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Hypotheses regarding uplift of the Sierra Nevada Mountains (Sierra), California, USA, vary from a single
slowly tilting block to rapid Pliocene and/or Quaternary uplift in the south exclusively. To test these
hypotheses, we examined geomorphic indices of the western Sierra. We interpret longitudinal profiles of the
larger westerly flowing rivers, mountain front sinuosity, valley floor-to-width to height ratio, and relief ratio
to show that relative tectonic activity is greater in the southern Sierra near the Kern River Gorge fault. The
Sierra range crest profile indicates that the increased tectonism is related to more recent uplift in the
southern Sierra. Only westward migration of Basin and range extension is consistent with the locus of uplift
in the southern Sierra. We hypothesize that the Sierra topography is the result of Pliocene delamination-
related uplift in the central Sierra and post-Pliocene interaction of the San Andreas, Garlock, and Sierra
Nevada Frontal fault zones.
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1. Introduction

Several different hypotheses for the style and mechanism of late
Cenozoic Sierra Nevada Mountains, California, USA (Sierra) surface
uplift have been proposed (Huber, 1981; Unruh, 1991; Wakabayashi
and Sawyer, 2001; Stock et al., 2004). Mechanisms range from
uniform uplift (Wakabayashi and Sawyer, 2001), Basin and Range
extension (Niemi, 2003), lower crust and upper mantle delamination
(Saleeby and Foster, 2004) to climatically driven denudation (Small
and Anderson, 1995). Taken at face value, these hypothesized
mechanisms should produce differing rates and amounts of range
uplift (Fig. 1) and must account for the anomalous topography in the
Kings–Kaweah region (Saleeby and Foster, 2004) and explain basin
formation in the southern San Joaquin Valley (Bartow, 1991).

Geomorphic studies have focused on the topographic expression
of specific aspects of late Cenozoic Sierra tectonic geomorphology
such as Kings River incision (Stock et al., 2004), geomorphic change
along the eastern mountain front (e.g., Brocklehurst and Whipple,
2002), or incision of northern rivers (Huber, 1981; Unruh, 1991). An
underlying assumption of late Cenozoic Sierran tectonic geomorphol-
ogy is that the normal-slip Owens Valley Frontal fault generates an
active mountain front to the east, whereas the western range front is
passive. However, the premise of a passive western mountain front
overlooks or was developed prior to recognition of (1) the
geomorphically youthful Kern River Gorge fault in southwestern
Sierra (Fig. 1; Nadin and Saleeby, 2010); (2) the post-Pliocene incision
of the westward-flowing Kings River (Stock et al., 2004); (3) the
mantle delamination and accompanying mantle drip and anomalous
topography at the western range front (Fig. 1; Saleeby and Foster,
2004). In addition, no geomorphic study has examined the geomor-
phic variation of the Sierra with latitude due to the lack of adequate
paleo-channel indicators south of the San Joaquin River (Wakabayashi
and Sawyer, 2001).

In this study, we apply geomorphic indices to the western
mountain front and west-flowing rivers of the Sierra. We chose
geomorphic indices based on their likelihood to record perturbations
(e.g., mountain front sinuosity; Burbank and Anderson, 2001) or reach
equilibrium (e.g., longitudinal profiles and valley floor width to height
ratios of trunk streams; Bull, 1984) over late Cenozoic time scales.
These types of geomorphic indices are most commonly applied to
mountain fronts with a well-defined bounding fault; however, the
western Sierra mountain front is hypothesized to have tectonically
generated topography (Saleeby and Foster, 2004) and rivers respond-
ing to mountain uplift and base level drop (Stock et al., 2004). When
combined, geomorphic indices may distinguish between areas with
varying uplift rates along the length of a particular mountain range
(e.g., Bull and McFadden, 1977; Wells et al., 1988).

We examine the western Sierra mountain front in an attempt to
detect tectonic geomorphic changes related to the fault-bounded
southwestern area and the mantle delamination and drip in the west-
central region (Saleeby and Foster, 2004; Stock et al., 2004) as well as
other proposed mechanisms of tectonic uplift. Advantages to
examining the western drainages are that (i) the large rivers with
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Fig. 1. Sierra Nevada and vicinity (after Atwater et al., 1986). Dotted line is edge of San Joaquin and Sacramento River valleys. Long dash line is approximate location of Sierra Nevada
crest and range crest profile. Mt. Whitney is the highest point in the Sierra. The circular area is the approximate location of the mantle drip (Saleeby and Foster, 2004). Major faults
are San Andreas (SA), Garlock (G), Owens Valley frontal fault (OWFF), White Wolf (WW) and Kern River Gorge (K). Ball and bar and barb are on hanging wall for normal and thrust
faults, respectively. Strike-slip motion shown by arrows. The precipitation contours of 150 cm/yr and 75 cm/yr are generalized fromNational Atlas of the United States (2010). Limits
of glaciation are the Tahoe stage of Blackwelder (1931) taken from Atwater et al. (1986).
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their greater stream power will reach equilibrium more rapidly than
tributary drainages and therefore will only record sustained uplift or
base level changes and (ii) only the headwaters of the rivers is
impacted by late Pleistocene glaciations (Fig. 1) whereas the eastern
drainages were eroded by late Pleistocene glaciers that extended onto
the adjacent piedmont.

2. Regional setting

Thermochronologic studies have shown that an ancestral Sierra
was uplifted (i.e., surface uplift) during the late Cretaceous to earliest
Cenozoic, followed by much lower rate of uplift in the middle to late
Cenozoic (Dumitru, 1990; House et al., 1997, 1998, 2001; Cecil et al.,
2006). This two-phase uplift history is seen throughout the Sierra from
the Kern River to the American River (Cecil et al., 2006). Late
Cretaceous elevations were high enough to generate a rain shadow
(Poage and Chamberlain, 2002) with an estimated crest elevation
range of b1500 m (Clark et al., 2005). The second uplift phase in the
late Cenozoic started between 5 and 10 Ma (Huber, 1981; Graham
et al., 1988; Unruh, 1991; Wakabayashi and Sawyer, 2001 Clark et al.,
2005) and was dominated by westward tilting. Several studies have
concluded that the total surface uplift during this second phase was
approximately 950–2500 m (Huber 1981; Unruh, 1991; Wakabayashi
and Sawyer, 2001; Clark et al, 2005). Through the years, a number of
studies proposed a variety of tectonicmechanisms to produce this late
Cenozoic uplift and the present elevation of the mountain range.
Different amounts of late Cenozoic uplift, both spatially and temporally
(Fig. 2), are predicted by the hypothesized uplift mechanisms.

The most frequently cited mechanism is westerly tilting attributed
to normal faulting along the east side of the Sierras (Huber, 1981;
Unruh, 1991). Based on river incision and sedimentation data, Huber
(1981) proposed that the Sierras experienced uniform westward
tilting of the entire Sierra from north to south (Fig. 2e) because of
uplift on the Owens Valley Frontal fault. Wakabayashi and Sawyer
(2001) supported this hypothesis by noting that relatively uniform
uplift rates inferred from river incision are seen from the Yuba River
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Fig. 2.Hypothetical relations between tectonic geomorphic indices and differing tectonic uplift scenarios: (a) delamination caused by Basin and Range extension (Ducea and Saleeby,
1998; Liu and Shen, 1998; Manley et al., 2000; Niemi, 2003); (b) northward migration of the Mendicino triple junction (Crough and Thompson, 1977); (c) delamination in the
central and northern Sierras (Farmer et al., 2002); (d) mantle drip (Saleeby and Foster, 2004); (e) uniform uplift related to slip on the Owens Valley frontal fault (Wakabayashi and
Sawyer, 2001); (f) climate-driven isostatic rebound (Small and Anderson, 1995).

Fig. 3. Sierra Nevada range-crest profile. Key topographic features are the North Fork of
the Mokelumne River (NFMoR); Merced River (MR); Merced and San Joaquin River
drainage divide (M/SJ); San Joaquin River (SJR); King River (KiR); and South Fork of the
Kern River (SFKeR). Location of profile is shown on Fig. 1.
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south to the San Joaquin River. One shortcoming of this hypothesis is
the lack of datable geomorphic markers south of the San Joaquin
River.

Alternatively, Sierran uplift may be in response to the northward
migration of the Mendocino triple junction that resulted in crustal
thinning in response to an increase in heat flux after the removal of
the subducted slab (Crough and Thompson, 1977; Jones et al., 2004).
According to this hypothesis, because the triple junction moved from
south to north, the southern Sierra have been rising the longest and
have therefore experienced the most total uplift (Fig. 2b).

Still another hypothesis proposes that uplift initiated because of
westward migration of Basin and Range extension (Niemi, 2003).
Extension may be related to delamination of the upper mantle from
the lower crust (Ducea and Saleeby, 1998; Liu and Shen, 1998; Manley
et al., 2000; Niemi, 2003). Once the lower crust delaminated and sank
into the mantle, rising asthenosphere induced uplift (Ducea and
Saleeby, 1998; Liu and Shen, 1998). Because Basin and Range
extension propagated to the NW over time (Reheis and Dixon,
1996; Monastero et al., 2002) and delamination began in the late
Miocene or early Pliocene (Manley et al., 2000), the associated uplift
would have progressively decreased with time. Assuming this is true,
the most recent uplift would be located in the northern Sierras, the
last place to experience Basin and Range extension (Fig. 2a).

Delamination may not have occurred in the southernmost Sierras
near the Kern, Kaweah, and Tule Rivers, but rather in northerly parts
of the range. This hypothesis is based, in part, on the absence of high
potassium Pliocene volcanism associated with delamination in the
Kern Volcanic Field in the southern Sierra (Farmer et al., 2002). This
hypothesis predicts that the least amount of tectonic activity would be
found in the south-central Sierras (Fig. 2c). Furthermore, the effects of
Pliocene delamination in the northern and central Sierras would have
decreased throughout the Quaternary as the crust rebounds. This
decrease in uplift rate during the Quaternary has been observed in the
Sierras (Stock et al., 2004).

The Pliocene delamination and subsequent mantle instability
would have generated a mantle drip structure (Fig. 1) in the mantle
below the Tulare Basin (Saleeby and Foster, 2004). This mantle drip
may be pulling down the crust near the Kings, Kaweah, and Tule Rivers
(Fig. 2d), generating a basin in this region of the San Joaquin Valley.

Another hypothesis infers that tilting of the Sierras may be in
response to isostatic rebound from high rates of glacial erosion
(Montgomery, 1994; Small and Anderson, 1995). According to Small
and Anderson (1995), this hypothesis predicts that the greatest
amounts of denudation, and therefore isostatic response, occurred in
areas with the greatest glaciation. The formation of glaciers depends
on elevation and the rate of precipitation. The highest elevations are
found in the central Sierra (Fig. 3). Sierra precipitation varies more
with elevation than with latitude, but precipitation is higher in the
northern Sierras (Fig. 1). As a result, the southernmost Sierra near the
Kern River would have had the least glaciation as it has lower
elevations and precipitation and, consequently, relatively lower uplift
rates (Fig. 1G).

The main data sets previously used to evaluate these different
hypotheses is river incision (Huber, 1981; Wakabayashi and Sawyer,
2001; Stock et al., 2004). However, as mentioned above, incision rates
are limited to the area north of the Kings River because datable
deposits are not found within the Kaweah, Tule, and Kern drainages
(Wakabayashi and Sawyer, 2001; Stock et al., 2004). Likewise, the
detailed study of tilted strata in the San Joaquin Valley is limited to the
region between the Kings and Feather Rivers (Unruh, 1991).
Geomorphic indices can be used along the entire range since there
are no data constraints.

3. Methods

3.1. Base maps

Digital elevation models (DEMs) were used to calculate geomor-
phic indices. Whenever possible, 10-m DEMswere used instead of the
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lower resolution 90-m DEMs. The 90-m DEMs cause artificial
decreases in the measurements of slopes and channel lengths
(Finlayson and Montgomery, 2003). In a few locations, 10-m DEMs
are not available and 30-m DEMs were used in their place. The
measurement of mountain front sinuosity was made using 90-m
DEMs. All river length measurements were made using Rivertools, as
were all river longitudinal profiles. Mapinfo v 7.0 was used in the
measurement and calculation of all other values (Table 1).
3.2. Tectonic geomorphic indices

Tectonic activity induces topographic and base-level changes in
fluvial systems that may be used to decipher relative tectonic activity
among mountain ranges (e.g., Bull and McFadden, 1977) and
segmentation along a single mountain range (e.g., Wells et al.,
1988). Quantification of geomorphic response to tectonic activity may
be done by using geomorphic indices (Bull, 1984). Geomorphic
indices applicable to fluvial systems in different regions, and of
varying size (Strahler, 1958), correlate with independently derived
uplift rates (Kirby and Whipple, 2001; Merritts and Vincent, 1989;
Rockwell et al., 1985) and are applicable to a variety of tectonic
settings where topography is being changed (Azor et al., 2002; Bull
and McFadden, 1977; Wells et al., 1988). Bull and McFadden (1977)
showed that geomorphic indices applied to half grabens in the Basin
and Range clearly discriminate between the active and inactive sides
of a range.
Table 1
Summary and explanation of morphometric parameters used in tectonic landform analysis

Morphometric index Mathematical derivation

Mountain front sinuosity Lmf
Ls

Valley floor width to height ratio Lfw
[(El−Es)+(Er−Es)] /2

Relief ratio Lr
Ed � Ev

Concavity Ac
At
3.2.1. Mountain front sinuosity
Mountain front sinuosity (Table 1) is the ratio of the distance along

the mountain front at the mountain front piedmont intersection over
the straight line distance of the same mountain front (Bull and
McFadden, 1977). The mountain front sinuosity was calculated along
different segments of the mountain front that have the same strike.
Rivers debouching along a fault-bounded, actively uplifting mountain
front have little time to laterally erode, yielding a linear mountain
front with sparse embayments. The less active themountain front, the
greater the amount of lateral erosion and embayment of themountain
front-piedmont intersection. Thus, a tectonically active mountain
front will have a mountain front sinuosity (MFS) value close to 1,
whereas an inactivemountain frontmay have values as high as 7 (Bull
and McFadden, 1977).
3.2.2. Valley floor width-to-height ratio
Valley floorwidth to valley height ratio is calculated (Table 1) 1 km

upstream from the mountain front as the width of the valley floor
divided by the average height of the valley divides (Bull and
McFadden, 1977; Rockwell et al., 1985; Wells et al., 1988). This
index quantifies the observation that V-shaped valleys are formed in
more tectonically active areas,whereasU-shapedvalleys are formed in
less active settings. More tectonically active mountain fronts will have
V-shaped valleys and very low ratios because they will have steeply
incised gorgeswith high relief and narrowvalleys (Bull andMcFadden,
1977).
(after Wells et al., 1988).

Measurement procedure

Unlabelled image
Unlabelled image
Unlabelled image


Fig. 4. Plots of (A)mountain front sinuosity, (B) valley floor width to height ratio and (C) relief ratio versus distance NE of the Kern River. Gray bars indicate rivers shown on Fig. 1 and
as labeled on A.

Table 2
Valley floor height-to-width ratios.

River Valley floor height-to-width ratio

Kern 0.1
Tule 2.0
Kaweah 8.0
Kings Dammed
San Joaquin Dammed
Merced Dammed
Mokelumne Dammed
American Dammed
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3.2.3. Relief ratio
The relief ratio measures the average gradient of a river (Table 1).

It is calculated as the basin relief divided by the stream length
(Strahler, 1958). When a large river is uplifted, the higher order
streams (near the mouth of the river) will have enough stream power
to incise into bedrock, thereby lowering to the new base level. This
incision will increase the relief of the basin without increasing the
length of the river, so that the overall gradient of the river increases.

3.2.4. Longitudinal profiles of trunk streams
The gradients and longitudinal profiles of rivers have been

extensively used to interpret tectonic history (Wells et al., 1988;
Merritts and Vincent, 1989; Kirby and Whipple, 2001; Mayer et al.,
2003; Snyder et al., 2003; Schoenbohm et al., 2004). River profiles
record long-term system equilibrium (Ritter et al., 2002). Longitudi-
nal profiles of rivers show tectonic activity through their overall
morphology and knickpoints in locations where there is a rapid
change in river gradient. Rivers in equilibrium have a concave upward
shape where higher order streams have lower gradients than lower
order streams (Keller and Pinter, 2002). Rivers in uplifting mountain
belts are in disequilibrium and may have a convex upward shape. The
convex upward shape is only maintained until the river is able to
incise the convex upward part of the profile. Because the highest order
streams have the greatest stream power, these streams are more
likely to reach equilibrium faster (Burbank and Anderson, 2001).

Faults that cross the stream's profile will create a deviation from
the concave upwards longitudinal profile. To regain equilibrium, the
knickpoint (a location with a large change in gradient) will migrate
upstream through the profile. Downstream from the knickpoint is the
newly incised area and upstream is the former equilibrium gradient of
the river. The location of knickpoints has been used to infer tectonic
activity (Merritts and Vincent, 1989; Monastero et al., 2002; Hodges
et al., 2004; Schoenbohm et al., 2004) and amount of uplift (Hodges
et al., 2004).

3.2.5. Longitudinal profiles of tributaries
Most longitudinal profile studies focus on the trunk streams;

however, tributaries may add insight because their lower stream
power results in a slower return to equilibrium profile than the trunk
stream (Snyder et al., 2003). In areas where the trunk stream has a
convex profile and no knickpoints, tributaries with knickpoints may
be used to interpret past tectonic activity (Schoenbohm et al., 2004).
3.2.6. Concavity of tributaries
The concavity index is used to quantify the longitudinal profile

morphology (Wells et al., 1988; Kirby and Whipple, 2001). The
concavity index is the area under the normalized stream profile
(Table 1; Wells et al., 1988). The elevation is normalized by dividing
the elevation at a given location by the total basin relief. The distance
is normalized by dividing the distance of any given point downstream
by the total distance from divide to the confluence between the
tributary and trunk stream. The fraction of area under the curve is
then calculated. Equilibrium profiles will have a lower concavity
index, whereas rivers in tectonically active regions will have higher
concavity indices (Table 1).
4. Results

4.1. Mountain front sinuosity

In the southern Sierra near the Kern River, the mountain front
sinuosity is 1.4 (Fig. 4). North of the Kern River, the mountain front
sinuosity increases to 1.8. Near the Merced, Mokelumne, and
American Rivers the mountain front sinuosity increases again to 2.3.
4.2. Valley floor width-to-height ratio

A series of dams have been constructed within 1 km of the
mountain front, thus preventing determination of valley floor width-
to-height ratios on all but three rivers in the southern portion of the
Sierra. Valley floor width-to-height ratios ranged from 0.1 (Kern
River) to 8 (Kaweah River) (Table 2 and Fig. 4B).
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Table 3
Relief ratios for Sierra Nevada Rivers: rivers are listed from southernmost (Kern) to
northernmost (American).

River Relief ratio

Kern 0.03
Tule 0.07
Kaweah 0.09
Kings 0.04
San Joaquin 0.02
Merced 0.04
Mokelumne 0.03
American 0.02
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4.3. Relief ratio

The relief ratios of the large river drainage basins vary from 0.7 to
0.2 (Table 3). The highest relief ratios are 0.07 and 0.09 for the Tule
and Kaweah Rivers, respectively (Fig. 4C). All the other rivers north of
the Kaweah River have relief ratios of are 0.04 or greater.

4.4. Longitude profiles of trunk streams

Two longitudinal profiles were extracted along channels in the
Kern River drainage. The main fork of the Kern River (Fig. 5A) is fault
controlled above Lake Isabella (Webb, 1955; Nadin and Saleeby,
2010). A profile of the westward-flowing Kern River tributary
Sweetwater Creek (Fig. 5B) was also drawn. Both longitudinal profiles
show a prominent convex upward section of the profile at the
mountain front. Upstream from the convex upward section both
profiles have a relatively concave upward shape, showing that at least
600 m of incision in the lower reaches.
Fig. 5. Longitudinal profiles of the Kern River (A) and its tributary Sweetwater Creek (B). D
extent of Pleistocene glaciation and the Kern Canyon fault. Dam location (D) and relative m
The Tule River has an overall concave upward shape (Fig. 6A). A
knickpoint indicates at least 200 m of incision has occurred near the
mouth of the river. The Kaweah River also has a concave upward
longitudinal profile (Fig. 6B), but a knickpoint is found at the
confluence with a tributary, showing that the river is not completely
in equilibrium. The Kaweah River knickpoint is at an elevation of
2000 m within the glaciated portion of the Sierra.

The Kings River has an overall concave upward profile, but several
knickpoints are found at the confluence between tributaries and the
trunk streams in both the middle and south forks and at the
confluence between the two forks (Fig. 6C). The one knickpoint
with a low enough elevation to rule out as glacial in origin shows at
least 200 m of incision. The San Joaquin longitudinal profile does not
have a concave upward longitudinal profile (Fig. 7A). The profile is
partly a result of three reservoirs along the river's course. These
reservoirs make the interpretation of the profile difficult.

The Merced River longitudinal profiles are a good example of the
effects of glaciation. The main (north) fork of the Merced has several
prominent knickpoints that are the result of glacial downcutting near
Yosemite Valley (Fig. 7B). The longitudinal profile of the Merced River
south fork, however, does not contain these large knickpoints (Fig. 7C).
Instead, the south fork has one small knickpoint located near glacial
deposits and is therefore likely the result of glacial erosion.

The Mokelumne River has a prominent knickpoint at the
confluence between the north and middle forks (Fig. 8A), showing
that the river is in disequilibrium. The knickpoint is at such a low
elevation that it is unlikely to be the result of glaciation. Because it is
found at the confluence between forks in the river, this knickpoint is
likely the result of an increase in stream power.

The American River's longitudinal profile has a prominent
knickpoint (Fig. 8B) near the contact with resistant granite and near
istances are measured downstream from the basin divide. Gray bars show the lateral
ovement (U=upthrown block; D=downthrown block) of fault are also shown.
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Fig. 6. Longitudinal profiles of the Tule (A), Kaweah (B) and Kings (C) Rivers. Distances are measured downstream from the basin divide. Gray bars show the lateral extent of
Pleistocene glaciation. Dam locations (D) and confluences (C) with major tributaries are also shown.
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the Silver Creek confluence. Either the lithology change or confluence
could cause the gradient change. The low elevation suggests that the
knickpoint is unlikely the result of glacial erosion. The knickpoint
shows 400 m of incision (Table 4).
4.5. Concavity of tributaries

To further resolve the areas of greatest tectonic activity, normal-
ized longitudinal profiles of tributaries were drawn. These tributaries
were one order lower than the trunk stream (Strahler, 1958). The
Merced, Mokelumne, San Joaquin, and Kings Rivers have tributaries
that are all a similar distance from themountain front (Fig. 9) but have
widely ranging concavities of 0.51, 0.41, 0.32, 0.26, respectively.
Similarly, the Kern, Kaweah, and Tule Rivers all have tributaries that
are about the same distance from the mountain front (Fig. 9). The
Kern River tributary has the higher concavity (0.49) compared with
the tributaries of the Tule (0.32) and Kaweah (0.39).
5. Discussion

5.1. Interpretation of geomorphic indices

5.1.1. Mountain front sinuosity
Bull and McFadden (1977) classified mountain fronts with

sinuosities b2 as tectonically active (Class 1 or 2). Along the so-called
inactive or passive western Sierra mountain front, the mountain front
sinuosity south of the Merced River is b2. The lowest mountain front
sinuosity value (1.3) was found in the southernmost area near the
Kern River indicating that the greatest tectonic activity is in the
southernmost Sierra.

From the Tule River north to near the Merced River, the mountain
front sinuosity is 1.8–1.9. This class 2, active mountain front coincides
with anomalous topography (more linear mountain front) and the
mantle drip (Fig. 1) related to Pliocene crustal delamination (Saleeby
and Foster, 2004). This area also includes the Kings River mouth as
well that Stock et al. (2004) described the Kings River basin as
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Fig. 7. Longitudinal profiles of the San Joaquin (A), Merced (B) and Merced-south fork (C) Rivers. Distances are measured downstream from the basin divide. Gray bars show the
lateral extent of Pleistocene glaciation. Dam locations (D) are also shown.
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experiencing post-Pliocene incision, possibly related to the Pliocene
crustal delamination. North of the Merced River, the mountain front
sinuosity values are 2.4 suggesting an inactive mountain front (Bull
and McFadden, 1977; Bull, 1984).
5.1.2. Valley floor width-to-height ratio
Although the data is limited, the high valley floor width-to-height

ratio of the Kern River shows a high degree of tectonic activity within
the range that Bull and McFadden (1977) classified as tectonically
active. Rockwell et al. (1985) found that mountain fronts with a
tectonic activity class of 1 and similar valley floor height-to-width
ratios and mountain front sinuosity had uplift rates of 0.4 to 2–8 mm/
y. This broad range overlaps with uplift rates for faults along the
eastern Sierra where geologic slip rates range from 0.1–2.5 mm/yr
(e.g., Zehfuss et al., 2001; Le et al., 2007) and the overall late Cenozoic
uplift estimates of 0.2–0.4 mm/yr for the Sierra (Huber, 1981; Graham
et al., 1988; Unruh, 1991; Wakabayashi and Sawyer, 2001; Clark et al.,
2005).
5.1.3. Relief ratio
Relief ratios indicate that the southern Sierras (near the Tule,

Kaweah, and Kings Rivers) are more tectonically active than the
northern Sierras (Fig. 4C). The Kern River has a low relief ratio, like the
northern rivers, suggesting that it too may have a lesser amount of
tectonic activity; however, the interpretation of relief is complicated
by the fact that the Kern River does not flow perpendicular to the axis
of uplift like all of the other rivers. Upstream from Lake Isabella, the
Kern River flows north–south following the Kern Canyon fault (Fig. 1;
Webb, 1936; Moore and du Bray, 1978). This structural control on the
upper reaches of the Kern River limits the reliability of relief ratio as
an indicator of tectonic activity.

5.1.4. Longitudinal profiles of trunk streams
All rivers on the western side of the Sierras have concave upward

profiles with few or small knickpoints, except for the Kern River
(Fig. 5A). We interpret the convex upward shape of the Kern River
profile at the mountain front to show that this is an area of rapid base
level change near the mountain front. Because the Kern Gorge fault is
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Fig. 8. Longitudinal profiles of the Mokelumne (A) and American (B) Rivers. Distances are measured downstream from the basin divide. Gray bars show the lateral extent of
Pleistocene glaciation. Dam locations (D) and confluences (C) with major tributaries are also shown.
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located at the mountain front and the longitudinal profile shows at
least 600 m of vertical uplift of the basement (Hart et al., 1984), we
infer that slip on the Kern Gorge fault is the likely cause of the convex
shape of the profile. If 600 m of uplift at the mountain front is
subtracted from the longitudinal profile (Fig. 5A), the old mountain
front may have been located at the elevation of Lake Isabella and the
Kern River may have been in equilibrium, with a convex profile, prior
to a recent pulse of uplift at the mountain front.

The Tule, Kings, and American Rivers also have knickpoints in their
longitudinal profiles that cannot be easily related to glaciation. We
interpret these knickpoints to be evidence of Quaternary tectonic
activity along the mountain front.
5.1.5. Concavity of tributaries
Tributaries closest to the mouth of the river would show response

to tectonismmore quickly as the knickpoint migrates from the mouth
upstream. In addition, tributaries closest to the river mouth are less
likely affected by glacial erosion at these lower elevations. The
position relative to the river mouth is clearly demonstrated by two
tributaries of the San Joaquin River (Fig. 9). Therefore, we compare
Table 4
Concavity index of tributaries near the mouth of each river.

Tributary Concavity

Kern River 0.49
Tule 0.32
Kaweah 0.39
Kings 0.26
San Joaquin 0.32
Merced 0.51
Mokelumne 0.41
American 0.19a

a Concavity is greatly affected by damming at the mountain front.
concavity of tributaries that are the same distance from the mountain
front.

The concavity of tributaries suggests tectonic activity in two
locations within the range. Dividing the tributary concavities by
distance from river mouth, the Merced, Mokelumne, San Joaquin, and
Kings Rivers all have tributaries that are approximately the same
distance from the mountain front but have varying concavities. The
Merced and Mokelumne have higher concavities, suggesting that
knickpoints have not migrated upstream and have had more recent
uplift than the San Joaquin and Kings Rivers.

Similarly, the Kern, Kaweah, and Tule Rivers all have tributaries
that are approximately the same distance from the mountain front.
The Kern River has a higher concavity than the Kaweah and Tule
Rivers, which is interpreted as a greater rate of tectonic activity.
Fig. 9. Plot of stream concavity versus distance upstream from mountain front.
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5.2. Summary of tectonic geomorphology

Variations in the geomorphic indices along the western Sierra
suggest different uplift histories and base level changes in different
areas. The geomorphic indices show higher tectonic activity in two
regions of the Sierras. High tectonic activity (either greatest
magnitude or most recent uplift) is found in the southern Sierras (i)
near the Kaweah and Tule Rivers and (ii) near the Kern River mouth
where the greatest activity is found. Although not as prominent,
relatively greater tectonic activity is found in the northernmost
Sierras (near the American and Mokelumne Rivers) compared to the
central Sierras (Fig. 10). Greater tectonic activity in the northern
Sierra is coincident with the Melones and Bear Mountain fault zones.

Several of the hypothesized mechanisms for uplift do not fit with
the observed geomorphology. The lower valley floor width-to-height
ratios, higher relief ratios, and low mountain front sinuosity are
interpreted to show greater tectonic activity in the southern Sierra
(Fig. 10). Therefore, the hypotheses that predict block uplift of the
Sierra (Fig. 2e), delamination from Basin and Range extension
(Fig. 2b), and delamination of the northern and central Sierras
(Fig. 2c) do not fit the observed geomorphology. The mantle drip
(Fig. 2d) and isostatic rebound (Fig. 2f) hypotheses explain the higher
tectonic activity near the Kaweah and Tule Rivers, but do not fit the
observation that the greatest tectonic activity is found near the Kern
River. Westward migration of the Basin and Range extension predicts
that the greatest amount of uplift will be in the Kern River region
(Fig. 1B); however, Basin and Range extension in the southern Sierra
does not support uplift to the north at the Kings River area as
documented by Stock et al. (2004).

Because none of the previously proposed hypotheses fits all the
data, we propose an alternative, hybrid, two-stage hypothesis for late
Cenozoic uplift of the Sierra. We hypothesize that the Pliocene
delamination and formation of the mantle drip generated rapid uplift
in the Kings River region (Fig. 1; Saleeby and Foster, 2004). The
isostatic response to delamination caused relatively rapid uplift of this
region and subsequently uplift rates have decreased (Saleeby and
Foster, 2004; Stock et al., 2004). A pulse of uplift in the Pliocene
accounts for the more linear mountain front (anomalous topography
of Saleeby and Foster, 2004) at the Kings River.

The southern Sierra is bounded by the Big Bend region where the
greatest obliquity exists between the Pacific-North American plate
motion and the trend of the San Andreas Fault (Spotila et al., 2007).
Here, we hypothesize that the interactions between the San Andreas,
Garlock and Sierra Nevada Frontal faults are driving uplift and tilting
of the Sierra. Compression related to the Big Bend in the Sierra and
formation of the Transverse Ranges is coincident with the southern
Fig. 10. Summation of relative tectonic geomorphology with distance parallel to the
mountain range.
Sierra (Spotila et al., 2007). In addition, stress modeling indicates that
slip during San Andreas earthquakes may increase stress and promote
earthquakes on related faults such as the White Wolf fault (Lin and
Stein, 2004).

Thus, the initiation of slip on the San Andreas and Garlock faults
may be related to subsidence and greater tilting in the southern San
Joaquin Valley, as compared to the northern San Joaquin Valley. This
would generate late Pliocene to Quaternary uplift in the southernmost
Sierras, near the Kern, Tule and Kaweah Rivers.

San Andreas-related tectonics, however, does not explain the
observation of the rootless nature of the Sierra (Wernicke et al., 1996),
the initiation of Sierra uplift ∼8 Ma (Graham et al., 1988; Huber, 1981;
Unruh, 1991) or the higher range crest near the Kings River region
(Fig. 2). These data are more consistent with the delamination/mantle
drip hypotheses as is the more linear mountain front in this region.

Considering these complexities, we hypothesize that the Pliocene
delamination and mantle drip generated rapid uplift in the Kings
River region (Saleeby and Foster, 2004). Isostatic response to
delamination was relatively rapid and has since decreased (Saleeby
and Foster, 2004; Stock et al., 2004). Subsequently, over the last 5 Ma,
San Andreas plate margin tectonics has caused rapid subsidence in the
Tulare Basin, causing incision of the lower reaches of the Kern River
along the Kern Gorge Fault. This combination of mechanisms is
consistent with the geomorphic indices.

5.3. Limitations on the interpretation of tectonic geomorphology

Tectonic activity is not the only factor that causes differential erosion
along a mountain front or within a mountain range. Differences in
precipitation (Hodges et al., 2004; Montgomery et al., 2001), bedrock
type, and glacial history (Brocklehurst and Whipple, 2002; Hallet et al.,
1996) all affect erosion rates and uplift as an isostatic response.

Differences in precipitation are not likely to greatly affect erosion
rate in the Sierras since most variation in precipitation occurs with
elevation (Fig. 3). In addition, variations in precipitation within the
Sierras are not correlated with erosion rates (Riebe et al., 2001).

Differences in bedrock type could affect erosion of the Sierras, but
is unlikely. South of the Merced River granite is the predominant rock
type with a few metamorphic roof pendants (Wahrhaftig, 1965).
Intrusive and volcanic rocks are foundwithin the northern and central
sections (Slemmons, 1966) and a variety of rock types are found along
the mountain front.

Glacial erosion could affect the interpretations of geomorphic
indices because alpine glaciers increase mechanical and chemical
denudation rates (Hallet et al., 1996) and erode headward and
downward faster than rivers (Brocklehurst and Whipple, 2002) and
because the Sierras were intermittently glaciated between 2.9 and
3.2 Ma. Glaciers have extended downvalley in the Sierras to elevations
as low as 900–1200 m (Bateman and Wahrhaftig, 1966), thus
geomorphic indices were calculated at the mountain front where
lower elevations would be less affected by glaciation. In addition,
gradient changes in longitudinal profiles were evaluated for the
possibility that these changes resulted from glacial erosion.

6. Conclusions

A combination of Pliocene lower crust/upper mantle delamination
followed by late Pliocene to present San Andreas plate boundary
deformation is most consistent with Sierra geomorphology. The
delamination and mantle drip hypotheses explain the lack of crustal
root in the central Sierras, as well as the higher elevations in the Kings
River region. Because delamination occurred in the Pliocene, the
effects would wane during the Quaternary. This is consistent with
uplift rates in the central and northern Sierras (Stock et al., 2004). The
higher tectonic activity in the southwestern Sierras and southern San
Joaquin Valley is a consequence of San Andreas, Garlock, and Sierra
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Nevada Frontal fault interactions (Figueroa, 2005) beginning in the
late Pliocene and continuing to the present.
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