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We use the gradients of first order channels and the ratio between
drainage basin planimetric area and volume (Ry,) as primary topographic
measures capable of distinguishing the relative tectonic activity of moun-
tain fronts in both extensional and compressional tectonic settings. Here
we report results from test cases on five mountain fronts with variable
rates of rock uplift and deformational style in the western United States
and Italy. Our study is guided by initial results obtained from two ranges
in the southern Rocky Mountains, USA, Sierra Nacimiento and the Taos
Range, that have departed on unique landscape developmental pathways
related to the degree of tectonic activity on the range front fault. A fre-
quency distribution of Taos Range and Sierra Nacimiento first order chan-
nel gradients is distinctly bimodal and the Ry, positively co-vary with tec-
tonic activity for the Taos Range. We are able to generally reproduce these
results for the tectonically active range front faults of the Wasatch Range
in Utah and the Black Range in Death Valley, California. We also exam-
ined the relationship between Ry, and channel gradients for the foreland
flank of the northern Apennines, Italy. A similar, positive relationship be-
tween Ry, and channel gradient exists in this fold and thrust belt, howev-
er these data exhibit higher variance than those collected from the uplift-
ed footwall blocks in the western United States. We attribute the higher
variance to the effects of overall larger drainage basin size investigated and
the considerable variability in rock-type. In general, R;, among the stud-
ied mountain fronts can be interpreted primarily in terms of the tectonic
setting, and secondarily in terms of specific variations in drainage basin
shape controlled by local rock-type and climatic setting. The Ry, is an ef-
fective metric in determining the relative tectonic activity of fault-bound-
ed mountain fronts and escarpments. When combined the gradients of
first-order streams, the Ry, can help determine the relative position of a
catchment along a time-dependent drainage basin development curve.
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INTRODUCTION

An argument can be made that the origins of modern
tectonic geomorphology can be traced back to an interest
in the relative activity of mountain fronts or escarpments
known to be bounded by a normal fault (e.g. Bull & Mc-
Fadden, 1977). Since erosion works to dissect and embay
escarpments, Bull & McFadden (1977) reasoned that the
linearity of mountain fronts and ratios of valley floor width
to valley height should positively correlate with increased
rates of rock uplift along a range bounding fault. This idea
is well grounded in the general principles of geomorpholo-
gy, so when differences in rock-type and climate can be
minimized, the Bull & McFadden (1977) classification of
relative tectonic activity has proven to be an effective tool
in the quantitative analysis of tectonically active landscapes
(Rockwell & alii, 1985; Gardner & alii, 1987; Wells & alii,
1988). Advances in the quality, acquisition, and processing
of high- resolution digital topography over the past decade
has enabled geomorphologists to rapidly, quantitatively,
and more objectively interpret topography in terms of tec-
tonic processes. Digital topography, when coupled with
independent measures of both uplift and erosion rates can
fully investigate the core hypotheses first forwarded in the
Bull & McFadden approach (Pazzaglia & Brandon, 1996;
Brown & aliz, 2002; Matmon & aliz, 2002).

There exists a class of mountain fronts and escarpments
that generally mimic the morphology of active fault-bound-
ed escarpments because of recent, rapid exhumation and
juxtaposition of hard and soft rock types. In a new paper,
Frankel & Pazzaglia (2006) defined a suite of new metrics,
easily measured from high resolution digital elevation mod-
els in a GIS that help distinguish between erosionally ex-
humed landforms and escarpments bounded by an active
fault. The more traditional metrics of mountain front sinu-
osity and valley floor width to valley height ratios, which do
a relatively poor job in separating the exhumed from active
fault-bounded mountain fronts are replaced by measure-
ments of first-order stream gradients and the average depth
(the drainage basin volume to drainage basin area ratio) of



transverse valleys. Initial results from an application of this
approach to two diverse mountain fronts in New Mexico,
U.S.A. are promising (fig. 1; Frankel & Pazzaglia, 2006), but
the hypothesis and methodology require further testing.
This paper returns to the roots of topographic-based
tectonic geomorphology to quantify the characteristics of
mountain fronts that are currently being shaped by active
tectonics. Our approach uses the first-order stream gradi-
ent and drainage basin volume to drainage basin area ratio
metrics extracted from high-resolution digital elevation
models and explores mountain fronts undergoing active
deformation in a wide range of climatic, lithologic, and
tectonic settings. We hypothesize, based on numerous field
studies, analogue models, and numerical simulations that
first order stream gradients and drainage basin volume to
drainage basin area ratio metrics are relatively insensitive
to rock type and climate at the orogen scale and rather,
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prove to be a first-order quantification of the relative tec-
tonic activity for mountain fronts. We discover a general
confirmation of our method; however, the role of rock
type and climate, even over broad regions, can impart a
control on landscape development that remains difficult to
separate from the effect of tectonics alone.

LANDSCAPE DEVELOPMENT OF ESCARPMENTS

Escarpments can form anytime there is a juxtaposition
of rock types of variable resistance to erosion, from base
level fall and the resulting headward migration of an ex-
humational wave front (Humphrey & Heller, 1995; Za-
prowski & aliz, 2001; Garcia & aliz, 2003), or when a fault
emerges at the Earth’s surface and actively displaces one
block of crust with respect to another. Offset along a fault
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FIG. 1 - Contrasting topography of

(a) Sierra Nacimiento, a mountain

front bounded by an inactive
range-front fault and (b) the Taos

Range, a mountain front bounded

_ S by an active range front fault.
" The overall shape of the drainage
basins and hillslopes reflect the
low frequency of landslides on the
relatively gentle slopes of Sierra
Nacimiento in contrast to the high-
er frequency of landslides in the

Taos Range.



has the effect of producing a local base level fall. Once
formed, escarpments tend to persist because of the spatial
segregation of fluvial and erosional processes linked to
mean hillslope gradient and drainage area (Bryan, 1940;
King, 1953; van der Beek & a/zz, 2002). Much of our cur-
rent understanding of escarpment erosional dynamics
comes from studies of Great Escarpments on passive mar-
gins (Ollier, 1985; Tucker & Slingerland, 1994; Kooi &
Beaumont, 1994; Gilchrist & a/zz, 1994; Beaumont & a/zz,
2000; Bishop & Goldrick, 2000; Brown & ali, 2000;
Cockburn & aliz, 2000); however, we apply the general
model that has emerged from these studies of large-scale
landforms to the smaller-scale escarpments formed by off-
set along an active normal fault.

Early ideas suggesting escarpments experience only par-
allel retreat with river valleys eroding headward at the same
rate as interfluves (King, 1953) have been tempered by
contemporary studies that argue for rapid erosion at the
foot of escarpments early in their history, nucleation of the
escarpment at or near its current location, and the subse-
quent significant slowing of erosional processes (Brown &
aliz, 2000, 2002; Bierman & Caffee, 2001). This is particu-
larly true when there is an isostatic feedback between ero-
sion and flexural bending of the crust, such that drainage
divides remain fixed on the crest of the escarpment (Tuck-
er & Slingerland, 1994; Matmon & aliz, 2002). In this man-
ner, escarpments of ancient origin along passive margin set-
tings have not undergone significant parallel retreat, but in-
stead have experienced only minor modification because
the rates of erosion have decreased significantly since their
formation. In these tectonically stable settings, there is a
long lag time between the formation of the escarpment and
denudation response that ultimately tears it down.

In contrast, tectonically active settings have fast erosion
rates because rock uplift is countered by rapid stream inci-
sion, which keeps mean hillslope angles steep. In this case,
the lag time between the formation of the escarpment and
its erosion is short. The Bull & McFadden (1977) ap-
proach, as well as the approach we adopt in this study is
predicated on the assumption that landscape response
times are fast in tectonically active regions, thereby allow-
ing erosion to respond in pace with rock uplift.

There are a plethora of morphometric variables that
have been proposed as sensitive to active tectonics (e.g.
Wells & aliz, 1988) along mountain front escarpments, but
the goal of this paper is not to test their relative applicabil-
ity to our study area. Rather, we embark on an examina-
tion of two simple metrics, one that has clearly been linked
to the rate of rock uplift, and the other that has clearly
been observed to change in response to base level fall as
drainage basins develop in analogue models.

THE DRAINAGE BASIN VOLUME TO
AREA RATIO (Ry,) AND STREAM GRADIENTS

Numerous analogue studies have shown the mean
depth of transverse catchments is sensitive to the rate of
base level fall (e.g. Schumm & aliz, 1987), yet few studies

have fully explored this metric in real landscapes. We ex-
press this mean depth as:
v

RVA = Z (1),

where V is the volume of a drainage basin in m’ and A
is the planimetric area of a drainage basin in m’. Drainage
basin size and shape is known to vary as a function of
time, given similar substrate, climate, and rate of base level
fall (Glock, 1931; Morisawa, 1964; Parker & Schumm,
1982; Ritter & Gardner, 1993; Ouchi & Matsushita, 1997;
Hasbargen & Paola, 2000; Bonnet & Crave, 2003; Lague
& aliz, 2003; Densmore & aliz, 2005). R, is one measure
of how the mean depth of the basin changes through time
and is crudely equivalent to basin hypsometry (Strahler,
1952; Pike & Wilson, 1971) and the valley excavation in-
dex (Harbor, 1997). Most analogue studies run their ex-
periments under an impulsive or steady fall in base level
designed to mimic episodic or continuous rock uplift. A
base level forcing mechanism of initial accelerating fall,
followed by steady fall is shown on fig. 2 as the gray,
dashed curve. The erosional response to this base level fall
is plotted as the R, and the general shape of this curve is
very similar to what has been directly observed in terms of
sediment yield in analogue models with this type of base
level fall forcing (Bonnet & Crave, 2003).

The relationship between R, and sediment yield as ero-
sion proceeds in a growing drainage basin deserves further
inspection. In fig. 2, both R, and sediment flux would be
expected to grow in pace with one another through stage 2
during the time that the catchment is widening and deepen-
ing and hillslopes are steep. Sediment flux and Ry, reach
maximum values at stage 3 where Ry, can be maintained in-
definitely as long as rock uplift continues and erosion can
keep pace with uplift. However, both analogue and numeric
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FIG. 2 - General development of drainage basin shape with respect to
time, showing the predicted change in the average depth of the basin, in
meters, expressed as the ratio of drainage basin volume to planimetric
area (Ry,). Drainage basin erosion is assumed to proceed in response to a
base level fall at the mouth of the basin expressed as a rate of rock uplift
(gray axis to the right where | = units of length and t = units of time). The
rate of rock uplift is initially rapid and accelerating, then becomes con-
stant, and finally ceases.



models predict that sediment flux should become indepen-
dent of Ry, at stage 3 as it keeps pace with rates of base lev-
el fall (rock uplift) (Densmore & alii, 1998; Roering & ali,
1999, 2001). In other words, when hillslopes reach a critical
threshold angle, and drainage basins have attained a steady
state relief and mean depth, R, ceases to change, but sedi-
ment yield varies by the rate that the hillslopes are failing.
When hillslopes throughout the drainage basin are shallow-
er than ~20 degrees, sediment flux is linearly proportional
to hillslope gradient. Once hillslopes steepen above ~20 de-
grees, landsliding becomes an important process and sedi-
ment flux is non-linear with respect to slope. At the thresh-
old hillslope condition, there may be no relationship be-
tween hillslope gradient and sediment yield (Montgomery
& Brandon, 2002). Because of this, erosion rates and sedi-
ment flux can vary significantly during stage 3, however the
Ry, is shown to approach a maximum value and remains
more or less constant until rock uplift ceases, at which
point, Ry, decays.

The assumption that R, approaches a maximum value
is based on empirical data we have explored from diverse
digital elevation data sets, studies that support uniform
basin widths and spacing on uplifted footwall blocks (Dens-
more & alii, 2005), and analogue models (Hasbargen &
Paola, 2000; Bonnet & Crave, 2003; Lague & alzz, 2003).
We can construct a simple geometric model to illustrate the
point. Numerous factors influence the average depth of a
drainage basin. Most notably are the basin shape, drainage
density, overall gradient of the trunk stream profile, and
average hillslope gradient. Of these, the mean hillslope
gradient is perhaps the most important because it controls
the relief between the valley floor and encompassing di-
vides. Representative ranges in the Ry, as a function of
mean hillslope angle and average basin width can be calcu-
lated assuming simple drainage basin geometry and a rea-
sonable gradient for the trunk channel. We start with a
model drainage basin with a rectangular planimetric shape
and a fixed length of 10 km oriented transverse to a moun-
tain front escarpment. We model variable widths of 2, 4,
and 6 km for this basin. These widths correspond to an es-
carpment 8, 16, and 24 km in length respectively, dimen-
sions that are well within the range of observed drainage
basin sizes and spacing in uplifted footwalls of active nor-
mal faults (Hovius, 1996; Densmore & a/zz, 2005). We note
however, that the shape of the real basins is typically not
rectangular like our model basin but are rather elliptical or
oval. Next, a single, straight trunk stream is placed in the
center of the basin and allowed to excavate a valley into an
imaginary box below the rectangular planimetric form.
The mouth of the stream exits the box at one end where
there is a free boundary. The head of the stream ends at a
no flow boundary defined as a vertical wall connecting the
opposing divides parallel to the stream. We assign a con-
stant gradient to the drainage basin hillslopes (a) in de-
grees, such that the trunk stream has two smooth, oppos-
ing hillslopes stretching from the drainage divide to the
channel. The hillslope angle and drainage basin width de-
fine the relief of the opposing divides. From this simple
geometry, it is easy to construct an uncorrected drainage
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basin volume (V,,) in cubic meters from the drainage cross
sectional area (A,) in square meters, the drainage width
(W) in meters, and the drainage length (L) in meters where:

A, =2(0.125)[tan(a)(W)1[W] (2),
V,. = (Aes)(L) 3).

and

We correct the calculated volume by accounting for
the gradient of the trunk channel. We assume a gradient of
the trunk channel such that its headwaters against the no-
flow boundary are 25 % higher than it is at its mouth:

V=075V, ).

The corrected drainage basin volume is then divided
by the planimetric area to calculate the Ry, (fig. 3).

Our simple model predicts that tectonically inactive
landscapes, presumably those with low mean hillslope an-
gles, will mostly have Ry, values less than 100, whereas
tectonically active landscapes, presumably those with high
mean hillslope angles, will have R, values greater than
100 (fig. 3). Insofar that a drainage basin’s mean hillslope
angle represents an equilibrium form, that is, the opposing
divides are lowering as fast as the stream is incising, then
the Ry, for that drainage basin will be a fixed value. Stud-
ies in tectonically active areas have argued that hillslope
angle is insensitive to rates of rock uplift when the rates of
rock uplift are high enough to create hillslopes at the criti-
cal angle of failure, typically with distributions around 30
degrees (Burbank & aliz, 1996). Fig. 3 predicts that for a
given catchment width, there should be a theoretical maxi-
mum value for the Ry, set by the threshold hillslope angle.
The maximum R, value for drainage basins spanning the
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FIG. 3 - The Ry, as a function of mean hillslope angle in a simple, theo-
retical basin shaped like an inverted triangular prism, with one open end,
and a second closed, no flow boundary. Tectonically inactive mountain
fronts generally have Ry, values less than 100 m whereas tectonically ac-
tive mountain fronts have a wider range of Ry, values that are usually
greater than 100 m. Threshold hillslope angles around 30 degrees define
an upper limit for Ry, values, depending on the average width of the
drainage basin. W = basin width.



wide range of areas modeled here (5-200 km®) lies between
approximately 100 m and 200 m.

The Ry, for exhumed and tectonically active mountain
fronts are known to be different for at least one study
where rock type and climate are known to be constant (fig.
1; Frankel & Pazzaglia, 2006). Ry, values for the exhumed
mountain front range from 74 m to 109 m with a mean val-
ue of 88 m whereas the values for the tectonically active
mountain front range from 89 to 180 m with an average of
140 m. Sensitivity testing of the method using basins in
other tectonically active settings show that for drainages
spaced approximately 5 km apart (5 km mean widths), the
maximum Ry, lies in the range of 180 to 200 m, in good
agreement with the predictions of fig. 3.

Nevertheless, fig. 2 shows a non-unique dependence of
the Ry, with respect to time (stages 2 and 4 in fig. 2), rein-
forcing the point that we need other data to help distinguish
the position of drainage basins on the Ry, vs. time curve.
One source of complementary data that can be obtained
easily and directly from digital topography, and does not
suffer the same problems of sediment yield for the steady-
state landscape is the gradient of stream channels. Rates of
rock uplift and opposing rates of river incision are known to
be reflected in the gradients of stream channels; primarily in
the gradients of low-order channels (Merritts & Vincent,
1989). A wide distribution of steep channels, especially low
order channels, would be expected to plot on the growing
to steady-state parts of the curve in fig. 2. In contrast, uni-
formly gentle channels would be expected to plot on the de-
caying part of the curve in fig. 2. Consequently, we use both
the Ry, and first-order stream gradients to describe drain-
age basin development for our study areas.

STUDY AREAS AND METHODOLOGY

Gradients of first order channels (§,,,,) are measured
following the methodology similar to that of Merritts &
Vincent (1989). First order channel gradients of the uplift-

ed range block and approximately 5 km of adjacent pied-
mont were extracted from 10 and 30 meter resolution dig-
ital elevation models in Arc/Info. The channels were de-
fined by a flow accumulation threshold with a drainage
area of 0.025 km”’. This resulted in a subsequent ordering
of the entire drainage basin stream network, similar to that
which would be obtained from standard 1:24,000 scale
topographic maps (Pazzaglia, 1989). First order channel
long profiles were extracted as ASCII data from the DEM
at 4.5 meter increments and these data were parsed using a
FORTRAN code to calculate a gradient based on the min-
imum and maximum elevations in the long profiles. The
channel gradients are then binned and plotted in a his-
togram to determine the mode.

The same high resolution DEMs and Arc/Info GIS are
used to measure the Ry, (Frankel, 2002). First, individual
drainage basins are extracted from the DEM by defining
the catchment outlet at the range front. The DEM of each
individual drainage basin was then resampled to 100 m. A
maximum elevation envelope map is produced from the
resampled data by interpolating a surface between local
maximum elevations in a circular moving window with a 5
km radius. This allows the envelope maps to be pinned to
the watershed divide and cover the maximum elevations
within each drainage basin. Next, the maximum elevation
maps are resampled back to the original DEM resolution
so that the true topography can be subtracted from the en-
velope surface. Subtracting the original DEM from the
maximum elevation envelope map produces a topographic
residual raster that is then converted to a TIN, from which
area and volume data can be extracted.

We investigate four mountain ranges with contrasting
styles and rates of tectonic deformation. Three of these ar-
eas are located in the western United States and one is lo-
cated in northern Italy (fig. 4). In the western United
States, we compile first-order stream gradient and Ry, val-
ues from the Taos Range and Sierra Nacimiento in north-
ern New Mexico, the Wasatch Range in central Utah, and
the Black Mountains in Death Valley, California (tab. 1).

TABLE 1 - Basic metrics of studied mountain ranges

Mountain Front Length Width ~ Mean relief  Mean transverse ~ Range front Rock type Mean annual
(km) (km) (m) drainage spacing  fault slip rate precipitation
(km) (mm/yr) (cm/yr)
Sierra Nacimiento 80 10-16 611 4.6 0 Proterozoic granite and gneiss' 40-112"
Taos Range (segment 1) 35 22-27 836 1.12 0.1-0.5° Proterozoic granite and gneiss® 40-91*
Wasatch Range 34 11-17 1239 2.07 1-2° Precambrian granite,
(Weber segment) Phanerozoic sedimentary cover,
and Tertiary plutonic” 50-140*
Black Mountains 90 3-17 1518 2.37 1-3¢ Precambrian crystalline basement
and Paleozoic metasediments' <6
Northern Apennines 220 69-76 450 12.6 0.1-2° tectonized Mesozoic and Tertiary

marls, carbonates, basalts,

and siliciclatic turbidites’ 80-150'

* Frankel & Pazzaglia (2006); * Menges (1990a, b);  Matson & Bruhn (2001); * Klinger & Piety (2001); * Pazzaglia (unpublished data); " Woodward
(1987); * Lipman & Reed (1989); " Bryant (1990); ' Holm & Wernicke (1990); ' Boccaletti & aliz, 2004; * Western Region Climate Center

(http://www.wree.dri.edu/); ' Regione Emilia-Romagna (1995).
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FIG. 4 - Geographical locations of the study areas in the western United States and northern Italy. (a) Wasatch Range, Weber segment, Utah; (b) Black
Mountains, Death Valley, California; (c) Sierra Nacimiento, New Mexico; (d) Taos Range, northern segments, New Mexico; (e) northern Apennines
and Po foreland.
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Sierra Nacimiento is bounded to the west by an inactive,
high-angle reverse fault along which the range was uplifted
during the Laramide orogeny. The Black Mountains, Taos
Range, and Wasatch Range are all bounded on their west
sides by an active normal fault related to widespread
crustal extension of the western U.S. from the Neogene to
the present. The Quaternary slip rates on these faults show
considerable overlap, but also tend to increase from zero
for Sierra Nacimiento, ~0.1-0.5 mm/yr for segment 1 of
the Taos Range (Menges, 1990a, b), 0.9-2 mm/yr for the
Weber segment of the Wasatch Range (Machette & aliz,
1991; Chang & Smith, 2002), and ~1-3 mm/yr for the
Black Mountains (Klinger & Piety, 2001; Hayman & a/z,
2003). More importantly, the range bounding fault of the
Taos and Wasatch mountain fronts are segmented with
known, variable Quaternary slip rates. Long-term exhuma-
tion rates of these footwalls are constrained by ther-
mochronologic studies and range from 0.16-0.24 mm/yr
for segment 1 of the Taos Range (Pazzaglia & Kelley,
1998) to 0.2-0.4 mm/yr for the Weber segment of the
Wasatch Range (Armstrong & aliz, 2004). The Black
Mountains may also be segmented, but the precise slip
rate of each segment is not yet known. Rates of late-
Miocene to recent unroofing of the Black Mountains
based on fission-track thermochronology range from 0.77-
1.76 mm/yr (Holm & Dokka, 1993).

The relative size and relief of investigated mountain
fronts are comparable (tab. 1); however, there are some
notable differences in both rock type and climatic setting.
Sierra Nacimiento and the Taos Range are underlain al-
most solely by Proterozoic granite and gneiss, with minor
amounts of Phanerozoic sedimentary or volcanic cover
rocks. The Wasatch Range has a mix of Precambrian crys-
talline rocks, Phanerozoic sedimentary cover, and Tertiary
intrusive rocks. The Black Mountains are a mix of Precam-
brian crystalline rocks, Paleozoic carbonates and metasedi-
ments, intruded by Tertiary granitic plutons, and in places
covered by a thin veneer of Pliocene and Quaternary sedi-
ments (Holm & Wernicke, 1990). Climate for Sierra Naci-
miento, the Taos Range, and Wasatch Range is semi-arid
to mountain-alpine. These ranges receive an elevation-de-
pendent mean annual precipitation of 40 to 100 cm. The
Black Mountains, in contrast, lie in a much more arid set-
ting, receiving less than 6 cm of rainfall annually.

The northern Apennines, in contrast, are an uplifted
forearc related to the subduction of the Adria microplate
during general convergence of Europe and Africa. We in-
vestigated the northern flank of the range, which exposes a
fold and thrust belt verging north towards the Po Plain
(fig. 4). The mountain front itself makes both an abrupt
and gentle transition to the Po Plain where there is local
evidence for an active range-front fault (Benedetti & ali,
2003). With respect to the Po Plain, the entire fold and
thrust belt is actively being uplifted at rates ranging from
0.1 to 2 mm/yr (Spagnolo & Pazzaglia, 2005; Pazzaglia,
unpublished data). The western half of the studied range
is capped by the Ligurian nappe structural lid, which rep-
resents the intact roof of a large passive roof duplex. These
rocks are pervasively tectonized Mesozoic and Tertiary

marls, with lesser amounts of carbonates and gabbro. Dur-
ing the Quaternary these rocks have been stripped away
by erosion across the eastern half of the range where the
underlying Miocene foredeep, composed of the Marnosa
Arenacea siliciclastic turbidites, is exposed (Cerrina Feroni
& aliz, 2001). The implication is that the eastern half of the
range and its mountain front has experienced significantly
larger amounts of rock uplift during the Quaternary.

RESULTS

We measure S, (fig. 5) and Ry, for the major trans-
verse drainages along mountain fronts in the five study
areas (tab. 2). The drainages generally range from 3" to 5"
order in size and reach all the way back to the watershed di-
vide of the uplifted range block. There are a few smaller
drainages particularly along the Taos Range mountain front
that do not meet these size criteria and we discuss their S,
and Ry, values separately below. A collective plot of all §,,,,
and Ry, values using Ry, as the independent variable shows
covariance between these two metrics (fig. 6). There is no
strong justification for using R, as the independent, rather
than dependent variable and in this case, the results would
be the same if the axes were reversed. A degree of auto cor-
relation exists between R, and S,,,; because, as fig. 3 illus-
trates, the average hillslope angle determines the height of
opposing watershed divides and hence the Ry,. Neverthe-
less, fig. 6 shows a clear distribution of data where moun-
tain fronts experiencing relatively higher rock uplift rates al-
so have the steepest first order streams and the highest val-
ues of Ry,. Insofar that the long-term rock uplift rate for the
mountain fronts is linked to the slip rates on the range
bounding faults, it would be useful to see how fault slip rate
is related to R,,. We have reliable data for fault slip rates
for the Taos Range and Wasatch mountain fronts only, but
both provide further support for the direct linkage between
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FIG. 5 - Box and whisker plot showing the §,,,, for investigated mountain

fronts. The thin horizontal line is the median value, the thick horizontal

line is the mean value, the boxes represent the 25" to 75" percentile, the

whiskers represent the 10" and 90" percentile, and the dots represent the
outliers as the 5" and 95" percentile.
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TABLE 2 - Results of 1o and Rva analyses

Mountain Range Drainage Basin Area (km®) Siord Tange (m/m) Siorg mean (m/m) Ry, (m)
Sierra Nacimiento Arroyo de los Pinos 3.1 0.12-0.31 0.22 109 + 8
Rito Olguin 3.6 0.05-0.36 0.20 81 +7
Arroyo Dedos Gordos 3.6 0.07-0.32 0.20 75+7
San Pablo Canyon 25.6 0.04-0.26 0.15 807
Nacimiento Creek 10.7 0.04-0.18 0.11 77 7
La Jara Creek 14.0 0.06-0.32 0.19 747
Salado Creek 1.4 0.16-0.43 0.30 88+7
San Jose Creek 6.0 0.15-0.40 0.28 104 + 8
Senorito 10.6 0.07-0.22 0.15 102 + 8
San Miguel Canyon 131 0.06-0.28 0.17 93 +38
Taos Range Jaracito Canyon 5.6 0.11-0.41 0.26 180 + 10
Latir Creek 36.0 0.08-0.39 0.23 139+ 9
Rito del Medio 12.6 0.13-0.43 0.28 156 +£9
Upper Sunshine East 1.2 0.14-0.36 0.25 133 +9
Upper Sunshine NW 0.9 0.08-0.31 0.20 122 + 8
North Jaracito Canyon 3.7 0.09-0.56 0.32 141+9
Penasquito Canyon 1.6 0.08-0.25 0.16 89 +7
Canada Pinabete 3.9 0.10-0.40 0.25 148 +9
Rito Primero 12.9 0.14-0.44 0.29 174 = 10
South Rito Primero 0.8 0.29-0.37 033 118 +8
North Penasquito Canyon 0.5 0.21-0.31 0.26 147 £ 9
North Urraca Canyon 0.7 0.09-0.41 0.25 132+9
Urraca Canyon 8.2 0.12-0.41 0.26 139+9
Jaroso Basin 9.5 0.07-0.26 0.16 104 £ 8
El Rito Canyon 1.0 0.05-0.48 0.27 180 + 10
Wasatch Range Mill Creek 28.6 0.003 - 0.47 0.17 145+ 9
Holbrook Canyon 13.7 0.03 - 0.38 0.17 150+ 9
Ward Canyon 12.0 0.08 - 0.47 0.24 147 £ 9
Centerville Canyon 8.9 0.05 - 0.32 0.23 150+ 9
Parrish Creek 5.9 0.07 - 0.31 0.18 138 +9
Ford Canyon 7.0 0.14-0.53 032 153+ 9
Steed Canyon 7.0 0.17 - 0.56 032 176 £ 10
Farmington Creek 29.3 0.01 -0.29 0.13 149 + 9
Shepard Creek 6.1 0.18 - 0.38 0.26 197 + 11
Baer Creek 8.9 0.16 - 0.48 0.29 183 + 10
Holmes Creek 6.9 0.19 - 0.41 032 178 £ 10
Holmes Creek North 5.7 0.08 - 0.41 0.26 195 + 10
Kays Creek South 4.2 0.31-0.55 0.33 188 + 10
Kays Creek North 3.1 0.10 - 0.49 0.29 166 = 10
Black Mountains Agnes 7.5 0.06 - 0.58 0.25 181 £10
Becky 5.4 0.18-0.8 0.36 247 + 12
Clementine 4.1 0.1-0.54 0.27 194 + 10
Dotty 6.3 0.08 - 0.30 0.17 202 + 11
Ernestine 1.7 0.03 - 0.92 0.50 196 + 10
Coffin Canyon 2.1 - - 191 £ 10
Sheep Canyon 30.3 0.01 -0.17 0.20 195 + 10
Willow Creek 65.0 0.002 - 0.56 0.11 129 +9
Mormon Point 6.4 0.03 - 0.87 0.31 161 +9
Smith Mountain 7.0 0.03 -0.78 0.35 186 + 10
South of Smith Mountain 5.9 0.44 - 0.56 0.52 225+ 11
Black Canyon 7.2 0.15-0.29 0.20 187 £ 10
North Scotty’s Canyon 104 0.11-0.21 0.17 172+ 10
Scotty’s Canyon 15.4 0.01-0.17 0.12 135+9
Northern Apennines Taro 1663.0 0.002 - 0.69 0.18 94 +8
Baganza 151.2 0.03 - 0.82 0.21 111 +8
Parma 361.8 0.0007 - 0.40 0.16 104 + 8
Enza 526.2 0.001 - 0.52 0.16 106 +7
Tresinaro 178.0 0.0004 - 0.2 0.09 76+ 8
Secchia 1136.2 0.0005 - 0.83 0.17 103 £ 8
Panaro 1054.8 0.003 - 0.61 0.19 91+ 8
Reno 1143.6 0.0008 - 0.64 0.16 109 + 8
Santero 477.8 0.0008 - 0.67 0.13 98 +8
Senio 266.9 0.001 - 0.23 0.08 103 + 8
Lamone 296.9 0.003 - 0.44 0.13 110 £ 8
Montone 298.8 0.001 - 0.5 0.15 99 £ 8
Rabbi 244.5 0.004 - 0.41 0.14 107 + 8
Ronco (Bidente) 485.2 0.002 - 0.52 0.15 119 + 8
Savio 957.2 0.007 - 0.44 0.13 93 +8
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FIG. 6 - Plot of §,,,; against R, confirming the theoretical exercise of fig.

3 and demonstrating that Ry, is also a useful measure of relative tectonic

activity for mountain fronts and escarpments. The sketches illustrate rep-
resentative cross-section valley profiles (not to scale).

drainage basin shape, expressed as the Ry, and rate of rock
uplift (fig. 7).

We can further investigate the relationship of §;,,; and
Ry, by showing how these metrics plot spatially along the
investigated mountain fronts (tab. 2). Starting with the tec-
tonically inactive mountain front, Sierra Nacimiento, a
plot of §,,,, and Ry, with respect to the position of where
major transverse drainages exit the escarpment reveals rel-
atively low values for both metrics, with a decrease in
mean channel gradient from north to south, but no dis-
cernable along strike trend in Ry, (fig. 8). In contrast,
plots of §,,,;, and Ry, for the tectonically active, and seg-
mented range front faults of the Taos Range and Wasatch
Range show relatively higher values for each metric (figs. 9
and 10). More importantly, §,,,; and R, systematically in-
crease for those fault segments that have been demonstrat-
ed to have relatively high fault slip rates. In the case of the
Taos Range, fault segments in the north rupture less fre-
quently than those in the south. Comparative mountain
front landforms, such as facets are wide and gently-sloped
in the north, and steep and narrow in the south (Menges,
1990a). Similarly, alluvial fans in the north are broad and
gently sloped whereas those aligned along the southern
segment are narrow and steep (Pazzaglia, 1989). In partic-
ular, the Taos Range R, values increase from north to
south in concert with these other active tectonic metrics
(fig. 9). In the Wasatch Range, it is the fault segments in
the south that are less active than those in the north. In
fact, this range stands as a case study in how mountain
front landforms and metrics such as mean relief can be
used to define fault segments (Schwartz & Coppersmith,
1986, c.f. Armstrong & aliz, 2004). The Wasatch Range
8,0 and Ry, values systematically increase from the south
to the north in agreement with increasing uplift rates along
the northern segments and the related changes in moun-
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o
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FIG. 7 - Range-bounding fault slip rate plotted against Ry, for the (a)
Taos Range and (b) Wasatch Range. Error bars represent standard
measurement error for Ry, and uncertainties in fault slip rates.

tain front landforms (fig. 10). There are a few notable out-
liers in the data plotted in figs. 9 and 10. For each one of
these outliers, the drainage basin investigated was quite
small (< 3 km’) and not a true transverse drainage extend-
ing all the way back to the drainage divide in the interior
part of the range.

The Black Mountains range front differs from the Taos
and Wasatch ranges in that the R, values are generally
larger and the §,,, values show a wider variance, with
some of the highest gradients measured for any of our
study areas. Additionally, there is no clearly observable
trend in either of these metrics along the mountain front
(fig. 11). Insofar that segmentation of the Black Mountains
has yet to be determined, all that can be summarized from
these data is that they are commensurate with the overall
rapid rates of uplift and low amounts of precipitation this
range has experienced in the Quaternary. The drainage
spacing in the Black Mountains is similar to that in the
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and the dots represent the outliers as the 5" and 95" percentile. For (b)
error bars represent standard measurement error.

Taos and Wasatch ranges. Therefore, the consistently high-
er S;,,; and Ry, values point to drainage basins that are
steeper and narrower.

The northern Apennine mountain front has S;,,; and
Ry, values intermediate between the clearly tectonically
active Taos, Wasatch, and Black ranges, and the tectoni-
cally quiescent Sierra Nacimiento (fig. 12). A plot of the
S04 distributed along the mountain front shows a clear
decrease to the east; however, there is no trend in the R,
values, which tend to cluster around a value of 100 m.
The length of the Northern Apennine mountain front,
the size of the drainage basins, and the drainage basin
spacing are all larger than the other escarpments investi-
gated (tabs. 1, 2).

DISCUSSION AND CONCLUSIONS

Landforms and topographic metrics of mountain
fronts continue to be a focal point in the application of
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tectonic geomorphology to answer questions regarding
the relative activity of escarpments bounded by an active
fault. Traditional measures of mountain front sinuosity
and valley floor width to valley height ratios (Bull & Mc-
Fadden, 1977), although useful, suffer several drawbacks
in terms of their ability to distinguish active from inactive
escarpments (Frankel & Pazzaglia, 2006). We propose a
new metric tied to the average depth of transverse
drainage basins along an escarpment that is a better mea-
sure of the relative activity of the bounding fault. This
metric, which we call the drainage basin volume to
drainage basin area ratio (R,,) is easy to measure from
widely available digital elevation models. Moreover, this
metric is less subjective than other mountain front met-
rics in that there are less objective decisions on precise-
ly what to measure. Variations in the Ry, have a firm
grounding in a long history of drainage basin develop-
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FIG. 9 - Plots of (a) §,,,; and (b) Ry, for the tectonically active and seg-
mented Taos Range mountain front. For (a) the thin horizontal line is the
median value, the thick horizontal line is the mean value, the boxes rep-
resent the 25" to 75" percentile, the whiskers represent the 10" and 90"
percentile, and the dots represent the outliers as the 5* and 95" per-
centile. For (b) error bars represent standard measurement error. Offset
on fault segments increases from north to south. Segments are as defined
by Menges (1990a, b).
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modern escarpment, our data suggest that geomorpholo-
gy does reflect the fault slip rates and segmentation pat-
tern (c.f. Armstrong & aliz, 2004). Perhaps not surpris-
ingly, the scales of transverse drainage basins that have
developed in the uplifted footwall block of the normal
faults forming these ranges are also comparable. Similar
results regarding the size, shape, relief, spacing, and
eroded volume of material have been reached by other
studies in the Basin and Range (e.g. Harbor, 1997; Dens-
more & alii, 2004). For segmented, normal-fault bound-
ed ranges where the rock type is dominated by hard,
crystalline basement or siliciclastic sedimentary rocks,
Ry, alone distinguishes well between slow (< 0.1 mm/yr)
and rapid (= 0.5 mm/yr) rates of rock uplift with corre-
sponding Ry, values of ~100 m and approaching the qua-
si-steady state value of ~200 m respectively. We argue
that the drainage basins in the most rapidly uplifting
parts of the Taos and Wasatch ranges are at, or near,
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FIG. 10 - Plots of (a) S;,,; and (b) Ry, for the Weber segment of the tec-
tonically active and segmented Wasatch Range mountain front. For (a)
the thin horizontal line is the median value, the thick horizontal line is
the mean value, the boxes represent the 25" to 75" percentile, the
whiskers represent the 10" and 90" percentile, and the dots represent the
outliers as the 5" and 95" percentile. For (b) error bars represent stan-
dard measurement error. Offset on the Weber segment of the Wasatch
fault increases from south to north.

ment studies and when combined with other data such as
sediment yield or stream gradients, can be used to identi-
fy a catchment’s position on a time-dependent drainage
basin development diagram (fig. 2). For our purposes, it
is the distinction of drainage basins plotting between
stages 2 and 3, as opposed to stage 4, on fig. 2 that allows
us to determine the relative tectonic activity of a moun-
tain front.

The strong correlation between the rate of rock uplift,
first-order stream gradients, and Ry, for the Taos and
Wasatch Ranges (figs. 6, 7, 9, and 10) is particularly con-
vincing because the rock-type, climate, and style of de-
formation for these footwall blocks are all relatively simi-
lar. Contrary to the long-term exhumation rates of the
Wasatch Range footwall, which records pre-Quaternary
regional erosion rather than fault-generated relief of the

04 |
L]
0.2 - H H‘%
- l 1 0 s
0.0 : : — : —
0 5 10 15 20 25 30 35

distance along Black Range mountain front (km northwest to southeast)

(b) e TR ' ' ' ' " SE
260F ]

= { .
x%zoo- E iiii E E

180}

160} } E ]
140} ; ;i

120F B

uncenstrained fault offset along range front

1895 5 10 15 20 25 30 35
distance along Black Range mountain front (km northwest to southeast)

FIG. 11 - Plots of (a) §,,,; and (b) Ry, for the tectonically active Black

Mountains range front. For (a) the thin horizontal line is the median val-

ue, the thick horizontal line is the mean value, the boxes represent the

25" to 75" percentile, the whiskers represent the 10" and 90" percentile,

and the dots represent the outliers as the 5" and 95" percentile. For (b)

error bars represent standard measurement error. Fault segmentation has
not been defined for this range front.
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steady state (position 3 in fig. 2). Catchments in these
parts of the ranges are well adjusted to the rates of rock
uplift along the active normal faults defining their respec-
tive escarpments.

In contrast, the generally higher §,,,, and Ry, values for
the Black Mountains in Death Valley are a bit more diffi-
cult to interpret in terms of tectonics alone because of the
change in climatic setting and rock type. Two-thirds of the
Black Mountains basins have a relatively high R, and low
S1ors in comparison to the Taos and Wasatch Range data,
which have equal numbers of basins on either side of the
regression line in fig. 6. The §,,,; data is primarily collected
from the periphery of the drainage basins so these results
can be interpreted as showing that drainage basins in the
Black Mountains have a rind of relatively gentle gradients
surrounding the drainage divide, but valley axis streams
are deeply incised and valleys are narrow. In cross-section,
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such a drainage basin would have a main valley with a
wine-glass shape and this morphology is characteristic of
catchments in the Black Mountains (sketch in fig. 6). We
interpret this shape and Ry, values to indicate a drainage
basin between stages 2 and 3 on fig. 2, still in a construc-
tional stage of its development. This constructional stage
implies some lag between the timing of rock uplift and the
erosional response of the landscape, which may be related
to fast uplift rates, or alternatively, relatively slow erosion
influenced by rock type or the arid climate. Our analysis is
not able to distinguish which factors are most important in
this case.

Both Sierra Nacimiento and the northern Apennines
have lower Ry, and S,,, values than the Taos Range,
Wasatch Range, or Black Mountains and these values oc-
cupy a small cluster on fig. 6. This cluster is expected for
Sierra Nacimiento because it is a tectonically inactive es-
carpment where both the low §,,,, and R, values suggest
that this is an erosionally exhumed mountain range under-
going topographic decay (Stage 4 in fig. 2; Frankel & Paz-
zaglia, 2006).

The northern Apennines, in contrast, are tectonically
active, yet they show values of §,,,, or Ry, more similar to
the tectonically inactive Sierra Nacimiento, keeping in
mind all appropriate considerations for differences in
rock type and climate. The style of deformation in the
northern Apennines is different than the other ranges we
investigated in that the mountain front is poorly defined
by a blind or locally emergent reverse fault. In addition,
rock uplift in the northern Apennines is regional and not
simply concentrated across one structure defining the es-
carpment. This comparatively larger mountain range has,
as expected, more widely-spaced transverse drainage
basins, so theoretically it should contain some of the
largest Ry, values (fig. 2). Instead, we find just the oppo-
site. We interpret these seemingly contradictory results
primarily in terms of rock type. Although the climate for
the northern Apennines is not appreciably different than
it is for large parts of the Great Basin in the western U.S.,
it is different enough such that given the exposed rock
types, the dominant hillslope process tends to be large
earthflows. These earthflows are particularly prevalent in
the western portion of the northern Apennine study area
and they have the effect of keeping the overall slopes in
watersheds relatively low. The cross-sectional shape of
the drainage basins are bowl-like and lack the narrow in-
ner valleys of the Black Mountains, for example (inset
sketch in fig. 6). The steeper S,,,; values for the western
part of the northern Apennines support our suggestion
of bowl-shaped catchments with steep sides, and are con-
sistent with the fact that many of the low-order streams
are developed on more resistant carbonate or siliciclastic
units defining the drainage divides, rather than the soft
rocks undergoing erosion by large earthflows. The east-
ern part of the northern Apennines have lower and
rather uniform §,,,, values, which are consistent with the
mean rock-type resistance and high drainage density re-
sulting from the uniformly distributed siliciclastic tur-



bidites and valleys with flattened, parabolic cross-sec-
tions. We interpret the northern Apennines to be a range
still in its constructional phase of development, at or near
stage 2 on fig. 2. The particular shape of drainage basins
in this region, during the constructional development
phase, can be attributed to the rock-type and distributed
nature of rock uplift.

Drainage basins that are relatively small (< 3 km®) and
not transverse to the entire mountain front in the Sierra
Nacimiento, Taos Range, and Black Mountains have very
steep stream gradients relative to their Ry, values (fig. 6).
Such basins have low eroded volumes and the valley
walls must be very steep all the way from the valley bot-
tom to the drainage divide. In cross-section, these valleys
would look similar to slot canyons. The fact that drainage
basins of this shape are found on both tectonically active
and inactive mountain fronts speaks to the fact that ero-
sional lag time increases as drainage basin area decreases.
In other words, it is difficult for small drainage basins
with ephemeral discharge to respond to a base level fall,
regardless of whether it is tectonically or exhumationally
induced. An analogous scenario is glacially-formed hang-
ing valleys. We interpret the small drainage basins in our
study to be caught somewhere between stages 1 and 2 of
fig. 2, and not able to progress further until tectonic or
climatic conditions change, allowing them to grow, or to
be captured and incorporated into a larger transverse
drainage. We caution against using drainage basins that
do not extend to the drainage divide and are smaller than
3 km’ in an Ry, landscape analysis of relative mountain
front activity.

In summary, a measure of mean drainage basin depth,
expressed as the ratio of eroded volume to planimetric
area (Ry,) is an effective metric in determining the rela-
tive tectonic activity of fault-bounded mountain fronts
and escarpments. When combined with other data, in
this case the gradients of first-order streams, the R, can
determine the relative position of a drainage basin along
a time-dependent pathway (fig. 2). An important contri-
bution of our study is that when plotted against the gra-
dients of first-order streams, (fig. 6) real Ry, data con-
firm the theoretical plot of fig. 3, suggesting that drain-
age basins grow in a self-similar fashion, keyed into the
size of the range that they are eroding and the rate of up-
lift. The Ry, alone in this case is an effective metric for
determining relative tectonic activity of a mountain front
undergoing rates of tectonic deformation like those ob-
served in the Taos, Wasatch, and Black ranges. It is a less
diagnostic metric for discerning tectonic activity when
rates of rock uplift are low, as they are in Sierra Na-
cimiento, or when specific rock types and processes such
as widespread earthflows work to keep basin slopes be-
low the critical threshold angle for competent rock, as
they do in the northern Apennines. Further testing of the
Ry, will ultimately determine its utility in tectonic geo-
morphology, but the results we present here are promis-
ing and constitute an important step forward from the
initial contributions stemming from the Bull & McFad-
den (1977) approach.
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