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[1] The denudation history of the rapidly uplifting
western part of the Spanish Sierra Nevada was
assessed using apatite fission track (AFT) ages and
'Be analyses of bedrock and fluvial sediments. Major
contrasts in the denudation history are recorded within
the 27 km? Rio Torrente catchment. Upland areas are
characterized by low-relief, low slope angles, and
locally the preservation of shallow marine sediments,
which have experienced <200 m of erosion in the last
9 Myr. However, AFT age determinations from
samples collected close to the marine sediments
imply >2 km of denudation since circa 4 Ma. The
minimum denudation rates of 0.4 mm yr—' derived
from AFT also contrast with the slow medium-term
(10* years) erosion rates (0.044 + 0.015 mm yr ")
estimated from '°Be measurements at high elevations.
The local medium-long-term contrasts in denudation
rates within the high Sierra Nevada indicate that much
of the unroofing occurs by tectonic denudation on flat-
lying detachments. In lower elevation parts of the
catchment, rapid river incision coupled to rock uplift
has produced ~1.6 km of relief, implying that the
rivers and adjacent hillslopes close to the edge of the
orogen are sensitive to normal-fault-driven changes in
base level. However, these changes are not transmitted
into the low-relief slowly eroding upland areas. Thus
the core of the mountain range continues to increase in
elevation until the limits of crustal strength are reached
and denudation is initiated along planes of structural
weakness. We propose that this form of tectonic
denudation provides an effective limit to relief in
young orogens. Citation: Reinhardt, L. J., T. J. Dempster,
J. F. Shroder Jr., and C. Persano (2007), Tectonic denudation and

topographic development in the Spanish Sierra Nevada, Tectonics,
26, TC3001, doi:10.1029/2006TC001954.
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1. Introduction

[2] Landsliding is the principal mode of denudation in
tectonically active mountain belts [Hovius et al., 1997]. This
form of shallow gravitational collapse is often driven by
high rates of river incision that force the hillslopes to
maintain the threshold angle for landsliding [Burbank et
al., 1996], producing a landscape where mountain tops are
lowered at the same rate as river incision. However, rock
strength regulates the depth and frequency of bedrock
landslides and the rate of landsliding may not be able keep
pace with the rate of river incision, leading to the develop-
ment of strength-limited relief [Anhert, 1970; Schmidt and
Montgomery, 1995; Roering et al., 2005]. In these situa-
tions, a variety of deeper level detachments may form and
allow larger-scale gravitational collapse to occur within
orogens [Van Bemmelen, 1954; McClay et al., 1986; Savage
and Varnes, 1987; Mérnard and Molnar, 1988; Rey et al.,
2001]. The exact nature of these deeper detachments
remains ambiguous but involve exhumation of deeply
buried crust by normal faulting [cf. Ring et al., 1999] and
are thought to range from ‘“‘summit-lowering” landslides,
termed sackung failure [Dramis and Sorriso-Valvo, 1994;
Shroder, 1998; Shroder and Bishop, 1998], to deeper
structures more traditionally thought of as responsible for
tectonic denudation. Although tectonic denudation is widely
recognized as an important orogenic process [Chamberlain
et al., 1991; Hodges et al., 1992; Hubbard et al., 1995;
Johnson et al., 1997; Kuhleman et al., 2001; Carrapa et al.,
2003], it generally lacks an obvious surface expression.
Consequently, the unroofing of rocks from beneath major
detachments remains poorly constrained. Here we investi-
gate the links between gravitational collapse via tectonic
denudation and relief development in the Spanish Sierra
Nevada, where an excellent record of denudation from 9 Ma
to the present is preserved. The long-term (>10° years)
pattern of denudation is assessed using a combination of
apatite fission track (AFT) thermochronology and the strati-
graphic record. Links between tectonic denudation and
topographic development over 10*-10° year timescales
are also investigated using cosmogenic ~ Be erosion rate
measurements.

2. Sierra Nevada

2.1. Geological Background

[3] The Spanish Sierra Nevada, a small 3500 m high
mountain block, is part of the Betic Cordillera Internal zone,
in the westernmost part of the Alpine orogen (Figure 1a).
The Internal zone is composed of two relatively flat-lying
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metamorphic thrust sheets, the Alpujarride and Nevado-
Filabride, separated by a major shear zone, the Betic
Movement Zone (BMZ) [Platt and Vissers, 1989; Johnson
et al., 1997]. The BMZ dips at shallow angles away from
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the central core of the Sierra Nevada and contains myloni-
tized tourmaline granites, together with amphibolites, mar-
bles and, locally metaevaporites. Tertiary sedimentary
basins surround the Sierra Nevada (Figure la), and are
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filled with coarse conglomerates derived from the uplifting
mountain block [e.g., Lonergan and Mange-Rajetzky, 1994,
Calvache et al., 1997].

[4] The core of the elongated dome structure of the Sierra
Nevada has been uplifted through a combination of low-
angle extensional faulting and upright folding [Martinez-
Martinez et al., 2002; Galindino-Zaldivar et al., 2003].
Scattered remnants of 7—9 Ma shallow marine deposits,
preserved at elevations up to 1800 m, record the emergence
of the Sierra Nevada as an island during the late Miocene
[Braga et al., 2003]. These coral reefs and coastal con-
glomerates are preserved on Alpujarride bedrock through-
out the Sierra Nevada (Figure la), and their age broadly
correlates with elevation, indicating that the highest topog-
raphy emerged first. These deposits constrain mean surface
uplift rates to 0.2 mm yr ' over the past 9 Myr for both
eastern and western margins of the Sierra Nevada [Braga et
al., 2003]. In the context of the pattern of erosion in the
Sierra Nevada, it is significant that these deposits were
uplifted shortly after deposition and were <200 m thick
[Sanz de Galdeano and Lopez-Garrido, 1999; Braga et al.,
2003]. Their current maximum thickness of ~30 m on
ridges in the high Sierra Nevada implies very low long-
term surface erosion rates in some of the present interfluvial
areas [Sanz de Galdeano and Lopez-Garrido, 1999]. In
contrast, high erosion rates are implied by the deposition of
several extremely coarse Pliocene fan and braid deltas in the
adjacent Granada basin [Rodriguez-Fernandez et al., 1989;
Hughes, 1995]. These contrasting observations suggest that
long-term denudation has been spatially variable.

[5] The Sierra Nevada metamorphic core was unroofed
by tectonic denudation between 9 and 8 Ma exposing the
underlying Nevado-Filabride complex [Johnson, 1997].
This core was strongly eroded between ~7 and 6.5 Ma,
followed by a period of quiescence in the Messinian
(~6 Ma). Other phases of increased subaerial erosion and/
or the removal of overburden by tectonic processes [cf.
England and Molnar, 1990] between 4 and 5 Ma are
indicated by sedimentary evidence [Ferndandez et al., 1996]
and apatite fission track (AFT) ages, which are younger in the
highest elevation parts of the belt (Figure 2) [Johnson, 1997].
The close proximity of rocks containing young 4—5 Ma AFT
ages [Johnson, 1997] and the >7 Ma marine sediments also
points to spatial variability in long-term denudation.

[6] The topography of the Sierra Nevada is characterized
by rounded mountain tops and deep valleys. Our analysis
indicates that valley incision has resulted in a mean
relief of 1640 + 600 m in the western Sierra Nevada
(n = 27 catchments), while above 2000 m summit areas
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have low-angle hillslopes (mean = 13°) that are well below
threshold angles for landsliding. Quaternary glaciation was
restricted to valley glaciers and had little effect on upland
morphology. Moraines throughout the western and northern
Sierra record four cold episodes of decreasing ice extent
during the last two glacial periods (~200—-130 ka and 80—
10 ka). During the Last Glacial Maximum, valley glaciers
extended down to 2625 m [Lhénaff, 1977, Sanchez et al.,
1990; Simon et al., 2000; Gomez-Ortiz et al., 1996].
Modern periglacial activity is only seen at altitudes above
3000 m [Simon et al., 2000; Gomez et al., 2001] and is
unlikely to be important in the study area, which has a
maximum elevation of 3005 m.

2.2. Torrente Catchment

[7] The Rio Torrente occupies a 27 km?, 2-km-relief
semiarid catchment in the western Sierra Nevada
(Figure 1b). The BMZ divides the catchment into two
lithological sectors along a NE-SW axis. The Alpujarride
complex NW of this axis is composed of a thick (>2 km)
succession of NW dipping low-grade dolomitic marbles
with occasional thin (~10 m) units of phyllite. The latter
have a strong deformation fabric suggesting that they may
have accommodated movements between more massive
dolomitic units and slickensided surfaces are also common
in these dolomitic units. These dolomites are highly brec-
ciated in a broad 1 km zone at the mountain front [Calvache
et al., 1997]. The structurally lower Nevado-Filabride unit,
which is the focus of our analytical work, lies to the SE of
the BMZ and is dominated by graphitic schist with ubiqui-
tous quartz veins. The Torrente catchment comprises two
geomorphic zones (Figure 1b) separated by an upstream
migrating knickzone (Figure 3) [cf. Whipple and Tucker,
1999]. The upper, headwater parts of the catchment have
low slope angles (<25°), a thin regolith cover with dense
low-lying vegetation and low rates of fluvial incision
[Sanchez-Mararion et al., 1996]. The lower catchment is
steeper (slope angles of 25° to 90°), sparsely vegetated and
erosive processes are dominated by shallow bedrock land-
slides (Figure 4). The depth of landsliding is limited by the
strong schistosity of the Nevado-Filabride portion of the
lower catchment and no landslide head scarps >1 m in depth
are observed.

[8] The exit to the catchment coincides with the Padul
Fault, which is part of a major fault array that marks the SW
edge of the Sierra Nevada (Figure 1a). Late Pleistocene to
Holocene movement of this fault has resulted in the
development of a 50 m high scarp at the catchment exit
[Calvache et al., 1997; Sanz de Galdeano, 1996; Alfaro et

Figure 1.

Topographic, geological, and geomorphic maps of the Sierra Nevada and Rio Torrente catchment.

(a) Topographic map of the Sierra Nevada generated from 30 arc sec GTOPO30 digital elevation data. The locations of
the following are shown: the Tortonian marine sediments overlying Alpujarride bedrock [Braga et al., 2003]; the AFT
sample profiles in the central and western Sierra Nevada; the normal fault zone in the western Sierra Nevada; and the
structural sections constructed by Sanz de Galdeano and Lopez-Garrido [1999], as shown in Figure 6. (b) Geological and
geomorphic map of the Rio Torrente catchment. The topographic data were generated from a 3 m digital elevation model.
The locations of the following are shown: cosmogenic nuclide samples and the erosion rates estimated from the '°Be
concentrations of these samples; AFT sample sites (see also Figure 2), and the Tortonian marine sediments adjacent to the

catchment.
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Figure. 2. Apatite fission track pooled ages versus elevation from the Torrente catchment. AFT
measurements from the central Sierra Nevada are also plotted [Johnson, 1994; Johnson et al., 1997]. All

error bars are 20.

al., 1999; Reinhardt, 2005]. The normal fault array is also
linked to 420 m of vertical displacement in the Pleistocene
alluvial fan sediments of the Alhambra Formation, 10 km
NW of the Torrente catchment since 0.5—1 Ma [Sanz de
Galdeano, 1996; Keller et al., 1996; Sanz de Galdeano and
Lopez-Garrido, 1999]. This observation implies a relative
rock uplift rate of at least 0.4—0.8 mm yr~ ' in the last 1 Myr.
In addition, the Rio Andarax, a 1200 km? catchment river
located 70 km east of the Torrente (Figure 1a), has incised at
a rate approximating rock uplift over the past 250 kyr (0.3—
0.7 mm yr~ ' [Garcia et al., 2003]). The similar estimates of
rock uplift rates (in the sense of England and Molnar
[1990]) from widely separated parts of the orogen, com-
bined with the simple structure of the Sierra Nevada
[Martinez-Martinez et al., 2002; Galindino-Zaldivar et al.,
2003], is taken to indicate that the Torrente catchment and
the rest of the Sierra Nevada has been uplifting relative to
the footwall block at ~0.5 mm yr ' since the middle to late
Pleistocene. This is consistent with the pattern of uniform
post-9 Ma surface uplift inferred from the Tortonian marine
sediments that uplifted with the Sierra Nevada (Figure la)
[Braga et al., 2003].

3. Methods

[v] We used a range of methods to constrain topographic
development and denudation in the Sierra Nevada over a
variety of timescales. These include apatite fission track
(AFT) thermochronology which records the exhumation of
material as it passes through a depth range of 2—5 km
enabling measurement of mean denudation rates over mil-
lion year timescales [Gleadow and Brown, 2000] and '°Be
analysis which can measure subaerial erosion rates over
10°-10° year timescales [Lal, 1991; Brown et al., 1995;
Bierman and Steig, 1996; Granger et al., 1996].

3.1. Cosmogenic '’Be Measurements

[10] We analyzed '°Be in bedrock samples and quartz
grains in modern fluvial sediments. Six bedrock samples
were collected from exposures in the slowly eroding upper
catchment (Figure 1b). For each bedrock sampling site, 3—
10 individual samples of vein quartz were crushed and
amalgamated from up to three widely spaced outcrops (up
to 100 m apart) at the same altitude [Reinhardt et al., 2007].
Modern fluvial sediments were collected from four river
reaches, three in the upper and one in the lower catchment
(Figure 1b). At sediment-sampling sites ~5 kg of 0.25-—
0.5 mm sized clasts were collected from the surface layer
(<0.2 m depth) along a 10 m reach of the river. In order to
interpret '°Be concentrations in fluvial sediments in terms
of mean upstream erosion rates [Brown et al., 1995;

Figure 3. Northeasterly looking view of the upper
Torrente catchment. The inflection in hillslope and channel
at the head of the knickzone is highlighted with a white
dotted line.
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Figure 4. Downstream view of the middle, rejuvenated
reaches of the Rio Torrente. The hillslopes are dominated by
shallow bedrock landsliding.

Bierman and Steig, 1996; Granger et al., 1996], we
generated a 3 m resolution DEM from 1:20 000 aerial
photographs of the Torrente catchment and calculated the
19Be production rate for each cell [Granger and Smith,
2000; Granger et al., 2001; Stone, 2000; Codilean, 2006].

[11] The "“Be content of bedrock outcrops and fluvial
sediments were measured from quartz extracted using
preparation methods similar to those described by Bierman
et al. [2002]. All quartz grains for '°Be analysis were treated
with 30% HCI and passed though a Frantz magnetic
separator. During magnetic separation many “impure”
quartz grains were directed into the nonquartz fraction
resulting in an underestimation of the quartz content of
each sample. However, this systematic error applies equally
to all sediment samples derived from the same lithology
(schist) and a direct comparison between the quartz content
of each magnetically separated sediment sample is therefore
reasonable. The estimated quartz content of the sediment
samples is 11 £ 2% [Reinhardt, 2005] indicating that the
quartz content of source area bedrock is approximately
uniform. The nonmagnetic fraction of each sample was
lightly crushed and ultrasonically etched (repeatedly, if
necessary) in 2% HF/2% HNO; to isolate pure quartz, with
Al <100 ppm as measured by atomic absorption spectros-
copy [Kohl and Nishiizumi, 1992]. A 250 ug spike of ’Be
was added to each pure quartz sample and the '°Be/’Be
ratio measured by AMS at the Department of Nuclear
Physics, Australian National University, Canberra [Fifield,
1999]; a 3% AMS measurement error is incorporated into
all calculations.

3.2. Apatite Fission Track Thermochronology

[12] We collected four AFT samples from the Torrente
catchment in order to link a local estimate of long-term
denudation to both the structures within the immediate area
and the wider pattern of AFT-based denudation in the
orogen [Johnson et al., 1997]. Samples of 3—4 kg bedrock
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schist from the Nevado-Filabride complex were taken along
a vertical profile from 1295 to 1900 m elevation, perpen-
dicular to the BMZ on the south side of the Rio Torrente
(Figure 1b). The 64-355 pm fraction was separated by
crushing and sieving, and standard techniques of heavy
liquid and magnetic separation were used to obtain apatite
concentrates with a purity of about 80%. AFT analyses were
performed using the external detector method and zeta
calibration approach, using 0.5 as the geometry correction
factor [Hurford and Green, 1982]. Apatite grains were
etched for 22 s with a 5 M nitric acid at room temperature
(~20°C). The muscovite external detectors were etched for
28 min using 48% hydrofluoric acid. The samples were
irradiated at the High Flux Australian Reactor (HIFAR) in
Sydney and the constancy of the neutron flux was checked
using the CNS uranium glass dosimeter. Spontaneous and
induced tracks were counted using a Zeiss axioplan micro-
scope with a x 100 dry objective and a total magnification
of x1600. No confined horizontal track lengths were
observed.

4. Results

4.1. Apatite Fission Track: Long-Term Denudation of
the Sierra Nevada (>10° years)

[13] Central apatite fission track ages range between
5.7 £4.8 Ma (GU03-04) and 3.2 + 1.2 Ma (GU03-05) with
between 42% and 87% of the counted grains in each sample
yielding zero fission track ages (Table 1): errors are cited
+20. The ages of the single grains where tracks were visible
vary up to a maximum of ~30 Ma (GU03-04); two grains
yielding fission track ages of 29 and 32 Ma were analyzed.
Similarly, old fission track grain ages from samples close to
the BMZ have been reported by Johnson [1997], and they
may represent an inherited component and hence lower
grades of late Alpine metamorphism at higher structural
levels. For this reason the 5.7 Ma sample (GU03-04) is not
considered in our analysis. Further, the lack of confined
horizontal track lengths makes any detailed thermal model-
ing impossible.

[14] The AFT thermochronometer provides information
on a rock’s thermal history below ~110°C. The predomi-
nance of grains with no tracks indicate that these samples
have been recently and rapidly exhumed from depth of
~110°C. A rapid exhumation is also corroborated by the
uniformity of AFT sample ages collected over a vertical
distance of ~600 m (Figure 2). The presence of zero-age
grains and the values of the central ages suggest that a rapid
cooling occurred during the past 3—4 Myr; postdating the
ductile movements on the BMZ [Johnson et al., 1997,
Johnson, 1997]. We estimate that the average rate of cooling
of samples from 110°C to the surface, taking into account
the 20 uncertainties on the individual ages (excluding
sample GU03-04), ranges between 21 and 65°C Myr ',
Converting these cooling rates to denudation rates requires
an estimation of the geothermal gradient present during
exhumation. Geothermal gradients in orogens are poorly
known and can vary considerably within the shallow crust,
especially within highly fractured rocks [Dempster and
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Table 1. Apatite Fission Track Data From the Rio Torrente Catchment®
Uranium
Longitude Latitude Elevation, Number of Spontaneous Induced PXZ, Central FT Concentration,
Sample  (WGS84) (WGS84) m Crystals ps (Ng) pi (N)) %  Dosimeter po (6N) Age, Ma ppm

GU03-05 3°29'30" W 36°59'31” N 1900 31 0.139 (28) 5.286 (1067) 51.78 6.53 (5739) 32+1.2 9
GU03-02 3°30'07” W 36°59'29” N 1530 50 0.064 (22)  2.111 (722) 100 6.06 (5739) 34+14 4
GUO03-07 3°30'10” W 36°59'29” N 1492 28 0.087 (17)  2.952 (580) 96.65 6.4 (5739) 35+ 1.8 6
GU03-04 3°30'32" W 36°59'28” N 1295 31 0.028 (6)  0.547 (119) 82.77 6.198 (5739) 57+48 2

?Counting measurements were carried out by C. Persano (£ = 368 + 8, dosimeter CN5). Dosimeter track densities pp, spontaneous (ps) and induced (pr)
track densities are in 10° tr cm 2. The fission track ages were calculated using Trackkey [Dunkl, 2002] and are reported with a 2o error. Uranium
concentrations are also reported to highlight the fact that uncertainties in the AFT ages are strongly dependent of the abundance of U in the single apatite

crystals.

Persano, 2006]. However, we do have evidence that the
geothermal gradient in the Sierra Nevada was unusually
high. The stability of late andalusite throughout much of
this region [Argles et al., 1999] suggests a geothermal
gradient of ~50°C km ' at circa 20 Ma. This gradient is
likely to have relaxed after the metamorphic peak and so we
assume 50°C km ™' as a maximum value. This estimate
suggests that denudation rates over the last 3—4 Myr ranges
between 1.5 and 0.4 mm yr ', implying ~2 km denudation.
Using a lower assumed value for the geothermal gradient
(30°C km ™" [Johnson, 1997]) suggests an averaged denu-
dation rate of 1.4 mm yr ' similar to the 1.2 mm yr ' value
of Johnson [1997] and implying ~3.5 km of denudation.
Thus between 2 km and 3.5 km of crust has been denuded
over the past 3—4 Myr, at a rate of unroofing similar to that
determined by AFT thermochronology in other active
orogens [Hurford et al., 1989; Sorkhabi et al., 1996].

[15] The lack of track length measurements prevents the
possibility of better constraining the timing and duration of
this denudational event. Qualitatively the predominance in
almost all the samples of grains with zero age suggests that
this event may be even more recent than 3—4 Ma, but the
uncertainty in our AFT age estimates prohibits such spec-
ulation. Instead, we note that both our AFT data and that of
Johnson [1997] are consistent with the phase of increased
erosion and sedimentation between 4 and 5 Ma reported by
Fernandez et al. [1996].

4.2. Cosmogenic '"Be Measurements: Denudation in the
SW Sierra Nevada Over the Past 10°~10° years

[16] Measurement of '’Be concentrations in bedrock and
fluvial sediments may provide steady state erosion rate
estimates over 10°—10° year timescales [Lal, 1991;
Bierman and Steig, 1996; Granger et al., 1996]. This
method is therefore capable of linking short-medium term
patterns of erosion both to the development of relief and
present-day geomorphological processes. We have used one
of the best constrained cosmogenic nuclide systems, '°Be in
quartz [Gosse and Phillips, 2001], to assess the pattern and
rate of erosion in the Rio Torrente catchment (Figure 1b).
The interpretation of '’Be concentrations in bedrock and
fluvial sediment samples in terms of steady state erosion
rate is subject to a number of complicating factors [Lal,
1991; Bierman and Steig, 1996, Granger et al., 1996; Small
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et al., 1997; Gosse and Phillips, 2001; Vance et al., 2003]
that are discussed in Appendix A. However, we stress that
the order-of-magnitude differences in erosion rates reported
here are highly robust.

[17] Estimates of '°Be based erosion rates in the Torrente
catchment reveal a 2 order-of-magnitude variation (Tables 2a
and 2b and Figure 1b), reflecting the contrasting geomor-
phic processes associated with ongoing rejuvenation. The
19Be concentration within fluvial sediments (MRS 21B)
collected in the lower landslide-dominated catchment
(Figure 4) yield a high erosion rate of 1.6 + 0.4 mm yr '
This short-term (10? years) erosion rate is an order of
magnitude greater than the long-term (10° years) rate of
relative rock uplift (~0.5 mm yr "), suggesting consider-
able variation in short-term fluvial incision rates: the rock
uplift rate was estimated from vertical displacement of
alluvial fan sediments and equilibrium river incision.
Conversely, erosion in the unrejuvenated upper catchment
is 1 order of magnitude lower than the long-term rate of
rock uplift (see Figure 1b and Tables 2a and 2b). Both
bedrock outcrops (0.036 £ 0.01 mm yr ', n = 5) and soil-
mantled slopes (0.057 £ 0.012 mm yr ', n = 3) are eroding
at uniformly low rates over the characteristic timescale of
12 ka (i.e., the time required to erode 0.6 m, when 'Be
accumulation is most sensitive to surface erosion [Bierman
and Steig, 1996]).

5. Denudation History of the Western Sierra
Nevada

[18] The denudation history of the western Sierra Nevada
is characterized by marked contrasts between the rate of
erosion in river valleys and low-relief upland areas
(Figure 5). The concordance between in situ bedrock and
mean catchment-scale '°Be-derived erosion rates in the
upland portion of the Torrente catchment implies that the
rates of river incision and hillslope lowering are approxi-
mately equal, with a mean upland erosion rate of 0.044 +
0.015 mm yr ' (n = 8). This similarity points to a mature
drainage network in the upland part of the western Sierra
Nevada [cf. Hovius et al., 1998], where slow diffusive
processes dominate hillslope erosion. Further, the continued
presence of marine rocks on Alpujarride basement at high
elevations indicates that this low medium-term (10 years)

14
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Table 2a. Bedrock Erosion Rates®

19Be Production Thickness
Longitude Latitude Altitude, Rate, Clear 27 Horizon, Correction Shielding 1°Be Concentration, Bedrock Erosion Rate,
(WGS84) (WGS84) m atoms g’1 yro Factor Correction Factor 10° atoms g’1 SiO, mm yr’1
B1 3°26"23” W 37°0043” N 3005 41.0+£4.2 0.98 = 0.01 n/a 486 + 14 0.05 + 0.005
B2 3%2713"W 37°0037"N 2540 30.8 +3.1 0.98 + 0.01 0.99 + 0.05 329 + 20 0.06 + 0.007
B5 3°2841” W 37°0046" N 2170 242 +25 0.97 +£0.01 0.97 £ 0.08 557 £ 27 0.03 + 0.003
B 11 3°28'51"W 36°5921" N 2130 235+£24 0.99 + 0.01 n/a 1635 + 60 >0.01 + 0.001°
B39 3°2901” W 37°0001” N 1910 203 £ 2.1 0.98 + 0.06 0.76 = 0.07 414 £ 18 0.02 £+ 0.003
B 41 3°28'50" W 36°5943" N 2030 22.0+22 0.97 + 004 0.75 + 0.02 475 £ 24 0.02 + 0.002

*The '°Be production rate (muon and spallation) at sea level and high latitude (5.1 + 0.3 atom g~ ' yr~ ") is scaled to the appropriate latitude and altitude
using the scaling parameters of Stone [2000]. Cited in situ bedrock '°Be production rates are not corrected for sample thickness or exposure geometry, but
the necessary correction factors are listed. These '’Be production rate thickness and shielding correction factors use an attenuation length of 160 g cm 2
and rock density of 2.71 g cm > [Dunne et al., 1999]. Catchment wide '°Be production rates are calculated from a 3 m digital elevation model and
corrected for topographic shielding [Codilean, 2006] using the mean of all upstream cells. The erosion rate formulations of Granger and Smith [2000] and
Granger et al. [2001, equation 1] are used to calculate mean catchment and bedrock erosion rates from (1) the '°Be concentration of (0.25—0.5 mm) fluvial
quartz, collected from sandbars along a 20—30 m reach: 4 g of pure quartz was isolated for MRS18 and between 45 and 56 g for the other three sediment
samples and (2) multiple quartz veins collected from one or more closely spaced bedrock exposures: bedrock sample thicknesses in centimeters are as
follows: B1(2.1), B2(2.2), B5(2.3), B11(1.4), B39(2.8), B41(3.2). Uncertainties represent one standard error measurement uncertainty; production rate, and

other errors [Gosse and Phillips, 2001] are fully propagated and added in quadrature; n/a, not applicable.
"The erosion rate calculated from sample B11 (>0.01 = 0.001) must be interpreted as a minimum value because the sample had a cosmic ray exposure

geometry >27 [Dunne et al., 1999].

erosion rate is representative of the long-term (>1 Myr) rate
of erosion at high altitudes. Thus there is a significant
disequilibrium between surface erosion rates over the past
10* years to 10° years (~0.04 mm yr~ ') at high altitudes and
the estimated rate of regional rock uplift (~0.5 mm yr ).
The order-of-magnitude difference between these two rates
indicates that surface processes acting on these upland
surfaces are unable to keep pace with rock uplift. It follows
that the mountain range is not in topographic steady state and
upland areas continue to increase in elevation. In contrast,
over similar timescales the valleys of the western Sierra
Nevada have developed ~1.6 km of relief, indicating that
fluvial incision is locally efficient and capable of trans-
porting material at a rate approximating to that of rock uplift
over long timescales. Hence rapid rock uplift must inevitably
lead to increased relief of the mountain range, which devel-
ops with steep valley sides and a relatively flat top.

[19] Our AFT age determinations from high-elevation
parts of the Torrente catchment imply that at least 2 km
of denudation has occurred in the past ~4 Myr, in agree-
ment with other thermochronological determinations from

the Nevado-Filabride bedrock [Johnson, 1997; Johnson et
al., 1997]. These latter studies identified a major phase of
tectonic denudation that occurred on the BMZ between 9
and 8 Ma and in addition reported a general decrease in
AFT ages toward high-elevation areas similar to the rela-
tionships we observe in the Torrente catchment (Figure 2).
These age-elevation trends imply that denudation has been
preferentially focused near the mountain tops and must
either be linked to a period of accelerated surface erosion
in the central Sierra Nevada at 4—5 Ma [Johnson, 1997,
Johnson et al., 1997] or another period of tectonic denuda-
tion affecting the core of the orogen. Importantly, the
preservation of Tortonian sedimentary rocks on high-
elevation Alpujarride basement rocks (Figures la and 5)
dictates that the rate of surface erosion has remained
exceptionally low in some upland areas over the past
9 Myr [Sanz de Galdeano and Lopez-Garrido, 1999; Braga
et al., 2003]. Hence surface erosion cannot be responsible
for the >2 km of denudation implied by the youngest AFT
determinations, as such a scale of erosional unroofing must
have affected all upland areas including those areas where

Table 2b. Mean Erosion Rates Calculated From 0.25-0.5 mm Sized Sediment®

Altitude Mean Catchment
Longitude Latitude Range, Mean '°Be Production 19Be Concentration, Erosion Rate,
(WGS84) (WGS84) m Rate, atoms g~ yr~ ' 10* atoms g~ SiO, mm yr!
Unrejuvenated Upper Catchment
MRS 3 3°2725" W 37°00'15” N 2470-2750 323+32 211 £ 11 0.1 £0.01
MRS 12B 3°29'15" W 36°59'14” N 1970-2520 262 +2.6 650 + 25 0.03 + 0.003
MRS 18 3°29'37" W 36°58'51" N 19002470 23.5+23 397 + 45 0.04 + 0.005
Rejuvenated Lower Catchment
MRS 21B 3°30'46” W 36°59'20" N 1150-3005 23.7+24 10.5 £2.7 1.6 £04

See Table 2a footnote.
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Figure 5. Block model of the Torrente catchment showing idealized geological structure. This model

emphasizes the spatial relationship between circa 4 M

a AFT age estimates implying >2 km of denudation,

>7 Ma marine sediments implying <200 m of denudation and the 2 order-of-magnitude difference

between '’Be surface erosion rate estimates in rejuv

marine sediments are observed today. The abrupt contrast in
denudation implied by the proximity of young AFT ages
and the remnants of old marine sediments can only be
explained by fault-controlled exhumation and so the local-
ized rapid denudation of upland areas since circa 4 Ma must
involve unroofing via extensional detachments above the
Nevado-Filabride core. This process of tectonic denudation,
promoted by rapid surface uplift coupled with inefficient
upland erosion, could potentially remove significant vol-
umes of crust from high-elevation footwall areas without
significant subaerial erosive denudation of the high-
elevation hanging wall rocks. The movement of these
blocks away from the central uplands on extensional detach-
ments during the past ~4 Myr could account for relatively
young AFT ages within the central core areas and generate
the apparent negative age-clevation relationship observed
by Johnson [1997] in the western Sierra Nevada (Figure 2).
Tectonic denudation at this time must also have influenced
topography and surface processes and may have been
responsible for the pulse of clastic sediments in the Granada
basin [Ferndndez et al., 1996]. The general geomorphic
signature associated with tectonic denudation seems likely
to be steep-sided, flat-topped mountain ranges.

8 of

enated and unrejuvenated areas.

[20] The reactivation of the BMZ is one obvious candi-
date for a tectonic denudation [Platt and Behrmann, 1986].
However, the early structural fabrics within the mylonites
form at significantly higher temperatures than those re-
quired by the cooling of the AFT system [Gallagher,
1995]. Sanz de Galdeano and Lopez-Garrido [1999] have
identified several low-angle extensional detachments within
the Alpujarride complex of the western Sierra Nevada
(Figures la and 6). These extend to depths of ~1.5 km,
and typically terminate along the western mountain front
against active normal faults. The geometry of these brittle
extensional structures is consistent with these detachments
being driven by surface uplift of the Sierra Nevada
(Figure 5) [Sanz de Galdeano and Lopez-Garrido, 1999],
sufficient to cause gravity sliding along the shallowly
dipping structures and weak phyllites and schists of the
Alpujarride and Nevado-Filabride units. Thus the breccia-
tion of Alpujarride dolomites close to the mountain front is
probably due to the toe of the detachments continually
overstepping the bounding faults (Figure 7), as envisaged
by Beck [1968]. No large fault scarps associated with such
detachments are obvious in the high Sierras, but slickensided
surfaces are common in Alpujarride bedrock. The absence of

14
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Figure 6. Structural cross sections through Alpujarride bedrock in the western Sierra Nevada [from
Sanz de Galdeano and Lopez-Garrido, 1999]. The location of each cross section is shown in Figure la.
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a.Normal faulting of

metamorphic basement
(pale grey and white)
and overlying marine
sediments (dark grey).

b.Further faulting, incision
to new base-level (dashed
line), deposition of clastic

sedimentary rocks. Future
low-angle failure surfaces

marked by dotted lines.

c.Tectonic denudation,
broadening of orogen.

d. Further normal faulting
at mountain front,
incision and deposition.

e.Tectonic denudation,
juxtaposition of old marine
sediments (dark grey) and
deeply denuded basement
rocks (star) at similar elevation

Figure 7. Cartoons showing the development of tectonic denudation in response to rock uplift,
basement faulting, base level change, and fluvial incision. Normal faulting at the edge of the orogen
progressively generates relief and brecciates rocks at the mountain front, while periodic tectonic
denudation broadens the orogen and unroofs the core.

fault scarps may be a reflection of the generally flat-lying
nature of the structures within the orogen and so the detach-
ments tend not to produce steeply dipping scarp faces.

6. A Model for the Topographic Development
of Young Orogens

[21] The denudation record of the Sierra Nevada over the
past ~4 Myr is consistent with unroofing having been

accomplished by two different mechanisms, subaerial ero-
sion at the edge of the orogen and tectonic denudation of the
core (see summary in Figure 8). We suggest that these two
mechanisms are linked and that in response to rapid uplift,
inefficient river incision promotes relief generation until the
limits of crustal strength are reached, whereupon gravity
sliding is initiated along structural weaknesses (Figure 7).
In this model tectonic denudation occurs episodically
(Figures 7c and 7e) in response to the attainment of critical
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Evidence Interpretation Conclusion
Boundary of mountain block Increasing elevation of summits
Significant recent vertical movement on Padul fault Rapid rock uplift over the past 10° — 10° years
(1,2,3.4)
Valleys Rapid river incision
(Geomorphology & Cosmogenic isotopes)
Deep valleys (~1.5 km) Efficient, long (>10’ a) term river incision
Low '“Be concentration in sediment Rapid incision and hillslope erosion over short
term (>1 mm.a™) Rapid tectonic

Uplands
(Geology, Cosmogenic isotopes & Geomorphology)
Local preservation of >7 Ma marine sediments (5)

High "°Be concentrations in sediment and bedrock

Low angle, low relief hillslopes

Slow erosion

relief of mountain
Locally ca. 200 m of erosion over long term belt due to
inefficient fluvial
. . ) incision at high
Slow erosion over medium term (0.044 mm.a™) i
elevations

Slow diffusive processes dominate erosion

denudation driven
by increasing

Thermochronology

Young AFT ages in core of orogen, older in peripheral
areas (6)

Locally rapid denudation

ca. 2 km of denudation in past 3-4 Ma, focused in
the core of the orogen

Structures

Strong deformation fabric in phyllites and slickensided

surfaces
Extensional detachments in cross-section (4) depth

Brecciation at mountain front (7)

Fault controlled denudation

Presence of tectonic detachments up to 1.5 km

Source of data: (1) Reinhardt, 2005; (2) Sanz de Galdeano, 1996; (3) Keller et al., 1996; (4) Sanz de Galdeano & Lopez
Garrido, 1999; (5) Braga et al., 2003; (6) Johnson, 1994; (7) Calvache et al., 1997.

Figure 8. Summary table of denudation history of the western Sierra Nevada.

shear values associated with the continued production of
relief (Figures 7a, 7b, and 7d).

[22] The relationship between relief generation and tec-
tonic denudation seems unlikely to be unique to the Sierra
Nevada. Other mountain belts, such as the Himalaya and
New Zealand Alps, show a suite of features linked to
gravitational collapse ranging from orogen-scale normal
faults to sackung collapse of ridges and individual slope
failures [Beck, 1968; Shroder and Bishop, 1998]. The larger
of these are thought to pass into ductile zones at depth
[Kapp and Guynn, 2004; Edwards and Harrison, 1997,
Garzione et al., 2003], whereas the sackung and smaller
brittle failure surfaces may become listric faults that inter-
sect the surface on lower slopes of the orogen [cf. Beck,
1968]. We propose that the process of tectonic denudation
of high-relief orogens should incorporate all scales of brittle
detachments as they represent a continuum and are all
controlled by a combination of high relief and unstable
detachment surfaces. We suggest that deformation fabrics
associated with major thrusts precondition the rock to

failure along both shallow- and deep-seated landslides
(<100 m depth [Dramis and Sorriso-Valvo, 1994]) and the
type of gravity-slide structures documented in the Sierra
Nevada (<1.5 km depth [Sanz de Galdeano and Lopez-
Garrido, 1999]). Gravitational collapse of the type de-
scribed in the Sierra Nevada is especially likely in regions
where the normal faulting responsible for the formation of
high relief is the same process that removes the rock
buttresses at the margin of the mountain block.

[23] Schmidt and Montgomery [1995] argued that moun-
tain relief might be strength limited, as rock strength
mediates the depth and frequency of bedrock landslides.
We argue that this concept may be extended to include
deeper (>100 m) crustal processes such as tectonic denuda-
tion in general. This is consistent with the view that brittle
upper crustal processes such as gravity sliding and bedrock
landsliding contribute toward lateral extension and the
gravitational collapse of mountain belts [Avouac and Burov,
1996; Rey et al., 2001]. Our model of orogenic development
is most applicable to either landscapes with low precipita-
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tion or those incapable of supporting warm based glaciers in
upland areas [cf. Brozovic et al., 1997]. High-latitude
glaciation may promote relief development through the
opposing actions of cold and warm based glaciers; cold
based glaciers can protect low-relief upland surfaces while
warm based glaciers efficiently excavate deep U-shaped
valleys [Fabel et al., 2002; Stroeven et al., 2002; Li et al.,
2005]. In warmer more humid regions, with a high drainage
density, river incision may also provide an effective limit to
relief [Tucker and Slingerland, 1997; Tucker and Bras,
1998; Whipple et al., 1999; Gabet et al., 2004]. Conse-
quently, it seems likely that the behavior documented here
will characterize small and hence relatively young active
orogens in cold and/or arid to semiarid regions.

7. Conclusions

[24] Denudation of the Sierra Nevada has been accom-
plished through a range of processes from shallow bedrock
landsliding to deeper gravity sliding within the crust. The
upland areas of the western Sierra Nevada are insensitive to
fluvial incision and surface processes are unable to keep
pace with rapid rock uplift. Consequently, high-elevation
areas maintain a low-relief landscape with low slope angles.
However, at lower elevations close to the edge of the
orogen, rivers and the adjacent hillslopes are sensitive to
normal faulting at the mountain front and erosion rates are
an order of magnitude faster than those in upland areas. This
contrast in erosion rates dictates that overall relief of the
mountain belt continues to increase until the limits of crustal
strength are reached and gravity sliding occurs. Such deep-
seated tectonic denudation provides an effective limit to
relief with maximum relief controlled by the strength of the
weakest rock mass or structure. The frequency and scale of
movement of such detachments is controlled by normal
faulting at the mountain front coupled to river incision at the
edge of the mountain block. Such tectonic denudation,
linked to rock uplift and inefficient fluvial incision near
mountain tops seems likely to be episodic and may be a
general characteristic of young orogens in cold and/or arid
to semiarid regions.

Appendix A: Interpretation of Cosmogenic
Nuclide Concentrations in the Torrente
Catchment

[25] The requirements for steady state erosion rate esti-
mation from '°Be concentration in bedrock and fluvial
sediment are discussed here. The '’Be concentration of
quartz in fluvial sediments was assessed at three sites in
the upper unrejuvenated catchment (MRS 3, MRS 12B, and
MRS 18) and one in the lower rejuvenated catchment
(MRS 21B). Erosion rates from fluvial sediment estimate
the average erosion rate of all quartz-contributing areas
[Bierman and Steig, 1996; Granger et al., 1996]. Almost
all of the quartz comes from the area to the east of the BMZ
where quartz veins are ubiquitous and the weight% of
quartz grains in each sediment sample is uniform (11 +
2%); hence it is the average erosion rate of this area that we
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determine. The area west of the BMZ is dominated by
metacarbonates of the Alpujarride complex, which contain
negligible quartz. The dominant form of bedrock weather-
ing in the upper catchment is downslope transport via slow
diffusion of regolith that has been produced beneath a thin
soil cover. The '°Be-based erosion rate estimates are unaf-
fected by this type of regolith cover [Granger et al., 1996].

[26] The 'Be technique requires that the rate of '’Be
accumulation equals the rate of removal by erosion and
radioactive decay [Lal, 1991]. Such a steady state is reached
once ~3 m thickness of material is removed, under a regular
weathering regime [Bierman and Steig, 1996; Reinhardt et
al., 2007]. In reality, most surfaces weather by detaching
slabs, blocks or grains [cf. Niemi et al., 2005]. This is
especially true in the lower part of the Torrente catchment
where rapid river incision and strong schistosity combine to
promote shallow (<1 m) rock and debris slides. The '°Be
concentration of regularly landsliding surfaces varies
between being greater and less than the actual mean value,
which is required for erosion rate estimation. Fortunately,
this variability is minimal in regions where landslide depths
do not exceed 1 m. Reinhardt et al. [2007] used finite
difference approximations to quantify the variability in
steady erosion rates due to bedrock spalling in the lower
Torrente catchment and found that in situ and fluvial
sediment-based erosion rates can be estimated by amalgam-
ating an appropriate number of independent samples. Only
one fluvial sediment sample (MRS 21B) was collected for
""Be analysis in the lower landside dominated catchment
and the 56 g of pure quartz isolated for '’Be measurement
probably contains enough grains (>1 x 10°) to represent all
upstream erosional “‘events” <1 m depth [Niemi et al.,
2005; Reinhardt et al., 2007]. In addition, the large volume
of sediment in the lower catchment is primarily transported
via infrequent debris flows. The '’Be measurements are not
substantially affected by recent debris flow activity, as the
time required for a typical sediment grain to be exhumed
from a hillslope and transported to a small channel or
hollow is much longer than the time required for it to be
transported through the fluvial channel network [Kirchner et
al., 2001]. No large sedimentary deposits are observed
upstream of the sampling sites.

[27] Prior to the establishment of the current climatic
regime at circa 12 ka [Jalut et al., 2000], the area was
subject to periglacial (but not extensive glacial) activity
[Sanchez et al., 1990]. High-altitude areas must have
been covered by snow during these and later times. How-
ever, we have chosen to ignore the shielding effect of snow
cover on '’Be concentrations as this study focuses on order-
of-magnitude variations in erosion rate unlikely to be
affected by such considerations [Schildgen et al., 2005].
During the postglacial transition to a relatively warm Holo-
cene climate, erosion rates may have declined as periglacial
activity became more restricted, potentially resulting in
disequilibrium between nuclide concentrations in bedrock
and sediment and the new erosion rates. Numerical analysis
[Riebe et al., 2001, Appendix 1, equations 5 and 6;
Reinhardt et al., 2007] indicates that this potential disequi-
librium does not affect order-of-magnitude modern erosion
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rates estimated from bedrock and fluvial sediments in the
Torrente catchment provided that such rates have been

regular during the Holocene.
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