scale (Figures 12e—12h). It accounts for only
7—12% of the variance of the maximum and mean elevation
of the ranges. Mean annual precipitation (precip) accounts
for a significant fraction (20-25%) of the elevation of ranges
(Figures 12a and 12b), but a negligible fraction of relief (<5%).
The mean latitude of the range (coslat) is a large contributor
(up to 41% for nGR1) to almost all of the topographic

variables, but not GR15 (Figure 12d), which appears to be
most strongly controlled by tectonics.

[36] When active and inactive ranges are treated separately
(Tables 3b and 4c, Figure 13), the same patterns are clear.
For active ranges only (Figure 13a), V}, precip, and coslat
explain less of the variance of the maximum elevations of
ranges than when the entire data set is used (only 8.5%,
instead of 12.6%). These variables fail to explain the mean

Table 3a. Multivariate Normalized Slope Values of Active and Inactive Ranges Depicted in Figure 11*

Emax  Error  Epcan — BL  Error  GR1  Error GRI15  Error nGR1  Error nGR15 Error GRI15/GR1  Error m Error
Vi 0.45 0.10 0.29 011 045 011 051 0.2 0.05 0.10 -0.14 0.10 —0.06 0.11 —-0.07 0.11
Precip —0.63 0.11 —0.56 0.12 -0.07 0.13 -0.04 0.13 033 0.12 0.58 0.12 0.17 —-0.12  0.09 0.12
Coslat  0.66 0.10 0.62 0.12 —-0.40 0.12 -0.04 0.13 -0.75 0.11 —-0.71 0.11 0.50 0.12 0.55 0.12
RIR? 0.70  0.49 0.60 036 056 032 050 025 0.67 044 0.64 0.41 0.59 0.35 0.60  0.35

“Bold values indicate p < 0.02.
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Table 3b. Multivariate Normalized Slope Values of Active Ranges Depicted in Figure A3a®
E..x Emor Egcu —BL Error GRI  Error GRI5 Error nGR1 Error nGR15 Error GRI15/GR1  Error m Error
Vi 0.33  0.13 0.11 0.15 033 014 031 013 0.17 0.13 -0.10 0.10 —0.03 0.14 —0.05 0.14
Precip —0.60 0.14 —0.57 0.16 —-0.02 0.16 0.08 0.15 028 0.14 0.55 0.11 0.12 0.16 0.08 0.16
Coslat 0.67 0.12 0.71 0.16 -048 0.14 -026 0.14 —-0.63 0.14 —0.80 0.10 0.41 0.16 042 0.15
Constant  0.14  0.12 0.23 0.14 0.14 0.14 026 0.13 -0.16 0.12 —-0.03 0.09 —0.01 0.14 0.02 0.14
RIR? 0.64 041 0.60 036 056 032 047 022 063 040 0.64 0.41 0.50 025 048 0.23
“Bold values indicate p < 0.02.
Table 3¢. Multivariate Normalized Slope Values for Inactive Ranges Depicted in Figure A3b*
Enax  Error  Egcan — BL Error  GR1 Error GRI15  Error nGR1  Error nGR15 Error GRI15/GR1  Error  m  Error
Precip —0.46 0.19 —0.11 0.12 0.01 026 0.05 028 023 024 0.59 0.33 0.28 023 0.14 0.23
Coslat 048 0.16 0.17 0.10 -039 022 0.10 024 —-0.80 020 —0.61 0.27 0.62 0.19 0.74 0.19
Constant —0.55 0.14 —0.62 0.09 —-048 019 -0.63 020 0.13 0.17 0.17 0.24 0.09 0.17 0.08 0.16
RIR? 0.55 031 0.34 0.12 044 0.19 0.15 0.02 069 047 0.45 0.20 0.73 0.54 0.76 0.57
“Bold values indicate p < 0.02.
Table 4a. Corrected Variance Coefficients of Multivariate Regression for Active and Inactive Ranges Depicted in Figure 12a®
Epmax Error Ec., — BL Error GR1 Error GR15 Error nGR1 Error nGR15 Error GR15/GR1 Error m  Error
Vi, (%) 12.6 2.7 7.1 26 153 38 21.7 49 1.9 40 4.0 2.9 3.0 52 34 53
Precip (%) 17.7 3.1 13.6 3.0 25 44 1.6 56 131 4.6 16.6 3.4 8.3 59 46 58
Coslat (%) 185 29 15.1 2.8 13.7 41 1.5 53 293 43 20.1 3.2 23.7 5.6 274 58
Unexplained variance (%) 51.3 64.2 68.5 75.3 55.8 59.3 65.0 64.6

percentage the observed variance has been calculated by using the slope values (Table 3a) that have been normalized so that their sum equals R* * 100,
without taking account of possible nonzero “constant” values in the regressions. Bold font is used for statistically significant values, with p < 2%.

Table 4b. Corrected Variance Coefficients of Multivariate Regression for Active Ranges Depicted in Figure A3a®

Eax Error Epe.n — BL Error GR1

Error GR1S5 Error nGR1 Error nGR15 Error GR15/GR1 Error m  Error
Vi (%) 85 33 2.8 38 127 53 107 46 64 47 2.8 2.7 1.1 63 20 6.0
Precip (%) 154 3.6 14.7 42 06 60 29 51 104 52 155 3.0 5.5 68 33 67
Coslat (%) 172 3.2 18.4 41 183 52 89 50 235 51 224 29 18.2 68 175 6.5
Unexplained variance (%) 58.9 64.1 68.5 71.5 59.7 59.3 75.3 77.2
“Bold font is used for statistically significant values, with p < 2%.

Table 4¢c. Corrected Variance Coefficients of Multivariate Regression for Inactive Ranges Depicted in Figure A3b*

Enax Error Egcan — BL Error GR1 Error GR15 Error nGR1 Error nGR15 Error GR15/GR1 Error exp Error
Precip (%) 149 4.0 4.6 16 06 56 07 08 104 97 9.9 4.8 16.6 126 88 134
Coslat (%) 157 34 7.1 1.3 18.6 48 1.5 07 366 82 103 4.6 37.0 10.6 485 11.3
Unexplained variance (%) 69.3 88.3 80.9 97.8 53.0 79.8 46.4 42.7

“Bold font is used for statistically significant values, with p < 2%.
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elevation (Eean — BL) of the ranges used in our data set. For
the inactive ranges (Figure 13b), with tectonic shortening
rates not considered, the results give insights of the relative
contribution of latitude and precipitation to shape a mountain
range after its death, but given the small number of cases
(n = 24), these results should be treated with caution. For
half of the topographic variables (Epean — BL, GR1, GR15
and nGR15), the results are not statistically significant. The
analysis of inactive ranges, however, corroborates the impor-
tant contribution of physical parameters that depend on lati-
tude (most likely glaciation) in shaping the topography,
which we observed earlier (Figures 9—12), and which is even
more pronounced than for ranges undergoing of tectonic
shortening. coslat explains more than 1/3 (37%) of the total
variance of nGR1, and almost 1/2 (48%) of the scaling
ratio m of the relief.

5. Discussion

[37] The landscape reflects a quasi-equilibrium (perhaps in
a transient state progressing toward a new equilibrium)
between processes that raise or lower it and that shape it,
tectonics and climate (through its impact on erosion). The
present paper quantifies plausible sets of parameters that
describe landscapes and that characterize a subset of pro-
cesses by which tectonics and climate affect landscapes.
Despite a large scatter inherent to the kinds of data used, we
show that some significant correlations exist between inde-
pendent variables (e.g., convergence rate, V,, and maximum
elevations of the ranges, E,,,.«), and that correlations between
some of the parameters is high enough to justify a posteriori
the quality of the database.

[38] One noteworthy result of this study is the contrasting
insensitivity of small scale relief (GR1 and nGR1) to mean
annual precipitation to its high correlation with latitude. We
have used coslat as a surrogate for the likelihood of glacia-
tions (and periglacial processes), and we note the apparent
importance of glaciation in reducing mean elevation and in
increasing relief at small but not large, scales. This reflects
the more inhomogeneous distribution of glacial and peri-
glacial erosion than fluvial incision, and in particular its
ability to deeply carve valleys with steep slopes, while also
protecting other parts of the landscape [Anderson, 2005;
Herman et al., 2011; Thomson et al., 2010; P. Sternai et al.,
The pre-glacial topography of the Alps, submitted to Geology,
2012]. Glacial erosion appears to be the main agent of relief
creation at small scale. Furthermore, the relations between
the topographic parameters and latitude indicate that glacial
and periglacial not only act to reduce the overall elevation
but also to increase the “roughness” of the topography
toward the poles [Molnar and England, 1990].

[39] Another implication from our study derives from the
relatively weak importance of tectonics, at least active
tectonics, in controlling topographic parameters (see corre-
lation coefficients in Tables 4a—4c). For active ranges
(V> 0 mm/yr), tectonics explains a statistically insignifi-
cant part of the variance in mean elevation (Eean — BL)
(Figure 13a and Tables 3b and 4b). Obviously, only tectonic
processes are capable of building thick crust and high mean
elevations, and where convergence occurs, tectonic shorten-
ing is unlikely to reduce mean elevations. This process,
however, may be limited to the first stages of mountain
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building [e.g., Abbott et al., 1997], and we consider it note-
worthy that active tectonics, widely treated as the most
important process that has created present-day topography
and relief accounts for only 25%, or less, of the variance in
most of the measures topography or relief considered here.
This observation poses the question: Is the role of tectonics
in the creation of relief overrated? An affirmative answer
would be consistent with the suggestion that climate change
via its impact on erosion is responsible for juvenile land-
scapes that have traditionally be ascribed to “uplift” and
recent tectonics [e.g., Molnar and England, 1990; Zhang
et al., 2001].

[40] We recognize that we have ignored relevant processes
responsible for present-day topography, and we hope that as
the knowledge base grows, it will be possible to include
other relevant processes, such as the storminess of a climate
(not just mean annual precipitation), past geologic history
including total amounts of crustal shortening and thickening
(not just present-day rates) and the erodibility of rock types
that crop out in mountain belts, accurate measures of both
present-day and Quaternary glaciation, etc. Surely, our fail-
ure to include such processes accounts for the failure of the
three parameters that we have considered — convergence
rate, mean annual precipitation, and latitude — to account for
more than half of the variance in most measures of topog-
raphy and relief that we have considered (Figure 12).

6. Conclusions

[41] From results of section 3 (bivariate analyses) and
section 4 (multivariate analyses), the following points are of
particular importance, and are summarized in Figures 11-13
and A3:

[42] 1. Elevations of ranges directly reflect the interaction
between tectonics, which thickens the crust, and therefore
increases elevations, and climate (through erosion), which
thins the crust, and hence decreases the elevation (Figures
12a and 12b). This statement may seem trivial, but this is,
as far as we know, the first quantitative demonstration of this
over such a large geologic database. The importance of
tectonics appears to be modest in most cases, and although
tectonics is obviously essential for mountain building, the
shapes of mature ranges appear to be controlled mostly by
climate factors, which cause the large scatter observed in
Figure 5.

[43] 2. Relief is not sensitive to mean annual precipitation
amounts (Figures 12¢ and 12d, but increases with shortening
rates and latitude (hence glacial erosion). Relief averaged
over large areas (GR15, ~600 km?) is not obviously affected
much by climatic factors, and more by tectonics, but relief
measured on short distance scales (GR1, ~8 km?, Figures
11c and 12c) correlates best with a combination of tecton-
ics and latitude. Relief in high-latitude mountain ranges
result largely from glacial excavation at valley scale of the
topography created by tectonics.

[44] 3. The location of a mountain range on Earth appears
to be a key factor in determining its elevation, as already
showed by others [e.g., Egholm et al., 2009, and references
therein; Porter, 1977]. Latitude also correlates with relief
measured on short distance scales (GR1, ~8 km?) and the
relative relief (the amount of relief scaled to the mean ele-
vation of the range) (Figures 12e and 12f). Presumably, the
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climatic differences that vary with latitude, glaciers in par-
ticular, play a crucial role in shaping that relief (Figures 12g
and 12h).

Appendix A

[45] This appendix provides additional figures (Figures Al,
A2, and A3), as well as additional (raw) data (Table A1) not
directly used in the manuscript, but potentially useful for more
curious readers.

Appendix B: Summary of Geodetic and Other
Constraints on Shortening Rates

[46] Alaska (Chugach) (CHU): Freymueller et al. [2008]
reported velocities of several points north and south of the
range, and differences between those north and south of the
range suggest a north—south shortening rate of ~25 mm/yr.
Suito and Freymueller [2009], however, showed that 5 mm/yr
(or perhaps more) of this convergence results from the visco-
elastic response to the 1964 Alaska earthquake. Some might
also be associated with subduction of the Pacific plate beneath
southern Alaska, if not along the margins of the range itself.
Accordingly we allow for a relatively large uncertainty: 20 4
5 mm/yr.

[47] Alaska (Denali) (DEN): We rely on GPS measure-
ments summarized by Freymueller et al. [2008]. We use the
difference in components of velocity perpendicular to the
Denali Fault at Mount Denali between the stations WOND
and HURR to obtain 4.1 £ 2.4 mm/yr. We recognize that
post-seismic slip following the 1964 Alaskan earthquake
might contribute to the velocities at these two sites, but we
ignore it here.

[48] Alaska (Eastern Range) (EAR): We rely on mea-
surements along the Richardson Highway presented by
Fletcher [2002], which were made before the earthquake of
2001. The scatter and differences between stations on both
sides of the range makes choosing which points to use dif-
ficult, and we rely on the component perpendicular to the
Denali Fault along this profile: 2 + 1 mm/yr.
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Figure Al. Histogram of the base level (BL) chosen for
each range. 70% of the base levels are below 500 m a.s.l.
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Figure A2. Histograms of the mean elevation above base
level (Emean — BL) of the 24 inactive ranges, with their
names.

[49] Alaska (Saint Elias) (SE): We use the result of
Elliott et al. [2010] that the Yakutat block south of the
Saint Flias Range moves at ~45 mm/yr NNW toward the
Southern Alaska block of Fletcher [2002], which lies north
of the range. With an east—west orientation of the Saint Elias
Range and convergence at approximately N20°W, we use a
shortening rate of 42 £ 5 mm/yr, where the uncertainty is
meant to include not only errors and scatter in GPS rates, but
also variation in convergence rates along the range and errors
in orientations of both it and movement of the two blocks.

[s0] Alborz (ALB): We use the GPS result of 6 + 2 mm/yr
of Djamour et al. [2010], which replace the rates of 8 +
2 mm/yr given by Vernant et al. [2004b] and 5 + 2 mm/yr
given by Vernant et al. [2004a].

[51] Alps (Eastern) (EAL): We rely on GPS results
showing that the Apulian peninsula rotates about an axis in
or near the western Po Basin and converges with Eurasia
at 2.2 £ 1 mm/yr [Calais et al., 2002b], which agree
sufficiently well with GPS results of Battaglia et al. [2004]
and Serpelloni et al. [2005], and with the rate of shortening
measured by Benedetti et al. [2000] for the bounding thrust
fault of the Alps in southern Italy.

[52] Alps (Western) (WAL): We rely on the GPS results
of Calais et al. [2002a], and corroborated by several other
studies [Calais et al., 2002a; D’Agostino et al., 2008;
Serpelloni et al., 2005; Weber et al., 2010], which show
essentially no present-day convergence across the western
Alps, but extension and strike-slip movement parallel to the
belt and internal deformation of it. This range may be a sin-
gular case, because active shortening is null but recent geo-
logical history shows that shortening across the range occurred
during the Pliocene, and has apparently stopped since then.
We use 0 +£ 1 mm/yr.

[53] Anatolia (ANA): We rely on the GPS results of
Reilinger et al. [2006], which supersede those of McClusky
et al. [2000]. Reilinger et al. [2006] divided the region
into blocks, and they showed 4.4 + 0.5 (1o) mm/yr of
shortening across this region, with a much larger component
of left-lateral shear (~15 mm/yr) across it.
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Figure A3. Histograms of “raw” factors of the normalized multivariate linear regressions of topographic
variables against V,, precip, and coslat, with 1o error bars, from Tables 3b and 3c (active and inactive
ranges taken separately). Significant factors (p-values < 5%) are pictured in bright colors, insignificant
factors (p-values > 5%) are pictured in pale colors. Color coding corresponds to that used in Table 1
and Figure 11 (green for V7, blue for precip, and violet for coslat).

[s4] Andes (Northern Bolivia and Southern Peru) (NBA
and SPA): We rely on the GPS results of Bevis et al. [2001]
and Kendrick et al. [2001], and the analysis by Allmendinger
et al. [2007], which shows convergence rate of 6 £ 2 mm/yr.
These results supersede those of Norabuena et al. [1998],

who reported a somewhat higher rate.

[55] Andes (Northern Peru) (NPA): Again, we rely on the

GPS results of Bevis et al. [2001] and Kendrick et al. [2001]
showing a convergence rate of 6 £ 2 mm/yr and superseding
those of Norabuena et al. [1998].

[56] Andes (Southern Bolivia) (SBA): We use the GPS

results of Bevis et al. [2001], showing a convergence rate of
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8 + 3 mm/yr, which is similar to the 6—7 mm/yr reported by
Kendrick et al. [2006].

[57] Appalachians (APP): Using continuously recording
GPS stations in eastern and central USA, Gan and Prescott
[2001] report stability of the region spanning the Appa-
lachians. We assume 0 + 1 mm/yr.

[s8] Australia (Southeastern) (SEA): Using nine contin-
uously recording GPS stations spanning the Australian
continent, Tregoning [2003, p. 41] reported: “within the
resolution of the technique (~2 mm/y at 95% confidence
level), there are no significant changes in the dimensions of
the Australian Plate across the Australian continent.” We
therefore use 0 £+ 2 mm/yr.

[s9] Baffin (BAF): Sparse continuously recording GPS
sites on Greenland are moving southwest relative to North
America at ~2 mm/yr, and ~1 mm/yr with respect to
stations in northern and eastern Canada [4rgus et al., 2010].
This movement is almost surely associated with post-glacial
rebound, but existing models of ice sheet history and of the
viscosity structure cannot match these and other relevant
data well [Argus and Peltier, 2010]. Nevertheless, we assume
this deformation is a transient, and the convergence rate is
only 0 = | mm/yr.

[e0] Big Horn (Wyoming) (BH): Although he did not
discuss them, Berglund [2010] showed essentially no move-
ment between GPS sites spanning the range. We assume
0 £ 1 mm/yr.

[61] Brooks Range (Alaska) (BR): Freymueller et al.
[2008] showed that north-south relative movement of
GPS points north and south of the Brooks Range imply
~2 (£2) mm/yr of divergence. Suito and Freymueller
[2009], however, show that visco-elastic deformation follow-
ing the 1964 Alaska earthquake can contribute 2-3 mm/yr
of divergence. Accordingly, we use 1 + 2 mm/yr.

[62] Canadian Cordillera (Western) (WCC): By dividing
the region into blocks, which allows them to exclude elastic
strain from differences in GPS velocities, McCaffrey et al.
[2007] inferred 3.3-3.4 mm/yr of shortening across the
region. Their formal error is small, <1 mm/yr, but we use
3.3 £ 1.5 mm/yr to allow for some of this rate to be due to
internal deformation west of the Cordillera. This accords with
an estimate farther northwest of ~2 + 2 mm/yr given by
Mazzotti et al. [2003].

[63] Caucasus (CAU): We rely on the GPS results of
McClusky et al. [2000] and Reilinger et al. [2006] showing
8 £ 2 mm/yr of shortening across the range.

[64] Chile (Southern, 33°S-39°S) (CS): In the southern
part of this region, GPS points on the east side of the Andes
show slow movement with respect to stable South America,
and Kendrick et al. [2006] inferred slow shortening across
this area (from ~1 mm/yr in the southern part to ~2 mm/yr
in the north). Inferring shortening across the Andes in the
southern part of this region is made difficult by post-seismic
deformation following the 1960 Chile earthquake (whose
rupture terminated near 37.5°S) [Khazaradze et al., 2002;
Klotz et al., 2001], but Klotz et al. [2001] inferred 6 & 2 mm/yr
of shortening in northern edge of this region from 39°S to
34°S. In the latitude band of 35°N to 37°N, some GPS data
suggest that essentially all relative movement among points
can be explained by elastic strain due to slip at the subduction
zone [Moreno et al., 2008; Ruegg et al., 2002, 2009], but
uncertainties in their reported measurements allow for
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1-2 mm/yr. Complicating matters further, Melnick et al.
[2006b] demonstrated that the high part of this segment of
the Andes is undergoing normal faulting and approximately
east—west extension. Melnick et al. [2006a], in fact, argued
that shortening across this part of the Andes ceased at ~6 Ma.
Guided by these most recent studies and allowing for dif-
ferences among them and differences along the belt, we
assume an average convergence rate of 1 + 2 mm/yr.

[65] Chile (Central, 30°S—-33°S) (CC): Using GPS data
Brooks et al. [2003] estimated ~4.5 mm/yr of shortening in
the Andes back-arc region, but revisions by Kendrick et al.
[2006] suggest a lower rate. We assume 3 + 2 mm/yr.

[66] Chile (Northern, 23°S-30°S) (CN): We rely on Klotz
et al. [1999] who inferred 3—4 mm/yr of shortening across
the northern part of this region and on Brooks et al. [2003]
who estimated ~4.5 mm/yr across the southern part. They
found that by subtracting 3.4 mm/yr from the Nazca-South
America convergence rate, they could fit the rest of the GPS
data assuming elastic strain along the plate margin, and
allowing for post-seismic deformation following the 1960
Chilean earthquake. Khazaradze and Klotz [2003] later
reported the result of Klotz et al. [1999] as 3.4 £+ 2 mm/yr.
These rates seem consistent with the summary by Kendrick
et al. [2006]. We assume 4 £+ 2 mm/yr.

[67] Cordillera de Merida (Venezuela) (MER): Sparse GPS
velocities given by Trenkamp et al. [2002] suggest shorten-
ing at 5 + 3 mm/yr.

[68] Cordillera Occidental/Central Colombia (COC): Sparse
GPS velocities given by Trenkamp et al. [2002] suggest
negligible, but poorly constrained, present-day shortening,
and we assume 0 & 3 mm/yr.

[69] Cordillera Oriental (Colombia) (COR): Sparse GPS
velocities given by Trenkamp et al. [2002] suggest rapid, but
uncertain, present-day shortening, of 8 £ 5 mm/yr.

[70] Corsica (CRC): No resolvable movement of one
continuously recording site on Corsica with respect to
Europe [Nocquet and Calais, 2003; Oldow et al., 2002]
suggests little deformation of the region surrounding this
point, and we assume that shortening does not occur across
the island: 0 &+ 2 mm/yr.

[71] Talamanca Cordillera (Costa Rica) (TCR): We rely on
both GPS measurements [LaFemina et al., 2009; Norabuena
et al., 2004] and slip rates on faults active in Quaternary time
[Fisher et al., 2004; Sitchler et al., 2007]. In particular, with
corrections for elastic strain along the subduction zone,
LaFemina et al. [2009] show 25 + 5 mm/yr of shortening
across the region above sea level. Although the geologic
bounds on Quaternary shortening, 1040 mm/yr [Fisher
et al., 2004; Sitchler et al., 2007] are less precisely con-
strained than those based on GPS measurements, they sup-
port the evidence for rapid shortening.

[72] Dinarides (DNR): We use the GPS rate of 4.5 +
1 mm/yr given by Bennett et al. [2008], which supersedes
the rates of 6 £ 1 mm/yr of Battaglia et al. [2004] and
Serpelloni et al. [2005].

[73] Ecuadorian Andes (EQA): Using the data of
Trenkamp et al. [2002] and correcting for elastic strain along
the subduction zone, White et al. [2003] reported slip rates of
3 mm/yr on two thrust faults on the eastern margin of the
range. So, we use 6 = 3 mm/yr.

[74] Front Range (Southern Colorado) (SFR): From three
years of data from 11 continuously recording GPS
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instruments spanning a distance of ~900 km, Berglund
[2010] inferred extensional strain spanning the region
from east of the Front range, across the Sangre de
Christo Range, the San Juan Mountains to southeastern
Utah at 1.26 + 0.21 nanostrain/yr. This corresponds to
0.126 4+ 0.021 mm/yr across a region 100 km wide. We
assume 0 £ 0.2 mm/yr for the Front Range, the Sangre de
Christo Range, and the San Juan Mountains.

[75] Guatemala (GUA): We rely on the GPS measurements
of Lyon-Caen et al. [2006]. Using the northeastern-most
point and the two southwestern-most points and assuming
an orientation of the range of N120°E, we calculate that
shortening occurs at 6.1 mm/yr. This ignores possible elastic
strain along the subduction zone and along the northern
margin of the range. We assume 6 + 2 mm/yr.

[76] High Atlas (Morocco) (HA): We rely on GPS mea-
surements presented by Fadil et al. [2006], who reported
0.4 £ 0.6 mm/yr across the western part of the range and
1.0 £+ 0.6 across the eastern part. We use the average:
0.7 £ 0.6 mm/yr.

[77] Himalaya (Bhutan) (BHA): We rely on the demon-
stration by Jade et al. [2004] that the rate of shortening
along the Himalaya varies little, and GPS measurements of
Jade et al. [2007] to infer 17 £ 3 mm/yr.

[78] Himalaya (Nepal) (NHA): GPS measurements of
Bilham et al. [1997], Bettinelli et al. [2006], and Feldl and
Bilham [2006] and Lavé and Avouac’s [2000] estimate of
the slip rate on the main frontal thrust fault agree with one
another. We use 19 + 2.5 mm/yr from Bettinelli et al
[2006].

[79] Himalaya (Western India) (WIH): We use the rate
based on GPS measurements and given by Jade et al. [2004]:
19 £+ 3 mm/yr.

[so] Hispaniola (HIS): From GPS velocities of Calais
et al. [2002b] and Mann et al. [2002], we use the
NNE-SSW component of relative movement across the
island: 7 £+ 4 mm/yr.

[s1] Indoburman Ranges (IBR): Using GPS data presented
later by Simons et al. [2007], Socquet et al. [2006]
inferred 7 to 9 mm/yr of shortening across the ranges; we
use 8 + 2 mm/yr.

[s2] Karakorum (KKR): To estimate a convergence rate
across this region, we use the angular velocities of India
[Argus and Peltier, 2010] and of Tarim [Reigber et al., 2001]
with respect to Eurasia, both of which are based on GPS
measurements. At the longitude of the Karakorum, these
yield ~15 mm/yr of convergence between India and Tarim.
This rate is lower than the convergence rates across the
Himalaya farther east, presumably because east—west exten-
sion, by strike-slip and normal faulting, within Tibet nullifies
some of the shortening at the Himalaya. We assume 15 £ 5
mm/yr.

[83] McKenzie Mountains (Canada) (MKM): From sparse
continuously recording GPS measurements at sites SW of
the mountains, Leonard et al. [2007] reported a rate of
convergence between them and North America of 3—10 mm/a,
little different from ~5 mm/yr given by Mazzotti and
Hyndman [2002]. The wide range of possible rates derives
in part from inconsistent velocities of campaign-style GPS
measurements. Using seismic moments of moderate earth-
quakes, Leonard et al. [2008] inferred rates of 1.8 to
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4.0 mm/yr. Recognizing the large uncertainties associated
with such estimates, we use a rate at the low end of what
Leonard et al. [2007] suggested: 5 + 2 mm/yr.

[s4] Mongolian Altai, northwestern and southeastern parts
(NMA and SMA): We rely on GPS results of Calais et al.
[2006, 2003] and also England and Molnar’s [2005] anal-
ysis of them. GPS points are sparse, and these authors have
calculated smoothed deformation fields across the Mongolian
Altai. Abundant evidence of strike-slip faulting along the
Mongolian Altai accounts for part of the deformation within
the belt [e.g., Baljinnyam et al., 1993], but a convergent
component also is present. The analyses of Calais et al.
[2003, 2006] and England and Molnar [2005] suggest 4 +
2 mm/yr of shortening.

[s5s] Rockies (Canada) (CAR): Few GPS data seem to span
this area, and contamination by post-glacial rebound makes it
difficult to separate transient deformation from longer-term
tectonic strain. From the velocity of the continuously
recording site at Penticton [Argus et al., 2010], we infer
2.1 £ 1.0 mm/yr.

[s6] New Guinea (Western, Indonesia) (WNG): Only one
GPS site (SENT) lies north of the axial range of Irian Jaya.
Using the latest rate for it relative to Australia [Bock et al.,
2003], the component trending N160°W, perpendicular to
the range, is ~27 + 2 mm/yr. With only one station, we
assume a larger uncertainty of 5 mm/yr. Thus we use
27 + 5 mm/yr.

[87] New Guinea (Eastern, Papua) (PNG): The compli-
cated tectonics of this region makes it difficult to determine
a precise shortening rate from the sparse GPS measurements.
We rely on Wallace et al. [2004, p. 14], who state: “The
New Guinea Highlands Fold and Thrust Belt is probably
accommodating up to 15 mm/yr of convergence between
the New Guinea Highlands and Australian Plates.” We
assume an uncertainty of 5 mm/yr, and we use 15 4+ 5 mm/yr.

[88] Southern Alps, New Zealand (SNZ): We rely on the
thorough treatment and presentation of GPS measurements
by Beavan et al. [2007, 2002], who reported convergence
across the South Island of 9.1 + 0.6 mm/yr.

[s9] Norway (Northern, NNO, and southern, SNO): This
region is commonly treated as tectonically inactive, and we
assume 0 + 1 mm/yr for both NNO and SNO. Velocities of a
few GPS stations along the west coast of Norway, as well as
many others in Sweden and Finland, can be matched
assuming that they reflect post-glacial rebound of an ice sheet
centered farther east [Lidberg et al., 2007]. Hence they are
consistent with tectonic inactivity.

[90] Patagonia (northern) (39°N—45°N, PAT): Khazaradze
and Klotz [2003] showed that points on the east side of
Patagonia move west relative to stable South America, but
they argued that this movement is due to viscous relaxation
after the 1960 Chile earthquake, an inference confirmed by
Wang et al. [2007]. Active tectonics of this segment of the
Andes seems to include a rapid component of right-lateral
strike slip parallel to the belt along the Liquifie-Ofqui fault
zone [Cembrano et al., 1996; Rosenau et al., 2006], which is
seismically active [Lange et al., 2008]. Rosenau et al. [2006]
inferred rates of strike slip of more than 10 mm/yr and
conceivably as much as 30 mm/yr, but recent GPS work
suggest a rate of 6.5 mm/yr [Wang et al., 2007]. Thus,
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although shortening might be slow, active deformation is not
negligible. We assume convergence at 0 + 2 mm/yr.

[o1] Patagonia (southern) (45°N—-52°N, SPG): We are not
aware of GPS data that constrain this rate. The Liquifie-
Ofqui fault zone continues into this region [e.g., Cembrano
et al., 1996]. Seismicity demonstrates that it is active
[Lange et al., 2008; Mora et al., 2010], but GPS coverage
seems to be too sparse to define a rate. Lagabrielle et al.
[2004] argued that crustal shortening ended in Miocene
time, perhaps earlier than Melnick et al. [2006a] inferred for
a part of the Chilean Andes farther north, but they contend
that the range rose only in the past 3 Ma, which Lagabrielle
et al. [2007] ascribed to the insertion of a hot upper mantle
beneath the region when the Chile Ridge passed to the north.
Lagabrielle et al. [2007] and Scalabrino et al. [2010] dem-
onstrated recent and active normal faulting, if on steep faults
and perhaps not with rapid slip, and accordingly, we assume
the same as for the region to the north, 0 + 2 mm/yr.

[92] Pyrenees (France, PYR): No resolvable movement of
continuously recording GPS sites in Western Europe [Nocquet
and Calais, 2003; Nocquet et al., 2001] puts a maximum rate
of movement across the Pyrenees of 0.6 mm/yr. We assume
that no shortening across the range: 0 £ 0.6 mm/yr.

[93] Qilian Shan (China, QS): GPS measurements across
the region suggest shortening at 5.5 &+ 1.8 mm/yr [Gan et al.,
2007; Zhang et al., 2004].

[94] Rockies (Northern Colorado) (NCR): From three years
of data from eight continuously recording GPS instruments
spanning a distance of 400 km, Berglund [2010] inferred
extensional strain across the region from east of the Front
Range to western Colorado at 0.631 £ 0.21 nanostrain/yr.
This corresponds to 0.0621 4+ 0.021 mm/yr across a region
100 km wide. We assume 0 + 0.1 mm/yr.

[o5] Sangre de Christo (Colorado) (SCH): See Front Range
above.

[96] San Juan Mountains (southwestern Colorado) (SJIM):
See Front Range above.

[97] Sierra Nevada (California) (SNC): Although small
earthquakes occur with the Sierra Nevada, the range is
commonly treated as a micro-plate undergoing negligibly
slow deformation [e.g., Argus and Gordon, 1991; Argus and
Gordon, 2001]As GPS measurements do not show evidence
of deformation [e.g., McCaffrey, 2005], we use 0 £ 1 mm/yr.

[98] Southern India (SI): Bettinelli et al. [2006] showed
that GPS and DORIS stations on India, Sri Lanka, and the
Chagos-Laccadive island chain move with respect to one
other at <2 (+1-2) mm/yr, and hence suggest negligible
deformation 0 &+ 2 mm/yr.

[99] Sri Lanka (SL): We are aware of only one DORIS,
and no GPS, station on Sri Lanka. Hence, deformation cannot
be constrained well, but the consistency of the velocity of
that DORIS site with others on the Indian plate to the north
and south suggests little deformation [Bettinelli et al., 2006].
We assume 0 + 2 mm/yr.

[100] Sumatra (SUM): A major strike-slip fault, the
Sumatran fault, follows the line of volcanoes, and as a result
GPS stations on the two sides of move rapidly with respect to
one another. Only a few stations lie to the northeast, and
apparently velocities of the most recent measurements are
quite uncertain [Bock et al., 2003]. We assume no shortening:
0 £ 3 mm/yr, but with a relatively large uncertainty.
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[101] Taiwan (T): GPS data show rapid oblique conver-
gence between the Philippine Sea plate and South China at
80 mm/yr, but the majority is absorbed by thrust slip east of
the island [Hsu et al., 2003; Yu et al., 1997]. Deformation
on the island seems to be complex and not described well
as two-dimensional. Hsu et al. [2003] show that the GPS
data along two profiles call for convergence across the
island at 3040 mm/yr. The remaining portion is absorbed
at the eastern margin of the island and offshore. Uplifted
terraces on the east side of the island corroborate the large
faction of shortening there [Huang et al., 2010]. Geological
constraints on slip rates for major faults suggest somewhat
slower slip that GPS data do [Shyu et al., 2006], but
because of the complexity, both are uncertain. We assume a
rate of 35 +£ 5 mm/yr.

[102] Tasmania (TSM): Employing the same logic as for
Southeast Australia (SEA), we use 0 + 2 mm/yr.

[103] Tien Shan (Central) (CTS): GPS measurements
demonstrate 15 + 3 mm/yr of convergence between the
Tarim Basin and Eurasia along the western edge of this
region [Zubovich et al., 2010]. Recognizing the decreasing
rate toward the east [Avouac et al., 1993], we infer that the
average rate should be closer to 14 mm/yr. We thus assume
that 10 £ 3 mm/yr. is absorbed in the Tien Shan, and the
remaining 4 £ 1 mm/yr is absorbed across the Dzungarian
Alatau.

[104] Dzungarian Alatau (DZA): GPS measurements
demonstrate 4 & 1 mm/yr of convergence across this region
[Zubovich et al., 2011]. (See also the discussion of the
Central Tien Shan.)

[105] Tien Shan (Eastern) (ETS): Again by exploiting rates
farther west, across the Western Tien Shan [Zubovich et al.,
2011], and assuming an eastward decrease [Avouac et al.,
1993] we use 10 £ 3 mm/yr. This rate accords with GPS
data of Yang et al. [2008].

[106] Tien Shan (Western) (WTS): GPS measurements
demonstrate 19 4+ 2 mm/yr across this region [Zubovich et al.,
2011], consistent with earlier studies of Abdrakhmatov et al.
[1996] and Reigber et al. [2001].

[107] Uinta Range (Utah) (UR): Although neither dis-
cussed this area, Bennett et al. [1999] and Berglund [2010]
presented GPS velocities for points on both sides of the
range that move slowly (1-2 £ 2 mm/yr) with respect to the
stable parts of North America. We assume 0 & 2 mm/yr.

[108] Ural (URL): GPS measurements from sites in Europe
and Asia show negligible motion between them [Kogan
et al., 2000; Steblov et al., 2003]. We assume 0 4+ 1 mm/yr.

[109] Verkhoyansk (Russia) (VKH): GPS measurements
from sites east of the southern part of this range show neg-
ligible motion with respect to Europe and Asia [Steblov et al.,
2003]. We assume 0 £+ 1 mm/yr.

[110] Wind River Range (Wyoming) (WRR): Although he
did not discuss them, Berglund [2010] showed essentially
no movement between GPS sites spanning the range. We
assume 0 = 1 mm/yr.

[111] Zagros (Northwestern) (NWZ): GPS measurements
spanning the range of Hessami et al. [2006], Vernant et al.
[2004b], and Walpersdorf et al. [2006] yield an average
convergence rate of 4.5 &+ 2 mm/yr.

[112] Zagros (Southeastern) (SEZ): GPS measurements
spanning the range of Hessami et al. [2006], Tatar et al.
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[2002], Vernant et al. [2004a], and Walpersdorf et al. [2006]
yield an average convergence rate of 8 & 2 mm/yr.
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