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aDepartment of Earth and Space Sciences, University of Washington, Seattle, WA 98195, USA
b Instituto de Geografia, UNAM, Circuito Ext., Cd. Universitaria, Mexico, 04510 D.F., Mexico
Received 2 November 2001; received in revised form 13 May 2002; accepted 10 March 2003
Abstract

The Sierra Madre Occidental of western Mexico consists of a granitic basement covered by Oligocene ignimbrites that

define a reference surface from which to estimate late Cenozoic river incision. A 90-m-grid digital elevation model was used to

characterize contemporary topography and interpolate the Late Oligocene surface of the ignimbrite plateau from a surface fit to

the highest points in the relatively undissected uplands between major river valleys. Long-term river incision rates calculated

from the difference between this reference surface and longitudinal profiles of 11 rivers that flow toward the Tepic-Zacoalco rift

zone range from about 0.01 to 0.2 mm year� 1. River profiles of this region also show evidence of river capture driven by

flexural uplift along the flank of the rift zone. River profile concavity values (h) in the Sierra Madre Occidental range from 0.22

to 0.63, a range similar to that reported previously for a wide range of environments. In contrast, the empirically constrained

ratio of exponents in the stream power model of river incision (m/n) ranges from 0.44 to 0.52, close to the expected theoretical

value of 0.5. The wider range of observed h values may illustrate how h can differ from the driving values of m/n in non-steady-

state bedrock river systems.
D 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction ery and Gran, 2001; Tinkler and Wohl, 1998; Mas-
In the last decade, renewed appreciation of the

importance of bedrock river incision in landscape

evolution has spurred research on the morphology

and distribution of bedrock channels (e.g., Miller,

1991; Wohl, 1992b, 1998, 1999; Montgomery et al.,

1996; Montgomery and Buffington, 1997; Montgom-
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song and Montgomery, 2000; Snyder et al., 2000). In

addition, strong interest in feedback between erosion

and rock uplift has focused attention on processes and

rates of bedrock river incision (Seidl and Dietrich,

1992; Wohl, 1992a; Wohl et al., 1994; Seidl et al.,

1994; Hancock et al., 1998; Pazzaglia et al., 1998;

Pazzaglia and Brandon, 2001; Stock and Montgom-

ery, 1999; Whipple et al., 1999, 2000; Kirby and

Whipple, 2001). Isostatic response to river incision

can focus rock uplift in areas of concentrated erosion

(Beaumont et al., 1992; Willett et al., 1993; Zeitler et
ts reserved.
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al., 1993, 2001; Finlayson et al., 2002), and landscape

evolution models increasingly incorporate assump-

tions about rates of bedrock channel incision into

studies linking fluvial geomorphology and tectonic

processes (Tucker and Slingerland, 1994; Whipple

and Tucker, 1999).

Rates of bedrock incision reflect both geophysical

forcing and spatial variations in erosional processes,

but little is known about how to calibrate quantita-

tively the characterization of the resistance of bedrock

to these processes and, therefore, how to predict rates

of bedrock river incision. Stock and Montgomery

(1999) found a more than five-order-of-magnitude

range in erosion resistance by modeling reported

examples of long-term bedrock river incision with

initial profiles of known age for a wide range of

lithologies. Although the controlling variables are

not easily distinguished, let alone quantified, erosion

resistance scales the response time for evolution of

bedrock river profiles (Whipple and Tucker, 1999;

Whipple, 2001). Evaluations of bedrock erodibility

typically back-calculate erosion resistance from sin-

gle rivers and hence within region variability is less

constrained than variability between regions.

Previous work on bedrock river incision has

focused on tectonically active regions (typically

convergent margin settings) with relatively little

attention being given to rift zones and passive

margins, although Young and McDougall (1993),

Seidl et al. (1994), and Weissel and Seidl (1998)

provide notable exceptions. But investigations of

passive and extensional margins reveal that even

in non-collisional settings erosion can strongly

influence large-scale patterns of isostatic uplift (Gil-

christ and Summerfield, 1990, 1991; Pazzaglia and

Brandon, 1996). Of particular interest in the evolu-

tion of rifted margins is the fact that simulation

modeling of flexural uplift along rift zones reveals

the potential for drainage capture induced by margin

upwarping (Tucker and Slingerland, 1994). Here we

report results of a study of long-term river incision

into Oligocene ignimbrites in the southern Sierra

Madre Occidental, Mexico. In particular, we calcu-

late long-term river incision rates into Tertiary

ignimbrites in the western Mexican Volcanic Belt

and discuss evidence for river capture due to

flexural upwarping along the margin of the Tepic-

Zacoalco rift zone.
2. Theory

Many workers report that channel slope varies as

an inverse power law function of drainage area where

S ¼ bA�h ð1Þ

in which h ranges from 0.2 to 1.0 (Hack, 1957; Flint,

1974; Tarboton et al., 1989; Moglen and Bras, 1995;

Slingerland et al., 1998; Hurtrez et al., 1999; Snyder

et al., 2000; Kirby and Whipple, 2001). For detach-

ment-limited channel incision, modeling the local

erosion rate (E) as a function of drainage area (A)

and local slope (S) has become standard with

E ¼ KAmSn ð2Þ

where K is a constant that incorporates climatic factors

and bedrock erodibility, and m and n are thought to

vary with different erosional processes (Kirkby,

1971). Eq. (2) can be rearranged to cast channel slope

as a function of erosion rate, drainage area and bed-

rock resistance:

S ¼ ðE=KÞð1=nÞA�ðm=nÞ ð3Þ

In the case of steady-state topography, in which E

everywhere equals the local rock uplift rate U, Eq. (3)

can be recast in terms of the local uplift rate such that

S ¼ ðU=KÞð1=nÞA�ðm=nÞ, ð4Þ

allowing analysis of river profiles to yield information

about the ratio of uplift (or bedrock incision) rates to

bedrock erodibility (e.g., Hurtrez et al., 1999; Kirby

and Whipple, 2001). Although Eqs. (1) and (4) imply

that h =m/n for steady-state topography, the relation

of h to m/n is not clear for nonequilibrium landscapes

because of the potential effect of spatial and temporal

variability in E and S along an evolving river profile.

In addition, Roe et al. (2002) showed that feedback

between orographically variable precipitation and dis-

charge-driven river incision implies that h p m/n for

steady-state landscapes with strong orographic precip-

itation regimes.
3. Study area

The Sierra Madre Occidental of western Mexico,

the world’s largest Tertiary silicic province, consists of
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a Cretaceous granitic core covered by Oligocene

ignimbrites (Fig. 1) (McDowell and Keizer, 1977;

McDowell and Clabaugh, 1979; Albrecht and Gold-

stein, 2000; Henry and Aranda-Gomez, 2000). Ignim-

brite deposition from 30 to 20 Ma predates onset of

E–NE extension ca. 13 Ma (Fig. 2). The Sierra Madre

Occidental is an excellent area to study long-term

river incision because it is covered by an ignimbrite

sheet that provides a reasonably well-constrained

initial condition of known age, and a 3-arc-second
Fig. 1. Location of the study area southern Sierra Madre Occidental, M
digital elevation model (i.e., 90-m grid) is available

for the region.

The Sierra Madre Occidental lies immediately north

of the western Mexican Volcanic Belt, an active

volcanic arc with substantial Pliocene to Holocene

volcanism focused into a series of grabens and fault-

bounded valleys (Righter, 1997). The southern end of

the Sierra Madre Occidental is one of three large rift

zones—the Tepic-Zacoalco, Colima, and Chapala rift

zones—that intersect in western Mexico to form a
exico. Note the presence of the Tepic-Zacoalco rift to the south.



Table 1

Morphometric characteristics of 11 rivers studied in the southern

Sierra Madre Occidental

River Name Length

(km)

Watershed

area

(km2)

Maximun

elevation

(m.a.s.l.)

Minimun

elevation

(m.a.s.l.)

River 1 Bolaños 317 14,943 2379 426

River 2 Mango 241 8828 2900 390

River 3 Jesús Marı́a 176 4867 2724 217

River 4 Huajimic 55 573 1582 376

River 5 La Palmilla 35 400 2018 246

River 6 Camotlán 85 2053 2225 865

River 7 Joraviejo 56 629 2205 378

River 8 Chico 50 827 2232 557

River 9 Tlaltenango 167 3136 2568 1461

River 10 San Pedro 72 1706 2450 1627

River 11 Juchipila 289 7986 2387 949
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structural triple junction that records the initiation of

continental rifting (Luhr et al., 1985; Luhr, 1997; Allan

et al., 1991). Onset of rifting is thought to be related to

changes in offshore plate boundaries, in particular the

migration of the East Pacific Rise onto the continent

(Luhr et al., 1985; Allan et al., 1991) and possibly

oblique subduction of the Rivera Plate (DeMets and

Stein, 1990). The rifts are related to jumping of the

Pacific–Rivera spreading ridge to the site of the

Colima rift; four similar eastward ridge jumps have

progressed northward in sequence along the East

Pacific Rise during the last 12 Ma (Luhr, 1997).

Righter (1997) reported post-Pliocene bedrock

incision rates of 0.23–0.25 mm year� 1 in the Aten-

guillo River valley on the Jalisco block south of the

Tepic-Zacoalco rift zone. We studied the longitudinal

profiles of 11 rivers draining the southern Sierra

Madre Occidental on the north side of the Tepic-

Zacoalco rift (Table 1). These rivers rise in the
Fig. 2. Ignimbrite age distribution. Data compiled from Damon et

al. (1979), Clark et al. (1981), Nieto-Obregón et al. (1981, 1985),

Labarthe-Hernández et al. (1982), Lang et al. (1988), Castillo-

Hernández and Romero-Rios (1991), Pasquaré et al. (1991), Moore

et al. (1994), Webber et al. (1994), and Nieto-Samaniego et al.

(1996, 1999).
relatively undissected uplands of the Sierra Madre

Occidental and flow south through valleys incised into

the ignimbrites and underlying rocks. Upon crossing

into the Tepic-Zacoalco rift zone, the rivers join the

Rio Santiago to flow westward and empty into the

Pacific Ocean.
4. Methods

We integrated a digital mosaic of 25 1j by 1j
digital elevation model (DEM) files to create a single

composite DEM of the southern Sierra Madre Occi-

dental. The original source of this DEM, the GEMA

DEM database (INEGI, 1994), covers all of Mexico at

a grid resolution of 3-arc seconds (i.e., 90 m). The

composite DEM forms an array extending from 101j
to 106j W longitude and from 19j to 24j N latitude.

We analyzed 11 of the primary rivers in the study

area (Fig. 3). Through on-screen digitizing using the

afore mentioned DEM, we traced each river trajectory

from its drainage divide to its confluence with the Rio

Santiago, which bounds the study area to the south.

We also traced the bounding drainage divides of both

sides of each river basin. River trajectories were used

to guide extraction of river profiles using a custom-

ized ARC/INFO macro (proffix2.aml) designed to

address two major difficulties that plague efforts to

extract river profiles from DEMs: (i) geographic

projections are not equidistant, and (ii) river profiles

generated from DEMs typically yield a bilinear inter-



Fig. 3. Shaded relief digital elevation model of the southern Sierra Madre Occidental showing the river profile locations (R1 to R11) and high

points used to estimate late-Oligocene topograpahy.
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polation of the four lattice points nearest to the sample

points and consequently can actually represent points

partway up valley walls, especially along narrow

bedrock valleys lacking substantial flood plains. In

part due to this latter problem, DEMs frequently

contain artificial ‘‘sinks’’ from which water cannot

flow. Conventional river profile extraction algorithms

treat these pits as artifacts that are filled to the

elevation of their lowest outlet, or pour point. The

usual solution is to flag the real sinks, such as lakes,

and then fill the rest, resulting in a profile that has

artificially flat zones composed of filled pits. But
depending on the algorithm used in DEM creation,

the initial lower-elevation values that get raised

through pit filling routines may better record the

actual river elevation.

The custom macro that we used accomodates

different distance values for vertical, horizontal, and

diagonal lines and preserves the lowest elevations

along the represented stream bed rather than filling

pits. Instead, when proffix2.aml encounters a filled

sink, the program interrogates the raw DEM and

traces the path of steepest descent. When it reaches

a closed depression, it assigns weights to paths of
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shallowest ascent and to the direct path to the sink’s

pour point, from where it works its way uphill. When

proffix2.aml reaches a part of the profile upstream of a

filled section, it assigns a user-designated minimum

slope to the formerly filled section of river. This

results in a profile with neither flat spots nor closed

depressions and yields a profile with a continuous

downstream slope.

Using the modified river profiles, the contributing

drainage area was calculated for each pixel along the

river profiles. To reduce the effect of ‘‘noise’’ in the

original DEM data as well as interpolation algorithms

used to produce DEMs, we applied a smoothing

function that averaged the river slope over 20 neigh-

boring grid cells (10 up and 10 down the river profile)

to obtain profiles that consistently dropped in eleva-

tion in the downstream direction without major dis-

continuities.
Fig. 4. Longitudinal profiles of several of th
A representation of the ‘‘original’’ topography of

the ignimbrite plateau was estimated from a surface fit

to the 42 highest points in the study area using a

smoothed quadratic interpolation. High points along

the flank of the Tepic-Zacoalco rift were not consid-

ered in creating this reference surface to avoid bias

because of the influence of local flexural uplift along

the rift flank. The resulting surface has a slope of

roughly 1j to the south and provides a reasonable

interpretation of the depositional surface of the ignim-

brite plateau.

Using the final delineation of the 11 river trajecto-

ries, we developed a raster map for each river trajec-

tory and assigned each pixel an ordinal number in a

downstream sequence from the drainage divide. Each

river raster map was overlaid with both the original

DEM and the estimated topography of the original

ignimbrite plateau. We then generated a tabular data-
e study rivers (R1, R2, R5, and R10).
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base for each river trajectory containing the ordinal

number for each pixel, its elevation value in the

present topography DEM, and the elevation value in

the ignimbrite plateau DEM. Total river incision was

calculated for each grid cell by subtracting the present

elevation from the interpolated original plateau ele-

vation at each point along the river profile.

The age of the ignimbrites provides a limiting age

on river incision. Although a river valley system

carved into the Cretaceous basement likely existed

at the time of ignimbrite eruption, any such valleys

were most likely filled in by the massive deposition

associated with emplacement of the ignimbrite sheets.

Incision of the present valleys therefore post-dates

ignimbrite deposition. Local long-term incision rates

were estimated by dividing the net elevation differ-
Fig. 5. Examples of river and ridge profiles illustrating the minimum estim
ence between the inferred ‘‘original’’ elevation of the

ignimbrite and the modern river elevation by the

average ignimbrite age of 26 Ma to yield an average

river incision rate. Estimates of the long-term incision

rate under the assumption that all incision post-dates

the 13 Ma onset of rifting would be double those

estimated from the mean ignimbrite age.
5. Results

The form of river profiles in the study area ranges

from smoothly concave to relatively linear and even

convex in the lower reaches of some profiles (Fig. 4).

The convex reaches presumably reflect either active

subsidence of the Tepic-Zacoalco rift zone, or uplift
ates of post-Oligocene river incision versus distance along the river.
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of the Sierra Madre Occidental. In addition, a number

of rivers have distinct knickpoints midway along

their profile. The knickpoints on rivers 1 and 2,

however, are located just upstream of confluences

with rivers 9 and 6, respectively, that initially drain

away from the rift flank and flow north before

turning east to join the rivers flowing in the neigh-

boring valleys.

Long-term rates of river incision calculated by

dividing the elevation difference between the present

channel and the reconstructed ignimbrite plateau by

26 Ma (the mean ignimbrite age) increase downstream

along each of the river profiles (Fig. 5). Hence, these

rivers are not in steady-state. Long-term rates of

bedrock incision along these profiles vary from about

0.01 to 0.1 mm year� 1 assuming onset of incision at

the mean ignimbrite age (26 Ma), or 0.02 to 0.2 mm

year� 1 assuming incision initiated coincident with
Fig. 6. Examples of slope versus area plots for seve
rifting (13 Ma). Under either scenario, lower values

in basin headwaters yield to progressively greater

values farther down the river profile.

Plots of drainage area versus channel slope show

the typical general inverse trend and wide scatter

(Fig. 6). Power law regressions of drainage area

versus slope for each river profile indicate h values

of 0.22 to 0.63 (Table 2). The wide range of R2

values (0.19 to 0.85) indicates substantial variability

to these relationships. Nonetheless, the rivers drain-

ing the southern Sierra Madre Occidental exhibit

distinct relations between drainage area and slope in

spite of the systematic variability in long-term

erosion rates along their profiles.

Stratifying the individual drainage area–slope data

points for each 20-grid-cell long reach from the

profiles of all the study rivers into three ranges of

long-term erosion rates of < 0.03, 0.03–0.05, and
ral of the study rivers (R1, R2, R5, and R10).



Table 3

Power law relationships between drainage area and slopes

stratified by erosion rate for the points from the study rivers

[S=(E/K)(1/n)A� (m/n)]

Erosion rate

(mm year� 1)

(E/K)(1/n) m/n R2 Ka

(m0.5 year� 1)

< 0.03 0.11 0.52 0.77 2.7� 10� 7

0.03–0.05 0.15 0.48 0.62 2.7� 10� 7

> 0.05 0.20 0.44 0.48 2.5� 10� 7

a Assuming n= 1.

Table 2

Power law relationships between drainage area and slopes

(S= cA� h) for the study rivers

River Name c h R2

River 1 Bolaños 0.05 0.30 0.24

River 2 Mango 0.12 0.37 0.52

River 3 Jesús Marı́a 0.29 0.55 0.63

River 4 Huajimic 0.06 0.22 0.35

River 5 La Palmilla 0.18 0.36 0.74

River 6 Camotlán 0.33 0.63 0.53

River 7 Joraviejo 0.10 0.26 0.42

River 8 Chico 0.10 0.25 0.53

River 9 Tlaltenango 0.04 0.32 0.35

River 10 San Pedro 0.18 0.59 0.85

River 11 Juchipila 0.04 0.32 0.19
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>0.05 mm year� 1 allows assessment of m/n and (E/

K)1/n values based on the empirical relation between

drainage area and slope for data from each erosion

rate class. The exponents in power law regressions of

these stratified data (Fig. 7) yield m/n values of 0.44

to 0.52, with R2 values of 0.48 to 0.77 (Table 3). The

variation in the coefficient, (E/K)1/n, follows the

variation in E between the three groups of data,
Fig. 7. Slope versus area data from all 11 rivers stratified by erosion rate d

within each grouping (Table 4).
implying that K itself does not vary much in the

relatively homogenous rocks of the study area. Assum-

ing that n = 1 yields an estimated K of 2.5� 10� 7 m0.5

year� 1.
6. Discussion

The association of distinct knickpoints just up-

stream of the confluences of small, initially north-

draining rivers with south-draining rivers in neighbor-

ing valleys implies a history of river capture along the
etermined as illustrated in Fig. 5. Power law regressions are for data
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northern flank of the Tepic-Zacoalco rift zone. Each of

these north-flowing rivers shares a N–S oriented

valley with a larger south-flowing river. In each case,

N–S flowing rivers turn abruptly downstream of their

confluence to drop through a narrow E–W trending

gorge before merging with the river in the neighboring

valley. We suspect that these short north-flowing rivers

reflect flexural uplift of the margin of the Tepic-

Zacoalco rift zone that was sufficient to reverse the

course of these rivers, and trigger their diversion and

capture by overtopping their lateral drainage divide.

The apparent reversal, diversion, and capture of these

rivers is in accord with the predictions of Tucker and

Slingerland’s (1994) surface process model simula-

tions of river-system evolution on rifted margins.

Although substantial variability in the combined

datasets exists, the K values are lower than those

reported by Stock and Montgomery (1999) for other

areas with volcaniclastic rocks, and are more similar

to values they report for more lithified granitoids and

meta-sediments. The rates of long-term river incision

indicated by our analysis are comparable to rates

reported by other researchers for long-term river

incision in extensional settings or volcanic islands

(Table 4). However, our rates are lower than those

reported by Righter (1997) for channels on the Jalisco
Table 4

Comparison of incision rates between the southern Sierra Madre

Occidental and other areas

Locality Tectonic

characteristics

Incision rate

(mm year� 1)a
Reference

Southern

Sierra Madre

Occidental

Oligocene

ignimbritic

plateau

0.01–0.2 This study

Atenguillo

River

Plio-Quaternary

extension

0.23–0.25 Righter et al.

(1995) and

Righter (1997)

Grand Canyon Plio-Quaternary

extension

0.09–0.11 Damon et al.

(1974)

Utah Plio-Quaternary

extension

0.30 Hamblin et al.

(1981)

Rio Grande

Rift

Plio-Quaternary

extension

< 0.01–0.08 Grimm (1982)

Israel Extension 0.10 Wohl et al.

(1994)

Hawaii Ocean islands < 0.01–0.08 Seidl et al.

(1994)

a Assuming incision commenced 13–26 Ma, as constrained by

onset of rifting (13 Ma) and mean ignimbrite age (26 Ma).
Block on the opposite side of the Tepic-Zacoalco rift.

As Righter’s (1997) rates were based on post-Pliocene

incision, this difference could be due to either accel-

eration of bedrock incision in the Pleistocene, differ-

ences in erodibility in the two areas on either side of

the rift zone, or because the ignimbrite ages only

provide limiting ages on the onset of river incision in

the Sierra Madre Occidental and, therefore, minimum

incision rates for the period of active river incision. If

the incision of the Sierra Madre Occidental river

valleys commenced at 13 Ma coincident with the

onset of rifting, then the incision rates reported here

would double, bringing the upper end of the range of

incision rates into general agreement with those

reported by Righter (1997). While the K values

inferred from Fig. 7 are also sensitive to the time

scale over which river incision is assumed to have

been effective, the range of 13–26 Ma yields calcu-

lated river incision rates of 0.01–0.2 mm year� 1.

The m/n values of 0.42 to 0.52 determined by

analysis of data grouped into locations with similar

post-Oligocene erosion rates are similar to those

expected based on models for river incision driven

by unit stream power and are not dependent on the

time scale over which incision is assumed to have

occurred. Neither are they dependent on the steady-

state assumption, as local values of E are known

independently from the long-term incision of the

ignimbrite plateau. The empirically derived h values

of 0.22 to 0.63 based on slope–area relations for

individual rivers span much of the range of values

reported in previous studies of rivers in other regions,

suggesting that much of the range in previously

observed h values may simply reflect that some of

the rivers in question do not have steady state profiles

and that h p m/n for these non-steady-state rivers.
7. Conclusions

Ignimbrite sheets, such as the southern Sierra

Madre Occidental, provide ideal locations for study-

ing long-term river incision because of their relatively

simple initial condition as a depositional surface and

their amenability to conventional radiometric dating.

The long-term bedrock river incision rates of 0.01–

0.2 mm year� 1 determined for the southern Sierra

Madre Occidental are comparable to rates reported for
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a variety of extensional and volcanic landscapes

suggesting that such rates may be typical for rifted

margin settings. Although the wide range of river

concavity (i.e., h) values for the southern Sierra Madre

Occidental spans the range of values reported previ-

ously, much of the variability in our data likely is due

to the non-steady-state nature of the river profiles.

This supposition is supported by the finding that the

m/n values determined by normalizing for differences

in bedrock lowering rates are consistent with values

predicted by conventional models of river incision.

The non-steady-state nature of these river profiles

appears to impart a wider range in h than is apparent

in empirically estimated m/n values that describe the

integrated effect of erosional processes.
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